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ABSTRACT
3y means of a topographic Legendre expansion complete through he second de
gree and order, the systamatic error in Mercury radar ranging can be reduced
significantly. We interpret the expansion cocflicients in terms of a best-fit cllip-
soid displaced with respect to the center of mass. The ellipsoid’s principal axes
arc 1otated in the cquatorial plane such that the long axis is alipned with carto-
graphic longitude 5.3°: 2.9° (w st). The pole location is consistent with the JAU
pole, normal to Mercury’s orbital plane. There is a significant equatorial elliptic-
ity (a . b)/a: (540:) b4) x O 6. he center of figure is oflset from the center of
mass (C.F. - C.M.) by 6104 78m in the cquatorial plance in the direction of carto-
graphic Jongitude 319.5° 1 6.9°. The magnitude of the center of figure offscet implies
an excess crustal thickuess of 12 kin o1 less, comparable to the Moon’s excess. By
comparing the equatorial ellipticity with the Mariner 10 gravity cocllicient Cgz, and
assuming, Airy isostatic compensation, we conclude that Mercury’s crustal thickness

is n he range of 100 to 2560 kmn.

1 Introduction

.

Mercury is the least explored of the terrestiial plancts. Its known global gcophysical prop
erlics include 1.8 -adius, and gravitational coeflicients Jp and Cyy (Anderson et al.
1987). n this paper we add to this by using ground-bascd ada ranging, data ad two
range determinations from Mariner 10 1o determine both the magnitude and direction o
the equatonial offset of the center of Mercury’s figwe from its center of mass. also usc
these data to find the orientation and major and minor axes of the cllipsc which best {its

Mereury’s cquatorial shape. Displacements of the center of figure from the center of ass




arc known for Farth (Balinino ¢t al. 1973), Moon (Kaulaetal. 1972; Bills and Ierrari
1977, Smith et al. 1 995), Venus ( Bindschadler et al. 1994), and Mars (Standish 1973; Bills
and lerrari 1 978). 1l owever, there is 110 estimate inthe literatur ¢ of Mercury’s center of
figure displacement from its center of ass even though the plobal cquator ial topography of
Mercury from ground-based radar ranging has been discussed (Har 3loa et al. ] 986; Harmon
and Campbell 1988; Pitjeva 1 993). There has aso been 110 determination of the equatorial
cllipticity from heretofore published topography or any discussion]) of the geophysicalimpli -
cat1ons of the global equatorial ellipti cal shape.  The shape and orientation of Mercu ry’s
cquatorial figure andthe displacement of this fig ure from thie planet’s center of 1nass place

nnporta ut constraints on the structure of Mercury ’s interior.

2 Mercury Radar Ranging

A summary and discussion of data uscd inthe fundamental ephemerides 116200/1.15200
hias been published previously (Standish 1990; Standish et iii. 1992). Those data include
Mercury radar ranging data spauning the years 1966-1974. Wereport here 011 the analysis of
the older data plus additional data spanning the years 197410 1990. Included are two range
fixes from the Mariner 10 Mercwr y flybys on March 29, 1974 and March 16,1975 (Anderson
ct al, 1987). We have excluded the highly noisy 1966 Arecibo data. The current JPL set of
reduced Mercury radar rangi ng data is summarized in Table 1. The Goldstonie data arc! from
34 m and 70 1 stations Jocated in California’s Mojave deser t, the Arecibo data arc from
Puerto Rico, while the Haystack data are from T'yngshoro, Massachusetts.

The data used fOJ' this paper are reduced 3 angi ng mcasurements to Mercur y’s surface.




