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Meteorites are fragments of small so lar  system bodies (comets, 
asteroids and Apollo objects).  Therefore they may be expected 
t o  provide valuable information regarding these bodies. How- 
ever, the i d e n t i f i c a t i o n  o f  pa r t i cu l a r  classes o f  meteorites 
w i t h  pa r t i cu l a r  small bodies o r  classes of small bodies i s  a t  
present uncertain. It i s  very un l i ke l y  tha t  any s i gn i f i can t  
quant i ty  of meteor i t ic  mater ial  i s  obtained from typ ica l  ac- 
t i v e  comets. Relat ive ly  we1 1-studied dynamical mechanisms 
e x i s t  f o r  t ransfer r ing mater ial  i n t o  the v i c i n i t y  o f  the Earth 
from the inner edge o f  the astero id  b e l t  on an 2 1 0 ~ - ~  year t ime 
scale. It seems l i k e l y  t ha t  most i r o n  meteorites are obtained 
i n  t h i s  way, and a s i gn i f i can t  y i e l d  o f  complementary d i f ferec-  
t i a t e d  meteor i t ic  s i l i c a t e  mater ial  may be expected t o  accom- 
pany these d i f f e ren t i a t ed  i r o n  meteorites. Insofar  as data 
ex is t ,  photometric measurements support an associat ion between 
Apol lo objects and chondri t i c  meteorites. Because Apol l o  ob- 
j e c t s  are i n  o r b i t s  which come close t o  the Earth, and also 
must be fragmented as they traverse the asteroid b e l t  near 
aphel ion, there also must be a component o f  the meteorite f lux  
der ived from Apollo objects. Dynamical arguments favor the 
hypothesis t ha t  most Apollo objects are devo la t i l i zed  comet 
resiaues. However, p laus ib le  dynamical , petrographic, and 
cosmogonical reasons are known which argue against the simple 
conclusion o f  t h i s  syllogism, u i z . ,  t ha t  chondri tes are of 
cometary o r ig in .  Suggestions are given fo r  future theoret ica l  , 
observational, experimental invest igat ions d i rected toward 
improving our understanding o f  t h i s  puzzl ing s i tua t ion .  

INTRODUCTION 

The Earth, Moon, and t e r r e s t r i a l  planets are impacted by s o l i d  in terp lanetary  bodies 
ranging i n  mass from s10'15 g t o  1019 g. The t o t a l  mass f l u x  i s  a100 g/km2/yr, of which 
21 g i s  i n  the mass range from 100 t o  l o 7  g. About 10% o f  the mater ial  (meteoroids) i n  
t h i s  mass range survives ent ry  and passage through the atmospiiere. O f  t h i s  lo%, 4 . 1 %  i s  
co l lec ted from the Earth's surface and const i tu tes the co l lec t ions o f  metnorites housed i n  
museums. 

Petrological  and trace element invest igat ions are in terpreted as implying tha t  p r i o r  
t o  the recent onset o f  t h e i r  cosmic ray exposure, meteorites were i n  the i n t e r i o r  of bodies 
ranging from 10 t o  500 km i n  diameter. The chemical and mineralogical di f ferences between 
the various classes o f  meteorites are p r i n c i p a l l y  a consequence o f  differences i n  the com- 
pos i t i on  o f  these parent bodiee. 

The i d e n t i f i c a t i o n  o f  the parent bodies among various small bodies of the so la r  system 
i s  not  d e f i n i t i v e  a t  present. Candidate objects include comets, asteroids, the Apol lo-Amor 
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F i reba l l  studies show t ha t  the more massive nonvolat i le  cometary mater ial  i s  abundant and 
t h i s  conclusion i s  strengthened by the evidence f o r  near ly-ext inct  and ex t i nc t  cometary 
nuclei .  Thus a t  l eas t  ha l f ,  and possibly 90% of even an ac t i ve  comet may be nonvolat i le  
dust and rocky matter. It i s  possible t ha t  a comet may be more l i k e  a breccia than an ice-  
berg, and t ha t  pieces of i c e  may be c las ts  i n  t h i s  breccia, as a consequence o f  H20 ant C02 
being as s o l i d  as anything e lse a t  the low temperatures which prevai led i n  the region i n  
which comets were formed. A t  present, most (and probably a l l )  comets are der ived fron~ the 
outermost regions o f  the so la r  syctem, the Oort cloud a t  a distance of l o4 - l o5  AU (0.1 t o  
1 1 ight-year) (Marsden, 1977). They become observable only when they are g rav i ta t iona l  l y  
perturbed by passing s tars  i n t o  the inner so la r  system. The v o l a t i l i z a t i o n  o f  t h e i r  H, C, 
N and 0 compounds p:oduces a ~ o m a  slob km i n  diameter, and an ionized t a i l  (up t o  % l o 7  km 
i n  length), which renders the comet v i s ib le .  

Comets are d e f i n i t e l y  associated w i t h  much o f  the in terp lanetary  f lux  of bodies impact- 
i ng  the Earth, inc lud ing those i n  the mass range (100 t o  l o 7  g) under discussion. This has 
been established by photographic studies o f  the o r b i t s  of these bodies as they enter  the 
atmosphere (Ceplecha and McCrosky, 1976), and comparison o f  these o r b i t s  w i t h  those of known 
comets. Pos i t ive i d e n t i f i c a t i o n  w i t h  pa r t i cu l a r  comets i s  possible i n  many cases. I n  many 
addi t ional  cases s i m i l a r i t y  o f  both o r b i t s  and physical propert ies (as ind icated by t h e i r  
ab la t ion o r  fragmentation i n  the atmosphere), t o  objects as5ociated w i t h  known c o ~ e t s  demon- 
s t ra tes t h e i r  cometary association. However, only three meteorite fa1 1s ( the undi f ferent i  - 
ated ordinary chondrites Pribram, Lost C i t y  and Inn is f ree)  dre contained among these photo- 
graphic meteoroids. As w i l l  be discussed fur ther  subsequently. t h e i r  o r b i t s  and physical 
properties, although well-determined, do no t  def ine a t  a l l  wel l  whether o r  not  they are a lso 
of cometary o r ig in .  

Asteroids are bodies ranging up t o  1000 km i n  diameter which are almost e n t i r e l y  con- 
f ined t o  the wide region between Mars and Jupi ter .  They exh ib i t  no coma of v o l a t i l e  com- 
pounds, and most 1 i kely  cons is t  o f  mixtures o f  s i l i c a t e s  and metal. Spectrophotometric 
studies (Chapman, 1976) are in terpreted as ind ica t ing  t ha t  d i f f e ren t  asteroids are o f  d i f -  
ferent  composition. They p r imar i l y  f a l l  i n t o  two classes: the most abundant C type, 
presumably containing an admixture o f  carbonaceous composition, and the S type, probably 
mixtures o f  s i l i c a t e s  and metal. Unl ike the comts,  d i r e c t  associat ion of photographic 
meteoroids w i t h  an astero ida l  source i s  not  possible, as the o r b i t s  of asteroids do not  
in te rsec t  the o r b i t  o f  the Earth. However, there are mechanisms by which the o r b i t s  of 
asteroidal  bodies can evolve i n t o  Earth-inteimecting o rb i t s .  These wi 11 be discussed i n  
the fo l lowing section. 

Apollo-Amor objects are small bodies ( t y p i c a l l y  ~1 km diameter, but  ranging up t o  
-30 km) w i t h  per ihe l ia  less than a ra ther  a rb i t r a r y  value o f  1.3 AU, and usual ly w i t h  aph- 
e l i o n  i n  the astero id  be l t .  These o r b i t s  are dynamically unstable on the time scale o f  the 
so lar  system, and l i k e  the meteorites they must be derived f r o m  sources elsewherc i n  the 
so la r  system, which probably include both comets and asteroids (Anders and Arnold, 1965; 
Wetheri 11, 1976). Their  Earth-crossing o r  near Earth-crossing nature i d e n t i f i e s  them as 
prime candidate meteoroid and meteori te sources (Anders, 1964; Levin et; a1 . , 1976; Wetheri 11, 
1976). However, up t o  the present no clear-cut o r b i t a l  i den t i f i ca t i ons  have been made, 
a1 though ten ta t i ve  i d e n t i f i c a t i o n  of a few Apollos w i t h  known small meteoroid streams has 
been proposed (Sekanina, 1973). Physical measurements show t ha t  a l l  but  one (1580 Be tu l ia )  
o f  the Apol lo-Anijr objects studied using these techniques resemble the S- type asteroids more 
than they do the C-type (McCord, 1978). These s t a t i s t i c s  are ce r ta in ly  biased i n  favor o f  
the higher albedo S-type objects. I n  any case, i t  i s  of i n t e res t  t o  note that  they are not  
a l l  o f  the same composition, and t h i s  range of compositions includes high albebc, s i l i c a t e  
objects resembling d i f f e ren t i a t ed  and undi f ferent ia ted s i l i c a t c  meteorites. 

