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MOST STONY METEORITES COME FR3M THE ASTEROID BELT 

EDWARD ANDERS 

ErrPioo Fellmi Institute imd Department of Chemistry 
University of Chicago, Chicago, IZliwi8 60637 

The place o f  o r i g i n  of stony meteorites can be determined from 
t h e i r  trapped solar-wind gases. "Gas-rich" meteorites of a l l  
classes have only 1 0 - ~ - 1 0 - ~  the so la r  noble gas content and 
< l 0 ' ~ - 1 0 - ~  the surface exposure age o f  lunar  so i l s .  These d i f -  - 
ferences suggest t ha t  the gas implantat ion t o ~ k  place between 
1 and 8 AU from the Sun, i n  a region where the c ra te r ing  r a t e  
was l o2 - l o3  times higher than a t  1 AU. Both requiraments are 
met by main be1 t asteroids, not  by long- o r  short-period comets, 
by Trojan asteroids, o r  by s t ray  bodies i n  t h i n l y  populated 
par ts  o f  the inner so la r  system. The observed prevalence o f  
g ~ s - r i  ch meteori tes (up t o  100% among carbonaceous chondri tes , 
2-33% among other  classes) requires t ha t  the parent bodies be 
large enough, and remain i n  the as te ro id  be1 t long enough, t o  
develop a substant ial  reg01 i th. These condit ions are more 
r ead i l y  met by asteroids than by comets. The young ages of 
xenol i ths i n  gas-rich meteorites (down t o  i .4 AE) show t ha t  gas 
implantat ion i s  an on-going process i n  the so la r  system, not  a 
r e l i c  from a hypothetical "ear ly  i r r ad i a t i on . "  

L chondrites, i n  contrast t o  H chondrites, show pervasive ev i -  
dence o f  outgassing 500 Flyr ago, accompanied by shock heating 
t o  950-1250°C for  centuries o r  mi l lennia.  Apparently the L 
chondri te parent body was not  a comet, but  an astero id  broken 
up a t  t ha t  time. 

O f  27 xenol i ths ( fore ign inc lus ions)  i n  meteorites, 20 are car- 
bonaceous (mainly C2) whereas 5 are ordinary chondri tes o r  
re la ted  meteor i t ic  types. Because xenol i ths are a r e l a t i v e l y  
unbiased sample o f  the astero id  be1 t, i t  seems l i k e l y  t ha t  
ordinary chondrites and t h e i r  k i n  comprise the second-most- 
abundant type of mater ial  i n  the be1 t. Thus S asteroids may 
have chondri t i c  ra ther  than stony- iron composition. 

e 
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I A l m s t  every stony meteori te class has several "gas-rich" members t ha t  are brecciated 
i I t .  

t '  ' 1  and contain a charac te r i s t i c  noble-gas component, of so la r  i so top ic  and elemental composi- 
I t i o n  (Table 1). Wanke (1965 and e a r l i e r  p ~ p r s )  was the f i r s t  t o  suggest t ha t  t h i s  compo- 

nent represents so la r  wind trapped by meteor i t ic  dust i n  the r e g o l i t h  of the meteori te 
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SOLAR GASES: CLUES TO THE ORIGIN OF METEORITES 

The most d i r e c t  evidence on the former loca t ion  of meteorites comes from trapped so la r  

, , 
. , 

wind (Anders, 1975). I sha l l  present the argument from t ha t  paper i n  updated but g rea t l y  
abridged form, omi t t i ng  various qua l i f i ca t ions  and supporting arguments. I n  addit ion, I 1 , ;  
sha l l  review a few other  l i nes  a f  evidence bearing on the problem. 

: ! 
Do Gas-Rich Meteorites Come f rom Regoliths? 
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Table 1. Prevalence o f  Gas-Rich fleteori tesa 

Class X Class % 

C1 Chondrites 100 L Chondrites 2 

C2 Chondrites 61 LL Chondri tes 8 

C3V Chondri tes 60 K Chondrites 25 

C30 Chondri tes 0 Howardi tes 33 

H Chondri tes 12 Aubri tes 33 

aMazor e t  at. (1970); Schultz e t  a t .  (1972). 
S r i n i  vasan and Anders (1 977). 

parent body. Because solar-wind ions have very low energies, thev p e n e t r a t ~  ~ n ! y  a ft?w 
hundred Angstroms i n t o  the w a i n ,  m:! h ~ f i i e  dre trapped only by grains res id ing a t  the very 
surface. A later impact cements these dust grains i n t o  a coherent rock, which i s  then 
ejected from the parent body by s t i l l  another impact. A l l  stages of t h i s  process have been 

t 
f 

observed i n  lunar samples, from fresh, un i r rad ia ted soi  1s t o  welded, gas-rich breccias. 
i I 

I I 

Deta i led studies o f  meteor i t ic  breccias have revealed many addi t ional  pa ra l l e l s  t o  i ' 

lunar breccias: charged p a r t i c l e  tracks, microcraters, an iso t rop ica l l y  i r r ad i a t ed  grains, b ' ,  

rad ia t ion  damage, etc. (Wil kening, 1970; Barber e t  at., 1971 ; Macdougall e t  a l . ,  1973, 1974; 
Poupeau e t  aZ., 1974; Rajan, 1974; Maurette and Price, 1975; Pr ice e t  aZ., 1976; Goswani 
e t  at., 1976). The consensus t ha t  has emerged from t h i s  work i s  t h a t  gas-r ich meteorites ! 
formed i n  a rego l i th .  Wetheri l l  (1978) has contended, however, t ha t  only "a few" o f  the ! 
gas-rich meteorites show "the f u l l  set  of these r e g o l i t h  features," the most c lear-cut  case . t 

b e ~ n g  the howardi tes. Actual ly,  the above studies included aubri  tes, H chondri tes, C1 chon- 
dr i tes ,  and C2 chondrites, i n  addi t ion t o  howardites, and a l l  showed the f u l l  set  of rego- 
l i t h  features (except t ha t  no microcraters have y e t  been reported from aubr i tes) .  By 
Occam's Razor, a l l  are l i k e l y  t o  have formed i n  a rego l i th .  

Model for the .SooZar Cas Content of Meteorites 
' 

To a f i r s t  approximation, the mean so la r  gas content G of s o i l  from a given body de- 
pends on two parameters: the so la r  wind flux, which i s  proport ional t o  the inverse square 
o f  the he l iocen t r i c  distance a, and the nwan surface residence time t. The l a t t e r  i s  
approximately proport ional t o  the inverse o f  the c ra te r ing  r a t e  R, which determi-es the ra te  , 

a t  which the topmost layer  i s  blanketed by ejecta; both olc: s o i l  and f resh ly  cr,. ed rock 
(Gaul t e t  a l .  , 1974). Thus, using symbols 0 and * f o r  the Moon and meteori te pal ?nt  body, 

I 

we can w r i t e  

Because we know the he l iocen t r i c  distance o f  the Moon, a t  l eas t  t o  a f i r s t  approximation, 
we can use lunar s o i l  as "ground t r u t h "  t o  determine the formation distance of gas-r ich I ; 
meteorites. 

\ 

i 
The condit ions under which Equation (1 ) i s  v a l i d  have been discussed by Anders (1975), 

and w i l l  not be repeated here. The p r inc ipa l  requirements are (1 ) tha t  the bombarding 
fluxes i n  both regions be "top-heavy" (i.e., the exponent y i n  the d i f f e r e n t i a l  mass d i s t r i -  
but ion 1P = dm'Y must be less than 2 )  so t ha t  the dominant process w i  11 be crushing o f  fresh 



rock ra ther  than reworking of o l d  dust, and (2)  t ha t  the Moon and meteori te parent bodies 
r e t a i n  about the same f rac t ion  o f  ejecta. The f i r s t  requirement i s  met for  the Hoon and 
the astero id  be1 t, judging from the abundance o f  s iderophi le  elements i n  lunar  and meteor- 
i t i c  breccias (Anders, 1975). It i s  probably a lso met fo r  comets, because both comets and 
t h e i r  debris (shower meteors) seem t o  have y < 2. The second requirement ce r t a i n l y  i s  no t  
met by very small asteroids o r  comets, which lose most o f  t h e i r  e jec ta  and hence cannot 
develop a rego l i th .  But even a 45 km astero id  should lose only 502 o f  i t s  impact ejecta, 
according t o  data by Gault s t  at .  (1963). and loss o f  average s o i l  should have no effect on 
Equation (1 ). According t o  a de ta i led  model by Housen (19761, asteroids of P = 100 km and 
20 km can accumulate rego l i ths  of z l O O  m and %I0 rn i n  l o 9  years. 

