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During the pericd of July, August and September, 1981, progress has
continued on all phases of the research program. Particular attention has
been given during this period to the preparation of papers and documents
related to the Magsat program.

On July 30 and 31, 1981, we participated in the Workshop for Magsat
Investigators held in Edinburgh, Scotland. Following these workshops, we
presented two papers on the 4th of August 1981 in Session Il entitled "Scien-
tific Results from Magsat" at the Fourth International Association of Geo-
magnetism and Aeronomy Scientific Assembly. The abstracts for these papers
are published in IAGA program for the Fourth Scientific Assembly. The first
paper presented, entitled "US Aeromagnetic and Satellite Magnetic Comparisons"
by R.R.B. von Frese, W.J. Hinze, J.L. Sexton and L.W. Braile, made a detailed
comparison between the upward continued NOO aeromagnetic and POGO magnetic
anomaly data over the conterminous U.S. The second paper, entitled “Satellite
Elevation Magnetic and Gravity Models of Major South American Plate Tectonic
Features" authored by M.B. Longacre, W.J. Hinze, R.R.B. von Frese, L.W.

Braile, E.G. Lidiak and G.R. Keller presented the results of our recent analysis
and processing of the Magsat data over South America, the Carib™ean and adjacent
marine areas and the compilation and analysis of the associated gravity and
other geophysical and geological data. The results are enumerated in the
abstract and include modeling of the Andean subduction zone, the continent

of South America and the Amazon River Aulacogen.

We have also prepared several figures and related discussions for documents
being prepared by NASA on the feasibility and applications of the Gravsat
Mission and the proposed Magsat B Mission. In addition, we have completed
the preparation and review of a manuscript on "Long-Wavelength Aeromagnetic
Anomaly Map of the Conterminous U.S." which is in the process of being sub-
mitted for publication.

We have also received confirmation of the publication of a paper by
R.R.B. von Frese, W.J. Hinze and L.W. Braile on "Long-Wavelength Anomaly

(E82-10242) SPHER’.CAL-EARTE GRAVITY AND N82-24520
MAGNETIC ANOMALY M)IDELING EY GAUSS-LEGENDEZ
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Map of the U.S." in the Geophysical Journal. In addition, the paper by R.R.B.
von Frese, W.J. Hinze, L.W. Braile and A.J. Luca entitled "Spherical-Earth
Gravity and Magnetic Anomal, Mod~ling by Gauss-Legendre Quadrature Integration“

has been published by the Journal of Geophysics (a copy of this paper is
enclosed).

Current activities are centered around the preparation of papers for
the forthcoming special issue of the Journal of Geophysical Research Letters.
Papers are being prepared related to our continuing studies and analysis
of the U.S. Naval Oceanographic Office Magnetic Survey Program of the U.S.
and our Magsat studies in South America.

Total expenditures as of October 1, 1981 are approximately $58,511.
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Spherical-Earth Gravity and Magnetic Anomaly Modeling

by Gauss-Legendre Quadrature Integration

R.R.B von Frese!. W1 Hlinze'. LW, Braile!, and AJ. Luca’

' Department of Geoscienees, Purdue Uninersity, West Lafayette, fndiany 47907, USA
2 Chevron Geophysical Co. 400 Sth Ave. SW. Calgany. Alberta TPOLT, Canada

Abstruct. 1he usclulness of long-wavelength petential field
anomalies 1w lithospheric iterpretation is greatly  increased
with spherical carth modeling  technigues.  Gauss-1egendre
quadrature integration is used to cateulate the anomalous po-
tential of pravity and magnetic ficlds and their spatial de-
rivatines on o spherical carth for an arbitrary body represented
by an cquivalent point source distribution of gravity poles or
magietic dipoles, The distribution of equivalent point sources
is determined directly from the coordinate limits of the source
volume. Varible integration hmits for an arbitrarily shaped
body are derived from interpolation of points which approxi-
mate the body's surfuce envelope. The versatility of the method
is enlimeed by the ability to treat physical property variations
within the source volame and 1o consider sariable magnetic
fickds over the wowee and obsenvation surface. A number of
examples verify and illustrate the capabiiities of the technigue,
including prelinunary modeling of potental ficld signatures for
Mississippi cinbayment crustal structure at sateltite elevations,

Key words: Spherieal conrdimate gravity modeling - Sphericai
coordinate magactic modeling  Fquinvalent
Legendre  guadrinure  integration - Satellite
= Mississippi embayment

sourees -- Gituss-
potential  fickds

Introduction

Computation of theoreticl anomalous gravity and magnetic
ficlds from geologic models s an important clement in in-
terpreting potential fickd data and designing surveys. For re-
gional pravity and magnetic surveys measured i degrees of
fatitude and longitude. procedures are desired which model
directly. in spherical coordinates. potential ficld anomalies due
1o Large-scale, arbitranthy shaped sources of varuble density or
magnetization chanacteristies.