It i s  hard t o  r u l e  out  the p o s s i b i l i t y  tha t  rnor: than a neg l ig ib le  f r ac t i on  of the 
meteo-oid f l u x  i s  derived from unknown c l a s s ~ s  o f  objects, as s~nal l ,  nonvolat i le  objects 
are very d i f f i c u l t  t o  observe teleccopical  l y .  The recent discovery o f  Chiron i s  evidence 
t ha t  we have no t  y e t  learned even a l l  the more qua l i t a t i ve  facts  concerning the d i s t r i b u t i o n  
o f  small bodies i n  the so la r  system. It i s  possible t ha t  there are small bodies s tab ly  



stored i n  inner so l a r  system o r b i t s  {of., Weissman and Wetheri 11, 1973), possibly i n  reso- 
1 ! ' i 

nances, which resemble those i n  which 1685 Toro i s  cu r ren t l y  trapped (Danielsson and Ip, ' i  , '  i 
1972; Wil l iams and Ye the r i l l ,  1973) bu t  which, un l i ke  Toro, are no t  destab i l ized by Mars' 

1, : 
I 1  

perturbations. Even an i n t e r s t e l l a r  con t r ibu t ion  cannot be e n t i r e l y  ru led  out, although ' . 
,' I 

o r b i t s  o f  photographic meteors show t h e i r  proport ions must be very small (SO.l%). 4 

During the l a s t  century opinion has sh i f t ed  t o  and f r o  regarding w i t h  which of these 
classes o f  candidate bodies one should associate meteorites. U n t i l  the l a s t  decade o r  two, 
the p reva i l i ng  opinion was p r imar i l y  determined by stochast ic f luc tuat ions a r i s i ng  from the 
small number o f  "experts," ra ther  than from an abundance o f  relevant data. However, dur ing 
the l a s t  few years there has been a great increase i n  the quant i ty  of experimental, observa- 
t l ona l  , and theoret ica l  data concerning meteorites, meteors, and t h e i r  candidate sources. 
I n  sp i t e  o f  th i s ,  serious problems o f  i d e n t i f i c a t i o n  o f  Earth-impacting bodies w i t h  t h e i r  
so lar  system sources remain. 

It might be thought t ha t  the gross d i f ference between typ ica l  cometary and astero ida l  1 ,  

o r b i t s  would make i t  r e l a t i v e l y  easy t o  d is t ingu ish  between cometary and astero ida l  sources 
once the o rb i t s  o f  meteorites are known. This i s  not  the case. I n  order f o r  astero ida l  
mater ial  t o  impact the Earth as a meteorite, i t  i s  necessary t ha t  i t  be placed i n t o  a more 
eccentr ic o r b i t  w i t h  per ihe l ion  w i t h i n  the o r b i t  o f  the Earth. On the other hand, comets 
o r  cometary residua w i l l  have shor t  dynamical l i f e t imes  i n  the inner  so la r  system unless 
t h e i r  o r b i t s  evolve i n t o  o rb i  t s  w i t h  aphelia ins ide  Jup i te r ' s  o r b i t ,  i - e . ,  become s im i l a r  
t o  the o r b i t  o f  Encke's comet (aphelion = 4.1 AU). Thus astero ida l  and cometary meteorites 
w i  11 have s im i l a r  o rb i t s ,  w i t h  Earth-crossing pe r i he l i a  and aphel ia i n  the astero id  be1 t. 
The d i s t i n c t i o n  w i l l  be f u r t he r  b lur red as a consequence o f  perturbat ions by Earth and 
Venus which w i l l  tend t o  "equ i l i b ra te "  the d i s t r i b u t i o n  o f  Earth-crossing o rb i t s .  It i s  
known from rad iant  and t ime-of - fa l l  s t a t i z t i c s  (Wetheri l l ,  1971) tciat a t  l eas t  ordinary 
chondri t i c  meteorites must evolve from i n i t i a l  Earth-crossing o r b i t s  w i t h  pe r i  he1 i a  near 

I '  1 j 

Earth and aphelia near Jupi ter .  Both astero ida l  and cometary sources can have t h i s  general , 

character is t ic .  However, more subt le  di f ferences e x i s t  which i n  the fu tu re  may he helpful  
i n  i d e n t i f i c a t i o n  o f  candidate sources. 1 :  : ; 

DVNAMICAL ARGUMENTS FOR AND AGAINST PARTICULAR IDENTIFICATIONS, 
CONSIDERED IN THE LIGHT OF OTHER EVIDENCE 

i : 
Asteroids I ,  I \ ,  

Purely dynamicat considemtions. Asteroids are strong prim fade candidates because ! f  , 
\ 

i t  i s  known tha t  co l l i s i ons  among the asteroids must provide a quan t i t y  o f  small debris l j  ,I I 
(1013-lo1= g annually) which would be m, e thdn adequate t o  supply the present f l u x  of ! 

Earth-impactin matter, pmtrided tha t  there e x i s t  mechanisms able t o  place a s u f f i c i e n t  
f r ac t i on  (%lo-?) o f  t h i s  mater ial  i n t o  Earth-crossing o r b i t s  on the shor t  time scale . 
(%lo6 y r )  def ined by the cosmic-ray exposure h i s t o r y  o f  meteorites. I t  i s  a lso necessary j .  

( 3 .  

that  the shuck damage associated w i t h  t h i s  t rans fe r  mechanism usual ly be l im i t ed  t o  that  I .  

associated w i t h  low shock pressures (10-100 Kb). I 

' 

D i f f i c u l t i e s  i n  f i nd i ng  such mechanisms have been a problem i n  the past. Suitable I ., 

mechanisms must be p r ima r i l y  g rav i ta t iona l  i n  nature, as c o l l i s i o n a l  shock associated w i t h  
more than small (5.1 AU) changes i n  semimajor ax is  i s  probably excessive. Grav i ta t ional  
perturbat ions o f  Mars-crossing and Mars-grazing astero ida l  fragments by Mars have been sug- 

. I gested as such a g rav i ta t iona l  mechanism (Arnold, 1965; Anders, 1964) but  u n t i l  recent ly  i t  
, 

I appeared th; t ,  except f o r  i r o n  meteorites, t h i s  mechani :I required t r a n s i t  times too long 
t o  be reconci led w i th  cosmic-ray exposure h is to r ies .  

I 
Prcduction o f  re1 a t i  vely low ve loc i t y  (5200 m/sec) fragments i n  proxinii t y  t o  various q 

regions i n  the astero id  be1 t i n  which the motion o f  fragments i s  i n  resonance w i t h  the mo- . 1 

t i o n  o f  the g i an t  planets has now been semi-quanti t a t i v e l y  shown t o  be an adequate source. 1 : 
I 
1 
, , 

20 
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F a i r l y  la rge  ( 4 0 0  m) fragments w i l l  be proddced by c o l l  is ions i n  the v i c i n i t y  o f  the 
Kirkwood 2:l gaps a t  3.28 AU, i n  which the o r b i t a l  per iod i s  commensurable w i t h  the per iod 
o f  Jupiter. The r esu l t i ng  resonant motion w i l l  a t  times cause these fragments t o  be i n  
h igh ly  eccent:-ic o r b i t s  w i t h  aphel ia beyond 4 AU and per ihe l ia  -2 AU. These o r b i t s  w i l l  be ," 1 

stab i  1 i zed  by I i brat ional  re la t ionships which preclude close encounters t o  Jupi ter .  How- 1 

ever, s t a t i s t i c a l l y  probable co l l i s i ons  of these -100 m bodies w i t h  smaller astero ida l  4 

debris w i l l  produce low-veloci t y  meteori te-size fragments which w i l l  escape the 1 i bra t ion  
region and undergo strong perturbat ions by Jup i te r  near t h e i r  aphelion, which can cause ., 
t h e i r  pe r ihe l ion  t o  random walk i n t o  Earth-crossing on a shor t  (%lo6 y r )  time scale, and . , 
hence become meteorites when they impact the Earth (Zimnerman and Wether i l l ,  1973). This b 

chain of events has been c r i t i c i z e d  on the grounds t ha t  requ i r ing  two co l l i s ions ,  c lose I 

approaches t o  Jupi ter ,  etc., renders i t  too complex and by inference ad hoc t o  be taken i 
seriously. Such reasoning i s  fa l lac ious,  as there i s  no reason t o  suppose tha t  nature 
provides meteorites t o  Earth by mechanisms which are simple fo r  us t o  describe t o  one an- ) 

other i n  preference t o  those which are probable. The mechanisms described are rea l  phenom- 
ena o f  s i gn i f i can t  and estimable p robab i l i t y  which cannot f a i l  t o  occur. 

The p r inc ipa l  problem i s  a uan t i t a t i ve  one, as best estimates of the meteori te y i e l d  9 on Earth f r o m  t h i s  source are 10 - loe  g per year, and t h i s  estimate i s  uncertain by a t  
l eas t  an addi t ional  order o f  magnitude. Thus i t  i s  not c lea r  i f  a major o r  on ly  a minor 
pa r t  of the Earth's meteorites are produced i n  t h i s  way. Scholl and Froeschlh (1977) have i 
presented evidence  l at the mechanism described above m y  be more e f f ec t i ve  f o r  the 5:2 
Kirkwood gap than f o r  the 2:l case. Large asteroids i n  prox imi ty  t o  these Kirkwood gaps 
are l i s t e d  i n  Tables 1 and 2. 

