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Capture of lnterplanetary and Interstellar Dust 
by the Jovian Magnetosphere 

Joshua E. Colwell,* Mihaly Horanyi, Eberhard Griin 

lnterplanetary and interstellar dust grains entering Jupiter's magnetosphere form a 
detectable diffuse faint ring of exogenic material. This ring is composed of particles in 
the size range of 0.5 to 1.5 micrometers on retrograde and prograde orbits in a 4 :  1 ratio, 
with semimajor axes 3 < a < 20 jovian radii, eccentricities 0.1 < e < 0.3, and inclinations 
i 5 20 degrees or i 2 160 degrees. The size range and the orbital characteristics are 
consistent with in situ detections of micrometer-sized grains by the Galileo dust detector, 
and the measured rates match the number densities predicted from numerical trajectory 
integrations. 

T h e  dust detector on  the Galileo space- 
craft (DDS) measures impacts of dust parti- 
cles and gives estimates of the masses and 
the velocities of the grains (1) .  Grains were 
detected by the DDS inside about 20 Jovian 
radii (R1; 1 R1 = 7.1492 x lo4  km) on 
progradl'and ;etrograde orbits around Jupi- 
ter (2) .  These grains are at least several - 
tenths of a micrometer in radius. 

During Galileo's second orbit, eight 
"large" dust grains were detected inside 20 
RI ,  and, based on  the rotation angle of the 
detector and the impactor speeds, most of 
these particles follow retrograde orbits (Fig. 
I ) .  The impact rate of these particles on  the 
detector was I - 3 x lo-' s-'. Similar 
numbers were seen on subsequent orbits. 
The  number density of uniformly distribut- 
ed particles on circular Keplerian orbits 
necessary to explain this impact rate is nDDs - I/o(fp/vp + f r /v1) ,  where a is the effective 
cross section of the DDS, fp and fr are the 
fraction of detected grains on  prograde and 
retrograde orbits, respectively, and vp and vr 
are the relative velocities. We used the 

optical depth of T~~~~~ 5 10-ll. Captured 
interstellar and interplanetary grains and 
the jovian moons are potential sources of 
these grains. " 

T o  determine these sources, we inte- 
grated the traiectories of dust grains in 
u - 
Jupiter's magnetosphere, using the same 
nuinerical amroach as in  our earlier stud- 
ies (4) .   he ;rains move under the influ- 
ence of Jupiter's and the sun's gravity, 
solar radiation pressure, and the Lorentz 
force. The  grain's charge is time-depen- 
dent and is calculated from the current 
balance equation dQduS,/dt = X , I , ,  where I, 
is electron and ion thermal currents and 
secondary and photoelectroi~ emission 
currents. The  currents are all functions of 
the grain's velocity and position in the 
magnetospheric plasma and of the instan- 
taneous charge o n  the grain which is as- 
sumed to have a dellsitv of 1.0 e ~ m - ~ .  u 

Our magnetospheric model uses Voyager 
plasma parameters (5-6) outside 5 RJ and 
an "engineering" plasma model (7) inside 5 
R,. The magnetic field is the 0 6 +  current " 

physical cross section o = lo3 cmL (3). sdeet model, assuming rigid corotation up 
Using circular Keplerian orbits for the dust to a distance of R = 50 RJ from Jupiter's 
at 15 RJ (roughly the middle of the re- center (8). Outside 50 RJ,  we assumed solar 
gion where the large grains were detected), wind conditions and reversed the azimuthal 
nDDs - 10-l4 ~ m - ~ ,  which implies a mean component of the magnetic field in 14-day 

intervals to imitate the sector structure of 
J E. Cowe l  and M .  Horany~, Laboratoryfor Atmospher~c the interplanetary magnetic field (Fig. 2) .  
and Space Physcs, Univers~ty of Colorado, Boulder, CO There is no lnagnetotail or bow shock in 
80309-0392, USA. 
E. Grun, Max Panck lnstitut fur Kernphysik, 6900 He~de -  this Grains were started with an 
bera. Germanv. initial potential of +5 V, the equilibrium 

'Tou-vhom cor;espondence be addressed E-mall: value in the solar wind (91, at a distance of 
colwell@casper.colorado.edu 100 RI from Jupiter. We followed the parti- 

cles until they either hit Jupiter, were more 
than 300 RJ from Jupiter, or 5 (Earth) years 
had passed. The fraction of captured grains 
and their orbital parameters enable us to 
estimate the number density of dust or- 
biting Jupiter from each of the possible 
sources. 