A referee has questioned the approximate inverse p ropor t iona l i t y  o f  t and R i n  Equa- 
t i o n  (1 ), because blanketing* would invo lve mainly recyc;ed grains on the Moon and main1 y 
f resh grains on an asteroid.  I n  the f i r s t  place, we are concerned p r imar i l y  w i t h  the re- 
l a t i o n  between G and t, no t  R, and t ha t  r e l a t i o n  i s  exact whether the blacket ing i s  done by 
a fresh o r  a recycled grain: the in tegrated gas content per u n i t  t ime and area i s  the same 
no m t t e r  how many grains share i n  the in tegrat ing.  

Second, though the r e l a t i on  between t and R does indeed require tha t  the m j o ~  part o f  
the e jecta be freshly crushed rock ra ther  than recycled grains, i t  can be shown t ha t  t h i s  
condi t ion i s  met for a l l  p rac t i ca l  purposes. A quan t i ta t i ve  statement of t h i s  condi t ion i s  
t ha t  the integrated f l u x  of crater- forming bodies of mass 0 t o  .&I (where .r! = mass o f  largest  
body t o  s t r i k e  the p lanet )  be large compared t o  the f lux  of bodies unable t o  penetrate the 
average rego l i th ,  of mass range 0 t o  m: 

where c i s  the exponent i n  the c m t a t i v e  mass d i s t r i bu t i on .  On the Moon, the mare r e g o l i t h  
i s  t y p i c a l l y  about 5 rn th ick,  so m 1.10' g. With IY = 1019 g, corresponding t o  a 10 km body, 
and c = -0.17 (corresponding t o  y = 1.83; Dohnanyi , 1971) we obtafn F = 110, so the prbpor- 
t i o n a l i t y  i s  good t o  1%. For a hypothet ical  astero id  wiLh a 100 m rego l i th ,  m -- 1013 c and 
M = loi9 g, so F = 10.5 and the p ropor t iona l i t y  i s  good t o  105;. 

Actua l ly  the agreement i s  not qu i t e  as good, because the mass d i s t r i b u t i o n  steepens 
below l o 9  o r  l o 6  Q (Chapman, 1972). and the upper l i m i t  o f  i n tegra t ion  i s  not  wel l  defined, 
because the e jecta from the largest  craters  are not  d is t r ibu ted  g lobal ly ,  and so do not  con- 
t r i b u t e  f u l l y  t o  the nvemge r e g o l i t h  (Ganapathy e t  a l . ,  1970).** However, there i s  d i r e c t  
evidence f o r  the dominance o f  j uven i le  grains i n  lunar s o i l  cores and especia l ly  meteor i t ic  
breccias. Charqed-particle track studies have shown tha t  grains from a given layer  d i f f e r  
i n  exposure time by %lo2- lo3,  w i th  the median exposure t y p i c a l l y  an order of magnitude be- 
low the maxilnum (Poupeau e t  at . ,  1374; Pr ice et at. ,  1975; Goswami et at. ,  1976, and many 
references c i t e d  therein).  And the amount of meteor i t ic  mator ial  i n  lunar s o i l s  (1-1.5: i n  
mature so i l s ;  down t o  0 . 0 9 3 n  young so i l s ;  Krahenbuhl e t  a t .  , 1973) i s  comparable t o  that  
i n  gas-r ich meteorites (1-4., Laul et at. ,  1972; Chou e t  a t . ,  1976; Hertogen e t  aZ., 1978), 
so tha t  on both bodies, d i l u t i o n  by fresh rock keeps pace w i t h  addi t ion of meteor i t i c  mate- 
r i a l .  I n  any event, since the di f ferences we she l l  t r y  t o  explain amount t o  2-3 orders o f  
magnitude, er rors  o f  even a factor o f  2-3 are of no consequence. 

* "Blanketing" i s  a more accurate term than the widely used misnomer "gardening," because 
the mixing process i s  not  a simple overturn but a "biased random walk," where many small 
increments a1 ternate w i th  occasional large decrements (Laul e t  a t .  , 1971). 

**On the other hand, large craters  cont r ibute heavi ly t o  the t o t a l  volwne o f  the rego l i th ,  
which i s  r e l eva r~ t  t o  some aspects of t h i s  problem, e.g., the abundance o f  gas-r ich 
meteorites. 



Fig. 1. Relat ion between sol ar-gas 
content and surface exposure age as a 
funct ion o f  distance from the Sun 
(Anders , 1975). Cosmi c-ray exposure 
age o f  meteorites i s  only an upper 
l i m i t  o f  the surface exposure age, and 
Ne20 content may be too low because of 
saturat ion ef fects ;  thus a l l  meteor- 
i t i c  points should be sh i f ted toward 
the upper l e f t .  Regardless of class, 
gas-rich meteorites have systematical ly 
lower gas contents and exposure ages 
than do lunar so i l s .  Their  parevt 
bodies must have been located i n  a 
region o f  lower so la r  wind f lux  
(1 < a < 8 AU) and higher c ra te r ing  
rate.  Both character is t ics  po in t  t o  
the astero id  be l t .  

' .  
According t o  Equation ( I ) ,  the gas content C should be proport ional t o  surface expo- . , 

sure age t and the inverse square o f  the he l iocen t r i c  distance a (Figure 1). We can c a l i -  - a .  . 

I brate t h i s  r e l a t i o n  by means of lunar  soi 1s (open symbols), which are knaon t o  have formed 
a t  1 AU. Because lunar  s o i l s  lose Ne owing t o  temperature and saturat ion ef fects ,  i t  was 

I I '  ; 
The surface exposure age ;an be measured by d i f fe ren t  rad ia t ion  ef fects ,  and generally 1 

. . increases w i t h  the penetrat ion depth o f  the rad ia t ion  (Tahle 2) .  For our analysis, the 

. . so lar  wind exposure age i s  relevant, but  since i t  i s  not  known fo r  most meteorites, we sha l l  1 '  , I . .. . - , .? 
use the cosmogenic noble-gas exposure age as a subst i  t!cte. Though these two quan t i t i es  are . 

r . . .. . \ .  
by no means equivalent (they measure the residence time i n  the topmost few hundret Angstroms 

. . ., and topmost meter, respect ively),  there i s  evidence t ha t  they are proport ional t o  each other. ., . '. ! , . ,  
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However, f o r  meteorites t h i s  p ropor t iona l i t y  i s  less s t r i c t l y  va l id ,  because the cosmic- ' ' ' 

ray exposure age also includes the t r a n s i t  time t o  Earth, when the meteori te was again bom- 1 1  : 
. 1. 

barded by cosmic-rays. To minimize t h i s  effect, I have selected meteorites o f  short  exposure j 

necessary t o  ca lcu la te  corrected Ne values from the Xe content, using the Ne/Xe r a t i o .  ! ! 4  

(This correct ion has somewhat improved the cor re la t ion  of G and t, as shown by a comparison -1: / i o f  the large and small symbols). The "10 AU" 1 ine  represents a-2 dependence o f  the so la r  
wind flux. i . j 8 '  ? 
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Table 2. D i f f e r e n t  Types o f  Surface Exposure Age f o r  Lunar S o i l s  
and Gas-Rich Aubri tes  

Ef fec t  
E f fec t i ve  

- Age ( y r )  
Depth - 
(cm) Lunar s o i l s a  Aubr i  tes  

Solar Wind %loe6 lo6 - lo7  1-100 

So lar  F l a r e  Tracks 21 0' lo6-10' lo3-10" 

Galac t ic  Cosmic-Ray Tracks 10 100 l o 6  
Cosmogeni c Noble Gases 100 1-10 x l o 8  3 l o 7  

a ~ a l  (1975). 

b~oupeau e t  a t .  (1974). 

age, b u t  s ince the  t r a n s i t  t ime i s  always f i n i t e ,  these ages must be regarded as upper l im-  
i t s  o f  t he  surface exposure age, which we are  a f t e r .  Arrows are  i nse r ted  t o  remind us o f  
t h i s  f ac t .  I n  two cases where the t r a n s i t  t ime was independently determined from the  A12" 
content  (Nogoya, Pantar), the  surface exposure age seemed t o  be on the  order  of l o 5  years 
(Anders, 1975). D i f f e r e n t  samples o f  t he  same meteor i te  are  connected by s o l i d  l i n e s .  