I a review of computer modeling techniques Bhattacharyya
{1975} presents micthods that in principle are suitable for
sphericitl carth modeling of regional features. These procedures
are generally  based  onapproximations of the  anomalous
source is it group of prisms or polygonal kuninae, the effects of
which are evalvated and summed at cach observation point to
yicld the total anomaly. However, for typical spherical carth
me e apphications, the book-keeping problem involved with
subdividing the Luge-scale soutee into simple Torms to reflet
wrbitiary characternstion of geometry d physical properties s
commonly formidable,

A saple and more cefficent procedine o o epresent

OX0-062X S TA19,0234/M0H X0

quadratures of the source volume by cquivalent point sources
according to the well known technique of Gaussian quadrature
integration. In privwciple. the appropriate geometric distribution
of cauivalent point sourcees can be determined directly from the
coordinate limits of the source volume. so that an accurate
ostimate o the  source-affilinted  anomaly obtained Iy
evaluating and summing at cach observation point the anomaly
vitlues due to cach point source of the equivalent source distri-
bution.

Gaussian - quadrature is a  time-honored  technique  for
numerical integration and has been well studied in the litera-
ture of numerical methods (Carnashan et al. 1969, Potential
fickd modeling by Gauss-Legendre gquadrature was used by Ku
(1977 10 evaluate gravity and magnetic anomabies in Cartesian
coordinates duc to bodies of arbitrary shape and magnetw
polarization. In this discussion, the method is extended te
spherical coordinates and the gencral problem of sources with
arbitrary shape and variable density and mageetization proper-
ties.

I8

Description of Mcthod

As illustrated in Fig. it is convenient for gravity and mag-
netic modeling problems to consider the anomalous body as
being composed of & source volume distribution of gravity
pomt poles or magaetic point dipoles, respectively. Henee, 10
estimate the anomalous gravity or magnetic ficld at some ob.
servation point, it is necessary to evatuate and sum the ano-
maly values due to ¢ach of these point sources at the obscr-
vation point.

In particular, the radial anomaly, Ag. due to a gravity
point pole referred to o geocentric ¢oordinate system as shown
in Fig. 1 is given by

.Iu-:%——(i ! (')'_R}.im (h
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where

G - ouniversal  gravittional  constant (=6.67 <10 " ¢m?;
(gseed)),

R =distance from observation point (r. (. ¢) 10 source point
(. Ar. ),

o radial distances from carth’s cemter 1o the observation
point and source point, repectisely,

0.0 co-latitude coordinates of observation and souree points.

respectively.
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Fig. b Gravty and magnene anomaly modeling in spherical coor-
diates o g geoopie body with wbstrary shape wnd physicat propetties
by Grauss-1 egendre quadiature mtepration (see et tor detnisy

.’ = longitude coordimtes of abservation and source pomts,
tespectinely. and
= mass contrast of the pomt pole,

For a magnetic point dipole, on the other hand. the total
nignetic intensity anomaly, 110 given by

Y ]‘ ..vl(u l‘(l:))},n )

where

.37 = gradient operatorsy in observation point and soutee point
coordinates, respeetively.

1 - nugnetization contrast of the pomt dipole. and

wu = unit geomagnetic field vectors at the observation pomt
and source point. respectinely.

Conmventionally, the umt vectors woand u'are expressed in terms
of geomagnetic field mchnation (L1 and dechmanion (0. D7)
Alsos when the point dipole polarization s by induction

V- thi (3
where

th = magnetic suseeptibihty contrast of the pont dipole. and
o seakar geomagnenie fichd mtensity at the sowree pomt

Henee, i regonal-seale applications ot 1. 12 peomagnetic
bekd models such as the TGRE 1905 (Cam et al 1967) e
normatly used to obtm pertiment values ot (DY at the
source point and (1. D)t the observation point.
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Consideration of Egs. (1) and (2) shows that the incremental
pravity and magnetic anomaly vilues due 10 4 point souree
tocated a distance R from the observation point can be general-
ized according to the retation

¢(R) Ax 4
where

¢tR)=the geometrical point source function which describes
the inverse distance between the observation point and
source point, and

Ax =the appropriate physical property contrast of the point
souree.