Dust particles in the solar wind develop 
a positive charge and experience a retarding 
force entering Jupiter's magnetosphere be- 
cause of the outward-pointing, corotating 
jovian electric field. O n  the outbound por- 
tion of their trajectory, dust grains regain 
some, but not all of their energy because of 
charging time delays. The grains' dynamical 
time scales are shorter than the charging 
time scales, so in general, they are not in 
charge equilibrium with the plasma in the 
jovian magnetosphere (10). Simultaneous- 
ly, their angular momentum decreases. Sim- 
ilarly, grains within the jovian magneto- 
sphere can also lose or gain energy and 
angular momentum leading to rapid chang- 
es of grain sernimajor axis and eccentricity. 
The process is dependent on the size of the 
grains, which determines their charge-to- 
mass ratio and susceptibility to radiation 
nressure and the Lorentz force. Particles 
that experience this rapid loss of energy and 
angular molnentuln become captured in JLI- 

piter's magnetosphere, where their lifetime 
is limited by sputtering, plasma drag, or 
collision with a moon or Jupiter (9).  

Measurements of dust i m ~ a c t s  bv Gali- 
leo and Ulysses during interplanetar; cruis- 
es showed that beyond about 3 astronomi- 
cal units (1  A U  = 1.49 x 1013 cm) the flux 
of submicrometer-sized dust s articles is 
domii~ated by interstellar grains, with a flux 
of F,, = 10-%cm2 s-' in the same direction 
as the local interstellar wind (11). The 
mean mass of these particles is 10pl', ' * ',' 
g, and their approach speed to Jupiter varies 
from about 13 to 39 km s-' as Jupiter orbits 
the sun. 

We computed the trajectories of grains 
with sizes of 0.4 to 1.0 p m  in 0.1-pm in- 
crements, with 10,000 particles at each size 
(12). The  grains were started with impact 
parameters randomly distributed between 0 
and 10 R,, with a uniform surface densitv 
(13). ~rajector ies  were integrated at three 
different approach velocities corresponding 
to upstream (Jupiter's orbital velocity anti- 
parallel to the dust velocities), downstream, 
and cross-stream geometries with respect to 
the flow of interstellar gas through the solar 
system. 

The most grains captured at any size 
were nine of the 0.6-pm g r a m  in the 
downstream geometry. In the same geome- 
try, three of the 0.5-pm grains were cap- 
tured and one each at 0.7 and 0.8 pm. The 
capture efficiency as a function of particle 
size therefore peaks at 9 x for 0.6-pm 
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= AF,.f c,,, = 1.6 x lo9 s-l', where A = ii. 

(10 R,)' is the cross-sectional area of the 
region our test grains were sent in order to 
empirically determine fc,,,.. We found that 
most cantured erains have stable orbits with 

grains. The overall capture efficiency for a the number densitv interior to 20 R, for 
these graills in t h i  same way as fo: the 
interstellar grains yielded n ,,,,,,,,,, = 4 
x crn-j. Because of the much higher 
approach speeds of cometary dust, we cap- 

size distribution of interstellar grains is less 
than this peak capture efficiency and de- 
pends on the detailed size distribution of 
the incoming particles. Assuming that the 
interstellar dust size distribution peaks near 
0.5 pin [lo-'' g; the measured value ia 
10-1?.5 ? 1.5 g (1 I ) ] ,  we estimate a lower 
limit for the total capture efficiency fC, ,>  - 
lo-' in the downstrealn direction, based on  
our integrations. The caDture efficiencv is 

" 
selnilnajor axes (a)  between 3 and 15 RJ,  
eccentricities (e) between 0.1 and 0.3, and 
inclil~atiors (i) of <20° or >160° (Fig. 3) .  
This eives a toroidal volume of mace occu- 

tured only one dust particle from a coine- 
tary orbit, starting with 10,000 grains at 
each particle size (18). Based on this single 
grain, fc,, 5 lo-', and we can only estirnate 
an upper limit on the abundance of come- 
tary dust orbiting Jupiter: noo,, < 4 x 10-li 
c~n-j .  