The Ne20 contents a l s o  may be somewhat too low, owing t o  d i f f us ion  losses. The correc- 
t i o n  should be much smal ler  than f o r  l una r  s o i l s ,  because gas- r ich  g ra ins  i n  meteor i tes 
genera l ly  l ack  the  radiation-damaged, amorphous surface layers,  which a re  very leaky and 
are  responsible fo r  most o f  t he  gas l oss  from lunar  s o i l s  (Ducat i  e t  al. , 1973; Poupeau 
e t  aZ., 1974). Precise cor rec t ions cannot be estimated from the  Ne/Xe r a t i o ,  owing t o  the 
presence of  p lanetary  Xe, bu t  i t  seems l i k e l y  t h a t  t he  c o r r e c t i o n  fac to rs  are smal ler  than 
5x o r  perhaps even 2x. V e r t i c a l  arrows i n d i c a t e  the  d i r e c t i o n  o f  t he  co r rec t i on .  

Gas Content and Surface ikposure Age. I n  s p i t e  of these unce r ta in t i es ,  F igure  1 re-  
veals two s ta rk  and simple fac ts :  meteor i tes have sho r te r  exposure ages and lower gas 
c o ~ ~ t e n t s  than do l una r  s o i l s ,  by 1-3 and 3-5 orders o f  magnitude, respect ive ly .  Er rors  i n  I 

these q u a n t i t i e s  cannot account f o r  t h i s  difference. Exposure ages fo r  meteor.ites are  
upper l i m i t s  because they inc lude the t r a n s i t  time, bu t  any co r rec t i on  f o r  t h i s  e f fec t  can 
on ly  en.,irge the d i f fe rence.  Ne20 contents are lower l i m i t s ,  b u t  are  u n l i k e l y  t o  be i n  f 
e r r o r  by m r e  than a f a c t o r  o f  5. Moreover, P r i ce  e t  at.  (1975) have shown t h a t  t h i s  un- 
c e r t a i n t y  can be circumvented by using s o l a r - f  l a r e  t rack  d e i s i  t y  ra the r  than Ne20 content  
as an i n t e g r a t o r  o f  s o l a r  co rpusc~ t la r  r a d i a t i o n  (F igure  2) .  3ere the  t o t a l  r a d i a t i o n  dose 
i s  g iven by the product  fotilax, where f = f r a c t i o n  of t r a c k - r i c h  gra ins  and pmax = maximum 
t rack  dens i ty  a t  the  edge o f  t he  gra in .  Two o f  the  most gas-rich, non-pr imi t ive  meteor i tes 
( the  howardi t e  Kapoeta and the H chondri t e  Fayet tev i  1 l e )  fa1 1 two orders o f  magnitude below 

I 

the most heav i l y  i r r a d i a t e d  1 unar so i  l s ,  whereas f i v e  carbonaceous chondr i  tes  fa1 1 3-6 orders ! 

o f  magni tude below. 

Taken a t  face value, the  meteor i te  data suggest a format ion d is tance l ess  than 10 AU, I 
i n  some cases appreciably less:  <2.6 AU f o r  the  C2 chondr i te  Cold Bokkeveld, <1.2 AU f o r  
the  howardi te Ka~oeta ,  and <3.7 AU f o r  t he  H chondr i te  F a y e t t e v i l l e .  The as te ro id  b e i t  I 
would seem t o  be the most 1 i ke ly  source. 
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Fig. 2. Product of so la r - f l a re  track 
densi ty om, and f rac t ion  o f  t rack - r i ch  
grains f, a more saturat ion-proof i nd i -  
cator  o f  surface exposure (Pr ice s t  af. , 
1975). correlates w i t h  cosmic-ray e! o- 
sure age i n  much the same way as Ne- ! 
does i n  Figure 1. Carbonaceous chon- 
d r i t e s  ( c i r c l es )  again have lower track 
dens i t ies  and ages than do lunar  s o i l s  
(crescents), which suggests formation a t  - 
a greater distance from the Sun, i n  a 7 
region of higher c ra te r ing  ra te .  D i f f e r -  o E 
ence i s  less marked for  howardite Kapoeta 
(K) and H chondri t e  Fayettevi 1 le (F). o 

h s 

Cosmlc Roy Exposure Age (My) 

Cmtt-r ing RatcP. These data contain s t i  11 another. nlore dec is ive c lue po in t ing  to  the 
astero id  t e l t :  the low gas contents and short  cosmic-ray exposure ages of .w teor i tes  com- 
pared t o  lunar so i l s .  Apparently meteorites come froni a region where the c ra te r ing  r a t e  i s  
much higher than a t  1 AU, so that mater ial  stays a t  the surface f o r  a much shor ter  time 
before re-bur ia l .  The astero id  be l t ,  w i th  i t s  high f lux  of rubble. again i s  the ohvious 
candidate. Indeed, quan t i ta t i ve  c o n s i d e r a t i ~ n  o f  c ra te r ing  rates (Anders. 1975) leads t o  
predicted NeZ0 content, that  agree ra t t ler  we1 1 w i  t C  observed values (Table 3). 

The data i n  Figures 1 and 2 thus show pervasive, fundanlentdl d i f fe re~ tces  between me- 
t eo r i  tes and lunar so i  1s: meteorites have consi t  t21 l t ly  smaller gas contents, t rack den- 
s i  t ies ,  and exposure ages than do lunar so i l s .  The di f ferences anount t o  factors o f  10;-lo6, 
nluch larger  than the dpproxintations and s imp l i f i ca t ions  involved i n  Equation (1 ) .  Wether i l l  
(1978) n!aintains that  these differences cannot be conclusively in terpreted i n  ternis o f  d is-  
tance, surface exposure age, and c ra te r ing  r a t e  u n t i  1 a "detai l ed  understanding o f  the 
probable nature of an asteroidal  r ego l i t h "  has been attained. I t  i s  not c lear,  however. 
what physical parameters other than a. t .  and H are capable o f  accounting f o r  factors of 
lo2-1Q6, and hence how a more deta i led understanding can d ras t i ca l l y  a1 t e r  the f i r s t - o rde r  
p ic tu re  presented here. 



Table 3. Predicted Ne20 Contents o f  Lunar and Asteroidal  Regoliths 

Moon Asteroid ( r  = 100 km) 

He1 iocen t r i c  Distance, AU 

Crater ing Rate, cm/yr 8 x10-8  7.3 x 10's 

Ne20 Flux, cc STP ~ r n - ~ y r ' l  2 x lo'e 3.2 x 10'9 

Predicted NeZ0, cc STP/g 8 x 1 0 ' ~  1.2 x lo'= 
Observed NeZ0, cc STP/g 5.6 x 2.9 x 10'6 

(Lunar soi  1s ) (H chondri tes)  

Dspth of Asteroidat Regotitha 

There has been some controversy over the thickness o f  asteroidal  regol i ths ;  i n  par- 
t i cu l a r ,  whether asteroids can develop t h i c k  enough rego l i ths  t o  account f o r  the great 
abundance of gas-rich meteorites (Table 1 ). Let  us approach t h i s  problem empir ica l ly ,  and 
see what the meteorites t e l l  us about the regol i ths o f  t h e i r  parent bodies. 