Both radar tine delay and 1 doppler data have been used in the reduction (for an explana-
tion of the Doppler- delay technique sce e.g. Ingalls and Rainville 1972; Shapiro et al. 1972;
Harmon et a. 1986). The 1978-1982 reduced data are froin archives at the Harvar d Smithso-
nian Center for Astrophysics (J. Chandler, private connmunication). All these reduced radar
ranging data are suitable for studies of global topography, as reported here, but  topographic
analysis at higher resolution requires data from an carlier stage in the data 1 eduction (sec
c.g. Harmon et, al. 1986). The two Mariner range fixes, accurate to 4 1 us, or about 150
m in distance, arc independent of topography, but they help define the absolute location of
Mercury’s center of mass.

Given the data surmmnarizedin ‘Jable 1, we have computedi anging residuals referenced
to JPL rescarch ephemeris 1)1;242 (E. M. St andish, private commnunication; Anderson et
d, 1995). This ephemeris has been superseded recently by DE4 03, However the results
reported here are insensitive to whether DE 242 or 1114403 is used as the zero-order modecl
for the lincar fit. The important point is that when Mercury ranging residuals are plotied
using cartographic longitude, rather than time as independent variable, systematic effects
arc obvious. T'hese system atic effects have been noted before as a troublesome error source
for tests of general relativity, most notably the excess precessionof Mercury’s perihelion,
and models have beenintroduced for purposes of minimizing the error (Anderson et al.
1991; Pitjeval993). Wc suggest, that the Legendre expansion discussed here is the most
cflective in removing, systematic error introduced by Mercury ’s topographic variations, at
least until new data arc available from a Mercury orbiter mission. Suchnew data could take
the form of transponded ranging, similar to the Mariner 9 Mais Orbiter, or perhaps cven

surface transponded ranging siinil ar to the two Viking Landers.  Unfortunately, 110 Venus




orbiter has carried a ranging transponder {o date, although work isunderway at JP1.to usc
coherent Doppler to improve Venus’ ephemeris (Konopliv, private commmunication). Wc have
removed Venus topography from Venus radar ranging data by usiug the Pioneer 12 radar
altimet1 y measurements, and onc range fix is available from the Galilco spacecraft flyby in
1990 (Andersonct a. 1991). Of all the inner planets, only Meacury currenily requires a

paramcterized topography model for ranging data, analysis.

3 Global Topography

The recommended mode] for Mercury’s radius r, including terinsin both latitude and longi-

tude, is a truncated l.egendre expansion complete thy ough the second degree and order

r= R4 CyoV3sin ¢ A (Cy1 008 A -} Syy sin )\)\/3 cos ¢
-i'Cz() 2'5'(3 sin? (f) - ])
(1)
4 (Cz1 cos A 4 S sin )\)\/] 5sin ¢ cos ¢

4(C22 cos 2X -1 Sz2sin 2/\)5@5 Cos’¢

Wc have augmented thel) 15242 paramncter set, including the mcan radius R, by the eight
Legendre coeflicients in Kq. 1. ‘1'hen, by lincarly correcting 131624 2's 181 paramecters, and
by including the eight new paramcters, we have repecated the chi-square fit to all the 1)E242

data, but with 189 rather than181degrees of freedom.



Thenew results for the radius R and the eight Legendre coceflicients are

R = 2,437,6003 29001n

Cio=" - 103(1 i 6501n

Cy1== 281 4:46m

Si1= 240 - 43n1

Y9052 —-2100 4 2600 m 2

Cqy= --1204.170111

Sg1== --100+ 170111

Cyy = 293:135

Sy2 =- 1734:33 m
The errors are taken directly from the covariance matyix. The data weights have been scaled
onadala set by data set basis such that the overall standard error for the weighted data
isunily (c]li-square = N - 189 == 73346, where N is the number of observations inaking up
DI242). Among the nine topography parameters, thcre arc five significant correlations with
absolute magnitude larger than 0.24. The remaining 31 correlations arc smaller. The most

significant are

Corr(R, Cyy) = 0.9997

Corr(Cio, Czy) = ~—0.3174

Corr(Cyy, Cay) = -0.5907 (€©)
Corr(Cg1,Ca2) = 0.3040

Corr(Cq1,S21) = —0.3719

"To the first. order inthe small corrections, we have interpreted the cocflicients in terms

of arclerence ellipsoid. The center of figure is oflset from the center of mass (C.F. - C.M.)