Micrometeoroid i m ~ a c t  eiecta from the 

" 
pied by the captured grains between 3 aild 
20 R, with a volume V - 4 X loi3 cm3. The 

highest ;I this geoinetry,Abecause the spked 
of the interstellar dust relative to Iut7iter is 

averAge number density of grains in this 
volume is nls = ihj,,T/V, where T is the . L 

minimized, and the particles must lose less 
energy to be captured than when Jupiter's 
orbit velocity carries it into the interstellar 
wind. Accounting for the fraction of Jupi- 
ter's orbit that is approximately in this ge- 
ometry relative to the interstellar dust, we 
take f,,,, = lo-' as an order-of-magnitude 
lower limit estimate. 

The average capture rate of' interstellar 

regular prograde satellites of Jupiter will 
similarly be on  prograde orbits. T h e  ejecta 
size distribution is a power law of the form 
n(r)dr r-'ldr, where (i == 3.5 is the size 

lifetime of the grains. 
Our orbital inteerations show that the " 

orbits are dynalnically stable for longer than 
100 vears, so the loss time scale is set bv , . 
plasma drag, collisions, sputtering, or evap- 
oration. The time scale for loss of microme- 
ter-sized grains from the main Jovian ring 
because of these processes is T 2 100 years 
(14). Using Opik's formalism (15), n7e find 

distribution index and r is the particle size 
(1 9) .  Thus, impact ejecta detected by the 
DDS should exhibit a broad size distribu- 
tion contrary to  the narrow distribution of 
sizes near 0.5 to 1.0 p m  for the impacts 
studied here. Furthermore, we know of no 
mechanisin-including angular inomen- 

grains by Jupiter's magnetosphere is N,, TcOll = 34 years for a particle on  a retro- 
grade orbit with i = 160°, e = 0.3, and a = 

15 R, for collisions with Ganvlnede tum exchange with the magnetosphere- 
capable of reversing the orbital direction 
of d ~ ~ s t  on  short-period prograde orbits. 
This leaves the four irregular retrograde 
satellites of Jupiter as the only endogenic 
source of retrograde dust in the Jupiter 
system (20,  21 ). 

These satellites' a values lie between 296 
and 332 R!, their i values are between 147" 
and 163", and their radii ranee from 15 to 

('GJn)-mr,ii. ' = 15 R!), and T,,ll = 85 years for 
the same particle on  a prograde orbit. Be- 
cause the orbital elements of the erains varv u 

with time and dynamically longer lived or- 
bits exist between the Galilean satellites, 
we adopt T = 100 years. This gives n,< 
= 1.3 X 10-li cm-'. 

We modeled the interplanetary popula- 
tion of dust at Jupiter with a "planetary" " 

35 km. Ejecta from these satellites are loose- 
ly bound to Jupiter and quickly perturbed by 
radiation pressure into high-e orbits. Most 
are lost from Jupiter's gravitational field of 
influence or strike Jupiter. However, be- 
cause these grains start on orbits that have 

population collsisting of particles on low-e, 
low-i orbits and an "Oort Cloud" ~ o ~ u l a -  

L 

tion consisting of on isotropically 
distributed near-uarabolic orbits (4, 16). 
LVe used an interplanetary flux model (1 7) 
to estimate the contribution of interplane- 
tary dust to the total flux of 0.5- to 1.5-pm 
grains at Jupiter of F,,l ,,,,,,,, = 3 X lo-" 
cin-' s-' and F ,c~,, = 3.2 x 10-'%n-' s-'. 

Grairs were captured from the planetary 
population at all sizes from 0.4 to 2.0 p m  
with a typical efficiency off,,, = The 
peak capture rate was for 0.8-pin grains, 

u 

a low energy relative to Jupiter, they may be 
captured into small prograde or retrograde 
orbits through the same mechanism that 
captures interplanetary and interstellar 
grains. 

The mass flux of lnicrorneteoroids at Ju- 
piter is dominated by 100-pm particles and 
is F,,, = lo-'" c~n-' s-l (22). The  ejecta 
flux F,, = AYF,,,, where Y = l o 3  to lo6 