Wanke (1966) has made the important observation t ha t  gas-rich H chondrites show essen- 
t i a l l y  the same cosmic-ray age d i s t r i bu t i on  as do a l l  H chondri tes, and are present not  only 
i n  the continuum but a lso i n  major peaks such as those a t  5 blyr and 22 Myr (Figure 3). This 
shows t ha t  a gas-laden r e g o l i t h  must extend t o  s u f f i c i e ~ t  depth t o  assert  i t s e l f  even i n  the 
la rger  and deeper impacts. 

r iWNDnlTtS 

Fig. 3. Cosmic-ray exposure ages o f  gas-rich H chondri tes ( top)  peak a t  
the same values (5  and 22 Myr) as the ages o f  a l l  H chondrites, and tb? 
proport ion o f  gas-r ich meteorites i n  the continuum IS comparable t o  t ha t  
i n  the peaks. Evident ly large and small impacts e j ec t  about the same 
proport ion o f  gas-rich meteorites, which suggests tha t  solar-wind i r r a d i -  
ated regol i t h  mater ial  comprises a rougtily constant f r ac t i on  of the outer  
layers,..down t o  a t  l eas t  the depth o f  the la rges t  crater ,  0.5-1.2 km. 
(From Wanke, 1966). 

a 



Let us roughly estimate a minimum depth for  the largest  event i n  Figure 1, the 5 Myr 
peak. Some 472 of a l l  dated H chondrites are i n  t h i s  peak, and since H chondrites com- 
p r i se  37% o f  a l l  choedri t e  f a l l s ,  the 5 M r peak contr ibutes some 17';, of  the annual i n f l u x  
o f  chondrites, %lo8 g l y r  (Wefh.rili, 19773. I f  the dynamicdl mean l i f e  against planetary 
capture i s  30 Myr, and one-thi r d  o f  these meteorites eventual ly f a l l  on Earth, then the 
t o t a l  reservo i r  o f  H chondrites from the 5 Myr impact i s  1.7 x lo i5 g. 

This value includes only mater ial  i n  the meteor i t ic  mass range ( l o 2  g - 2 x 10: g), 
and we must therefore in tegrate the mass d i s t r i b u t i o n  t o  la rger  masses--say 2 x 10ld g, 
corresponding t o  a diameter o f  about 100 m. If we do t h i s  for two extreme choices of the 
population index 8 i n  :he cumulative s ize d is t r ibu t ion ,  2.5 and 3.6, we obtain 2.2 x 1016 g 
and 2.0 x 1015 g f o r  the t o t a l  mass. 

From these values, we can f i n d  the s i ze  o f  the crater .  With the Short and Forman (1972) I 

r e l a t i on  f o r  the volame o f  the crater,  and a depth/diameter (it1.n) r a t i o  o f  0.35, we obta in  
D =  3.3 and 1.7 km and h = 1.2 and 0.53 km. According t o  Figure 1, the f rac t ion  o f  ?as-r ich 
meteorites i n  the 5 Myr peak i s  10/72 = 0.14, so i f  t h i s  f i gu re  i s  representative, then the 
r ego l i t h  thickness would have t o  be 160 m o r  70 m f o r  the two cases. I ' 

Actual ly,  the t r ue  thickness must be much greater. Wanke (p r i va te  co~municat ion, 1967) 
has pointed out  t ha t  each o f  the la rger  peaks i n  the rad ia t ion  age spectrum (Figure 3) con- 
tains chondrites o f  a l l  pet ro log ic  types, from H3 t o  H6. I t  does not seem p laus ib le  that  

I . 
a l ?  these types or ig inated i n  a shallow zone o f  2.1 km depth. The peak metamorphic tempera- i : 
tures o f  H3 and H6 chondri tes d i f f e red  by a t  l eas t  300°C (<60OpC vs. 950 ? 100°C; Wood, 1967; t i  

Onuma s t  at., 1972), and i t  seems very d i f f i c u l t  t o  estab l ish such a steep temperature j r a -  
d ient  over a distance o f  less than 1 km, l e t  alone maintain i t  over the 2.10 y r  durat ion of 
metamorphism. 

T4e obvious answer i s  tha t  the H chondri te parent body has been extensively mixed by 
ear l i e r ,  l a rger  impacts, so tha t  meteorites of a l l  pet ro log ic  types, as wel l  as r e g o l i t h  
material, are c lose ly  juxtapdsed and are ejected together even by sma! 1-scale impacts. The 
o r i g i na l  s t ra t igraphy may have resembled that  o f  the L ~ h o n d r i t e  parent body (Figure 4). as ' I  
reconstructed from the observed frequency of pet ro lcg ic  types. (There i s  evidence tha t  the I 

L chondri t e  parent body was completely shattered i n  a c o l l i s i o n  about 500 Myr ago (Anders, 1 

1964; Heymann, 1967; see also sect ion e n t i t l e d  "Outgassing o f  the L Chondrite Parent Body"), 
and so the L chondrites f a l l i n g  on Earth mey be a re 'a t i ve ly  unbiased sample of t h i s  body.) 
If so, then mixing acd b r  .c ;a t ion must have penetrated a t  l eas t  0.12 r i n t o  the H chondri t e  I ,  

parent body, t o  expose the H6 layer. ! 

i 

Fig. 4. Cross sect ion of L chondrite 

i pdrent body. shw ing  volume f rac t ion  
occupied by each pet ro log ic  type. 

/ , i  Because L chondrite :,are-)t body seems 
to  have completely broken up about 

I 500 Myr ago, volume f r ac t i on  of each 
pet ro log ic  type should be proport ional 
to  i t s  observed frequency. 

I 



Apparently, t he  H chondri t e  parent body thus has a subs tan t i a l  "megaregol i th"  
(Hartmann, 1975). A rough idea of i t s  avera e depth may be obtained from the abundance o f  
s o l a r  Ne20 i n  meteor i tes.  The mean s o l a r  NeqO content  o f  34 gas- r ich  il chondr i tes (Schul tz 
and Kruse, 1977) i s  2.9 x cc STP/g. With a s o l a r  Ne20 f lm o f  7 x l o e 9  cc ~ m - ~ y r - l  
a t  2.5 AU, a 14 km l a y e r  o f  such mater ia i  could be produced i n  4.6 d. Three observations 
suggest t h a t  t h i s  mater ia l  a c t u a l l y  i s  unevenly mixed through a l a rye  volume o f  the  body: 
the  wide v a r i a t i o n  i n  s o l a r  Ne20 content  among gas- r ich  H chondr i tes (%103x), the coexis-  
tence o f  H3 t o  H6 mater ia l  i n  a s i n g l e  gas- r ich  ,meteorite, and the simultaneous e j e c t i o n  
o f  H3 t o  H6 mate r ia l  i n  small c r a t e r i n g  events. I n  the l i g h t  o f  these observations, i t  
seems u n l i k e l y  t h a t  the o r i g i q a l  accre t iona l  s t ra t i g raphy  has been preserved i n  meteor i te  
parent bcdies. 

These obsemtLons (as d i s t i n c t  from inferences) a l s o  seem hard t o  reconc i l e  w i t h  the 
f requent asse r t i on  t h a t  as tero ids  can on ly  have t h i n  r e g o l i t h s .  The observations are  we1 l- 
documented, and so perhaps the f a u l t  l i e s  w i t h  the  models t h a t  p r e d i c t  t h i n  r e g o l i t h s  on 
asteroids.  

ASTEROIDS OR SHORT-PERIOD COMETS? 