4 

Table 1. Large Asteroids w i t h  Semimajor Axis i 
w i t h i n  0.1 AU o f  2 : l  Kirkwood Gap (3.28 AU) t 

Diameter Asteroid a e i B(1,O) Class , 4 
(km) ' 8  

- ' *  I 
j .I 

106 Dione 3.17 .18 5 8.8 C 139 , I  

511 Davida 3.18 .18 16 7.4 C 32 3 I '  

154 Bertha 3.18 -10 21 8.5 C 191 I 2 

92 Undina 3.19 .07 10 7.9 C 244 .. 3 

702 Alauda 3.19 .03 21 8.3 C 205 
3.20 6 C 119 

9 

758 Mancunia .13 9.6 , I 

175 Andromache 3.21 .20 3 9.6 C 113 
530 Turandot 3.21 .20 8 10.3 C 8 1 

i .'! 
i < 

381 Myrrha 3.21 .12 13 9.7 C 126 
108 Hecuba 3.22 .09 4 9.7 S 6 1 
122 Gerda 3.22 .06 2 9.2 C 139 I ! , 
895 He1 i o  3.22 .14 26 9.5 ? 

.07 14 745 Mauri t i a  3.24 11.0 ? 
903 Neal l e y  3.24 .05 12 10.9 ? 

C lass i f i ca t ions  and diameters from Morrison (197') and Zel l n e r  and 
Bowel 1 (1977), Bowel 1 e t  a l .  , (1978), and Bowel 1 (p r i va te  communication, 
1978). Absolute magnitudes from Gehrel s and Gl2hre;s (1978). 

I 
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I 
Williams (1973) showed t ha t  c o l l i s i o n  fragments produced a t  low ve loc i t y  i n  the v i c in -  I 

i t y  o f  ce r ta in  secular resonant surfaces i n  (a,e,i) space (Williams, 1969, 1971) can be I 

perturbed d i r e c t l y  i n t o  Earth-crossing on the necessary shor t  time scale. Again, the quan- 
t i t a t i v e  y i e l d  i s  d i f f i c u l t  t o  estimate w i t h  cer ta in ty .  I .  

I 21 1 ,  : 1 



Table 2. Large Asteroids w i t h  Semimajor Axis 
w i t h i n  0.1 AU o f  5:2 Kirkwood Gap (2.82 AU) 

Asteroid e i B(1.0) C16-: Di  ame iel 
(km) 

146 Lucina 2.72 .07 13 
45 Eugenia 2.72 .08 7 

410 Chlor is 2.72 .24 11 
156 Xanthippe 2.73 .23 10 
140 Siwa 2.73 .21 3 
110 Lydia 2.73 .08 6 
200 Dynamene 2.74 .13 7 
185 Euni ke 2.74 .13 23 
247 Eukrate 2.74 .24 25 
387 Acquitania 2.74 .24 18 
173 Ino 2.74 .21 14 
308 Polyxo 2.75 .04 4 
128 Nemesis 2.75 .12 6 
71 Niobe 2.76 .17 23 
93 Minerva 2.76 .14 9 

356 L igur ia  2.76 .24 8 
?! kphne  2.76 .27 16 

1 Ceres 2.77 . O f  11 
88 Thisbe 2.77 .17 5 
39 L a e t i t i a  2.77 .11 10 
2 Pal las 2.77 .23 35 

148 Ga l l ia  2.77 .19 25 
532 Hercul i na 2.77 .17 16 
393 Lampetia 2.77 .33 15 
28 Be1 1 ona 2.78 .15 9 
68 Leto 2.78 .18 8 

139 Juewa 2.78 .17 11 
446 Aeterni tas 2.79 .07 11 
216 Kleopatra 2.79 .25 13 
354 Eleonora 2.80 -12 18 
346 Hermentaria 2.80 .10 9 
236 Honoria 2.80 .19 8 
441 Bathi lde 2.81 .08 8 
804 Hispania 2.84 .14 15 
385 I lmatar 2.85 .13 14 
81 Terpsichore 2.85 .21 8 

129 Antigone 2.87 -21 12 
47 Aglaja 2.88 .14 5 

471 Papagena 2.89 .24 15 
386 Siegena 2.90 .17 20 
238 Hypatia 2.91 .09 12 
22 Kal l iope 2.91 .10 14 
16 Psyche 2.92 . I 3  3 

674 Rachele 2.92 .20 14 
349 Dembowskd 2.92 .09 8 

Data from sas~e sol rcer as Table 1 



Wetheri 11 (1974, 1977) and Wetheri 11 and W i  11 lams (1 977) have proposed a "synerg is t ic"  
mechanism by which the nonlinear i n t e rac t i on  o f  secular resonance and Mars' perturbat ions 
can per turb a ra ther  la rge  y i e l d  (rolO1O g l y r )  o f  meteori te-s ize astero ida l  fragments i n t o  
Earth-crossing. The typ ica l  time required f o r  t h i s  mater ial  t o  impact the Earth i s  
4 x 106 years, bu t  a s i gn i f i can t  f r ac t i on  (-1%) can impact w i t h i n  50 m i l l i o n  years. The 
mechanism i s  proposed as the most probable source o f  i r o n  meteorites, and o f  some minor 
por t ion  o f  the s i  l i c a l e  meteorites, o.g., the d i f f e ren t i a t ed  basal t i c  act~ondri  tes. The 
asteroids which supply t h i s  mater ial  are those w i t h  semimajor ax is  -2.25 A:l, low inc l ina -  
t ions, and w i t h  eccen t r i c i t i es  which permit  the parent objects t o  corn! w i t h i n  s.05 t o  .1 AU 
o f  Mars' aphel i ~ n  f o r  favorable combinations o f  the long-period "secul s r "  vari;tions i n  the 
orb1 t s  o f  both the asteroids and Mars (Figure 1 ). Most o f  these asteroia: are S type, 
which have been suggested t o  be most l i k e l y  o f  "mesosideri te "  (mixed i r o n  and b a w l t i c  
s i  1 i ca te )  composition. The w s s i  ve n i c ke l - i  ron meteorites must come f r oa  sc-~ewher-e, and the 
combination o f  appropriate ca lcu la ted exposure age, y ie ld ,  and plausib'  ~ d c ; i  composi- 
t i o n  aques s t rongly  i n  support o f  t h i s  being the most l i k e l y  place. r ,  t h i s  i den t i -  
f i c a t i o n  a lso  reduces somewhat the p l a u s i b i l i t y  o f  obtaining the most ::~t classes of 
c h o n d r f t e s f r o m t h i s s o u r c e , a s t h i s i d e n t i f i c a t i o n o f S a s t e r o i d s w i t ~ ~  - ' t i c s i l i c a t e s  
argues against t h e i r  being a lso o f  undi f ferent ia ted chondri t i c  composi t . . . iiowever, the 
largest  ob ject  o f  t h i s  group (313 Chaldaea, 160 km diameter) i s  o f  carbonaceous composition 
(Chapman, 1977, p r i va te  comnunication) and may be expected t o  produce a small quant i ty  of 
carbonaceous meteorites, constrained by the associat ion o f  small y ie lds  w i  t h  shor t  t rans i  t 
times for  t h i s  source. 

LARGER ASTEROIDS NEAR SECULAR 
RESONANCE I., ( AFTER WLLIAMS . . 1969) 
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Fig. 1. Observed d i s t r i b u t i o n  o f  large asteroids i n  the inner 
por t ion  o f  the astero id  b e l t  and i n  the v i c i n i t y  o f  the v6 
resonance. The large open "c i r c les "  approximate1 y def ine the 
l i m i t s  o f  the Hungaria, Flora, Phocaea, and Pal las regions of 
the astero id  be1 t. 



Recwgnition of the evidence for metsorites being aeteroidzL r6golit.h~. A svlal 1 bu t  
s i g n i f i c a n t  f r a c t i o n  o f  s i l i c a t e  meteor i tes o f  a l l  c lasses are  r i c h  i n  i n e r t  gases s i . . , i l a r  
i n  chemical and i s o t o p i c  composit ion t o  the s o l a r  wind, c o r ~ t a i n  s o l a r  f l a r e  cormic-ra;. i 
charged p a r t i c l e  t racks,  i n  some cases gra ins  e x h i b i t i n g  microcra ters ,  and giassy a g g : ~ ~ t i -  1 

I nates. A l l  o f  these meteor i tes are  h igh l y  brecciated,  and t t ~ c  combination of  these features ! 

s t r o n  l y  suggests an o r i g i n  s i m i l a r  t o  t h a t  o f  the  l una r  rego i t h  (hajan, 1974). Anders 
(19757 has c a r r i e d  t h i s  argument f18-ther and has used the  r a t i o  o f  implanted s o l a r  wind and 

I 

g a l a c t i c  co :v ic - r~y  exposure t o  i n t e r  the h e l i c  e n t r i c  d istance a t  whf:h t h i s  r e g o l i t h i c  
mater ia l  was produced. Th is  distance turns  ou t  t o  be 4 t c  8 AU, bat  i s  model-dependent i n  
a number o f  ways. Rajan et d l .  (1978). and Schultze and Signer (1977) have i d e n t i f i e d  I : 

breccia c l a s t s  w i t h i n  both  chondr i t i c  and d i f f e r e n t i a t e d  gas- r ich  meteor i tes  whicn have 
radiogenic argon ages markedly youtiger than the more t y p i c a l  4 . 5  b i  11 i o n  year ;ge of o ther  ? 
c l a s t s  from the same breccia.  From t h i s  i t  i s  p l a u s i b l y  i n f e r r e d  tha t  the brecc ia  was 
asseribled subsequent t o  the younger o f  t h e w  ages. which i n  l n e  Lase jr, as recent as 
1350 m i l l i o n  years. 

