
A Disk of Scattered Icy Objects and the Origin orbits with X " ~ - I I I ~ J O ~  axes ( a )  bet\veen 34 
and 5L1 AU. W e  found that o n  billion-year 

of Jupiter-Family ~ o m e t s  time scales the  nu~llher of particles remain- 
ing in  the  simulation was inverse1~- propor- 

Martin J. Duncan and Harold F. Levison tional to time. In  particular, 106 of the  
particles remainecl after 4 billion years. 

Orbital integrations carried out for 4 billion years produced a disk of scattered objects Solue <if the  long-lived particles were scat- 
beyond the orbit of Neptune. Objects in this disk can be distinguished from Kuiper belt tered to long-period orbits (orbital periods 
objects by a greater range of eccentricities and inclinations. This disk was formed in the 2 1G4 years) where encounters with Nep- 
simulations by encounters with Neptune during the early evolution of the outer solar tune beca~lle infrequent. Hov-ever, at any 
system. After particles first encountered Neptune, the simulations show that about 1 time, 56"% of the particles had orbits within 
percent of the particles survive in this disk for the age of the solar system. A disk currently 1CC A U .  T h e  longevity of the particles 
containing as few as -6 x 1 O8 objects could supply all of the observed Jupiter-family within 120 A U  is due in large part to their 
comets. Two recently discovered objects, 1996 RQ,, and 1996 TL,,, have orbital ele- being temporarily trapped in or near mean- 
ments similar to those predicted for objects in this disk, suggesting that they are thus motion resonances \\-ith Neptune [Fig. 1 
far the only members of this disk to be identified. and ( l o ) ] .  '4s a result, the distribution of n 

for the  particles 1s peaked near inany of the 
mean motion resonances with Neptune. I n  
sollle cases, the  l o n g e v ~ t ~  is enhanced by 

T h e  162 discovered comets that are dy- that replenishment from the Kuipcr belt the presence of the Kozai resonance (1 1 ) .  In 
namically controllei1 b\- Jupiter [called JLI-  nlight not be required if a sufficiently large addition, all of the  long-lived particles have 
piter-fam~ly cornets iir JFCs (1 )] are short- fraction of objects scattered 1iy Neptune their peril~elion distances increaseci so that 
Ilved, i rn~ ly ing  that the\- must be resup- surx-ived for the  age of the  solar system. close encounters 1171th Neptune 110 longer 
plied from some external reservoir. T h e  Here, u.e investigate the  possibility that all occur. Frequently, the  increase in perihe- 
current w o r k ~ n g  hypothesis is that JFCs of the current JFCs o r ig i~~a ted  in a r e m ~ ~ a n t  lion distance is associated \\-it11 trapplng in a 
originate in  the  Kuiper belt-a disk of disk of scattered, icy ohjccts (SIOs) that mean motion resonance, although in many 
objects the  orbit o t  Neptune in  first encountered Neptune during the  early cases we have not been able to identify the 
nearly-circular orbits that  have remained dy~~al l l ica l  evolution of the  outer solar sys- exact process that \\-as involved. O n  rare 
largely unchanged slnce the  formation of tern. ,41though such a disk was previously occasions, the  per ihel~on distance can be- 
the  outer planets (2-4). In this scenario, suggeste~l as the  source of the  JFCs (S), our come as large as 48 A U ,  but 81% of the  
weak drliarn~cal instabilities and col l is~ons simulations lllodel the ~i\-namical forlnation partlcles have perihelia b e t ~ ~ ~ e e n  32 and 36  
actlng o n  hillion-year tillle scales cause a and evolution of this disk Illore accurately, A U .  
steady influs of objects from the  region producing a detalleil 1uoJe1 of temporal W e  can estimate a n  upper 11mit on the 
b e t ~ e e n  3 2  and 5L1 astronomical units varlatlons and orbital eleluent distribution number of possible SIOs by assuming that 
( A U )  (5). Numerical integrations of this for SIOs that can be compareci with obser- they are the  sole source of the JFCs. Assum- 
influx shotv that the  c>rliital elenlent ilis- va t~ons  (9) .  ing that all the Particles first encountere~i 
t r ~ h ~ t i o n  of the  resulting objects that  Because our earlier integrations (6) last- Neptune a t  the beginning of the 4-billion- 
~vou ld  become active comets 15 indistln- eci for only a billion years, the  first step was \-ear s~mulat ion,  we computecl the ciistribu- 
guishal~le from the  orbital element dlstri- to ex ten~ l  those calculations to 4 billion tion of particles throughout the  solar system 
b ~ l t i o n  of observed JFCs ( 6 ,  7). Baseil o n  years-roughly the age of the  solar system. a t  the  current epoch (averaged over the last 
the  total  number of known JFCs and the  Our  original integrations started with 22L12 billion years for better statistical accuracy). 
assumption that  dynamical sculpting was massless particles in Neptune-encounter i~~g T h e  ratio of SIOs to visible JFCs (12)  is 
the  only important process in  the  Kulper 
belt's el-olution, these simulations suggest 
that there are currently -7 X 1C" objects Fig. 1. The temporal behavor of a 100, 8 8 