Granted t h a t  t he  gas implanta t ion  took p lace i n  the a s t e r 9 i d  b e l t ,  was the me teo r i t i c  
subst ra te  i t s e l f  as te ro ida l  o r  cometary? Short-per iod comets t raverse the as te ro id  b e l t  i n  
the f i n a l  phase o f  t h e i r  h i s to ry ,  and cou ld  conceivably develop a gas- r ich  reg01 . t h  dur ing 
t h a t  per iod.  There are four  l i n e s  o f  evidence bear ing on t h i s  quest ion.  

Chemical Conposi tion 

Comets appear t o  h a v ~  carbonaceous chondri t e  composition, j trdqing froni meteo -pec t r a  
(Millman, 1972) and from the abundance pa t te rn  o f  the micrometeor i te component i n  .unar 
s o i l s  (Ganapathy e t  aZ., 1970). Thus they cou ld  indeed serve as a source o f  gas- r ich  car-  
bonaceous chondr i tes.  I t  seems u n l i k e l y ,  however. t h a t  they cou ld  a l so  fu rn i sh  the less  
p r i m i t i v e  types o f  gas- r ich  meteor i tes:  howardi tes,  aubr i  tes, o r  ord inary  chondri tes.  A1 1 
these c lasses have had a prolonged, h igh- temperature h i s t o r y  under dry  cond'l.ions, which i s  
hard t o  reconc i l e  w i t h  the v o l a t i l e - r i c h  cowposit!on o f  comets. Other arguments against  a 
cometary o r i g i n  have been given by Anders (1971). 

I Prevalence of Gas-Rich Meteorites I !  
One important  cons t ra in t  i s  the conmn occurrence o f  gas- r ich  meteor i tes i n  near ly  a l l  

classes of  stony meteor i tes (Table 1).  The on ly  exceptions are e i g h t  ra re  classes, w i t h  a 
t o t a l  of  49 members: E chondri tes,  C30 chondr i tes,  d iogeni  tes, u r e i  li tes, nakhl i tes, 
angr i  tes, and chassi gni tes. 

Thus a f a i r l y  l a r g e  f r a c t i o n  o f  the  sdurce volume o f  meteor i tes inust have been trans- 
" I formed i n t o  a gas-laden r e g o l i t h .  Comets c r e  doubly disadvantaged r e l a t i v e  t o  as tero ids  

i n  t h i s  respect: t y p i c a l l y ,  they are  1-2 orders of  nlagnitude smal ler  and spend J orders of 
magnitude l ess  time i n  the  as te ro id  b e l t .  A c a l c u l a t i o n  analogous t o  t h a t  i n  Table 3 shows 
t h a t  a 30 km comet would develop a rego:i t h  o f  only 4 n; thickness i n  10' y r .  corresponding 
t o  4 lo - "  the  mass o f  the body. This i s  c l e a r l y  i n s u f f i c i e n t  t o  exp la in  the h igh abun- 
dance o f  gas-r ich meteorites. Moreover, s ince much o f  t h i s  ma te r ia l  was near the comet's 
surface f o r  4.5 AE, i t  would show a h igh  cosmic-ray exposure a, ). cont rary  t o  observat ion 

t ---. -4  * - - ,  
1 

. ;. 
* - --  ..- - - -- - 
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The preceding ob jec t i ons  aga ins t  a cometary o r i g i n  of chondri tes a t  l e a s t  ccu ld  be 
dismissed i f  cometary mat ter  had acquired i t s  s o l a r  gases i n  a hypo the t i ca l  "ea r l y  i r  . j d i -  
a t i o n "  i n  i n te rp lane ta ry  space, r a t h e r  than on a r e g o l i t h .  But there  are  numerous 0b:t.c- 
t i o n s  aga ins t  t h i s  idea. 

i 
. I Owing t o  the low energy o f  s o l a r  wind ions, the  gas must be removed t o  a res idua l  

dens i ty  o f  < lo5 mc:ecules/cm3, some 9 orders o f  magnitude 1 ~ z c  than the i n i t i a l  dens i t y  ir 
'1  1 1 the  s o l a r  nebula. I t  i s  n o t  obvious how th,? gas can be removed w i thou t  c a r r y i n g  the dust  

1 1  , .  along. Also, on t h i s  hypothesis, dccre t io t l  o f  comets and e j e c . i o n  t o  the Oort  b e l t  s t i l l  
t 

, ' 

1 ;  I t  have t o  take p lace a f t e r  i r r a d i a t i o n ,  p e t  the gas which both  pr.ocesses requ i re  i s  a l ready 
gone. 

1 
, I .  kloreover. there  e x i s t  C 2  chondr i tes  w i thou t  s o l a r  gases. and o thers  w i t h  gas - r i ch  and 

, 1 I gas-poor po r t i ons  o f  otherwise i d e o t i c a l  minera:ogy (Nogoya. blurray, Mokoia, e t c .  ) .  

' I ,  Wethe r i l l  (1978). who considers an e a r l y  i r r a d i a t i o n  'o be a v i a b l e  propos i t ion .  has c o t  
d I explained how t!lese r ;-poor ma te r i a l s  a r e  t o  be pro tec ted aga ins t  the e a r l y  i r r a d i a t i o n ,  

$ 1  : i / now they a re  t o  be mdl-:d w i t h  i r r a d i a t e d   arer rial on l y  o f  the sane mlneralog,, and how the ' t c o r r e l a t i o n  i~ kigures  1 and 2 i s  t o  be accounted f o r .  

Most important ,  thc compac t i o~  ages o f  sas - r i ch  meteor i tes a re  c o n s i s t e n t l y  so lor te r  
chan 4.55 AE, ~..g., 4.22 t o  4.43 AE f u r  carbonaceous chondri tes (Macaougall arid Pr ice .  1974; 

I 
Macdougall and Kothar i ,  1976). <1.3 AE f o r  o rd inary  chondr i tes (Schu l tz  and Signer, 1977). 
and <3.6 AE fo r  the howardi t e  Kapoeta (Dymek ct  .I:. . 1976). Thus, yas - r i ch  metcor i  tes must 
have been made by processes t h a t  s t i  11 operated i n  t' 2 s o l a r  system 1.4 AE ago. no t  by t h a t  
du;able chimera, the  " e a r l y  i r r a d i a t i o n . "  

. I /' 
a: tgaqassing of t h z  i Chondri tr  Parent i?od:!,'i 

I I i A r e c u l i a r  t r a i t  o f  L chondr i tes i s  the preponderance o f  sho r t  K-Ar and U-He ages, 
I I 

! ! which are  d iscordant  between 1 and 4 AE b u t  become concordant a t  0.5 AE ,(Figure 5 ) .  Tnese 
I 

sho r t  ages c o r r e l a t e  w i t h  shock and reheat ing symptoms, and the  obvious e x p l ~ r l a t l o ~  there- 
f ? r e  i s  t h a t  the L chond r i t e  parent  body broke up 0.5 t1E ago (Anders. 1964; He) .,arm. 1967. I 

1 
Taylor  and Hey~nann, 1969. 1971; Turner d ,~d Cadogan, i973; 6ogard it a? .  , 1976). The h igh  b 

p r o ~ o r t i o n  u f  s t rong l y  heated r r e t c o r ~ t e s  (950-1250'C; Wood, 1967, S n ~ i t h  and Goldstein,  
19773 i ~ i i p l i e s  a h igh  i npu t  o f  k i n e t i c  energy per u n i t  nldss, and hence a h igh  o r o j e c t i ! e /  
t a rge t  mass r a t i o .  The slow coo l i no  ra tes  o f  rnany o f  the heated meteor i tes  (0.01-1 degreei 
year )  s ~ g g e s t  t ha t  t i le pr imary fragments were o f  k i l ome te r  d inwn- '  > ions.  ! 

