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arc k[lowJl fo r  lI;art}I (llalIIIiIIo  d a l . 1 9 7 3 ) ,  MooJI (Kaula  d al. 19’72?;  IIills  aIId Fcmari

1977; Slllitll  d d. 1 995), Vcmus ( lli]ldscl]adlcJ  d al. 1994), aIId Nlars (~talldisll  1973;  IIills

and lkj-rali  1 978).  II OWCVCI) tlICIC  is 110 cstiJImtc  ill tlIc  litcralu~  c of McrcuTy’s  CXIIttT  of

figure  dis])lacfiJ]mJlt,  fJ-o]J] its cmltcJ of Jllass CVCII  tlIcnJ/,11  tile glol}a]  cquatoJ ial kq)ogJa])lly  o f

Mmc{t]y  fl”oJll  F,l’c)llllc]-k)asC(~  radar Iallgillg  has ~~IX!II c]i’+CIJssc!d  (]]al JI1 OJI d al. ] 986; ]]arlJloJl

and  (!alJl]Jldl 1 988; l’it,jcva  1 993). ‘1’llcrc  IIas also he(n) 110 clctcllilillatioJl  of the cx]uato]-ial

clli])ticity  flo]i) IIcrctoforc  ])ublisl]cd  to])ogJa])lIy  or alIy discussion]) of tlIc  gm])}lysiml  ilJ]]}li  -

Cat, ioJIS of tll(:  global  CqUatOJial Clli])ti  C.i~l Slla]jc. ‘~’]1(’ S]la])(! alId ori(!Jltatioll  o f  h~CJ’Cu J”y’s

quatorial  figure a~ld tllc dis])lac.CJJ)cllt  of Lllis  fit, ulc fm]]l t,l Ic ]}lal  ICtl’S  ccJ]tcJ of ]Ilass ]Jlacc

illqmt,a  [It cm]lstraillts  OJI t]lc!  strudurc  c)f hlcrcury ’s illt,cJior.

2 M crcury ltadar ltanging

A  SUJIIIIIaI.V  alId d i s c u s s i o n  o f  d a t a  usd ill tllc  full[{alllcJltal t])llcl]lcJidcx  l)lt200/l,lt200

lias I)ccll ]ml)lishcc] ])rcwious]y (Stalldisll  1990; Eitalldisll  d i i i .  1992). ‘lllICm  data illc.ludc

MCJCUry radar rallgillg data s])a~lllil]g  tllc years 1966-1  !)74. WC IC])OJ t lIcrc  011 tllc mlalysis  of

tllc oldcJ  data })lus additiolla]  data s~)all~liJlg  tllc years  1974 to 1990.  IIIcludccl alc two  rallp;e

fix(:s flt)~J)  t]lc!  h~alill[:J 10 hicxcul  y flyl)ys  011 Mardi 29, 1974 aTId h4alc}l  1 (i, 1975 (AIIdCJSOII

ct al ,  1987).  WC IIavc:  cxcluclcd  tllc IIigllly  l]oisy 1966 Armil)o clata. ‘]’]lc CUJ’l”Cllt  J]’], set o f

J“dllct!d h~eJ”Cul-y l“adar rallgi  Jlg data is suJnll”la?izd  iJl ‘~’a}~le ], ‘J’]lc  (~o]dstol  Ic data arc! frolll

34 JII [III(] 70 III Staticnls  ]oc.atd  ill ~a]iforllia’s h40javc  dc!s[!J t , tlIc Arccil)o  da ta  am froln

]’u(:J”to  ]{ico, W]lik!  t]IC IIaystac.k  d a t a  am fJ”oll] ‘1’yJIgs}Ioro,  h4assac-Ilusdts.