Henee, to determine the total potential ficld anomaly it is
necessary to cvaluate at cach observation point (r. 0. ¢) the
volume integral given by

ity

V¥ St 0odor gy Ay A0 ddy 5
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where the primed variables refer 10 the coordinates of the
anomalous body such that

¢y, =lower and upper longitude limits of the source volume,

0.0, =lower and upper co-latitude limits of the source vol-
ume, and

r..r, =lower and upper radial limits of the source volume,

Consider, now, the numerical evaluation of the imnermost
integral in Eq. (5). Most numerical integration technigues in-
velve the use of interpolation polynomials to approximate the
integrand according to a summation formula of the general
type given by
L ni
| gy Axydr = Y Aqr) Ax 16)
r [}

-
- '

where the ni values A, are the weights to be given o the ni
functional values (gtr)) 4x) evaluated at the interpolation coor-
dinates, ri.  Conventional integration  formulac  such  as
Simpson’s rule or the trapezoidal rule assume equal spacing of
the arguments ¢} which is generally appropriate when dealing
with an integrand that is not well known analytically. However,
as shown in Egs. () and (2) the integrand being considered
here involves a familar analytic function which may be ¢om-
puted for any argument to great precision. In such instances,
Gaussian quadrature formulae can be developed to yield selec-
ted values of interpolation 7, and cocflicients A, so that the sum
in Eq. (6) gives the integral exactly when (g(r').1x) is @ poly-
nomial of degree 2ni or less (Carnihan ¢t al. 1969).

I general. ot may be shown- that the Gaussian coellicients
1, can be obtained from a polynomial of order ni which s
orthogonal over the interval of integration such that the ni
points of interpolation ) are the zeros of the polynonsial,
Families of orthogonal polynomials which are commonly used
o develop Gaussian quadrature formulae include Legendre,
tagueire. Chebyshey and Hlermite polynomials. However. in
this discussion, only the prototype of the Gaussian method in-
volving Legendre polynomials is considered.

Fegendie polynomials 27) of order ni which are ortho-
gonal over the interval — 1 SF ST are given by

' Im ,
Ly (2,""“) (4;?'" (re - l)"'). where D7) - | M
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Accordingly. the standard Gauss-1egendre quadrature over the
interval (1, 1) is given by

AENTARE

]
f ey andr s (%)
1

where the interpolation points 7, at which the integrand is
evitluated arc the 2cros of Fg. (7) and the Gaussian cocfficients
are

21 -7

P Sen 2
nitil (7

]

Now for arbitrary limits of integration such as indicated in
Lq. (6) it is nccessary to map the standard inteeval -1 8H s 1
into the interval of integrition £, Sr Sry according o the
transformation

=i )
(= .

(10)

Accordingly, the integral in bq. (6) can be appioximated as
H r—ry ! Fir—r C 4 r)]
h‘l(")d.\'ldr':‘ " , o ] («/{r'(r“ Tt "‘)} Ax) dr'
[}
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Extending this procedure 1o volume integrals is straightfor-

ward. Thus, the Gauss-Legendre formula for the general eva-
Tuation of L. (S) i given by

o o " _
{ { [ o.gravndrdvdy ~ (%’4".) S 5(( ,,2()“)
.00, 3 =

'L ’:"“r:’u)
x b e

/Z'l { ( 2

X DT LA AR Y ‘-l," (12)
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o
where

=08 R v )
O,=0830000r )4 0, 4 41 )

h ¥

G =05 (b (e, ~ P+ by + )

F. 0. ¢, =coordinates of the subdivision in the limits f in-
tegration from —1 1o 1 which correspond 1o zero
nodes of tq. (7),

A, A, A, =Gauss-Legendre quadrature coefficients given by Eq.
9

i P =lower and upper longitude limits of the body for the
A-th longitude component of the cquivalent point
souree coordinates,

U, =lower and upper co-latitude limits of the body for
the j-th co-latitude component of the equivalent
pomt searee coordmates, and

v r = lower and upper radial limits of the body for the

i-th radial component of the equivilent point souice
coordinates.

The quadrature formula given in Eq. (12) shows that gravity
and magnetic anomahies can be computed accurately by sum-
ming at cach observation point the anomalous effect of nk >
o equivident pomt sources focated at souree pomt coor -
dinates (7, 0. @0 where cach of the differential point source
anomalies s appropnately  weighted by Gauss-1 egendre

236
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quadrature cocflicients and the volume coordinate limits of the
anomiatous budy being modeled. This result is well suited to
machine computiation where the input consists principally of
values of the integrand for sclected source points (r;, (7, dy).
affiliated  subdivision coordinates (7. 7. §;), and coeflicients
(A A A) and the volume coordinate limits of the body for
sitch dimension of every source point coordinate (r). 0. ¢;).