by amounts

I'e COS ¢ cos Ac=: v/3Cry
r. Cos ¢ Sin Ac= v/351; (4)

Te SIn ¢ = V3Cso

The cylindrical coordinates of the position of the center of figure with respect to the center

of mass, where ¢, is the latitude and A, the west longitude arc

T COS ¢ == 640 =4 78m

TcSin ¢o == — 1780 1 130m

Ac= 319.5°4 6.9°
The latitude ¢ is --70.3° 4: 11.7°, which implies most of the offset is directed toward the
south pole. However, because the radar ranging is restricted to the equatorial region, the
polar component of the offset is poorly determined. It will not be known with certainty until
data become available from a Mercury orbiter mission.

The orientation of the ellipsoid is defined by threc rotation angles. The first rotation is

about the polar axis through the cartographic longitude Xo-The second and third rotations
arc assumed small such that the longitude Ap and colatitude 0p of the ellipsoid’s pole are

related to small angles u and v by

sin Op cos Ap == u

(6)
sin @p sin Ap = v
The angle Ap, not necessarily small, is
1 S
Ag == — arctan _‘22 =2 15.3° 4: 2.9° (7)
2 Co
8



The threc axes of the ellipsoid arc given by

=R VIR 3, - V(0 =2,440,623 4108 m
b=R- %’1@2 4 82, — YP(Cy = 2,439,3053 113m (8)

c =R+ v56Cy= 2,432,900 + 8800 m
The correlation between R and Cyg significantly reduces the errorin the equatorial axes a and
b, but the large error in the polar axis c is enhanced. The radar data arc restricted between
12° north and 10° south in latitude, hence geodetic. parameters along the polar axis arc poorly
determined. The one-sigma error ellipse associated with the well determined axes a and b is
shown in Fig. 1. The two axes arc far from being equal, so we have definitely determined
an cllipticity in the equatorial plane given by (a -- b)/a = (540 4:54) x 107¢. HHowever, the
values for a and b arc consistent with Mercury’s reference radius Re =- 2,440 km. This
reference radius is an excellent approximation to the incan cquatorial radius. The ellipsoid’s

flaticning f, defined by (Vab - ¢)/+/ab, is

3\/ 5C20

- = 0.00'289 + 0.00363 9

As cxpected, f is poorly determined and, based on the radar ranging data, consistent with
zero.

Radio occultation radii have beendetermined from Mariner 10's first Mercury flyby in
March 1974 (¥jcldbo et al. 1976). At the ingress location the radius is 24395 + 1.0 km at
latitude 1.1° and cartographic longitude 292.6°, and at egress the radius is 2439.0 £ 1.0 kimn
at latitude 67.6° and cartographic longitude 101.6° (wc have converted Fjeldbo et al.’s cast
longitude to west longitude). The occultation radii are consistent with our results, but they

yield little or no information on the best-fit Mercur y ellipsoid because, as pointed out by



Fjeldbo et a., they may be affected by local topography at alevel significantly larger than
the -+ 1.0 km standard error. The occultation heights, referencedto the ellipsoid determined
by Eq. 1, are -348 4 1010 m al ingress and 7110:t 7450 m at egress, Because of the
ellipsoid’s relatively small polar axis and the CI'. - C.M.offset of 1.8 km toward the south
pole, the estimated height at the 67.6° latitude location is large but within the! limit of onc
standard deviation. Outside of checking for consistency, wc have ignored both occultation
radii in our analysis.