I 

A t  l e a s t  two- th i  rds o f  the know0 I chondr i  tes bear the s ignature  o f  t h i s  500 4y r  r e -  
) 

heat ing  event. and henc? niust have been contained i n  one o r  a t  111ost two bodies a t  t h a t  t irne. 
This i s  ear./ t o  reconc i l e  w i t h  an as te ro ida l  bu t  n?? w i t h  a cc'netary o r i g i c ,  becz2se corncts I 
su re l y  d i d  not  o r i q i n a t e  i n  a s i n a l e  c o l l i s i o n ,  nor were t h e j  heated t o  .1000' f o r  centur ies  

I o r  m i l l enn ia  a f t ~ r w a r d s .  
I 
i ! 

i ~ a n k e  (1966) and d e t h e r i l '  (1978) have questioned t h i s  i n t e r p r e t a t i o n .  I n  t h e i r  view. 
I 

1 ' 
the gas loss  occurred du r i ng  the f i n a l  c o l l i q i u n  t h a t  e jec ted  the decimeter--sized r r~e teo r i t e  

: p from i t s  y r e n t  body, and corresponds t c  the o ~ i s e t  o f  cos th :~- ray  exposure. The rad iop rn i c  
4 , "age" o f  560 Myr theq does not  represent a t r u ~  age. bu t  ~r ie re ly  the f o r t ~ i  tous r e t e n t i o n  o f  

j 1 1 :ome 6 o f  the He4 dnd 3 3 f  the Arb@. 
.- /-- I I ! 

_ ------- This hypothesis does no t  exp la in  why sho r t  gas- re tent ion  dces arc- 1-ach Illore collrllon 
among L thdn arrlong ti chondr i tes (F igure  5 )  and why they occur acrcss the f u l l  range o f  

i 'J , 
cosmic-ray aqes (F igure  6 ) .  If the gas l oss  took p lace on ly  du r i ng  the impact correspc~nd- 
i ng  t o  the cosmic-ray age, why are these inipacts always morc severe on the L chona r i t e  

' ,  : j parent body? Studies a t  lunar  and t e r r e s t r i h l  c r a t e r s  show t h a t  the  major oa r t  3f the  



Fig. 5. L chondrites show a large proport ion o f  U-He ages less than 2 At, 
accompanied by shock ard reheating e f fec ts  i n  most cases (Taylor and 
Heymann, 1969). Because these ages tend t o  become concordant w i t h  K - A r  
ages a t  0.5 AE, i t  appears t ha t  large pol t ions o f  the L chondri te parent 
body here reheated and outgassed a t  t ha t  time, presumably by a c o l l i s i o n  
tkt ,;sduced a Hirayama family. 

Fig. 6. Regardless o f  c o ~ - . c  ray age, shor t  U-He ages are common among 
L chondrites but rare among H chondrites. Many o f  these meteorites a lso 
were shock-heated t o  950-1250°C and cooled a t  rates o f  0.01-1°/yr, corre- 
sponding t o  bu r i a l  depths o f  up t o  1 km o r  more. Consequently, the gas 
loss and reheating cannot have been caused by the impact t r i gger ing  the 
cosmic-ray exposure era, but by an ear l i e r ,  l a rger  event. (From Wanke, 
1966). 



ejecta i s  only l i g h t l y  shocked, and does no t  have i t s  gas-retention ages reset. Wholesale 
gas loss, as f o r  the L chondrites (Figures 5 and 6) i s  very much the exception, and needs 
t o  be explained by some exczptional event, such as the c o l l  i s i o n  o f  two bodies of compa- 
rab le  size. 

Moreover, metal lographic studies show t ha t  many shocked L chondri tes cooled a t  rates 
o f  1 t o  0.01 deg/yr, corresponding t o  b u r i a l  depths o f  a ki lometer o r  more. But the impact 
t ha t  s ta r ted  the cosmic-ray exposure by d e f i n i t i o n  must have reduced the meteori te t o  less 
than a meter i n  size, avd so cannot be responsible for  the heat ing a t  1000 m depth. 

METEORITES AND ASTER0 IDS 

HimmZogy and Accretion Tenpemture 

Evidently, gas-rich meteorites formed as recent ly  as 1.4 AE ago, I n  a region 1-8 AU 
from the Sun where the c ra te r ing  r a t e  was lo2- lo3  times higher than a? 1 AU. These charac- 
t e r i s t i c s  po i n t  uniquely t o  the astero id  b e l t .  Moreover, astero id  mineralogy, as in fer red 
from spect ra l  r e f l e c t i v i t y  data, matches chondri t e  mineralogy t o  f i r s t  order. Asteroids, 
l i k e  chondrites, d i v ide  i n t o  a carbonaceous and a s i l iceous class, m:d since the tmtsi t ion 
fZlom siticeous to  cmbonaceacs nrinemiogy occu~8 a t  a nebutar condensction tenpemture of 
400°K (Larimer and Anders, 1967; Anders, 1972). i t  appears t ha t  ehondntes and ast.?ruids 
both c.ondensed i n  the wgia tmve~sed by the 400°K isotherm. 

Wether i l l  (1978) has c r i t i c i z e d  the condensation theory because i t  f a i l s  t o  exp la in  
why spec t ra l l y  d i f f e r e n t  asteroids occur a t  the same he l iocen t r i c  distance. I n  the f i r s t  
place, the co r re la t ion  o f  mineralogy w i t h  distance i s  not  bad, considering t ha t  tempera- 
tures f e l l  not only w i t h  distance but  a lso w i th  time (by some 50-100"; Anders, 1972; 
Alaerts e t  a t .  , 1977). Asteroids formed a t  large distances, where even the i n i t i a l  temper- 
atures were below 430°K, would be carbonaceous throbgnout; those a t  small distances, where 
even f i na l  t~mperatures were above 400°K, would be s i l i ceous  throughout; and those a t  i n t e r -  
mediate distances would have s i l iceous cores and carbonaceo~s mantles. Breakup of such 
hybrids would g ive a mix of C and S objects a t  the same distance. 

! Second, there i s  reason t o  be l ieve tha t  astero id  o r b i t s  have been scrambled since 1 t h e i r  formation. Whipple e t  at. (1972) have shown tha t  the h igh i n c l i n a t i o n  of 2 Pal las k 
1 ,  

4, 1 

cannot have 0ers is teJ throughout the accret icn stage, bu t  must be a post-accret ional fea- 
. , tu re  caused by an unknown perturbat ion process. This i s  also t rue  of other asteroids of 

1 1  high i and/or e .  Thus the imperfect co r re la t ion  between composition and semimajor ax is  i s  
a problem i n  dynamics, no t  cosmochemistry. No matter how t h i s  problem i s  u l t ima te ly  re- \ .; solved, the f ac t  remains t ha t  both meteorites and asteroids show the d i s t i n c t i v e  chacge i n  
mineralogy expected a t  400°K. Hence both must have formed i n  a reqion oi' space traversed 
by the 400°K isotherm. 

Xenoti thg 

A l l  of the objects proposed as meteori te parent bodies--asteroids, comets, Apollos-- 
I have o r b i t s  tha t  cross a t  l eas t  p a r t  of the astero id  be1 t for  a t  l eas t  pa r t  o f  t h e i r  h i s -  
! tory. During tha t  time they sweep up a random sample o f  astero ida l  debris, and cement some 

o f  i t  i n t o  impact breccias. Meteorites eventual ly carry  t h i s  debris t o  Earth i n  the form 
o f  xenol i ths (=  foreign inc lus ion$) .  I n  t h i s  manner, meteorites ac t  as a "poor man's 
space probe," samplin- bodies whose o r b i t s  do not a l low t h e i r  debris t o  reach the Earth 1 ;  I 

d i r ec t l y .  (;here may be some d iscr iminat ion against bodies o f  h igh encounter ve loc i t ies ,  

( I  ! but  t t i s  w i? '  gradual ly lessen a t  l eas t  f o r  the f i n e  debris, as i t s  o r b i t s  become c i rcu -  
lar ized.  ) \ I i  I 

I ;  . 
' i  
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Fig. 7. Xenoliths ( foreign i w l u s i o n s )  i n  
meteorites provide a r e l a t i v e l y  unbiased 
sample o f  mater ial  i n  the astero id  be l t .  
Carbonaceous chondri tes , especia l ly  C2s, 
predominate, accounting f o r  20 out  o f  27 
xenoliths. Ordinary chondri tes and t h e i r  
re la t i ves  (Ch) are the second most abundant 
class, w i t h  f i ve  represe~r ta t i  ves . None o f  
the meteori te classes t en ta t i ve l y  i den t i -  
f i e d  w i t h  S asteroids (mesosideri tes, i rons, 
Feff-bearing achondri tes ) have thus far  been 
found amng the xenoliths, and so i t  seems 
t ha t  ordinary chondrites and t h e i r  k i n  are 
more 1 i kely  candidates f o r  S astero id  
mater ial .  

i i 
! 