The sclected vatues of the integrand for gravity or magnetic
modeling purposes are readily obtained from Egs. (1) or (2),
respectively. Also, the Legendre subdivision coordinates of the
interval (-1 1) and associated Gaussian cocfficients may be
computed direetly from Egs. (7) and (9), respectively. However,
it is generally found 1o be more machine efficient 1o input these
values from tables wsing an algorithm such as described by
Carnahan ct al. (1969). Values which arc applicable for such
algorithms are tabulated to 30 digit precision for orders n=2
512 by Stroud and Sccrest (1966). However, for mos. regional
lithospheric modcling applications experience suggests that sub-
division coordinates and associated cocfficients to 10 digit pre-
cision for orders up to n=16 arc normally sufficient.

For a uniformly dimensioned body such as a prism, the
integration limits for the evaluation of Eq. (12) are casy to
specify. In this case, for example, (¢,. di)=(h,. @) (7, 0,)
=(h,. ) and (ry,,ri,)=(r,.r). However, for the more general
case of a body with arbitrary shape the integration limits arc
known in one dimension only, so that the problem of determin-
ing the integration limits in the remaming two dimensions for
cach equivalent point source coordinate must be couxidered.

Procedures can be developed to handie this problem of-
ficiently, such as the method described by Ku (1977) where a
modified cubic spline function is used to interpolate the desired
integration limits from a sct of body point coordinates which
provide a rough approximation of the surface envelope of the
body. Typically, the procedure is to specify, for example. the
longitudinal limits of integration of the body to obtain the nh
Gauss-Legendre nodes ¢y as deseribed above. Interpolations of
the body point coordinates are performed next (o determine
the maximum and minimum latitude coordinates of the body
for cach longitude coordinate @;. These values of course pro-
vide the latitude limits of integration for evaluating the m
nodes (. Similarly, the radial coordinates of the body points
are interpolated at cach horizontal coordinate (¢;. ) to yicld
appropriate radial limits of integration from which the ni nodes
r; can be determined. Procedures such as this arc readily adap-
ted for efficient machinc processing so that the integration
limits of arbitrarily shaped bodies can be determined accuratcly
for evaluation of the quadrature formula given in Eq. (12).

The quadrature formula in general has considerable versa-
tility in modcling applications because anomalous gravity and
magnetic potentials and their respective spatial derivatives of
any order are all lincarly related. Hence, to model the radial
derivative of the potentiat field anomaly duc to an arbitrary
source, for example, it is nccessary simply to exchange ¢(R) for
SR in Bg. (12). Additional geophysically interesting quan-
tities which can be modeled from simplc lincar transformations
of the integrand of Eq. (12) include the anomalous potential,
vector anomaly components and the spatial derivatives of any
order. Relative geoidal anomalies can also be modeled by
computing the anomalous gravitational potential of the body at
the surface of the carth and dividing it by normal gravity
according o Brun's formnla (Heiskanen and Moritz 1967)

Bodies with variable physical property contrast are also
accommodated readily by the quadrature solution. To emphas-

N
Er



R i

PRISMATIC MODEL GRAVITY ANOMALY FIELDS

Prism Thickness = 6.67 xm
2+ 6,67 Ct = 3 sgal

Talwani and Ewing (1960)
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Gauss-Legendre Quadrature
(Inteyration limity = Prise volume Limitn)

nj(0)=p nilt)=2

AN e 5.4 mgal
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ize the fact that Ax can be expressed as a function of source  Hllussration of Method

pusition (i.e., Ax=Ax(r' ., ¢')) when necessary, the generalized
point source anomaly  (g(Ry Ax) has been carried  intact
throughout the foregoing developments, Conventional model-
ng procedures normally assume bodies with uniform physical
properties so that cach property variation must be modeled as
a separite body. To model the 1otal intensity magnetic anom-
aly due 10 o regional source subject 1o regional variations of
geomagnetic fickd induction by the well known method of
Talwani (1965), for example, requires that the souree be sub-
divided into blocks wherein the geomagnetic ficld polarization
is uniform. Each block in turn musi be subdivided into a group
of approximating polygonal laminae o ensure aceuracy of the
numerical integration which evaluates the anomaly. By con-
trast, the Gauss-Legendre quadrature approach is simply to
polarize cach point dipole in the guadrature formula according
to the polanization characteristics of an aceeptable numerical
model of the geomagnetic ficld {e.g. the IGRE-1965 by Cain
et al. 1967). This example also ilustrates the technigue for
modehing bodies with remanent. magnetization by gquadiature
formulation. Here, the magnetization of the point dipoles is
achieved using a polarization field that represents the vector
sum of induced and remanent magnetic polarizations,

Finally. consideruble computational flexibility is available
for the practical implementation of the quadrature formulation.
Ku (1977) noted the trade-offs which occur in applications of
the method between efficient computition and the accuracy of
the solution. A large number of Gauss-Legendie nodes ensures
a very accurate quadrature solution, although the same degree
of accuracy can often be achieved by a substantially smaller
aumber of equivalent point sources. In fact, the accuracy of the
solution remains essentially unchanged for different numbers of
nodes as long as the node spacing is smaller than the distinee
to the observation point. Hence, the minimum number of no-
des specified in a given application should be such that the
distance to the obscrvation point is greater than the node
spacing. In general, then, the accuracy of the quadrature for-
mulation can be readily controlled by adjusting the number of
Gauss-Legendre nodes relative to the elevation of the obser-
vation point.