I r-.-- 8 I 

in  the  Kuiper belt that  have not  encoun- long-ved member of the d~sk of 
tereci Neptune and remain in lo\\- t o  moil- scattered objects. The black culve I 

eratelr eccelltric orjiits lvltllill j C  ,4U of shows the behavor of the partce's 5 

the  sun. semi-major axls The gray cuwe 80 

T h e  short l l led~an cirnalllical I~fetirne perheon  The ' 
three dotted culves show the oca- Semi-major a x s  (-5 X 12' years) of objects that leave the 
tion o f the3:13,4 :7 .  and 3 : s  mean = 

Kuiper helt and encounter Neptune (6 )  has moton resonances with Neptune, .: 6 

often been taken to 1111ply that Ku~per  belt ~ 1 , ~ ~  padlcle l n l ~ l a ~ ~ y  underwent a 
replenishmellt is required to lllailltain the  random walk in semi-major axis 

obser1-eid population of JFCs. Ho\\-ever, 111 due to encounters w~ th  Neptune. At 
integrations of objects subsec1uent to their about 7 x 10' years t was tempo- 
flrst Neptune encounter (6 ) ,  we found that ra ry  trapped In Neptune s 3 : 13 

allout 5% of the  ohjects survived the length meall moton resonance for about o .5 I 1.5  2 2.5 3 3.5 4 
of the integration (10" rears). This suggests " lo' years. I t  then periormed a 

random walk In sem-major axis un- Time (1 o9 years) 

t i  about 3 x 1 O5 years when t was 
M, J Duncan. DePafllmaltof 3 ' l ~ s c s ,  Queen s Unvels- trapped In the 4 :7  mean moton resonance, where it remaned for 3.4 X 10"ears. Notice the increase 

'lllgston, 'ltario KrL 3N6 E-lnall: n the periheon distance near the tme of capture. While trapped in t h s  resonance the particle's 
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1.3 x 1L7" Because we estinlate that there 
are currently SOC visible JFCs (13) ,  there 
are -6 x l C s  SIOs if ther are the sole 
source of the  JFCs (Fig. 2).  For SIOs in the  
disk with n < 5C A U ,  eccentricities (e)  
frotn L1 to C.3 are expected, while for those 
n.ith n > 5C ,4U the eccentricities are 
greater and the range is narrower, consis- 
tent n i t h  elor-igated orbits with perihelia 
between 30  to 4C ,4U (Fig. 3 ) .  T h e  incli- 
nations ( i )  lie in  the range from C to 30" for 
the  SIOs with n < 12C A U  (Ftg. 3 ) .  

LVe can compare the  orbltal element 
distribution of SIOs with models of the  
Kuiper belt to determine ~vhether  real ob- 
jects are Kuiper belt objects (KBOs) or 
SIOs. For the  current orbital eletneilt dis- 
tribution of KBOs, we refer to a planetary 
migration model (14)  rather than to obser- 
vations, because the  model has infortnation 
about regions of the  Kuiper helt (particular- 
ly regions beyonci 5L1 A U )  where objects 
have not  yet been observed (15).  T h e  mi- 
grating planet model of the  Kuiper belt (14) 
is motivated by the 21 KBOs with \\-ell- 
determined orbits (15).  T h e  21 KBOs (15) 
fall into trvo classes. Inside of -41 A U ,  
ther are 111 mean motion resonances with 
Neptune and have C . l  5 e 5 2.3. Beyond 
-41 B U  they tend not to be in mean 
tnotion rescnar-ices and most have e < L7.1. 
T h e  21 KBOs have n < 52 AU and all but 
3 have i < l C O .  These observations are 
probably best explaineci by the planetary 

Heliocentric distance (AU) 