‘]’]1{:  data used  fOJ” t]lis }m])cJ arc! rduced  J allg;i  Jig, JllcasulcJIlcllts  to h~mcul  y’s surface.
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IIotll  radal tilnc clclay and 1 kq)ldcr  data haw! km used  in Ll)c rcductiwl ( fo r  an cxplalla-

tiou  of tlic IIo})plcr-  delay  tccllniquc  scc e.g. l]lgalls  and Raillvillc 1972; Slkapiro  ct al.  1972;

IIannml  CA al. 1986).  ‘1’lIc 1978-1982 rcxlucml  data arc froln  arcl)ivcs  at ihc }Iarval  d Slnithso-

l~ian (kmtcr for Astro})llysic.s  (J. Cha.~]dlcl,  ~mivatc COII lmunic.atioIl).  All these rcduccd  radar

ral)gi])g  data a+ suitab]c for studies of g,lol)al  to})ograldly,  as rqjortcd  Ilcrc,  but  topographic

ana lys i s  a t  ]Iighcr  rmoluticul  requires data frcun aII car]icr stagy ill t}lc data  I cduciion (sm.

e.g.  IIarlno]l  et, al. 1986). ‘J’IIC two Marillcr rallgc f i x e s , acculatc  to 4 1 p., or about  150

In ill distaucq  arc illdc})cl)dc])t  of  topography,  but tll[:y hell}  dcfiIIc tlIc abolutc  loc.atio]l of

h4ercury’s  cclltcr of mass.

to

al,

Given t]lc  data su?nlnarizcd  i]] ‘J’able 1, we have [omputcd  I allging  residuals refcmlcccl

J]’], rcscarclt cpllcnmis 1)1;242 (E. M. St aIldis}I,  private c(}l]-l~l~~l]licatioll;  Alldcrsoll  ct

1 9 9 5 ) .  ‘J’his  cpllmncris  has bccII supcrscdcd  recx:ntly l)y I)IM 03. IJowcvcr  the  r e su l t s

Ic])ort,cd  IIcrc arc illscJlsit,ivc to wlictltcr 1)1’} 242 or 1 )1;403 is used as t})c zcl o-orclcr  ]nodcl

for t]lc  ]i~lcar fit. ‘]’hc iln]]orta~lt  poi]lt  is that when  Mercury I“aJl~iJlg;  residuals am plotkd

usil)g  cartographic longitude, rather than time as indcpcrlcknit  va.riab]c,  sysk)natic  effects

arc oi)vious. ‘J ‘}ICSC systcJn  atic effects ]1 avc bm) nofcd before as a troub]esolm:  error source

for tests of gcllcral  relativity, lnost  IIotaldy  tllc cxccss  prcccssioll  c)f Mercury’s pcrihc]iorl,

and m o d e l s  h a v e  I)CCII illtl-oduccd  for ~)ur})oscs  c)f l[li~lilnitiill.g  tlIc  cxror  (ATidcrsc)II  ct al .

1991;  l’itjcva  1993). Wc suggest, tl)at tllc l,cgclldrc cxpallsion  discussed here is the most

cflcctivc in rc]llovillg  systematic error introducml  }Jy h4crcury  ’s topograp}lic  variations, at

least until  IICW data arc availab]c fro]n  a Mcrculy  oll)itcr  mission. SUCII  IICW data could take

tllc  forln  of tralls}mllclcd  ra~lgillg, s imi l a r  to  tlIc Malillcr  9 MaIS Orbitcr,  or pclhaps CVCII

su r face  trallspmldcd  ral)gillg  silnila.  r to tllc  two Viki])g l,alldcls. Illlfortullatcly,  110 VCIIUS
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orbiter l~as carried a ranging  t,ralls~~olldcr  to date, although work is ulldcrway  at JI’1~ to usc

collcmllt  lkqq)lcr  to ilnprovc Vmlus’ c])hclrlcris  (Kcmcq]liv, private ct)]lllllllllicatio]l).  Wc IIavc

removed  Venus  to])ography  frolll  VCIIUS  radar rangi)l~’;  data by using tllc l’ionccr  12 radar

altilnctl  y mcasurcmcntsj  and oIic range fix is avai]ab]c  from the {Ja]i]co spacecraft flyby  in

1990 (At]dcrso~l ct al. 1991 ). of all tllc illnc] p l a n e t s ,  oltly  Mcxcury  currc]ltly  rcquim a

parallwtcrizcd  topogra])hy  model for ranging data, analysis.