A computer program is deseribed in von Frese et al. (1980)
which was developed for regional lithospheric gravity and mag-
netic modeling applications by Gauss-Legendre quadrature,
The program was used to construct examples that illustrate
some of the capabilities of the method.

To demonstrate and verify the method for regional-scale
modeling applications, gravity and magnctic anomalies due to
a three-dimensional spherical prism were ~odeled on a spatial
scale small enough that the results could oc compared readily
with conventional modeling techniques in Cartesian coor-
dinates. In Fig. 2, for example. a comparison is made between
the two coordinate systems for calculitions of gravity anomalics
duc to a 6.67 km thick prism with density contrast 0.25 gjcm®. The
observation grid consists of (16,16) stations uniformly spanning
the region (273 274) °E, (40-41) °N at an elevation (7) of 6.67 km
above the top of the prism.

The well known method of Talwani and Ewing (1960) was
used to caleulate the gravity cffect of the prismatic model as
shown in Fig. 2A. The gravity anomaly was determined by
cvaluating and summing at each observation point the gravity
anomalics duc to 11 horizontal polygonal laminac used 1o
approximate the prism. As shown in Fig 2A, the resultant
anomaly has an amplitude range (AR) between 36.0 mgal and
0.3 mgal and an amplitude mean (AM) of 5.4 mgal. The anomaly
wis computed an! contoured in Cartesian coordinates assum-
ing 17 100 km. This assumption distorts slightly the true geo-
meiry of a spherical prism in this 1°x 1° region in northwes-
tern Indiana where 1° in longitude or latitude is more ncarly
cqual 1o 88 km or 112km, respectively,

In Fig. 2B the gravity anomaly of the spherical prism com-
puted by Gauss-Legendre quadrature integration is comoured
on a stereographic equal-arca polar (SEAP) projection, in this
case, the gravity unomaly was calculated in spherical coor-
dinates by evaluating at each observation point an nk x nj x ni
=8x8x2=128 point quadrature formula where the inte-
gration limits were specified directly from the spherical coor-
dinate limits of the prism volume. The results shown in Fig 2
mdicate that the two methods agree very well with respect to

2N
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the relatively sl spatead scide under consideration. The shight
disparity between the results is probably due 10 geometrie
distortion introduced by the use of Cartesian coordinates for
calculation of the spherical prism anomaly.

A comparison of magnetic anomaly fields is illustrated in
Fig. 3 for the prism maodel with volume magnetic susceptibiiiy
contrist equald 1o 00008 emu em? (4n % 0.0005 in SE units) and
uniform polarizing intersity £ 60,000 gamma (6000001, -
clination =75 and dechimtion D7 07 Over the observation
grid, uniform geomagnetic field anitude charactenstios of -
clination 7=75 nd decdlimatvion D= 07 are abo assumed. The
toth imtenc ey magnene anonsaly of the sphetical prism caleu:
lated m Canestan coordinaies according 10 the method of
Talwani (1965) i shown in Fig. A0 The resubant nomaly
corresponds well with the magnetic anomaly - caleulsted
spherical coordinates by Gauss-l egendre quadrinore in Fig, 38,

Ax a more regriomal-seale cample, consider the appheation
of Gauss-1egendre guadriature integration for modelng gravity
and magnene anoimaly signatures, at the satellite clevaton of
450 km, due to the crustal thickuess anomaly which s gridded
in Fig A This sone of enhianced crustal thichpess, extending
from the Tevas panhandle nertheastward into Kansas, s por-
trayed by seismic evidence (Warren and Healy 1973 as roughly
Okm of lighter crustal material displacing denser (mantle)
miterial o a depth of S0 km. To illustrate the gravity modeling
procedure, a density contrast of -~ 0.3 g em? was assumed for
this feature,

Magncetic considerations. o the other hand. supgest that
the crustal thickness anomaly mas represent i zone of positive
magnetization contrist due 1o downward deflection of the Cu-
ric isotherm in the region of thick. cooler crustal material or
thicher muagnetic crust extending mto no-angncue mantke
materitl, For the purpeses of this example, i volume suseepti-
bility contrast of 10 2cmu em’® was assumed for the rone of
enhanced crustal thichness which is representatine of the gencr-
al magnetization reported for the lower crust (Hall 1974 Shuey
et al. 1973,