I s  
I 
L 

In addi t ion ,  Turner (1969). Turner and Cadogan (1973). and Bogard c t  J I .  119761 have 
in te rp re ted  d is turbed rad iometr ic  age pat terns  i n  r e l a t i  vel  t h i g h l y  s h c k e d  ~ n e t c o r i  tes as 
i n d i c a t i n g  t h a t  t h e i r  parent bod j  wa.; invo lved i n  a ma;,r i r n r x t  evetl '  500 r n i l l i o n  year; 
ago (Heymann, 1967). However, i t  can a l so  be argued t h a t  t b  ? events are  not we1 1-dzted, 
and could represent a very recent event. asscciated w i t h  the c o l l i s i o n  whicC e,tablished 
the recent onset of  cosmic-ray Pxposurc. i n  con~hinat ion  w i t h  a sn~dl; ( ~ 3  \ r o t e n t a o n  o f  
radiogenic argot1 from i t s  previous h i s t o r y  Recent t heo re t i ca l  studies o f  t h e e v o l ~ t i s n o f  
Apollo-Amor ob jec ts  o f  e i t h e r  colnetary o r  as te ro ida l  o r i g i n s  shows t h a t  w!it?rl sc?cular reso- 
nance i s  included. an as te ro ida l  parent body cannot necessar i ly  be : . i fn r red frilrs ti?e..e ages 
even if they are i n te rp re ted  l i t e r a l l y  (Wethe r i l l ,  1918). I t  turns  out  t h a t  a b i q n i f i c a n t  
f r a c t i o n  (2.15' ) o f  Apol los are  t rans fe r red  i n t o  the Amor and Mars-crossing reg ion f o r  times 
as long as 2000 m i l l i o n  years, and then returned t o  Earth-crossing.  Thus an A p c ' l n  b j e c t  
of  cometary o r i g i n  can have been i n  the inner  s o l a r  system 500 111il1 i on  yearc aqo. l i d  'lavt 
developed some s o r t  o f  a r e g o l i t h .  However, a small,  1 km Apol ln  ob jec t  wou!c' seeir un- 
l i k e l y  t o  aevelop a fu l l - f i edged  l u n a r - s t y l e  reg01 i t h .  

Since there  are s t rong 'irguments aga ins t  meteor i tes being de r i vab le  +?om the r e g o l i t h  
of one o f  the  t e r r e s t r i a l  plarlets, and studies o f  lunar  mater ia l  snow L ~ S Y  are co t  ft-0111 the 
Moon, the  most p laus ib le  place t o  suggest f o r  t h e i r  source are  the surfaces of  la rge ( , . g . ,  
2100 km diameter) bodies i n  the as te ro id  region.  I f  so, t h i s  r e g o l i t h  cannot be a ! ;u r f ic ia l  
l aye r  on l y  a few meters deep, as as te ro id  c o l l i s i o n  ca l cu la t i ons  show t h a t  the  sass y j e l d  
fron: as te rc ida l  f ragnlenta t i o n  i s  do~~.'.:ated by deep and even t o t a l  1 y d e s t r u c t i  vc. ;mpac t s  
(Wethe r i l l ,  1967; Cohnanyi, 1969). Whether o r  not  a body w i t h  .< low surfacd g r a v i t y  o f  
311 as te ro id  can be expected to  possess such a deep r e q o l i t h  i s  no t  c l e a r .  Flany workers have 
argued against  dnything bu t  a very s u r f i c i a l  r e g o l i t h .  whereas Anders (1375) has -oncluJed 
tha t  i t  i s  poss ib le  t h a t  almost the e n t i r e  as te ro id  has had a r e q o l i t t t i c  h ist : i ry.  Coi~~bined 
theo re t i cq l  and exper i~ ;~en ta l  work d i rec ted  toward a d e t a i l e d  understanciin!l o f  ttic pr>!)able 
nature o f  .qn a s t e r o i a d ~  r e g o l i t h  i s  badly needed. A s t a r t  i n  t h i s  d i r e c c i o ~ .  I,JS been 111ade 
(Housen e t  JZ., 1977; Chapman, 1978). U n t i l  t h i s  i s  done i t cannot he s z i d  whether o r  not  
the e f f e c t s  7bserved are compatible w i  t h  t h i s  p laus ib le  but  undemonstrated associ.3tion. 

The f u l l  se t  o f  these r e g o l i t h  features are  observed i n  on l y  a few of  the qds-I-ich 
meteor i tes.  Th,. most c lea r -cu t  case i s  t h a t  o f  the h iqh l y  brecc ia ted basal t i c  d i  f f e r e n t i -  
ated weteorit.es, the howardites ( 2 . . j .  . Kapoeta), f o r  which the "syne rg i s t i c "  ~i~echanism of  
d e r i v a t i o n  from the inner  as te ro id  be1 t i s  proposed i n  the previous sect ion .  Less corlplete 
e f fec ts ,  such as presence o f  i n e r t  gas of  so la r  composition. i s  l ess  d e f i n i  t . v e ,  as unf r?  - 
t i ona ted  gas o f  t h i r  type was a v a i l a b l e  over a l l  o f  s o l a r  sycten h i s t o r y  at,d even e a r l i e r .  
I t  i s  probable tha t  formation o f  a r e g o l i t h  a t  a we i l -def  ~ n e d  h e l i o c e n t r i c  d istance i s  no t  
the on ly  way for  incorpora t ion  o f  t h i s  gas i n t o  i n te rp lane ta ry  ~ n a t e r i d l  . 



L'hmbut cmd minemtogicct evidence meteorites. Even the undi f ferent la ted 
chondri t i c  meteori t*s have had a complex chemical h is tory .  The v o l a t i  le-poor ord inary  
chondri tes have i n  many cases been heated and metamorphosed a t  temperatures as high as 
400°C (Van Schumus and Wood, 1967). Subsequent cool ing h is to r ies  several hundred m i l l i o n  
years i n  length have been in fe r red  from the extent t o  which Ni d i f fuses i n  the  s o l i d  s t a t e  
from Ni-poor a-Fe t o  N i - r i ch  y-Fe i n  the small b i t s  o f  me ta l l i c  Fe found i n  chondrites, as 
wel l  as i n  the d i f ferent ia ted i r o n  meteorites. I t  i s  no t  c lea r  how a small astero ida l  body 
could have experienced an ear l y  t h e ~ l  h i s t o r y  t h i s  extreme. However, the evidence f o r  an 
asteroidal  o r i g i n  i s  most strong f o r  basa l t i c  d i f f e ren t i a t ed  meteorites, and i t  has been 
d e m t r a t e d  t ha t  these objects experienced a melt ing event 4 . 5  x l c9  years ago. There- 
fore, i t  does not  seem extreme t o  suppose t ha t  o ther  asteroids underwent the less severe 
heating required t o  cxp la in  the textures and mineralogy found i n  chondri tes. If the only 
a1 ternat ive source turns out  t o  be comets. i t  must be remembered t ha t  there i s  no evidence 
t o  support a c la im t ha t  the i n t e r i o r  o f  a comet ever went through such a h igh temperature 
stage, o r  was massive enough t o  requi re  the long cool ing times observed. 

An her class o f  chemical arguments i s  based upon a presumably known re la t ionsh ip  
between the tenperatures a t  which meteorites were formed (as deduced fr,~n t h e i r  mineral- 
ogy, t race element, and oxyaen isotop ic  composition), and the he1 iocen t r i c  distance a t  
which these temperatures would be found (Larimer and Anders, 1967). However, these calcu- 
la t ions  requi re  t ha t  the present s ta te  o f  knowledge concerning the processes and condit ions 
o f  s t a r  and planetary system o r i g i n  i s  more secure than there i s  any reason t o  suppose i t  
t o  be. Such condensation theories a lso  f a i l  t o  exp la in  how such d i f f e r e n t  classes of 
asteroids, as in fe r red  from spectrophotometric and pols!-imetric data, are found a t  t i le  same 
hel iocent r ic  distznce. The var ia t ions i n  oxygen i so top ic  composition o f  pre-solar o r i g i n  
found between the d i f ferent  meteor! t e  classes (Clayton et aZ. , 1976; Clayton, 1978) i s  even 
more d i f f i c u l t  t o  exp?ain. These phe~omena appear t o  requi re  tha t  asteroids which were 
o r i g i n a l l y  formed a t  s i gn i f i can t l y  d i f f e r e n t  he! iocen t r i c  distance were subsequently mixed 
by an unknown physical mechanism. This nay wel l  have occurred. However, inasmuch as aster-  
oids may have moved since formation t h i s  wesitens the i d e n t i f i c a t i o n  o f  an astero ida l  o r i g i n  
based on an in fe r red  "asteroidal  b e l t "  distance o f  o r ig in .  

Relatiaship J - ~  apectrophotometric observations of asteroids to  the dynarticat eviZenee. 
During the l a s t  f i ve  years a large body o f  spectral  r e f l e c t i o n  data f o r  astero ida l  surfaces 
has been obtained (Gaffey and McCord, 1977; McCord, 19781. This permits a t  l eas t  ten ta t i ve  
i d e n t i f i c a t i o n  o f  the mineralogical nature o f  tbese surfaces, p a r t i c u l a r l y  the presence of 
opaque mater ials such as amorphous carbon, pyroxene and o l i v i n e  (Fe, Mg s i l i ca tes ) ,  and 
.m ta l l i c  i ron. This has l ed  t o  an astero ida l  taxonomy i n  which the S and C types, previous- 
l y  mentioned, are the most abundant clesses. (See papers i n  t h i s  volume by Morrison (1978) 
and by Zel lner  (1978).) 