3 Global Topography

‘1’hc rccolllrmmdcd  mode] for Mercury’s radius r, incl~idi]lg tcmns  ill both latitude slid loligi-

tudc, is a truncated lmgcndrc  expansion complctc  thl ough the scco~ld dcgrcc  and order

-i (h cm M -1 SM sin 2~)~E COS
2 ~

Wc have augmented tllc I) IY242 paralnctcr  set, including  the IIICaII radius 1/, by the eight

l,cgcIIdrc cocflicicllts  in ltq. 1 . ‘1’hen, by lillcarly  c.(n-rcctillg  1 )1’24 2’s 181 pararnctm-s, and

by includil]g  the eight ncw  paramckrs, wc IIavc rcpcatcd the c}li-squa.rc fit to all the 1)E242

data,  lmt with 189 rather than 18“1  dcgrccs  of frccdoln.
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7’IIc ncw  results for t})c radius R al)d the eight l,c{y:ndrc  Cocfficimlts  arc

IL == 2 ,437,6003 29(10111

c,~  =“’ -- 103(1 i 650111

Cl, == 281 + 4Gm

Sll = --240 :~- 43n1

c~~ =; --2100 + 2600 Irl

(&l, = --1204.170111

s~, == --100+ 170111

Czz == 293:135 II-I

S22 =- 1734:33 m

(2)

‘1’hc errors arc taken directly froln  the covarialicc  mat] ix. ‘1’l]c data wcigllts  have bccII scaled

ol~ a data,  set by data set basis such that tllc overall staIldarcl  cl JOI for tllc weighted data

is unity  (c]li-square == N - 189:-  73346, where N is the nuInbcI- of ohscrvations  lnaking  up

l)lE?42).  Among ILc IIinc topography parameters, tlltrc arc five significant correlations with

alxsolutc  magnitude larger than 0.24. q’he rclnainin.g  31 cm rc]atiolls  arc smal]cr. q’hc Inost

(3)

sigliificant  arc

Corr(lt, CM) = 0.9997

Corr(CjO,  C2j) =- –().3174

Corr(Cl~,  Czl)  = -0.5907

Corr(Czl, Czz) =: 0.3040

Corr(C~l,  SZI) Z= –0.3719

‘1’o I,I]c first order iI] t}]c s~nal]  corrcctiolls,  we llavc  intcr]m:tcd  tl]c cocfEcicllts  ill t e r m s

of a rcfcrc]lc.c ellipsoid. ‘l’he cclltcr of figure  is offset from the ccrl(cr  of Inass  (C.}1’. - C.hl.)
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I
by alnoullts

rC cos & cos & =- {3 C,,

I’c Cos #c sin Ac = J3S,, (4)

rc sin ~. = {3C1O

The cylindrical coordinates of the position of the cent m of figu~c with respect to the center

of mass, where #C is the latitude and & the west longitude arc

r. cos @C == 640 d: 78111

rC sin +{, =: – 1780 + 1 130m

A. == 319.5°4 6.9°

‘J’hc ]atitudc  & is --70.3° + 11.7°, which implies most of the offset is dircctcd toward the

south po]c.  IIowcvcr,  }Jccausc tllc rada,r  ranf,ing is restricted to the equatorial region, the

polar component of the of[sct  is poorly  dctcrlnil]cd.  It will not Lc known with certainty until

data hccoInc availal>lc from a Mercury orbiter mission.

‘J’hc orientation of the c]lipsoid  is defined by thtcc rotation al]glcs.  ‘J’hc  first rotation is

about tllc polar axis through the cartographic longitude Ao. ‘J’hc second and third rotations

arc assumed small  such I,hat  the ]ongitudc  A}> and colatituclc & of tllc cllipsoid)s  po]c  are

related to small ang]cs  u and v by

(6)

(7)