To determine the variable lnnts of itegranon for the eval-
wation of the quadtatwie formula. the crustal tudkness anom-
aly was referred (o the body point grid skown in Fig. 3A. Tor

2

citeh Gauss-Legendre node in the @-longitude coordinates of
the bady. the Flatitude limits of the body were interpolated
from the 6 points describing the body's boundary. The radial
limits, in turn, were interpolated from the 6 boundary points
and 3 interior points of the body for cach Gauss-Legendre
node with horizontal (¢°. ()-coordinates. For the particular mod-
¢l considered here, of course, the radial coordinates of the 9 body
points used to approximate the subsurfisce conliguration of the
body were specified to represent i uniform thickness of 10 km

The resultant gravity anomaly at 350 km clevation due 1o
this feature is iHustrated in Fig 4B The gravity effect was
calculated by evaluating an nk xmj x ni=16x 10 2 =512 poni
Gauss-Legendre guadrature furmuta over the (41, 41 grid of
observations. The magnetic effect of the crustal thickness anom.
aly was abso computed in this manner at 450hm - clevation,
The resultant total intensity magnetic anomaly in the [GRI--
1965 updated 1o 1968 s demonstrated i Fig, SAC Lo remone
anomady distortion due to regional variability of the reference
held, the magnetic ellect was aext computed, assuming a unitoim
polarizing ficld intensity of 60,000 gamma and radial geomag-
netic field inchnation at both source and observation points,
Accordingly, Fig. 5B illustrates the resultant magnetic anomaly
ficld reduced to radial polarization at 450 km elevation for the
crustal thickness modct,

Finally, for accurste implementation of the method the
distance between the equivalent source points and the obser-
vation point must be greater than the equivalent source point
spacing within the body. This limitation can be minimized m
practice by cither subdividing the body into an appropriate
number of smaller bodies, or increasing the number of cquiva-
fent point sources, or increasing the distance between the ob-
servation point and the body. The latter consideration suggests
that the Gauss-Legendre quadrature formufation is cspecially
well suited for modeling satclite-level gravity and magnetic
anomalivs becanse of the large clevitions involved with thew
measurements. The gravity and magnetic anomaly signatures of
the crustal thickness model, for example, can be computed
using an wh > njni=4x dx 2= 32 point Quadrature formula
o nearly the same precision as developed by the $12 point
formula in Fig. 48 and 5 respectively.
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Fig, & A SEAP progection of totd magnetic itensity anomaly for the coostal thichsess model computed in the IGRE-1965 updisted 10 196K by
Gransse b egendie quadtatine mtegravon. B SEAP proection of reduced-to-the-pole maginetic anomaly for the crustal thickness madel by Gauss.
Fegendie quadiature nnegration using & nonmabizad polanizog amplinede of GO0 gamitia

Application of Mcthod

Phwe sphericad canth modeling procedure was used 10 obtain i
prelimmary view of the gravity and magnetic anomaly charag-
terstivs for (the Massissippt embayment at 450 hm elevation.
This information is pertinent o evalianing, for cvample, the
leamiality of using sateltine granity and mapnetsc surveys o
detecting anomaly signatures due 1o Goled nilis,

The Mississippi embayment represents it broad, spoon-
shuped re-entrant of Mesozoic and Cenozoic sedimentary rocks
which extends into the Paleozoic terrain of the North Amer-
wan craton from the south as outlined by the shaded contour
of Fig.61). The axis of this feature roughly parallcls the Mis-
sisippi River tapering aorthward into the tectonically active
tegaion of the New Madod seismic zone. An integrated analysis
ol gravity, scismic, stratigraphic and petrologic data by Ervin
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ament of Massisippi embavor e demsity and magnetization models. Also shown in (D) is an index map of the embayment

(haded coators; wher s oy the grosaty profil tadied by Frvin and McGinnis (1975), R is the scismiv refraction line studied by MeCamy and
Meyer ti90%), and N i the surface wave propagation path studicd by Awstin and Keller (1979)

and McGinnis (1975) suggests the embayment is a late Pre-
cambrian aulacogen which was reactivated most recently in the
late Cretaccous by tensional forces initiated during the for-
matien of the present Atlantic ocean hasin by subsidence of the
Gulf coastal plain,