248 250 252 254 256 258 260 
Day of year 1996 

Fig. 1. (A) The large (micrometer-s~zed) pariicles 
detected by the Galleo 3DS durng the G2 en- 
counter (flyby of Ganymede on Galleo's second 
orbt) showng the or~entat~on of the DDS at each 
Impact. Closest approach to Ganymede is ndl- 
cated by the veri~cal dashed lne. D~stance from 
Juplter of the Gal~eo spacecraft vaned from a mn- 
lmum of 10.7 R, on day 251 to a maxmum of 68 
R, on day 260. Dot slzes are proporiiona to par- 
tcle mass. but the absolute cal~brat~on depends 
on Impact veocty whcli is uncerian. The con- 
tours are DDS effective cross section for paricles 
on crcular prograde orbts In units of square cen- 
tmeters. Most of the detected grains are far from 
the two peaks. suggest~ng they are not on pro- 
grade orbits. (8)  The contours represent DDS ef- 
fective cross section for particles on crcular ret- 
rograde orbts. Most of the pariicles come from 
direct~ons ivtiere the DDS has a h~gh effect~ve 
cross secton for partcles on retrograde orbits (3). 

where fL , ,  = 3 x most captured grains 
were between 0.6 and 1.4 pin. Computing 

Fig. 2. A schemat~c cross section of 
the model jovlan magnetosphere 
shows the main jovlan rlng (R). the 
Galilean satell~tes lo ( I ) ,  Europa (E), 
Ganymede (G), Calsto (C). the tra- 
jectory of the Galeo spacecraft on 
the G2 orbit, the regon of space oc- 
cupled by captured interplanetary 
and nterstelar dust, and the nter- 
planetary magnet~c field (crosses). 
The dotted Ilne indicates the bound- 
ary of the model jovlati magneto- 
sphere. All dust pari~cle ntegrat~ons 
started jriith dust at a distance of 100 
R J .  

I X  X  X  

~ e 4 1 3 r  of ca3:ured dust  x x x -  
X X X  
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iieyye~~ds o n  surtace propestle. of the  111ooll 
(23 ,  2.11, anii .A is the  lllooll cross-cectlon- 
a1 area. Urine '1 = 3.5, the  ejection rate o t  
pa r t i c l e  t?dm each retrograde sa te l l~ te  ln 
the 17.5- to  l . j - p n l  size range L >  s,,,,,,.,, 
=- 1.2 x lQL' F e l / ( ~ , "  - T , ~ " ) .  \vhere T ,  and 
7, .  are the  largest and smallest particle. 
ejected, respecri.i,el;-. Xssl lm~ng y l  is com- 
parable to the  sire of the  typical ~mpacror  
(7- I  = 1QL1 ~ 1 1 1 )  a1111 the  smallest particles 
are smaller than  Q.5 ~1,111, t he  eicctlon rare 
for all four rerrogra~ie satellites is Y ,,,,,,~,, = 
2 x 1P" l'F Lli \-I. It  l' = 1Qb as appr~q7r~ate  
tor ~mpacrs  in to  lL)ose s a l ~ d  (2.1), t hen  the  
mass loss rate from each satellite lt reac- 
c re t i i~n  1s ncgl~elble  n.oulJ result in  com- 
plete erosiol~ of the  r n o c ~ l ~  111 less t h a l ~  the  
age of the  solar .;\-stem. Because the  t\-pica1 
ejectloll 1-eloc~ty (25)  esceeds the  escape 
spee~i  of the  luoo~l s  ( 1  1 111 .;-I) a n J  all 
electa proiluceJ by mpac t s  are p r c ~ l ~ a l ~ l y  

lost, a value Lit 1. = 1L1' tor a acilid rock!- or 
icy surface is apprdpriare. 7111s qix-es s ,,,,,,,,, - 2 x l Q l 2  .-I s .  

LY'e inregrarcii the tralectcirles of 25011 
liart~clcs ,lt each slre fro111 Q.4 to 1 .L1 p,m in 
9.1-p,m ~ncrements  l~unche i i  from Ananke,  
the ~nnermosr retroerade satell~te,  tor 417 
y e a r  or until the particle> arc n o r e  tllwn 
99L1 Rl k o m  Jupiter (26) .  LY'e i;)unii that the  
capture efflclenci- of particles into the orbits 
iierecre~l by the DDS is less than 3 x la-' 
resultil~y in a nurnlxr iienslty Just in the  
3- to 22-R, reglcln of n,,,~,, ,, 5 3 X 1C I "  

cnl-', much less than the nurnlxr i l e ~ ~ s ~ t l e s  
\\-e ol,taineJ far the  esogelllc bources. 