A t  l eas t  one la rge  C type astero id  i s  located near the v6 resonant surface (21 3 
Chaldaea) and others are i n  proximity t o  the Kirkwood gaps (Tables 1 and 2) .  Assuming 
these asteroids are ~ndeed s im i l a r  t o  carbonaceous cttondrites, they are strong candidate 
sources f o r  meteorites. The Apollo-Amor ob ject  1580 Betu i ia  i s  also of presumed carbona- 
ceous compositions. The high geocentric ve loc i t y  o f  fragments o f  Betu l ia  would lead t o  a 
very small y i e l d  o f  mater ial  from t h i s  pa r t i cu l a r  object. However, the existence of one 
carbonaceous body among t h i s  group, together w i t h  the observational biases against such low 
albedo objects, argues tha t  there are l i k e l y  t o  be many more, inc lud ing some i n  low-veloci t y  
orb i ts .  

The S objects near the resonant regions mdy a lso be considered t o  be excel lent  parent- 
body candidates f o r  d i  f fe ren t ia ted  s i l i c a t e  and i r o n  meteorites. This i s  v a r t i c u l a r l y  t rue  
o f  those near the V 6  surface, ;n view o f  the agreement bet;reen t h e i r  calculated exposilre 
ages and those measured on i r o n  meteorites. The large astero id  4 Vesta has frequently been 
proposed as the source o f  the basal t i c  achondri t e  meteorites. I t s  re f lec tance spectrum i s  
I n  accord w i t h  t h i s  i den t i f i ca t i on .  However, i t s  per ihe l ion i s  so f a r  from Mars' aphelion 

1 and i t s  semimajor ax is  so f a r  from resonant value t ha t  there i s  no dynamical reason t o  
expect a s i gn i f i can t  y i e l d  o f  meteor~ces from t h i s  asteroid. It seems more l i k e l y  t ha t  



, . 1 
r1.--.-1~-'; - ' I I -  • . --dl. 

differentiated s i l i c a t e  meteorites (achondri tes) are derived from the s i  1 i ca te  por t ion o f  
large S asteroids such as 6 Hebe and 8 Flora, the i r  smaller counterparts (some o f  which are 
l i k e l y  t o  be the i r  fragments), and Apollo-Amors derived from these bodies. Consolmagno and 
Drake (1977) hare questioned the va l i d i t y  of t h i s  inference i n  view of the near absence 
among di f ferent iated meteorites o f  the pe r ido t i t i c  residues of basalt formt ion,  and have 
proposed Vesta as a basalt ic achondrite source f o r  which only the s u r f i c i a l  basalt layer i s  
exposed. I n  view o f  the dynamical problems associated k i t h  th is  ident i f icat ion,  i t  seem 
premature t o  consider t h i s  l i n e  o f  reasoning def in i t ive;  rather i t  seems best t o  leave th i s  
matter open a t  present. It i s  not a t  a l l  c lear that  the co l l i s iona l  fragmentation of even 
Vesta was r u f f i c i e n t l y  mild t o  preclude considerable excavation o f  i t s  "mantle." It might 
be that  the excess o f  basalt ic achondrites re la t i ve  t o  t he i r  more u l  tramafic counterparts 
i s  a s t a t i s t i c a l  f luctuation associated wi th most o f  these meteorites being derived from a 
single Apollo-Amor tragment from the Flora region, which happened to  be a sample o f  a 
basalt ic port ion of a large S asteroid. 

I f  ordinary chondri tes do come from asteroids, i t  i s  becoming increasingly puzzling why 
almost none of the asteroids match the reflectance spectrum of a chondri te. I n  fact, only 
one main b e l t  asteroid ( t h  Apollo-Amor objects w i l l  be discussed separately) has been held 
to  be o f  ordinary chondri t i c  composition by spectrophotometric observers, ?dQ Ibmbziskd. 
Even th i s  ident i f i ca t ion  has beer1 questioned by recent in f rared data (Matson e t  at., 1977). 
Various explanations o f  t h i s  ili screpancy have been proposed: poor sampl i ng of asteroids , 
observation o f  only a s u r f i c i a l  layer o f  the asteroid, changes i n  reflectance caused by 
solar wind sputtering o r  micropart icle bombardment. However, plausible reasons for re ject-  
ing  these hypotheses can be given. 349 Dembowska i s  a large asteroid (144 km diameter) not 
too d is tant  from the 5:2 Kirkwood gap, from which meteorites could be derived (Scholl and 
Froeschli, 1977). However, there are many other large asteroids s imi la r ly  we1 1 si tuated 
which don't look l i k e  ordinary chondrites, but are largely normal S- and C-type asteroids. 
No mechanism i s  known which would preferent ia l ly  sample Dernbowska re la t i ve  t o  these others. 
S ta t is t i ca l  f luctuations i n  the recent inpact h is tory appear inadequate t o  explain the 
variety o f  ordinary chondrite classes o r  t he i r  d i f fe rent  exposure histories. 

I t  i s  p rac t ica l l y  cer ta in tha t  no meteorites i n  our col lect ions have been derived from 
h i s to r i ca l l y  observed comets. The shortest known cosmic-ray exposure age i s  that  of the 
ordinary chondrite Farmington (19,000 years! and t h i s  i s  unique. I n  contrast. the v o l a t i l e  
content o f  comets i s  insuf f ic ient  t o  continue the observed vo la t i l e  loss for more than 
l o 4  years. Furthermore, i t  i s  unl ike ly that  most meteorites are derived from comets during 
the act ive stage o f  t he i r  histot-y, as they are usually too massive t o  be swept along by the 
outflowing gases. A1 though meteorites could be freed from comets during more v io len t  come- 
tary outbursts, o r  following disruption while passing close to  the Sun, i t  seems most l i k e l y  
that  cometary meteorites, i f  they exist,  are derived from nonvolat i le residues of comets 
which are l i k e l y  t o  survive following the act ive l i f e t ime  o f  a short-period comet. This 
could be e i ther  from a core which was or ig ina l ly  nuntled wi th v o l a t i l e  ices, o r  a loosely 
aggregated col lect ion o f  meteori t ic fragments o r i g ina l l y  scattered through the i cy  material, 
o r  from ice-poor portions o f  a rego l i th ic  breccia. 

There i s  good, i f  not compelling, evidence that nonvolat i le residues of comets exist.  
There i s  a gradation i n  a c t i v i t y  between highly vo la t i l e  comets newly arr ived from the Oort 
cloud, and the short period comets. This trend continues down to  apparently severely vola- 
t i le-depleted short period comets, such as Encke (Sekanina, I971 ) and barely act ive comets 
such as Arend-Rigaux and Neujmin I. The natural end-members o f  t h i s  series are the non- 
v o l a t i l e  Apollo-Amor objects, and i t  has frequently been proposed that some or  a l l  o f  these 
bodies are ext inct  comets (Opi k, 1963; Anders and Arnold, 1965; Wetheril l and Williams, 
1968; Wetheril l , 1976). 



One shor t  per iod comet (Encke) i s  present ly i n  an o r b i t  w i t h  aphelion a t  4.1 AU, wel l  
w i t h i n  the o r b i t  o f  Jupi ter .  An o r b i t  o f  t h i s  k ind i s  r e l a t i v e l y  s tab le  w i t h  respect t o  
g rav i ta t iona l  perturbations, i n  cont rast  t o  Jupi ter-crossing bodies which w i  11 be ejected 
from the so la r  system i n  %los years. Sekanina (1971) has shown how the " j e t  e f fec t "  (non- 
g rav i ta t iona l  forces which are the react ion t o  the comet's emit tea dust and gas) has reduced 
Encke's aphelion t o  i t s  presetrt value dur ing the l a s t  %lo00 years. A t  present these forces 
are small, implying r e l a t i v e l y  l i t t l e  emission o f  gas, which i s  compatible w i th  Encke being 
nearly ex t inc t .  On t h i s  l i n e  o f  reasoning, i t  can be predicted t ha t  dur ing the next fed 
hundred yedrs, Encke w i  11 become an Apol l o  object. Nor does i t  appear t o  be alone. A num- 
ber o f  meteor streams are i n  o r b i t s  s im i l a r  t o  Encke, o f ten  w i t h  aphel ia even much fur ther  
w i t h i n  the o r b i t  o f  Gupiter. Heteors i n  these streams exh ib i t  physical  charac te r i s t i cs  very 
much the same as the Taurid meteors, known t o  be fragments o f  Encke iCep!echa and McCrosky, 
1976; Ceplecha, 1977a). It i s  most p laus ib le  that  these streams have been recent ly  der ived 
from unobserved ex t i nc t  comets, because the time required f o r  evo lu t ion i n t o  o r b i t s  as small 
as, f o r  example, t ha t  o f  the Geminids (aphelion = 2.6 AU), i s  t106 years (Wetheri l l ,  1976). 
I n  contrast the t ime during which a stream w i l l  remain coherent i s  t104 years. 