‘1’lIc three axes of tllc ellipsoid arc given by

4“--a ,: ]{, +- ~j~ (_& + S~2 --- $(~20 = z,ido)~j!s ~ ]08111

J
bd{--~ C:z+S&$CzO= 2 , 4 3 9 , 3 0 5 3  113]11 (8)

c =. 1{, + {5C20 = 2,432,900 +: 8800 m

The correlation bctwccn R and CZO significantly reduce-s  the error ill the equatorial axes a and

b, but  the large error in the polar axis c is enhanced. ‘J’hc radar dfita  arc restricted between

12° north and 10° south in latitude, hcncc geodetic. palamctcrs along the polar axis arc poorly

dctcrmincd.  The one-sigma error ellipse associated with the well dctcmnincd axes a and b is

shown in Fig. 1. ‘J’hc two axes arc far from being cqua],  so wc have definitely dctcrmincd

an cllipticity  in the equatorial plane given by (a -- b)/a = (540 4: [)4) x 10–6. IIowevcr,  the

values for a and b arc consistent with Mercury’s reference radius lb =- 2,440 km. This

rcfcrc~}cc  radius is an excellent approxilnation  to the ~ncan cquatoria]  radius. ‘1’hc  ellipsoid’s

flattcnil]g  f, defined by  ({ah -- c)/{a~, is

f ~ __ 3fiG0
- == 0.00’289 + 0.00363

2R
(9)

As cxpcctcd,  f is poorly dctcrmincd and, based on tl~c radar ranging data, consistent with

zero.

Radio occultation radii have bccll  dctcrmincd  from Maril\m 10’s first Mercury flyby in

March 1974 (Fjcldbo  et al. 1976). At the ingress lo(ation  the raclius  is 2439.5 +: 1.0 km at

latitude 1.10 and cartographic longitude 292.6°, and at egress  the radius is 2439.0 + 1.0 kln

at latitude 67.6° and cartographic longitude 101.6° (WC have convcrtcd  Fjcldbo  ct al.’s  cast

longitude to west longitude). ‘1’hc occultation radii arc consistent with our results, but they

yield little or no iliformation  on the best-fit Mcrcu)  y ellipsoid bccausc,  as pointed out by

9



Fjcldho  ct al., tlicy may lx affcctcd  by local topogra])hy  at a level significantly larger than

the ~ 1.0 km standard error. ‘1’hc occultai,ion  heights, rcfcrcnced to the ellipsoid dctcrmincd

by ltq. 1, are -348 t 1010 m at ingress and 7110 :E 7450 m at egress, }Iccausc  of t,hc

ellipsoid’s relatively small polar axis and the Cl’. - C.M. offset  of 1.8 km toward the south

pole, tl~c cstilnatcd  hcig]lt  at the 67.6° latitude location is large bllt within the! limit of onc

standarc] deviation. Outside  of checking for consistc]]cy,  wc have igljorcd  both  occultation

radii in our analysis.

Given the principal axes of the el]ipsoid,  a~ld the angle &, wc llext dctcrrninc  the two

smal’ or icnt ation angles from

___@=====  . . ].73”  + 3.14°u  “  ‘~3c,~-@z+szZ
(10)

IIccausc  the correlation between u and v is 0.3{]0, wc display the error ellipse in Fig. 2. Note

that tlic po]c location dctermil]cd  fro~n radar ranging  is consistent with the rcfcrcncc pole,

assulncd  normal to the plane of Mercury’s orl)it. By computil]g  al] inclination angle from

t h e  cocflicicnts  in l~q. 2, wc have checked that the assumption of small rotations u and v

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

diflercnt  from zero.

4 Geophysical Discussion

‘1’llc offsets of the cm]tcr  of figure  from the center of lnass  of all the terrestrial planets arc

plausibly though not  uniquc]y  intcrpietcd  as duc to hcmisphc]ic  asymmetries in crustal

thick]  )css. ‘J’l]c  Moo~l’s  offset of tllc cclltcr of figure froln  the c.cl)tcr  of mass is about 2 km in
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a direction away from the I+;arlJ~  and can  bc explained as duc to a t]lickcr  crust on the lunar

farsidc  tl]an on the ncarsiclc  (Kaula et al. 1972; IIills and Fcrrari  1977; Smith et al. 1995;