Given the principal axes of the ellipsoid, and the angle Ay, we next determine the two

smal orient ation angles from

s u VaGpvfaiyaeny - 17304 314°
(10)

v = \/§CQO+S21\/6§;1§2; = 1.74° 4 3.79°
Because the correlation between u and v is 0.390, wc display the error ellipse in Fig. 2. Note
that the po]c location determinedfrom radar ranging is consistent with the reference pole,
assumed normal to the plane of Mercury’s orbit. By computing an inclination angle from
the cocflicients in Eq. 2, wc have checked that the assumption of small rotations u and v

does not bias the pole toward the reference pole. The inclination angle is not significantly

different from zero.

4 Geophysical Discussion

The offsets of the center of figure from the center of mass of al the terrestrial planets arc
plausibly though not uniquely interpreted as duc to hemispheric asymmetries in crustal

thickniess. The Moon’s offset of the center of figure froin the center of mass is about 2 km in

10




a direction away from the Earth and canbe explained as duc to athicker crust on the lunar
farside than on the ncarside (Kaula et al. 1972; Bills and ¥errari 1977; Smith et al. 1995;
Neumann et a. 1995). Mars' 2.5 km offset is in a direction approximately halfway between
the Tharsis bulge and the southern highlands and can be understood as duc to thickened
crust in these regions (Bills and Ferrari,1 978; Schubert et a. 1992). The 2.1 km offset of the
Earth’s figure from its center of mass is in the. direction of the Pacific basin (Lee and Kaula
1967; Bahninoct a. 1973) and mmay be a consequence of the thick continental crust beneath
Eurasia compared with the thin oceanic crust bencath the Pacific and ]ndian Oceans. Venus
center of figure is displaced from its center of mass by only about 300 m in a direction toward
northeastern Thetis Regio near the geometric center of the Aphrodite highland and may be
duc to crustal thickening beneath this region ( Bindschadler et al. 1994).

Mercury’s 640 m equatorial offset of its c.enter of figure from itscenter of mass is in the
direction 319.5° W longitude in the planct’s unimaged hemisphere. It is therefore difficult to °
interpret the planet’s center of figure offset fi om its center of mass and relate the direction
of this offset to the surface geology, but if we assume that the offset is due to global crustal
thickness variations, as is likely for similar offsets on all the other terrestrial planets, then we
can usc the offset to constrain the difference between the crustal thicknesses 011 Mercury’s
unimaged and imaged hemispheres. Mercury’s d isplacement of its figu re center from its mass
cenler is only about a third as large as the displacements on Iarth, Mars, and the Moon,
but it istwice as large as the Venus offset. The Venus center of figure displacement from
the center of mass is very small because of the limited arcal extent of thickened highland
crust on Venus. The relative sinallness of the center of figure displacement from the center

of mass on Mercury implies that we arcnotin for any great suipriscs when wc image the

1



rest of the planet in terms of finding an unusua distribution of basins, highlands and plains
compared wi th the imaged hemisphere.

If we usc the formula from Kaula et al. (1 97'2) for the offset of the center of figure from the
center of mass (C.F.-C.M.oflsct), then the hernisphcrically-averaged excess crustal thickness
is twice the C. F.-C.M.oflsct divided by Ap/p, where Ap is the mantle density minus the
crusts] density and p is the mantle density. ForAp/p equal to 0.1 the excess crustal thickness
responsible for the C. F.-C. M. offset is only 12.8 km, The excess crustal thickness could be
even smaller if the density of the subcrustal lithosphere on Mercury were larger than the
upper mantle density on the Iarth or Moon leading to a larger value of Ap/p. The excess
crusts] thickness responsible for the Moon’s C, F.-C.M.oflsetl is about 12 km (Neumann et
al. 1995).