Fragments o f  ex t i nc t  conets are not  confined t o  the small, and usual ly  weak, sma:' 
meteors. Large objects, kilograms i n  mass, are associated w i th  these streams. There i s  
even evidence t h ~ t  very large (t100 ton) bodies are sometimes found i n  streams (Table 3) 

Table 3. F i r eba l l  x Orionids (Type 111) 
-------- - 

a e i 10 I! Date 
---- -- - - -. 

N. 4 Orionids 2.22 0.79 2 28 1 258 12/4-12/15 

EN041274 ( l o e  g)  1.98 0.76 3.5 282 252 12/4/74 
f.18 +.03 

EN021267 (14 kg) 2.20 0.79 3.9 283 250 12/3/67 
r.02 

S .  A Orionids 2.18 0.78 7 101 79 12/7-1211 

PM39469.850(1kg) 2.33 0.78 5 9 3 78 12/10/76 

Data from Ceplecha and McCrosky (1976) and Ceplecha (1977b). 

So i t  seems very l i k e l y  tha t  ex t i nc t  comets ex i s t  and tha t  large meteoroids derived 
from them impact the Earth. To a la rge extent the o r b i t s  o f  these meteoroids w i l l  be simi-  
l a r  t c  those derived from the astero id  b e l t  by the mechanisms discussed i n  the previous 
section. Are these meteoroids ever meteorites, i . e . ,  can they survive passage through the 
atmosphere and be recovered from the ground? No d i r e c t  evidence for t h i s  ex is ts  a t  present. 
However, there i s  c ircumstant ial  evidence tha t  t h i s  ray  be the case. Ceplecha and McCrosky 
(1976) have shown that  meteoroids i n  the 100 g t o  l o 7  g mass range d i f f e r  considerably i n  
t h e i r  physical  strength and a b i l i t y  t o  penetrate deeply i n t o  the atmosphere. Altnough i t  
i s  possible these di f ferences w i l l  prove t o  be gradational, those observed so far  f a l l  i n t o  
three classes, and can be discussed separately. 

Class 111, the weakest o f  a l l ,  i s  associated w i t h  a number o f  wel l -establ ished cometary 
meteor streams, and i s  nearly ce r t a i n  t o  be o f  cometary o r i g i n .  Class I 1  i s  s i g n i f i c L 7 t l y  
stronger. Some objects o f  t h i s  c lass a lso have d e f i n i t e  cometary associat ion ( c . g .  , Taur- 
ids  and Encke). Ceplecha e t  al. (1977) have obtained a spectrum of one of these bodies 
which had a terminal mass o f  70 g, and hence survived passage through the atmosphere. The 
spectrum shows strong CN bands and therefore contains carbonaceous matter. I t  seems most 
p laus ib le  t o  associate t h i s  body w i t h  a t  l eas t  some type o f  carbonaceous meteorite. 



The strongest type o f  f i r e b a l l  meteor i s  Type I. A l l  , hree f i r e b a l l  s photog? aphed by 
f i r e b a l l  networks which have been recovered as meteorites (o,.dinary 5 noncarbonaceous c h c t ~  
d r i t e s )  are o f  t h i s  class. Many f i r e b a l l s  (-113) f a l l  i n t o  t h i s  class. There i r  r:ery 
reason t o  be l ieve t ha t  any o f  them could have reached the ground if they had been l t r g ?  
enough, o r  had entered the atmosphere a t  s u f f i c i e n t l y  low ve loc i ty .  Their  t e n ~ i n a l  r :s 
d i s t r i b u t i o n  (Figure 2) indicates tha t  i t  i s  comnon for  both Type I and Type I 1  metsornids 
t o  survive atmospheric passage. Except f o r  the problem tha t  asteroids don ' t  ppear t o  be 
o f  ordinary chondr i t i c  composition, there i s  no pa r t i cu l a r  rpason why most o f  theye f i r e -  
b a l l s  could no t  be o f  astero ida l  o r i g i n ,  accelerated i n t o  Earth-crossing by one o f  the 
gent le  resonance g rav i ta t iona l  mechanisms discussed i n  the previous section. I f  sc., t h i s  
would oppose the present consensus t ha t  most meteors, both large and small, are der ived 1 

from comets. 

TYPE I1 FIREBALLS 
(CARBONACEOUS CHONDRITES?) I 

TERMINAL MASS (GRAMS) 

TYPE I FIREBALLS 

1 

TERMINAL MASS (GRAMS) 

Fig. 2. Observed d i s t r i b u t i o n  o f  P r a i r i e  Network f i r e b a l l  
terminal masses (Ceplecha and McCrosky, 1976). It i s  seen 
tha t  s i gn i f i can t  terminal masses are found f o r  both Type I 
and Type I 1  f i r e b a l l s .  Most f i r e ' * a l l s  belong t o  these 
classes. 



However, there a lso seem t o  be Type I and Type I 1  bodies i n  prim facie cometary 
o rb i t s ,  e.g. .  wi th  aphel ia beyond Jup i te r  o r  i t 1  retrograde motion. Many of these are c 
h igh atmospheric ent ry  ve loc i ty ,  >25 km/sec, and sca l ing t o  the ve l oc i t i e s  of the  Type I 
bodies ac tua l l y  recovered as meteorites may have caused them to  be erroneously assigned t o  
Type I. But t h i s  i s  not always the case. Six (23:) of  the P r a i r i e  Network f i r e b a l l s  
(kCrosky ct d l . ,  1977) are low ve loc i t y  (<?O km/sec) Type I bodies w i t h  aphelia (Q) be- 
yond Jup i te r  (see Table 4). These have low terminal masses consistent w i t h  t h e i r  small 
i n i t i a l  masses. I t  i s  very un l i ke l y  tha t  t h i s  i s  astero ida l  mater ia l  which impacted the 
Earth whi le  i q  tt.? process of being ejected from the so lar  system, as t h e i r  number i s  a 
factor o f  '10C la . rger  than the number calculated from studies o f  the o r b i t a l  evo lu t ion o f  
such mater ial .  I t  i s  ce r t a i n l y  possible that  these bodies are s im i l a r  t o  recovered me tw r -  
i tes ,  and if so i t  i s  only a matter c f  time before a s u f f i c i e n t l y  large one f a l l s  and i s  
recovered by a fi r0c.a; 1 network. provide.! there netwot ks remain operative. Most probably 
these bodies are of chondr i t ic  composition. but they could be c i t b e r  ordinary o r  carbo- 
ndceouz cho*,orites, as many carbonaceous chondrites are essen t i c l ' j  35  str-ong as 01. . t . a l y  
chondri tes,  and would be expected to  be obserked as Type I f i r eba l l s .  

Table 4. "Strong" Jupi ter-Crossing F i reba l l s  w i t h  Low Entry Velc r i  t y  

Number a 
e i V ~ ~ ~ ~ r  "INITIAL M~ Q 

(AU) (km/sec) 
Mi Type 

( 3 )  (4 )  (4 )  

/ I 'INITIAL i s  the i n i t i a l  photometric mass given by Ceplecha and McCrosky (1976). 
i 

MT i s  the terminal mass calculated by the formal procedure o f  Ceplecha and McCrosky 
(1976). Mf i s  the estimated photonletric mass near the end po in t  a t  28 km/sec. 

----- _ - _ _  ~ _ _ _ _  _ _ - - - _ _  _ -- ---. _ _ _ _ A - _ _ _ _  

If i t  can be shown that  i den t i f i ab l e  meteorites at'e associated w i t h  these more unusual 
o r b i t s  o f  cometary a f f i n i t y ,  i t  w i l l  be p laus ib le  t o  associate meteorites o f  the same class 
i n  more ordinary o r b i t s  w i th  ex t i nc t  comets. 

The f ac i  :hat Apol lo objects arc i n  Earth-c:-ossing o r b i t s  and are exposed t o  asteroid- 
a l  co l l i s i ons  near aphelion imp1 ies that a t  leaqt some Earth- in~pact ing nleteoroids must be 
derived from these bodies. Althouyh Amor objects are not  Earth-crossing a t  present. i t  has 
been shown (Wetheri l l .  1978) that  evo lu t ion of Apollos i n t o  Anlors at.' vice-versa i s  so rap id  
that  many Anlors must be former o r  fu ture Apollos. With regard t o  t h e i r  r o l e  as meteori te 
sources, the only questions are the quan t i ta t i ve  one of y ie ld .  and that  of t h e i r  mechanical 
strength. Calculations o f  the v i e l d  show that  t h i s  could be large enough to  supply the en- 
t i r e  f l u x  of chondri t i c  meteori (.~lO"/yr), and i s  a t  l eas t  high enough t o  supply %Iq:. 
o f  t r l is  mater ial .  No de f i n i t e  intormation regarding t h e i r  strength i s  avai lable.  



If some f i r eba l l s  could be associated w i t h  known Apol lo objects, such information could be 
obtained frm the end heights o f  these meteoroids. I t  i s  not obvious t ha t  such i den t i f i ca -  
t i o n  w i l l  be possible, as the exposure ages o f  stone meteorites are comparable t o  the time 
scale f o r  major o r b i t a l  evo lu t ion o f  Apol lo objects.  However, i n  the case of meteorites 
w i t h  very shor t  exposure ages, t h i s  could prove possible (Levin e t  at.,  1976;. 