Neumann ct al. 1995). Mars’ 2.5 km offset is ill a direction approxilnatc]y  halfway between

the ‘J’harsis Lmlgc and the southern highlal]ds  and can h undcrstcmd  as duc to thickcncd

crust in these regions (Ilills  and Fcrrari,l  978; Schuhcrt et al. 1992). ‘J’hc  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; llallnino  ct al. 1973) and lnay bc a consequence of the thick contiI\cntal  crust beneath

Eurasia compared with the thin oceanic crust bencat]l  the l’acific  and ]ndian Oceans. Venus’

center of figure is displaced from its ccntcr  of mass by only about 300 m in a direction toward

northeastern Thetis ltcgio near the geometric center of the Aphrodite highland and may be

duc to crustal thickening beneath this region ( JlindschadleI  ct al. 1994).

Mercury’s 640 m equatorial offset of its c.enter of figure from its ccntcr of mass is in the

direction 319.5° W longitude in the p]anct’s unimagml  }lemisphcre.  It is thcrcforc difficult to ‘

interpret t]lc  p]anct’s  ccntcr of figure offset f] om its center of mass and rc]atc the direction

of this offset to the surface geology, but if we assume that the c)ffset  is due to global crustal

thickness variations, as is likely for similar offsets on all the other tcrrcstiial  planets, then we

can usc the offset to constrain the difference bctwcm]  the crustal thicknesses 011 Mercury’s

unimagcd  and imaged hcmisphcrcs.  Mercury’s d isplaccrnent of its figu rc ccntcr from its mass

center is only about a third as large as the displacements on ltarth, Mars, and the Moon,

but it is twim as large as the Venus offset. The Venus

the ccntcr of mass is very small bccausc  of the lirnitcd

center of figure displacement from

arcal cxt.cnt  of thickcncd  highland

crust on VcIIus. ‘1’hc relative s]nallncss  of the ccntel  of figure dis])laccmcnt from the center

of mass on Mercury implies that we arc )Iot ill for any  great SUI ~)riscs when wc image the

11



rest of the planet in tmms of fincling an unusual distril)ution  of basins, highlands and plains

compared wi t,h the ima,gcd hcmisphcrc.

If we usc the formula from Kaula ct al. (1 97’2) for the offset of the ccntcr of figure from the

ccntcr  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 cxccss  crustal  thickness

rcsponsib]c  for the C. F.-C. M. ofisct  is only 12.8 km, The cxccss  c.rustal  thickness could bc

even sn]allcr if tllc density of the subcrusta]  lithosphere on Mercury were larger than the

upper mant]c density on the IZarth  or Moon leading to a large] value of Ap/p. The cxccss

crusts] thicknms responsible for the Moon’s C, F.-C.M. oflsct  is al)out  12 km (Neumann ct

al. 1995).

‘J’hc long axis of Mercury’s cquat,orial  elliptical shape is oricl]tcd  toward 15° W longitude

in qualitative agrccmcmt  with the locations of the two maill  equatorial highlands described

by 11 ar]non  ct al. (1986) and IIarrnon  and (;ampbc]l  (1988). ‘J’hc measured equatorial cl-

lipticity  of Mercury, 540 x 10-6, corresponds to a value of CZ2 equal to 5.4 x 10-5 on the

assumption that Mercury is a constant density tri-axiid  ellipsoid (i}ic formula for C22 of an el-

lipsoid of constant density with principal axes a,b,c (a>b>c)  is approximately (a2 -- b2)/20a2

(Yodcr,l 995)). The value of C22 inferred fronl  the Mariner 10 flybys is 1.0 t 0.5 x 1 0-5 (An-

derson c!t al. 1987). The large value of CZ2 associated with the equatorial cllipticity  compared

with the measured value of C22 implies that Mcrcu]  y’s equatorial ellipticity  is isostatically

co~npcnsatcd.  If wc assulnc  that the c.wnpcl~sation  is due to Air-y isostasy  associated with a

variab]c  thickness crust, then it can be shown that the mean c1 ustal thickness or compcnsa-

12



tion depth 11 is given  apprc~xinlatcly  b y

11 [ 1( a -  b)p. -

- -  := ~ Cz2(obscrvcd)  --T();- ~
a

where pC is the crustal density and p is the mean density of

I;q. 1 I is derived by using the formula for II-A (11 and A

of inertia, B>A) of a constant density tri-axial  ellipsoid and

i

(11)

Mercury. The expression in

arc the equatorial mmnents

fi] ]p] ying  this formula to the

surfam ellipsoid with density  pC and the com]mnsation  clllpso]d  of dcnslty  (p,,, — PC
. .