Figure 6A iy a crossesection of the density stracture of the
Mississippi embayment given by Lrvin and McGinnis (1975)
along a profile between Yellvile, Arkar:as and Scottsboro,
Alabama (hereafier called Y- 8 profile). This density model was
synthesized from regional grinity data derived from the US,
Bouguer gravity anomaly  map of Woollard and Joesting (1964;
and the results of a reversed seismig refraction profile between
Little Rock. Arkansas and Cape Girardeau, Missoun as de-
scribed by McCamy and Mceyer (1966). Austin and Keller
(1979) integrated the work of McCamy and Meyer (1966) with
an analysis of Rayleigh wave dispersion along @ propagation
nath between Oxford. Mississippi and Florissant, Missouri 1o
obtain a similar density nodel for the V-8 protile which
illustrated in Fig 6B Ay index map for locting these varnious
studies is given in Fig. 61). In general, the crustal cross-sections
shown in Fig. 6A. B support the faded-rift model for the origin
of the Mississippi embayment

The agreement of surface wave. scismic refraction, and grav-
ity data i the region of the embayment suggests that the
crustal cross-section given in Fig. 6B can be uscful for develop-
ing a reasonably valid three-dimensional model of the embuay-
ment. Accordingly. the crustal cross-section that was gencera-
lized from Fig. 6B for the purposes of this study is given as the
four-body model shown in g 60 The gravity analysis due 10
Cordell (1977) wis used (o progect the characteristivs of this
gencralized crustal cross-section north and south of the V- §
profile

uo ORIGINAL

PrC D

Cordell (1977) corrected the smoothed  positive  Bouguer
anomaly of the embayment for the low-density sediments and
observed the long continuous positive anomaly with an ampli-
tude of 15 45 mgal increasing southward illustrated in Fig, 61
The axis of this anomaly closely follows the Mississippi River
northward beyond its confluence with the Ohéio River into vouthern
linois. The anomaly exhibits relatively uniform behavior south of
the ¥ -- S profile until about 33° N where it increases sharply. thus
suggesting that the crustal cross-scction may be uniformly pro-
jected southward along the Mississippi River to approximately
N To the north, decreasing gravity anomaly values in
conjunction with the northward tapering surface configuration
of the embayment suggest 8 commensurate northward tapering
projection of the crustal cross-section along the Mississippi
River into southern Winois. Hence, to obtain the first-order.
three-dimensionad generahization of the crustal structure of the
embayment used in this investigation, the crustal cross-section
of Fig 6C was projected uniformly south of the Y-S profile
and tapeted uniformly northward as outlined in Fig. 61). The
northern ends of the four bodies of this gencraliced model as
projected onto the cross-section along the Y-S profile are
given by the shaded regions of Fig. 6C.

To compute the potential field anomalies at 450 km cle-
vation. cach of the four bodies of this generalized model was
represented by a Gauss-Legendre quadrature formula consist-
ing of 128 equival~at point sources. The latitude and longitude
limits of cach body were represented by 8 point sources and
the radial limits by 2 point sources. Pertinent body volume
limits were interpolated from a set of body points that sumpled
the coordinates of the surface envelope for cach body. The
quadriture formulac were next eviluated and summed over a
21, E3y abservation prid spanming the region (260 280) °F, (V)
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Fig, A E. Mississippr cinbayment satellite-tes b comparsons between Gauss-| egendre quadrature modeled gravity and magnetic anomalies and
upward continted 12-averaged free-air granity and reduced-to-the-pole POGO satellite magnetic anomaly data, Each anomaly ficld is plotied on

stereopraphie equal-arca polise progection

45) °N and compared 1 observed grasity and magnetic ano-
maly data ot 450 km clevation.

Upward  contmuation of Trec-air granity anomaly  values
from the surface of the carth 10 an clevation of 450km by
equivalent point source inversion for the study areu leids o
the results shown in Fig. 7A. These data exhibit o pronounced
relative positive anomaly with stightly greater than 3mgal of
relative amplitude in the region of the embayment. $he goanity
effect of the gencralized four-body  model described above s
shown in e T8 as coughly a dmgal anomaly. The general
agreement between the modeled and obsersed data over the
embayment suggests that the observed gravity anomaly cn be
reasonably well acconnted for at 450km clevation by the gen-
erilizvd four-body model.

Poliur Orhiting Geophysival  Obsesvatory (POGO) sineline
magnetometer observations reduced 1o adiad polatizaton asong
a normahzation amphitude of GO gamma by cquinalent potat
source imversion are given for the stiwdy area i g 70 These
data show a prominent cast-west magnete igh that s breached
m the viamty of the embavment by o mapgnetic low
better resolution of the charictenstios of the magnene anomaly
for the embasment region, the tadially polanzad data wore high-
pass filtered for anomaly waselengths smatler than about 107 The
highepass Blcred data e sosteaed i D 70 and show o oneg:
atise anomaly of roughly 3 pamma over the embay ment

Wanitewshe et al. (1979 found thit most aiidsses of me-
dium to loag-wavelength mugnenc anomadios suggest that sour-
ves are probuably contained i the lower crust which, in gener-
al. may be substantially more magnetic than the upper croust
The condittons for cohcrent regional nuagnetization are on-
hanced as crustal depth ancreases Remanence and  thermal

o pne

overprints are diminished, and viscous magnetization and ini-
tial  susceptibility are enhanced with increasing  tempera-
ture especially within 100°-150°C of the Curic point. The
thickness of the crust within this thermal regime may be S-
20km depending on the steepness of the geothermal gradient.
Accordingly, they suggest that deep crustal magnctic sources
are probadbly related to lateral variations of petrologic factors
or Curie isotherm topography.