.411 the ca lc~ i l a t e~ l  anii ~letecteil  nl11111,er 
Lienslt~cq ot or1.1ring large ~ra111s can cmly 
be cons~dercd o r d e r - o f - n l a q ~ ~ ~ t ~ i d e  esti- 
mates hecause o t  our i ~ ~ c o ~ l ~ p l e r e  knon>l- 
eJge o t  the  in lpact~ng tlllx, sire distrlhu- 
t lon, a n ~ i  the  orbital e lemel~ts  i ~ t  the  Lie- 

0 1 2 3 4 5  0 1 2 3 4 5  
T~me (years) Time (years) 

Fig. 3. The histcry of the crbita elements semimajcr axs a (topl eccentrcty e (tnddle), and ~ncl~t iat~on 
('(bottoml of t\,vc ~nterstellar gratis that oecanie capillred In Jc~pter's magnetosphere on a prcgrade (left) 
and on a retrograde orot (1.1ghtj. The orots are stable, and ttie cscllaticn t i  t-e eccentrcty IS due to 
forced precesscn of ttie oroit by electrcmagnet~c fcrces and Jupiter s cbateness and purnpng of the 
eccentric~ty by radatcn pressure (281 Sc~i ie  grans are capillred Into smaller oroits w~ t i i  a :$ 3 Rb 
whereas cthers are on larger orbts. Grains captc~red n t c  orbts w th  a >25 R, s!ere not ccnsdered in ths  
dscusscn The eccentric~ty cf the gran cn the rlght IS gradually p ~ ~ t n p e d  up oy radaton pressure 
caustig t to ma<e a deep petietratcn intc tiie :c\jan magnetosphere ~viiere it undergoes energy and 
angular nicmentum exchange eadng to a snial a and a retrograde orbt. 

tectecl dust carticles. Hon.cver, our simu- 
1,ition.; indicate that  illterstellar and  
i l~terpla l~etary  qrains call he captured 011 

prograde and retrograde or l i~ts ,  \vith a n  
approximate p r e f c r e ~ ~ c e  of four to  one for 
the  latter case, and that  these exogenlc 
S L ~ ~ I ~ C C ' s  are the  iiolll~llant \011rce of mi- 
c r o m e t e r - s i d  ilust 011 retroyraiie orbits. 
T h e  captured Just pc-ipulatlon is Lioninat- 
eii 177. ion-e i~lrerplanetary grains over 111- 

terstellar irralns by a factor i>t 311. X'e 
cL>nclude that  the  capture iit i ~ ~ t e r y l a n e -  
tary and 111terstellar ~ i u s t  results in a 
t e l~uous  rinq around J l~plrcr  conlposeii o t  
i7arricles -Q. j  to  1.5 ~ 1 1 1  111 ~ A ~ I L L I S .  T h e  
average optical ~ i e p t h  o t  this ring is T 5 

li?-", anii t he  number density 1s i~ - lL1-14 
c m ~ '  in the  r e q ~ o n  troll1 3 to  39 Rl. Parti- 
cles 111 thls ring o t  captureil Jus t  may have 
alreaJy been detected by the  Galileo DDS. 
This  r ~ n g  1s elllla~lceii by sti>chast~c events 
such as the  carTture of conlet Sl~oemaker-  
Lev\- 9 into temyor,iry orblr around Jupl- 
ter. T h ~ s  ciilller e n l ~ a ~ l c e d  the  tliis o t  
cometary Just  a t  Jupiter,  sonle o t  which 
nlay h,l\-e been captured into retrcIyrade 
orbits ( 2 7 ) .  
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lrean that only partces on near-mss trajector~es 

can be capillred Numerca ntegratons of test par- 
t~cles w ~ t h  larger nipact parameters showed that 
they are not captured. A smaller area was ~ l sed  to 
mproi'e captllre statistcs 

14 J A Burns. Ivl R Shol!~alter, G E MorL~ll, n Plarle- 
farj, 91ngs R Greenberg and A Erah~c Eds (Un~v. 
of Arzona Press, Tucson. AZ, 1954) pp. 200-272 

15. E. J. Op k. Ptoc. R h Acad 54, 165 (1 951 , .  
16. J E Colwell. lcarus 106 536 (1 993, 
17 N. D~vne,  J. Geoollys. 9es 98. 17029 (1 993) 
18 The cometar)! orbits are for long-per~od Oort-c oud 

comets Veloc~t~es of conietary dust reatve to Jup-  
ter n t hs  mode range from 8 to 34 kr!s (planetary 
dust approach veloc~t~es are betb~een 6 and 10 
km!s). Heocentrc orbmtal elements are approprate 
for dust released fr-oni an Oori-cloud co~net,  a = 
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Time Scales and Heterogeneous Structure in 
Geodynamic ~ a r t h  Models 