) (Pm is

the subcrustal  density) (1{’ig.  3). ‘1’hc compensatioli  ellipsoid has its long equatorial axis

at 90° to that of the surface ellipsoid (Fig. 3) and the diffcrmlce  in its equatorial radii is

given by (a – b)(pc/(pm  – p.)). Yor the values of CQ2(obscrvcd)  and (a-b)/a given above and

for pC/j  equal to 3/5.4, Rq. 11 gives 11/a =-1/12  o] 11= 203 kin.  Since the error in the

detcrlnination  of CZ2 is 0.5 x 1 0-5, 11 could bc a factor of 2 smallm or a factor of 1.5 larger.

For  the Moo]),  Czz is about  2.2 x 10-5  (Lcmoinc et al . 1995). If wc use 2.4 km for the

diffcrcxlce in the Moon’s equatorial radii (Kau]a  et al. 1973; Zubc I, private colllll~u]licatioll)

and pC/jJ equal to 2.9/3.3, the]) according to 13q. I I the lunar ]ncan  crustal thickness or

depth of compensation 11 is about 72 km. The mean crustal thickness  of the Moon is about

61 kln  ( N e u m a n n  ct al. 1995). Comparison] of the observed C2z of the Moon with its

equatorial c]lipticity  based 0]1 Apollo 16 and Clcnlcl~tine  data gives a reasonable est imate

of the Moon’s mean crustal thickness. I’hc salnc ]] lay be true for Mercury, although the

uncertainty in Mercury’s C 22 is large enough that the infcrmd mean crustal thickness fcn-

Mcrcury can range between about 100 and 250 km.
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1

7 F’igure Captions

FIG. 1. one-sigma error clli]mc  for the cl]ipsoid’s  principal axes a alld  b. ‘1’hc  best-fit

deviations fro]n  the rcfcrcnlcc  radius lb as dctcrlnincd  by I adar ranging data arc indi-

cated by

values of

FIG. 2 .

the solid square ill the center of the c]] or c]lipsc. ‘] ‘Ilc dashed line rcprcscnts

a and h for whic]l their lnean is equal to the mfcrcncc radius lb = 2440 km.

One-sigma error ellipse for t,hc small polar angles u a])d v. The IAU rcfcrcncc

}mlc norlnal  to Mercury’s orbital plane is at the c)rigir)  of tllc dasllcd  axes.

of the ellipsoid s pole as detcrmiricd  by Iadar ra]l.ging data is indicated by

]ol)gitudc  ~P and co]atitudc  ~IJ.

~’hc location

cartographic

FIG. 3. Sketch of the lrlass cxccsscs  and deficits associated with the equatorial cl-

lipticiiy  of a planet, and its Airy cornpcnsatioll  ellipse. ‘J’llc long axes of the surface

and compensation ellipses arc at right  ang]cs. 11 is tile cmn~)cxlsation depth or mean

c1 ustal  thickness. pC is t,llc  crustal density and p,,, is the su})crustal  density.
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8 Tables

TAJ31,E I

M e r c u r y  Radar-Rarlging  Measurements
————— ..—. — — .—-—— .- —. .--—

‘J’imcspan A n t e n n a

.—— ———. —. ———. —

1967-1971 Arecibo

]966-1971  ]Iaystack

1971-1974 Goldstone

1974-1975 Mariner 10

1978-1982 Arccibo

1986-1990 Goldstonc

Nun]bcI

of Observations
—. — . _..

85

217

38

2

157

13’2
—.
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