Accordingly, an obvious deep crustal source for the ob.
setved magnetic anomaly is body #2 (Fig. 6C) which alswo re.
presents the major gravity source of the embayment madel. Austin
and Keller (1979) propose that the combination of bodies # 1 and
# 2 was formed as a manifestation of a4 mantle upwarp bencath
the embayment comprising of a mixture of crust and upper
mantie material which subsequently cooled to form a block of
high density  material. Magnetic hypotheses which are con.
sstent with this view include body #2 as » zone of negative
magnetizition contrast with respeet 1o the lower crust due to
depletion of magnctic minerals. Negative  magnetization for
body # 2 alwe can result from temperatures which exceed the
Curie point. although present heat flow datas (Sass et al. 1976)
do not appear 1o warrant this hypothesis for the embayment.

Body #3 may represent an additional magnetic source for
the cmbayment assuiming crustal magnetizution increases with
depth. However, the positive magnctic contribution of body
o 3 will be relatively weak if the Curie isotherm depth is about
40 km or more. Arguments for including bodics # 1 and #4 in
a4 magnetic model of the embayment appear to be lacking. so
thiat body #2 probably represents the primary source for the
observed magnetic anomaly data if the Curie isotherm is at
about 40 hm of depth in the region of the embayment.

b2 1}
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Hence, the magnetic anomaly due 1o bovly # 2 was cateulat-
ed in by T using o magnetization comrast of - 24
x 10 *emuem®. These results show that the anomaly ampli-
tude ohserved for the region of the embayment at 450km
clevation can be matched well by a source such as body &2
located near the buse of the crust with magnetic propertios
which correspond with the magnetization characierisiics anti-
cipated for the lower crust. Substantial disparity is apparent,
however, when the spatial characteristics of the observed and
modeled magnetic anomalies are compared.  Further refine.
ments of the magnetic model are necessary and will be particu-
lurly warrented when data are availuble from the current Mag-
sat program (Langel 1979) 10 verify and further upgrade the
POGO satellite magnetic anomalies for  lithospheric  appli-
cations. Accordingly. body  #2 as deicrmined by  gravity
modceling considerations represents only i preliminary magnetic
maodel for the embayment.

Conclusions

Regional gravity and magnetic anomaly modeling for arbitrari-
ly shaped lithospheric sources with variable physical properties
can be achicved accurately and efficiently in sphericd coor-
dinates using Ganss-Legendre quadrature integration. The pro-
cedure involves representation of the anomalous source as i
distribution of cquivalent point gravity poles or point magnetic
dipoles which contribute incremental anomady values evaluated
and summed at cach observation point 10 obtain the total
anomaly. The distribution of equivalent point sources s de-
termincd directly from the volume limits of the anomalous
body. For an arbitrarily shaped body, the varable limits of
integration can be obtained from interpolations performed on a
sct of body points which approximate the sutface emvelope of
the anomalous source.

A chiel practical advantage of the method s ity conader-
able versaulity, The physical properties of the cquvalent point
sources, for example. can be mdividually vaned 1o reflect physi-
cal property variations of the body being modeled. The incthod
can abso be readily extended to model the geoidal anomaly,
vector components. and snatial derivatives 10 any order of the
bady's anomalous granvitational and magnetic potentials. -
nally. the accuracy of the method can be controlled by adjust-
ing the number of cquivalent point scurces or the distance
between the source and observation point. In this regard, the
method s particularly well suited for satellite gris ity and mag-
netie anomaly modeling because the efficiency and accuracy of
the apphication increases with increasing  distance  between
source and observition pomts,

In comideration of the forcgoing results. it s concluded
thist Gauss-l cpendre quadsature integration Gicihtates & power-
ful and cMicient approach 10 sphencal carth modeling of re-
gional-scale ithosphenie gravaty and magnetic anomaly sources,
Accordingly, the method has widespread application in the
anabysin und design of regional-scale gravity and magnetic sur-
veys for lithospheric insestigation.

Achaondadgemenss. 1 inamoal support for this mvestigaten was pro-
vided by the Goddard Space D iight Center under NASA Contraat
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