Hans-Peter Bunge,* Mark A. Richards, 
Carolina Lithgow-Bertelloni, John R. Baumgardner, 

Stephen P. Grand, Barbara A. Romanowicz 

Computer models of mantle convection constrained by the history of Cenozoic and 
Mesozoic plate motions explain some deep-mantle structural heterogeneity imaged by 
seismic tomography, especially those related to subduction. They also reveal a 150- 
million-year time scale for generating thermal heterogeneity in the mantle, comparable 
to the record of plate motion reconstructions, so that the problem of unknown initial 
conditions can be overcome. The pattern of lowermost mantle structure at the core- 
mantle boundary is controlled by subduction history, although seismic tomography 
reveals intense large-scale hot (low-velocity) upwelling features not explicitly predicted 
by the models. 

Geodynamic Earth lnodels were p~oneerecl 
hv Hager ancl O'Connell  (1 ), who calculat- 
ed llla~ltle flolv hy Ilnposing present-day 
plate  notions as a surface imundarY condi- 
tion. W ~ t h  the  advent of glohal se ism~c 
tomography ( 2 ) ,  these ~nodels were extend- 
eel to preilict the  geoid and d y n a m ~ c  topog- 
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Unversty of Caforna, Berkeley, CA 94720. USA. 
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raphy (3 ) .  However, these Earth ~nodels  are 
"static," because they solve for instanta- 
neous mantle flow in resnonse to houndarv 
conditions, lnternal loads, or hoth. 

T~me-devendent  Earth moilels are re- 
q ~ ~ i r e i l  to understand how the evolution of 
mantle flow affects Earth nrocesses that oc- 
cur 011 geologic tllne scales. For example, 
continental shelf ancl platforln stratigraphy 
are controllei1 by vertical lnotions of' the 
continental l~thosphere in response to man- 
tle convec t~on  (4 ) .  True polar wandering 1s 
causecl changes in  the inertia tensor as a 

es. Unlers~ty of Ivl chigan, Ann Arbor. Ivl 4G09 .  USA result convectioll (5) ,  alld 
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resolve the narrow thermal i~oundary lavers , , 
in glohal lnantle co~lvection lnodels has not 
been available; iii) ~t is not o i ~ v ~ o u s  how the 
internal mantle ilens~ty structure can he re- 
lated to nlate lllotio~l observations at the 
surface; and (lii) it IS not known how time- 
dependent Earth lnoclels can he initialized at 
some starting point in the past, hecause the 
rnantle density structure 1s known o111y for 
the present day (6) .  

Solne of these clifficult~es have been over- 
come. (i)  Advances in computer power al- 
low three-dimensional (3D) spherical con- 
vection to he simulateil at a resolution on 
the order of50 to 100 km (7, 8 ) .  A t  the s a n e  
time, large-scale lnantle velocity heterogene- 
ity structure has heen mapped In greater 
detail (9, lC), anil seismic tomography has 
imaged suhducted slaix (1 1-1 3) .  (li) T h e  
connectloll of internal inantle de~lsity struc- 
ture to the history of sui~duction (1 4 ,  15) has 
allo\vecl estimat~on of the internal h~loyancy 
forces that drive plates (1 6).  These develop- 
lnents allow convection models to he corn- 
hilled with plate lnotion reconstructions ancl 
such ~nodels to he tested with seismic data. 

Figure 1B shows a n  Earth lnodel ob- 
tallled with the TERRA convection code 
(17, 18). More than 10 lnillion finite ele- 
ments provide a11 element resolution of 
ahout 50 km throughout the mantle, which 
allowed us to model convection at a Ray- 
l e ~ g h  number of lO"19). T h e  h~story of 
plate  notion is ilnposed as a time-clepen- 
dent velocity houndarv condition (20) 
starting in the mid-Mesozoic at 119 to 100 
millio~l years ago (Ma) .  'We chose this start- 
ing time because well-constramed recon- 
s t r~~ct iol ls  exist only as far hack in  time as 
the 119 to 100 Ma period. 

In  computing the Earth model (Table 1)  
we assumed that (i)  the mantle is of ~ ~ n i f o r n l  
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