I 

I .  
I '  

i :  

. . 

t ha t  C2 chondrites are very abundant i n  a t  l eas t  one pa r t  of the astcro id  be l t .  The spec- 
trophotometric i den t i f i ca t i nns  o f  C2-1 i ke mater ial  by McCord and h i s  students (McCord, 1978 

! 
1 ;  

0 



Fig.  8. Gas-rich po r t i ons  o f  howardites 
conta in  a  foreign coaiponent, represent ing  
mixed i n te rp lane ta ry  debr is  p icked up du r i ng  
t h e i r  reg01 i t h  h i s to ry .  Abundance pa t te rns  
o r  t h i s  component i n  Jodzie avd Kapoeta show 
some resemblance t o  i? chondr i  tes, suggesting 
t h a t  C2 i hona r i t es  a re  the most abundant type 
of ma te r i a l  i n  the  rea ion ..f the howardi t e  
parent  body. (Frorn Hertogen c t  aZ., 1978). 

and references c i t e d  t h e r e i n )  thus a re  s t ronq l y  sup??rted by tang ib le  samples (F igure  S) ,  
and hence hard ly  need t o  be prefaced by caut ious disc la in lers.  

( 3 ;  "Ordinary chondr i tes"  i n  tne  broadest sense cc rcrise the  second nlost ahundant 
group. R I J ~  on ly  one o f  f i v e  such xeno l i t hs .  crn t! chondt- d c t u a l l y  c o r r e s n ~ n d s  t o  a  

c lass .  Thus the  o rd ina ry  chondr i  tes  are  n o t  r a r e  ;. der i ved  from 1-3 vct- tn-be- 
discovered as tero ids  o f  the r i p h t  re f lec tance spectrum. , , are sa1;lples o f  a  r a t h e r  abun- 
dant type of mate r i a l ,  o f  f l ietal content  ,-20'., which i s  cunmon e111)ugh i n  the a s t e r o i d  b e l t  
t o  have con t r i bu ted  f i v e  o u t  o f  27 xeno l i t hs .  

I t  i s  sugqestive t h a t  the second most abundant group o f  vnno l i t hs  nlatches the second 
nnst  ahundant c lass  o f  asteroids,  the S as tero ids .  i n  gross nr i~ ieraloqy.  Both cons i s t  
mainly of u l t r ama f i c  s i l i c a t e s  and metal. Accordin? t o  sorlc i n t c r p r e t n t i o n s ,  howcvet-. the 
S as tero idq  are  niuch r i c h e r  i n  meta' (0-50 vs. <2fl ) ,  and thus rcscmblr e i t h e r  stony i r ons  i 
(mesosideri tes, pa l  l a s i  t es )  o r  coarser-scale ( ? I  CI!~) mixtures o f  s i  1  i c a t c s  and metal ,  r a t h e r  I 

than chondr; fes (McCord and Gaffey, 1974; Chapman, 1976, 1977). This i n t e r p r e t a t i o n  ra ises  
th ree questions: 



I .  
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1. Why i s  t h e  second m s t  abundant as te ro id  c lass  no t  represented 
among xenol i ths? 

2. Why a re  i t s  m e t e o r i t i c  equ iva lents  so ra re  among known f a l l s  
(11 stony i rons,  o r  46 i rons  and 67 achondri tes* among 854 f a l l s ) ?  

3. Why i s  there  no as te ro ida l  equ iva lent  of  the  most populous c lass  
o f  meteorites, and o f  the  Apollo-Amor ob jec ts  t h a t  resemble them? 

The f i r s t  quest ion has no ready answer. The greater  crushing s t reng th  o f  stony i rons  
would cause some underrepresentation, b u t  t h i s  i s  o f f s e t  by the i rrconspicuousness of ord in-  
a ry  chondr i te  xeno l i ths  i n  ord inary  chondr i te  hosts. 

t 
To answer the  second question, one might pos tu la te  dynamical b a r r i e r s  t h a t  prevent t he  

great  m a j o r i t y  of S as tero ids  from d ispatch ing f r a ~ m e n t s  t o  Earth. But t h i s  seems u n l i k e l y :  
s ince S as tero ids  are  the second most abundant c lass  o f  asteroids,  and a re  f a i r l y  evenly t 

spread through the inner  h a l f  o f  t he  b e l t ,  they s h o l ~ l d  con t r i bu te  t h e i r  share o f  meteor i tes 
and Apollo-Amor ob jec ts  l eav ing  the be1 t through various escape hatches. Though t h e i r  pre- 

J 

sumably greater  crushing s t reng th  might cause them t o  be underrepresented r e l a t i v e  t o  C 
asteroids,  t h e i r  concent ra t ion  i n  the  i nne r  h a l f  o f  the  b e l t ,  where most o f  t he  escape i .  
hatches are, would o f f s e t  t h i s  fac tor .  I r o n  m e t w r i  tes  have s t i l l  h igher  crushing strengths,  i 
and y e t  about 12 c lasses o f  i r ons  (of very d iverse chemistry, coo l i ng  ra te ,  and hence nebu- ! 
1ar p lace o r  o r i g i n  ( K e l l y  and Larimer, 1977; Scot t  and Wasson, 1975)) do ge t  ou t  i n  copious 
numbers, although ( m e t a l l i c )  M Asteroids are much r a r e r  than S as tero ids .  And so do var iocs  
kinds o f  achondrites, though t h e i r  as te ro ida l  counterparts are e i t h e r  unobserved, o r ,  i n  the 
case o f  Vesta, unfavorably s i t ua ted  for  t ransmission o f  meteor i tes t o  Earth. Since these 
ra re  types are  able t o  asser t  t i~emselves, and reach Ear th  i n  s i g n i f i c a n t  numbers, i t  i s  n o t  
c l e a r  how the far  more abundant S as tero ids  are  t o  be prevented from d ispatch ing t h e i r  f rag- 
ments t o  Earth. 

Thus we are  l e f t  w i t h  two p o s s i b i l i t i e s .  E i t h e r  the S astero ids  are  stony i rons,  i n  
which case we must exp la in  why they are  autnumbered i n  the wor ld 's  meteor i te  c o l l e c t i o n s  by 
the me teo r i t i c  equivalents o f  much r a r e r  o r  unobserved as te ro id  types. Or they are  o r d i -  
nary chondrites, i n  which case we must exp la in  why the  spect ra l  r e f l e c t i v i t y  data t e l l  us 
otherwise. A poss ib le  reason i s  p re fe ren t i a l  erosion o f  b r i t t l e  s i l i c a t e  p a r t i c l e s ,  leav- 
i n g  the surface enriched i n  metal. I, a t  least ,  f i n d  i t  eas ie r  t o  be l i eve  t h 3 t  the spec- 
t r a l  r e f l e c t i v i t y  data mislead us than t o  acceDt the a l t e r n a t i v e :  t h a t  t he  most abundant 
meteor i te  c lass has no as te ro ida l  equivalent ,  and the second most abundant as te ro id  c lass 
has no x e n o l i t h i c  and on ly  r a r e  m e t e o r i t i c  equivalents.  
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ARNOLD: The luna r  exposure has been comparatively recent,  I mean i n  the  l a s t  couple o f  
b i l l i o n  years. The exposures t h a t  produce these r a r e  gases were o lde r ,  presumably, and 
does one no t  assume t h a t  such cond i t ions  as the r a t i o  o f  the age i n d i c a t i n g  f l u x  to  the 
s o l a r  wind f l u x  constant? Cer ta in l y  the l una r  evidence. and conmon sense also,  suggests 
i f  we were going back a  long time, the c r a t e r i n g  r a t e  was considerably higher back a t  
the beginning than a t  any l a t e r  po in t .  