One problem w i t h  i den t i f y i ng  the Apollo-Amor objects w i t h  ordinary chondri tes i s  tha t  
the radiants o f  chondrites (Astopovich, 1939; Sinnnenko, 1975) and time o f  f a l l  (Wetheri l l ,  
1968, 1969) are a t  l eas t  a t  f i r s t  s igh t  not  i n  agreement w i th  dynamical calculat ions of thp 
expected d i s t r i b u t i o n  o f  these quant i t ies .  This question needs t o  be examined i n  the l i q h t  
o f  more recent work on the aerodynamics of the ent ry  o f  f i r e b a l l s  i n t o  the atmosphere 
(Revel le, 1976) and the o rb i  t a l  evol ut ior l  of Apol lo-Amors (Wetheri 11 , 1978). 

As discussed previously, Apol lo-Amors are not  permanent residents of  the inner  so la r  
system, but  are der ived from an asteroidal  o r  comtary  source. o r  more l i k e l y ,  both. Thus 
they can be thought o f  as b i g  meteoroids which Carl fragment i n t o  small meteoroids, o r  im- 
pact the Earth before fragmentation. forming cratevs 1-100 km i n  diameter. Some of these 
bodies are probably the e x t i n c t  comets discussed eal - l ie r ,  whereas others can be derived , 
from the inner astero id  b e l t  (Levin e t  a l . ,  1976; h e t h e r i l l ,  1976, 1978). The r esu l t i ng  
o r b i t s  are simi l a r  i n  e i t he r  case (Wetheri 11, 1978). Dynamical considerations suggest tha t  
the cometary component should predominate. In te rp re ta t ion  o f  physical  observations leads 
to  an ambiguity. A l l  but  one o f  the Apollos f o r  which there are relevant data appear to be ! 
re la ted t o  e i t he r  ordinary chondri t i c  mater ial  o r  t o  S asteroids, ra ther  than t o  carbona- , 
ceous mater ial .  On cos~nochmlical grounds, most workers would i n t e rp re t  t h i s  t o  ind icate an ' 

asteroidal  o r ig in .  However, t h i s  argument could be turned around to  imply a cometary o r i -  
i h  

gin, d s  d consequence o f  spectrophotometric work showi~g  that  ordinary chondri t i c  mater ial  , 
i s  r a re  o r  absent i n  the aqteroid b e l t .  i 

A l l  three types o f  source bodies discussed w i i l  load to  the same general d i s t r i b u t i o n  
o f  meteori te and meteoroid o rb i t s .  These w i l l  predon~inantly be o r b i t s  o f  low inc l inat ior?,  
w i th  per ihe l ia  near Earth 's o rb i t s ,  and aphelia i n  the astero id  be l t .  F u l l  exp lo i ta t ion  o f  

I 
1 ' 

more subt le di f ferences i n  the d is t r ibu t ions  i s  l i k e l y  t o  requi re  more deta i led obser~a-  . . 
t iona l  data and improved theoret ica l  techniques. However, as discussed below, some tenta- ! I 

ti ve conc! usions are now possible and juggestions f o r  advancing our theoret ica l  understand- 
ing  can be made. I \  

SUMMARY AND SUGGESTED FUTURE WORK 

fi . 
The evidence i s  very strong t ha t  most d i f fe ren t ia ted  meteorites are derived froni :he 

astero id  be l t ,  e i t he r  d i r e c t l v  o r  throt~gh the i n t ~ r ~ d i a r y  cf  Apcllo-Amor objects. Soectro- , , ,  

photometric observations show there i s  opaque mater ial  w i t h  low albedo i n  the astero id  b e l t .  , I  . . 
I t  i s  l i k e l y  that  t h i s  i s  carbonaceous. Some o f  these asteroids are adjacent t o  resonances 
which can gent ly accelerate t h e i r  low ve loc i t y  c o l l i s i o n  spectra i n t o  Earth-crossing. Ex- 
cept for  the un l i ke ly  p o s s i b i l i t y  that  t h i s  mater ial  i s  too weak t o  survive atmospheric 
passage (Type I I 1  f i r e b a l l s ) ,  there should also be carbonaceous nleteori tes o f  astero ida l  i . 
o r ig in .  

I t  i s  also qu i te  possible tha t  some of our meteorites are cometary, probab!y der ived 
from ex t i nc t  cmets,  most o f  which w i l l  be i n  o r b i t s  such that  they would be i d e n t i f i e d  as 
Apol lo-Amor objects.  I f  so, these are 1 i kely  t o  be undi f ferent ia ted meteorites. They 
could be carbonaceous chondri tes, ordinary chondri tes, o r  both. I t  seems unl i kely  that  
ordinary chonclri tes are o f  both astero ida l  and cometary o r i g i n .  However, car*bonaceous 
meteorl'tes are so close t o  auzrage nonvola t i  l e  so lar  sys tem conlposi t i o n  that  t h e i r  compo- 
s i t i o n  does not  argue f o r  a u ~ i q u e  sovrce region. Some classes o f  carbonaceous meteorites 
could be asteroidal ,  others cometary. 

One might th ink tha t  the abundance o f  observational, theoret ica l  and experimental ev i -  
dence r e l t van t  t o  the problem o f  i d e n t i f i c a t i o n  o f  meteori te sources should permit more 



c lear -cut  i d e n t i f i c a t i o n s  t o  be made than seems t o  be the case. The reason i s  t h a t  tne 
evidence does no t  lead t o  an i n t e r n a l l y  cons i s ten t  so lu t i on .  Thus, by use o f  on l y  a por-  
t i o n  o f  the  a v a i l a b l e  evidence, i t  i s  apparent ly poss ib le  t o  come t o  more f i r m  conclusions 
tean wt:-,n a1 1 the evidence i s  considered. 

I t  i s  l i k e l y  t h a t  an e n t i r e l y  new sodrce o f  evidence, e . g . ,  re turned samples from 
astero ids  and comets, would re;:ly c l e a r  up the question. However, a t  the Dresent stage, 
i t  would appear useful t o  understand which l i n e  o f  evidence i s  lead ing us as t ray .  This 
suggests several  1 ines o f  i nves t i ga t i on .  

1. Perhaps the most stra ic lht forward problem would be t o  reso lve the 
quest ion  o f  whether o r  11ot the d i s t r i b u t i o n  cif chonar i i e  rad ian ts  
and t ime o f  f a l l s  i s  o r  i s  no t  compatible w i t h  d e r i v a t i o n  o f  most 
o f  these bodies from Apollo-Amor ob jec ts .  This w i l l  r equ i re  se- 
l e c t i o n  o f  a p l a u s i b l e  range o f  fragment s i z e  d i s t r i b u t i o n s  making 
use of ava i l ab le  o r  new hyperve loc i ty  impact data. This cou:d 
then be combined w i t h  bias-corrected Apol lo-Anor s t a t i s t i c s  
(smoothed by theo re t i ca l  steady-state cons idera t ions)  and an 
improved phys ica l  theory f o r  meteor i te  entry,  perhaps along the  
l i n e s  o f  ReVelle (1976) and Padavet (1977). Comparison o f  the 
t h e o r e t i c a l  rad ian t  and t ime o f  f a l l  d i s t r i b u t i o n  w i t h  t h a t  ob- 
served sholrld then permi t  us t o  know whether o r  no t  the  discrep- 
ancy i s  as ser ious as appears a t  f i r s t  glance. 

2. Spectrophotometric measurements on as tero ids  has l ed  t o  the con- 
c l u s i o n  t h a t  o rd ina ry  chondr i tes.  espec ia l l y  L and LL chondr i tes:  
a re  r a r e  o r  absent i n  the main as te ro id  b e l t .  On the nthet hand, 
there  are l a rge  as tero ids  adjacent t o  the 5:2 Kirkwood gap which 
probably cou ld  supply meteor i tes w i t h  the requ i red rad ian t  and 
time o f  f a l l  d i s t r i b u t i o n s  o f  chondr i tes.  Could these be o rd ina ry  
c h o n d r i t i c  bodies, t he  spect ra l  s ignature  o f  which has been ob- 
scured by surface a l t e r a t i o n  processes? P laus ib ie  arguments aga ins t  
t h i s  p o s s i b i l i t y  have been advanced, bu t  do no t  seem t o  be s u f f i -  
c i e n t l y  d e f i n i t i v e  t o  s e t t l e  the issue. Fur ther  labora tory  simu- 
l a t i o n  coupled w i t h  theo re t i ca l  s t u d ~ e s  o f  the basic phys ica l  
processes invo lved may be expected t o  be of  considerable value. 
These s tud ies  shcdld a l s o  shed add i t i ona l  l i g h t  on the o r i g i n  o f  
o the r  features, such as the absorp t icn  feature a t  %.65 um seen i n  
many S asteroids.  b u t  which i s  absent i n  noncarbonaceous meteor- 
i t e s .  Several explanat-ons o f  t h i s  feature have been given, bu t  
i t  i s  no t  c l e a r  t h a t  any of  them are  cor rec t .  When understood, 
t h i s  feature  could be i ~ o o r t a n t  i n  r e l a t i n g  the minera log ica l  
composit ion o f  meteor i tes t o  t h a t  o f  as tero ids .  