Fig. 2. The surface density (number of objects/ 
AU2) of objects beyond Neptune for two different 
models of the source of JFCs. The dotted curve 1s 
a model assuming that the Kuiper belt is the cur- 
rent source (6). There are 7 X 1 O%omeis in thls 
distribut~on between 30 and 50 AU. This curve 
ends at 50 AU because the models are uncon- 
straned beyond this poni and not because we 
believe that there are no objects there. The solid 
curve is our model assuming the disk of scattered 
objects is the sole source of the JFCs. There are 
currently 6 x 103 palilces In this dstributon. 

migration   nod el in \I-hich Uranus and Nep- 
tune migrate out\\-arc1 Liuring the  final phas- 
es of their fortnatlon (14) .  This model 
matches Illany of the  orbital properties of 
the  observed KBOs, incluciing the tendency 
for objects to be in mean motion resonar-ic- 
es. It predicts e = L1 to 2.3 and i = 2 to 15' 
(Fig. 3 ) .  

A comparison between this   nod el and 
our model of the  distribution of SIOs shows 
that the  two models overlap (Fig. 3 ) .  How- 
ever, there are reglons with large eccer-itric- 
~t ies ,  large inclinations, or both that we 
predtct should be populated by SIOs that 
shoul~i  not  be populateci by KBOs. 

T h e  existence of a disk of scattered ob- 
jects is strongly suggested by the  discoveries 
of two likely members, 1996 R Q o  and 1996 
TL6,. 1996 RQ,, was discovered in Septem- 
ber 1996 by E. Heltn, D. Brov-n, and D. 
Rabtnowitz and its orbital cl~aracteristtcs 
indicate a = 47 AU, e = 0.3, and i = 32" 
(1 6 ) .  Thts object may have been scattered 
by Neptune and then  captured in  the  1 : 2 
mean motion resonance with Neptune. \We 
often see this behavior in the  long-lived 
particles in our simulations. Indeed, this 
dynamical history could naturally explain 
the  large i of this object, \\-bile other known 
mechanisms, such as tnigrating planets 
(14),  do  not  give rise to such large inclina- 
tions (Fig. 3 ) .  1996 TL66r discoverecl by C .  
Trujillo e t  nl. (17) ,  is currently believecl to 
have n = 84  AU, e = C.58, and i = 24", 
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Fig. 3. The fllled triangles show the range of (A) 
inclinations and (6) eccentricities predicted by our 
disk of scattered objects model as a function of 
semi-major axis. The uprlght and inveried trian- 
gles represent lower and upper imts,  respect~ve- 
ly, The open triangles represent upper imts as 
predicted by a m~grating planet model of the 
Kuper belt (14),  The asterisks show the values for 
the two recently discovered trans-neptunlan ob- 
jects (16, 17). which are labeled. 

which implies a perihelion distance of 35 
A U ,  This object 1s dynamically silllilar to 
the  simulated disk of SIOs (Fig. 3 ) .  T h e  n of 
this object is near the 2 :9  mean motion 
resonance with Neptur-ie, which is consis- 
tent with our results that most of the  sim- 
ulated SIOs lie near or in lnean motion 
resonances. 

W e  can also estimate the size distribu- 
tion of the  SIOs. For large objects (radii - 
10L1 km),  two of the  23 trans-neptur-iian 
objects n i t h  'ivell-~II~IITI orbits detected in 
ground-based surveys (1 5 )  tnay be SIOs. 
These surveys suggest that there are 7C,OOC 
KBOs (18) with sizes greater than 50 lttn 
that are currently within 50 '4U. Thus, we 
\vould expect there to be roughly 61C0 cotn- 
parably sized SIOs in  the same region (19).  
For smaller obiects (radii - 1 to  1C km, 
\I-hich is similar to  the  size range estimated 
for JFCs) our tnodel predicts that -23% of 
SIOs (-1.4 x 12' objects) lie between 30 
and 5C A U .  A single power-law differential 
size clistrihution can be fit t o  these popula- 
tions, \\-it11 the  tnain uncertatnty being the  
"typical" size of a comet. If t he  smallest 
detectable JFC is about 2 km, then the  
power la\\- index is -4.2. For a JFC with a 
radius of 1 km, the  index is -3.6. These 
values are uncertain, but lie near the  range 
found for Kuiper helt cotnetary size distri- 
butions 12C). , , 