The long axis of Mercury’s equatorial €elliptical shape is oriented toward 15° W longitude
in qualitative agreecment with the locations of the two main equatorial highlands described
by Harmonet al. (1986) and Harmon and Campbell (1988). The measured equatorial el-
lipticity of Mercury, 540 x 107¢, corresponds to a value of C,, equal to 5.4 x 10-5 on the
assumption that Mercury is a constant density tri-axial ellipsoid (the formula for C,of an e-
lipsoid of constant density with principal axes a,b,c(a>b>c) is approximately (a’-- b?)/20a?
(Yoder,1 995)). The value of C,, inferred from the Mariner 10 flybys is 1.0 4: 0.5 x 10°(An-
derson et al. 1987). The large value of Cj2 associated with the equatorial ellipticity compared
with the measured value of C,implies that Mercu1 y’'s equatorial ellipticily is isostatically
compensated. If we assume that the compensationis due to Air-y isostasy associated with a

variable thickness crust, then it can be shown that the mean crustal thickness or compcnsa-

12



tion depth His given approximately by

1 1 a- b)p.- !
==y Caz(observed) {']();L—{Ep. (11)

where p. is the crustal density and p is the mean density of Mercury. The expression in
Eq. 11 is derived by using the formula for B-A(B3 and A arc the equatorial moments
of inertia, B>A) of a constant density tri-axial ellipsoid and applying this formula to the
surface ellipsoid with density p. and the compensation ellipsoid of density (pm — pc) (Pm is
the subcrustal density) (I'ig. 3). The compensation ellipsoid has its long equatorial axis
at 90° to that of the surface ellipsoid (Fig. 3) and thediflerence in its equatorial radii is
given by (a — b)(pc/(pm — pc))-Yor the values of Cyy(observed) and (a-b)/a given above and
for p./p equal to 3/5.4, Rq. 11 gives lI/a=:1/1201H= 203 kin. Since the error in the
determination of Ca22 is 0.5 x 10°, 11 could bc a factor of 2 smaller or a factor of 1.5 larger.

For the Moon, Cg; is about 2.2 x 10°(Lemoine et al. 1995). If wc use 2.4 km for the
difference in the Moon's equatorial radii (Kaula et al. 1973; Zubar, private communication)
and p./p equal to 2.9/3.3, then according to Eq. 11 the lunar mecancrustal thickness or
depth of compensation H is about 72 km. The mean crustal thickness of the Moon is about
61km (Neumann et al. 1995). Comparison] of the observed Czz of the Moon with its
equatorial ecllipticity based on Apollo 16 and Clementine data gives a reasonable estimate
of the Moon's mean crustal thickness. The samemay be true for Mercury, although the

uncertainty in Mercury’s C,is large enough that the inferred mean crustal thickness for

Mcrcury can range between about 100 and 250 km.
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Figure Captions

FIG. 1. one-sigma error ellipse for the cllipsoid’s principal axes a and b. The best-fit
deviations from the reference radius Rg as determined by adar ranging data arc indi-
cated by the solid square inthe center of theer or ellipse. ‘] he dashed line represents

values of a and b for which their mean is equa to the reference radius Ry = 2440 km.

FIG. 2. One-sigma error ellipse for the small polar angles u and v. The IAU reference
polec normalto Mercury’s orbital plane is at the origin of the dashed axes. The location
of the ellipsoid°pole asdetermined by 1adar ranging data is indicated by cartographic

longitude Ap and colatitude Op.

FIG. 3. Sketch of the mnass excesses and deficits associated with the equatorial el-
lipticity of a planet, and its Airy compensation ellipse. The long axes of the surface
and compensation ellipses arc at right angles. 1 is the compensation depth or mean

crustal thickness. p. isthe crustal density and p,, is the subcrustal density.
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Tables

TABLE |

Mercury Radar-Ranging Measurements

Timespan Antenna Number

of Observations

1967-1971 Arecibo 85
1966-1971 Haystack 217
1971-1974 Goldstone 38
1974-1975 Mariner 10 2
1978-1982 Arecibo 157
1986-1990 Goldstone 132

19




-500 l I

-600 [~

-800 |

600 700 800
a-Rg (m)

-90C) L
. 00 500



(04y j0 se8ibaQg) n

v (Degrees of Arc)