3. On a s u f f i c i e n t l y  shot t time scale, i.e.., 10:-10'1 years, t he  
o r b i t a l  evo lu t i on  of  p idnet -c ross ing bodies i s  de te rm in i s t i c  and 
can be handled by c l a s s i c a l  methods o f  c e l e s t i a l  mechanics. Hgw- 
ever, on longer t ime scales niul t i p l e  c lose planetary encounters 
occur and minor d i f fe rences i n  i n 1  t i a l  o r b i t s  r e s u l t  i n  gross ly  
d i f f e r e n t  f i n a l  o r b i t s .  Under these circumstances the system i s  
best  nlodeled s t a t i s t i c a l l y .  Although, l i k e  a r o u l e t t e  wheel, i t  
i s  s t i l l  i n  ~ r i n c i p l e  d e ~ e r m i n i s t i c ,  the in format ion requ i red t o  
make de te rm in i s t i c  p red i c t i ons  i s  no t  ava i l ab le .  Nevertheless, 
i n  both  cases, v a l i d  inferences o f  a p r o b a b i l i s t i c  nature  can be 
made. Discuss;on o f  the  l o n g - r ~ n g e  o r b i t a l  evq lu t i on  o f  p lanet -  
c ross ing bodies has been e n t i  r e l y  dependent on these s tochast ic  
methods (Opi k, 1951, 1977; Arnold, 1965; Wether1 11, 1968, 1977). 
However, there are  a number o f  assumptions and approximations nade 
i n  these s tochast ic  methods which have never been c r i t i c a l l y  



examined using the f u l l  range o f  c lass ica l  o r  conventional 
c e l e s t i a l  mechanical understanding which i s  avai lable.  I t  would 
be t r i v i a l  t o  show tha t  the stochast ic methods are not  rigl.rous 
and t r i t e  t o  \dy "they should be used w i t h  great caution." What 
i s  needed i s  a const ruct ive ly  motivated c r i t i c a l  study o f  these 
techniques, d i rected toward p lac ing them on a be t t e r  ~ n e o r e t i c a l  
foundation. This could al low us t o  have more confidence i n  
i n t e rp re t i ng  second-order differences between observed and 
theore t i ca l  o r b i t  d i s t r i bu t i ons  and t o  more quan t i ta t i ve  e s t i -  
mates o f  expected y ie lds  from various sources. 

4. A p r i nc i pa l  basis for  the inference t ha t  there i s  eeteor i  t i c  
mater ial  o f  cometary o r i g i n  i s  obtained from photographi; f i r e -  
b a l l  networks, p a r t i c u l a r l y  the P r a i r i e  Network (McCrosky e t  at., 
1977). However, the e f f o r t s  o f  these networks have p r imar i l y  
been d i rected toward meteorite recovery, and are s t rongly  biased 
against the most c lear-cut  occurrences o f  cometary o r ig in - -  the 
shower meteoroids. Meteoroids i den t i f i ed  as belonging t o  the 
major showers were no t  reduced i n  the P r a i r i e  Network invest iga- 
t ions, and Canadian Network data i s  not  reduced a t  a l l  unless a 
meteori te f a l l  i s  suspected. There are no cont inuing f i r e b a l l  
studies i n  the U.S. a t  present. I n  fact ,  a l l  o f  meteor science 
i n  the U.S. i s  i n  a s t a t e  o f  rap id  decline, fo l lowing withdrawal 
o f  both the NASA Anles Research Center and the Smithsonian Astro- 
physical Observatory froc: t h i s  f i e l d .  The inferences t en ta t i ve l y  
made previously s t rongly  suggest tha t  serious treatment of f i r e -  
b a l l  data may force rev is ion  o f  our present concepts of the 
p h y s i ~ a l  nature o f  comets, but t h i s  cannot happen unless some 
people work i n  t h i s  f i e l d .  

5.  Many o f  the arguments used t o  i d e n t i f y  meteorites w i t h  t h e i r  
sources arc based on rego l i  t h i c  analogs. Howcver, there i s  very 
1 i ttl e understanding of how reg01 i r h i  c propert ies may be expected 
t o  vary as a funct ion o f  he1 iocen t r i c  distance o r  o f  mass and 
composition on the body on which they occur. A s t a r t  i n  t h i s  
d i r ec t i on  has been made (Housen e t  aZ., 1977; Chapman, 1978). 
U n t i l  we understand much more quan t i ta t i ve ly  j u s t  what an aster-  
o ida l  o r  cometary r e g o l i t h  should look l i ke ,  inc lud ing charged 
p a r t i c l e  tracks, microcraters, agglutinates, etc.. we do not  
r e a l l y  know if meteor i t i c  evidence favors o r  disfavors pa r t i cu l a r  
r ego l i  t h i c  iden t i f i ca t ions .  

6. There f s  a t  FVesent no theor) adequate to  explain even qua l i ta -  
t i v e l y  the o r i g i n  o f  the p r inc ipa l  features o f  the astero id  be1 t, 

i j .  
e .g . ,  i t s  small mass content, r e l a t i v e  ve loc i t y  d i s t r i bu t i on ,  
Kirkwood gaps and mixed chemical composition. Development o f  a I !  
theory o f  t h i s  k ind w i l l  requi re  a much more quan t i ta t i ve  under- 
standing o f  the o r i g i n  of  s tars  and planetary systems i n  general, 
and the Sun and planets of  our so lar  system i n  par t i cu la r .  There 
has been renewed i n t e res t  i n  these problems during the l a s t  few 
years, but  the goal i s  s t i l l  d is tant .  

One can be hopeful tha t  invest igat ions alcng the l i nes  suggested above would help 
considerably i n  construct ing an i n t e rna l l y  consistent framework i n  which t o  view the prob- 
lem o f  i d e n t i f i c a t i o n  o f  meteorites w i t h  t h e i r  sources. 



i 6 i : [  ,* , y .4  
4 I 

.&2dmLq j 

This shor t  l i s t  o f  suggestions f o r  fu tu re  work i s  i n  no sense intended t o  be complete. 
For example, i t  i s  obvious t ha t  the f u l l  se t  o f  chemical, pet ro log ica l ,  and i so top ic  labo- 
ra to ry  work on meteorites i s  essent ial  t o  a co r rec t  understanding o f  the re la t ionship of 
meteorites t o  t h e i r  sources. Much more needs t o  be done. It i s  un l i ke ly ,  however, tha t  
such invest igat ions would lead t o  the q u a l i t a t i v e l y  d i s t i n c t i v e  revelat ions which have 
followed actual spacecraft missions t o  the Moon and planets. "Ground t r u t h "  and sample 
re tu rn  may be expected t o  be the u l t ima te  answer t o  the i den t i f i ca t i on  of meteorites and 
t h e i r  source, and t o  the r ea l i za t i on  o f  the geological context i n  which these small b i t s  
o f  pr imordial  mater ial  should be viewed. 
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D l  SC3SSION 

ARNOLD: I tend t o  t r u s t  very much the argument t h a t  we d o n ' t  get  1:leteorites froni the  Moon 
because o f  the 2.3 kmlsec requ i red  e j e c t i o n  v e l o c i t y .  I 

WETHERILL: I be l i eve  t h a t  argument, too. I t  i s  d i f f i c u l t  t o  quaq t i f y  because i t  requ i res  
q u a n t i t a t i v e  knowledge o f  the impacts o f  l d rge  ob jec t s  on the Koon. I t  cou ld  be t h a t  
there  haven' t  been any l a rge  i~npacts on the Morn i n  the l a s t  fed  ~ l l i l l i o n  years and 
the re fo re  t h i s  mechanism would n o t  be expected r o  con t r i bu te  nluch t o  the r e t e o r i t e s  
i n  our co l l ec t i o r i s .  A  skep t i c  cou ld  ge t  around t h i s  argulilent i n  t h i s  way. I n  our  
t h i n k i n g  on t h i s  problem i n  the l a s t  several v a r s  we have looked f o r  niou.e gen t l e  
methods f o r  t r a n s f e r r i n g  ma te r i a l  from the a s t e r o i d  b e l t  t o  Ear th-c ross i r , l  regions 
r a t h e r  than d i r e c t  impact and h igh  v e l o c i t y  t r ans fe r .  

CHAPMAN: What would be the y i e l d  of chondr i tes fro111 Earth-approaching oh jec t s  if you 
vr.;n!?d t o  assume they were a l l  o rd inary  chondr i tes? 

WETHERILL: About !OR g l y r .  bu t  t h i s  number i s  uncer ta in  by a t  l ~ i l s ?  :,c vr.aer o f  riagni tude. 
There are m r e  ser ious  problems w i t h  an Apol l o  nieteori t e  qooi-ce. Dne i s  t h a t  if you 
wish t o  b e l i e v e  t h a t  Apol los are der ived from the d s t e r o i d  b e l t .  i t  i s  necpssary t o  
s t r e t c h  the  cs t i r i~a tes  o f  t h e i r  o roduct ion  ra tes  by a  f ac to r  o f  ~ 1 0 ,  poss ib l y  more. 

ARNOLD: Dnes t h a t  problem a l s o  extend t o  the  d i s t r i b u t i o n  o f  eccen t r i c i t i e r , ?  
WETHERILL: I don ' t  r e a l l y  t h ink  30. I n  your  work you had very small sernina.i3r axes and 

r e l a t i v e l y  low e c c e n t r i c i t i e s .  The v6. resonance chanyes t h a t  resul: a I c t .  There are  
s l  i yn t  d i f f e rences  bet ieen the o r b i t s  o f  Apol los and o r b i t s  der ived from tne d i f f e r e n t  
regions o f  the as te ro id  b e l t  o r  those der ived frorri o r b i t s  l i k e  Cornet Enckc. But they 
a re  n o t  nea r l y  as extreme as they used t o  be. \ 
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