LVe should note some linlitations of our 
simulattons. \We have assumeci that the  
planets retnained in their current cor-ifigu- 
ration during the integration. Hov-ever, as 
mentioned above, Uranus and Neptune 
may have migrated out\\-ard as they formed 
(21 ). Most of our ~a r t t c l e s  survived for bil- , , 

lions of years because they had their peri- 
helton ~iistances raised beyonci the  reach of 
Neptune, but an  out\\-ardly tnigrating Nep- 
tune may have caught up ~ v i t h  these parti- 
cles, reducine their lifetimes. H o ~ ~ ~ e v e r .  
models of the  migration of Neptune (21 ) 
sho117 that the  movetnent mcst likely hap- , L 

per-ied cluickly (on  the  order of a few tens of 
millions of years), so the  disk may have 
formed after Neptune stopped migrating. 
Alternatively, the  migration of Neptune 
may have pushed the  perihelion distances 
of the  particles outward with it. T h e  second 
caveat involves collisions between KBOs 
and SIOs. Recent numerical simulations 
show that if the  early Kuiper belt was mas- 
sive icontainino a few Earth masses of ob- 
jects), t hen  collisions n.ould have been 
common (22).  Collisions could destroy ob- 
jects or knock them out of the  mean motion 
resonances n.it11 Neptune and thus could 
affect our estimate of the  amount of mate- 
rial in  the  disk of SIOs. 

Finally, we note that a disk of SIOs is a 
natural consequence of models of outer so- 
lar system formation. W e  found above that 

.sciencemag.org SCIENCE VOL. 276 13 JL 



-1% of the  objects in the  scattered disk 
remain after 4 billion years, and that  6 x 
1Ci"omets are currentlv reauired. Thus, we 
require a n  initial populatidn of only 6 x 
19'' comets [-9.4 Earth masses (23)J  o n  
Nept~~ne-enco~ui~teri~lg orbits. Beca~use 
planet fortnatton is unlikely to have been 
19L70.6 efficient, the  or iunal  disk could have " 
resulted from the  scattering of even a small 
fraction of the  tens of Earth lnasses of co- 
rnetary material that  must have populated 
the  outer solar system in  order to fort11 
Uranus and Neptune. 
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Paleobotanical Evidence for High Altitudes 
in Nevada During the Miocene 

Jack A. Wolfe," Howard E. Schorn, Chris E. Forest, 
Peter Molnar 

Leaf physiognomy provides estimates of environmental parameters, including mean 
annual enthalpy, which is a thermodynamic parameter of the atmosphere that varies with 
altitude. Analyses of 12 mid-Miocene floras from western Nevada indicate that this part 
of the Basin and Range Province stood -3 kilometers above sea level at 15 to 16 million 
years ago, which is 1 to 1.5 kilometers higher than its present altitude. Much, if not all, 
of the collapse to present-day altitudes seems to have been achieved by -13 million 
years ago. The crust in much of this area has been extended and thinned throughout the 
past 40 to 50 million years, and the isostatic balance of a thinning crust requires 
subsidence, not uplift as suggested by previous paleobotanical work. 

Terrestrial  plants are generally regarded as 
highly responsive to environmental chang- 
es, and thus fossil plants offer one of the  
best methods for inferring paleoenviron- 
mental parameters ( 1  ) .  In  one approach, 
the environmental tolerances of a fossil spe- 
cies were assumed to  be the same as those of 
its nearest living relative. Because in  this 
method it was ass~uned that  plants do not  
evolve by adapting to different environ- 
ments ( 2 ) ,  conclusions based o n  this meth- 
od must-to varying degrees-be doubtf~ul. 
Paleobotanical data using this nearest living 
relative method have been interpreted to 
indicate that most of the  Basin and Range 
Province of Nevada was a t  low altitudes 
( < 1  km) until <5 million years ago (Ma) ,  
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when uplift is inferred to have started, 
which resulted in  the  -1- to  1.5-km 
present-day mean altitudes of the  basins 
(3) .  These estimates have been used as 
boundarv conditions in  numerical models of 
global climate during the  Cenozoic, and it 
has been suggested that recent uplift helped 
initiate late Cenozoic glaciation (4). A sec- 
ond paleobotanical method relates the  gen- 
eral physiognomy of plants to  the  environ- 
ment,  a relation that  has generally been 
assumed to  be valid, both todav and in  the  
past ( I  ). In  particular, gross phisical aspects 
of leaves, including outlines, shapes, and 
sizes that can be readily observed o n  fossil- 
ized leaves, can be obseived to change along 
present-day environmental gradients (5). 

T o  calibrate changes in foliar physiogno- 
my with changes in environmental param- 
eters, leaves of at least 2L7 species of woody 
dicotyledons were collected close to mete- 
orological recording stations (5),  primarily 
in  North  America and the  Caribbean re- 
gion from latitudes 18"N to 62'N. Included 
in the sampling was vegetation ranging 
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