ANDERS: Some o f  these meteor i tes conta in  xeno l i ths  and c l a s t s  t h d t  hdve been separately 
dated and some of them are as yout?g as 1.4 b i l l i o n  years. This means the compaction of  
these rocks happened s t i  11 more recen t l y  qnd therefor1 the implanta t ion  of these noble 
gases d i d  not  occur a t  the  dawn o f  the  sc J r  system but  i n  recent  times, over lapping 
the format ion t ime o f  the lunar  breccias.  

VEVERKA: Are these argon loss ages? 
ANDERS: For Kapoeta they are rubidium-stront ium ages, f o r  s o w  o f  t he  others they are 

potassi  um-argon ages. 
WETHERILL: I th ink  i t  i s  important  t h a t  you recognize you are  t a l k i n g  about e n ~ i r e l y  d i f -  

f e r e n t  ob jec ts  here. Kapoeta i s  a  howardite which has a l l  t he  c h a r a c t e r i s t i c s  of the  
lunar  r e g o l i t h .  On the  d the r  hand. ord icary  chondr i tes and carbonaceous chondr i tes 
have a  very 1  im i ted  reg01 i t h i c  h i s t o r y ,  and s9 are  n o t  as s i m i l a r  as Kapoeta t o  the  
Moon. I th ink  there  are  problems which are obscured by lumping a l l  these meteor i tes 
together. 

ANDERS: I am a f r a i d  you are e n t i r e l y  s istaken. Ordinary chondri tes and carbonaceous chon- 
d r i t e s  do have e s s e n t i a l l y  " a l l  the c h a r a c t e r i s t i c s  o f  the l una r  rego; i th " :  microcraters,  
so la r  f l a r e  t racks.  an i so t rop i ca l  l y  i r r a d i a t e d  grains,  steeo t rack  gradients,  s o l a r  wind 
gases, etc.--see the paper by Goswami e t  a l .  (1976) and e i g i i t  o ther  references c i t e d  i n  
my paper. They lack  the glassy agg lu t ina tes  one f i n d s  i n  l u r ~ a r  breccias and i n  Kapoeta, 
f o r  t he  simple reason t h a t  they don ' t  conta in  enough fe ldspar  t o  nahe glass-- look a t  any 
meteor i te  ~ o l  l e c t i o n  and you' 11 see t h a t  on ly  the fe ldspa r - r i ch  achondri tes (1  i ke 
Kapoeta) have shiny, g lassy fus ion  crus ts .  Ordinary and carbonaceous chondr i tes have 
d u l l ,  non-glassy crus ts ,  because t h e i r  p r i n c i p a l  minerals,  u l i v i n e  and pyroxene, do n o t  
r e a d i l y  form glasses. 
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CHAPMAN: Ccllld you def ine how the s o l a r  wind i s  being implanted i n  t h i s  t op  sur face l a y e r  
compareJ t o  the  meter depth of exposure t o  cosmic rays? What are the phys ica l  requ i re-  
ments chat you have fo r  g e t t i n g  implanted gas? I s  mix ing required? 

ANDERS: i o r  s o l a r  wind implantat ion,  the g r a i n  must be a t  the  very top, w i t h  e s s e n t i a l l y  

I 
1 : 

noth ing between i t  end the Sun. As shown by Poupeau e t  a t .  (1974) i n  t h e i r  study o f  
aubr i tes ,  m e t e o r i t i c  gra ins  spend much less  t ime a t  t he  surface than do l una r  grains,  
i.e. , 1-100 years versus l o 6  years. Thus they genera l ly  do n o t  develop the amorphous 
surface l a y e r  t h a t  i s  very leaky f o r  l i g h t  noble gases and prevents lunar  grd ins  from 
b u i l d i n g  up t h e i r  f u l l  complement o f  He and Ne r e l a t i v e  t o  Xe. To account f o r  these t 
shor t  ages, some mixing o r  b lanket ing process i s  required.  Poupeau e t  a t .  have shown 
f o r  aubr i  t es  t h a t  the  s o l a r  f l a r e  t rack  dens i t i es  imply a residence t ime o f  lo3-10" y r s  
i n  the top 10 um, compared t o  105-107 yrs  f o r  l una r  grains.  Most gra ins  do no t  , . 
evidence f o r  m u l t i p l e  exposure, and so the process i s  best  described as "b lanket ing"  
o r  "bur ia l , "  r a t h e r  than "mixing." 

ZELLNER: There are on the order  o f  one hundred S astero ids  w i t h  diameters l a r g e r  than 50 km. 
We have d e t a i l e d  spectra f o r  a l i t t l e  less  than h a l f  o f  them. So you cannot exclude 
t h a t  among the S as tero ids  which have no t  been s tud ied  by more d iagnost ic  techniques 
there  cou ld  be o rd ina ry  c h o n d r i t i c  bodies. And we don ' t  need a l o t  o f  tkem, co r rec t?  

ARNOLD: W e t h e r i l l ' s  argument i s  t h a t  there are  spec ia l  dynamic means t o  b r i ng  these th ings  
t o  the Earth. I f  t h a t  i s  t rue,  then i t  i s  not  the whole c o l l e c t i o n  t h a t  i s  c o n t r i b u t i n g  
it. some propor t iona l  way, bu t  th ree o r  f ou r  ob jec ts .  There i s  o the r  evidence concerning 
bunching o f  bonlbardr~lerli ages and th ings o f  t h a t  k ind  which strengthen those arguments 
very much, i t  seems t o  nle. And so i t  may very w e 9  be t h a t  oust  ord inary  chondr i tes are 
coming from a very l i m i t e d  number o f  parent bouies which al lows, as fa r  as I am con- 
cerned, Zel l n e r ' s  p o i n t  t o  std~lci. I t  may t u r n  out  t h a t  they are  undiscovered. 

ANDERS: I agree t h a t  the parent bodies o f  the ord inary  chondri tes may be j u s t  a small 
subgroup o f  the S as tero ids .  But i f  my arguments are va l i d ,  then the ma jo r i t y  o f  the  
o ther  S as tero ids  are c h o n d r i t i c  w i t h  no more than 20" metal. 

WETHERILL: With regard t o  the S astero ids .  I d o n ' t  see why they have t o  be a mesosideri t e  
o f  the same s o r t  we have i n  the labora tory .  They cou ld  very we l l  be d i f f e r e n t i a t e d  
ob jec ts  which have mixtures o f  i r o n  and b a s a l t i c  mater ia ls  on the surface, which on a 
d i f f e r e n t  scale would be a mesosiderite. b u t  they cou ld  be i n  our c o l l e c t i o n s  as basal-  
t i c  achondri tes and as i r o n  meteor i tes.  

ANDERS: I f  t h a t  i s  t ruc ,  then there  should be many basal t i c  c l a s t s  among the xeno l i ths ,  
and y e t  n o t  one has been found. According t o  Figure 7 o f  my paper, the  known meteor i te  
classes comprise some 10 space probes t h a t  t raverse a t  l e a s t  p a r t  o f  the  as te ro id  b e l t  
and c o l l e c t  a more o r  l ess  unbiased sample. Annng the f i r s t  27 such samples co l lec ted,  
we have found no howardi tes, qc eucr i  tes,  and no mesosider i tes.  I would argue t h a t  
anything we don ' t  see probably i s  rare,  though t h i s  conclusion i s  l i m i t e d  both by s ta -  
t i s t i c s  and by observat ional  selection. For example, o: iv ine xeno l i ths  would have been 
l a r g e l y  overlooked. 


