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ABSTRACT 

The c lass i f ica t ion  of mesosideri t e s  proposed by Powell (1971) i s  

modified and expanded to include impact melts. A petrographic study of 

a l l  20 mesosiderites reveals tha t  most contain a complex assemblage of 

mineral, l i t h i c ,  and metal c las t s .  Mineral fragments dominate the c l a s t  

population and consist  primarily of orthopyroxene, plagioclase, and 

olivine.  Li thic  cl  as t s  provide important information on the surface and 

near-surface d i . s t r i  bution o f ,  magmatic d i f fe rent ia tes  and polymict brec- 

c ias  on the mesosiderite parent body; l i t h i c  c l a s t  types include dio- 

genites, plagioclase cumulate eucri tes ,  basa l t ic  eucri tes  and dunites, 
, .- . 

as well ' as secondary or modified rock typei  such as metaeucrites, 

recrystal l ized breccias, and impact-melt breccias. A majority o f  

mesosiderites contain both diogenitic and euc r i t i c  c l a s t s .  The occur- 

rence of l i t h i c  fragments i n  most mesosiderites and the subsequent 
. . . . . . 
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found as c l a s t s .  Although many of the same c l a s t  types are also present 

i n  howardi t e s ,  important differences ex i s t  between the two meteorite 
I 

groups: howardites lack appreciable metal, ol ivine,  t r o i l i t e  and ': 

phosphate, a l l  integral consti tuents of mesosiderites, b u t  contain 

various glasses and rare  chondr i t  i c c l  a s t s  not found in mesosi der i tes .  

These differences may ref 1 ect origins on d i f fe rent  pl anetary bodies or 

localized origins on the same, heterogeneous planet. The mesosiderite 



parent body, if s t i l l  intact, may be either '(1) asteroid 4 Vesta or ( 2 )  

one or more of the 12 large asteroids with inferred mesosiderite or 

pyroxene stony- iron surf aces. 



INTRODUCTION 

The mesosiderites (Table 1 )  comprise a re la t ive ly  small b u t  impor- 

tant  group of meteorites ( 6  f a l l s ,  14 f inds)  tha t  can potent ial ly  shed 

much l ight  on the early evolutionary his tory of different iated planetary 

bodies. Within t h e i r  brecciated s i  1 icate  and metal 1 i c  portions are pre- 

served a succession of events involving magmatic different iat ion,  brec- 

c iat ion,  melal-sil icate mixing, and b u r i a l  metamorphism (Powell, 1969, 

1971). Ongoing petrologic studies (Hewins -- e t  a1 ., 1977; Floran and 

Prinz, 1978, Floran -- e t  a1 ., 1978a; Nehru -- e t  a1 ., 1978) support t h i s  com- - . 

plex record of events. However, the origin of the  mesosiderites and 

the i r  relationships ' t o  other meteorite groups i s  poorly understood. 

Much additional petrochemical data i s  required to  understand the evolu- 

tion of the group as a whole as well as individual mesosiderites. each 
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the role of impact processes including impact melting, and the parent- 

source bodies for  these meteorites. Impact crater ing i s  now recognized 

as a fundamental process tha t  resulted i n  primordial melting an'd igneous 
I .- : 

di f ferent i  at ion of the moon and planets (Wetherill, 1976), and probably 

a s ignif icant  f rac t ion  of the larger asteroids.  Recent attempts by 
- . -  

Chapman (1976), Gaffey and McCord (1977), and others t o  r e l a t e  the 

spectrophotornetric properties of different iated (as well as undif- 

ferent i  ated meteorites) t o  specific asteroids emphasizes the important 



role that  impact events have played in the accretion and col l is ional  

fragmentation of these bodies. 

As w i t h  other meteorites, early studies of mesosiderites were 

limited to descriptions of the circumstances surrounding t h e i r  f a l l  or 

discovery, often accompanied by a brief discussion of the i r  mineralogy 

and gross chemistry. The f i r s t  attempts to  discuss the origin of the 

mesosiderites as a coherent group were given by Prior ,  who i n  a 'series 

of papers (Pri  or, 1910, 1918, 1921), provided excel lent and perceptive 

petrographic descriptions of a l l  b u t  2 of the then-known 9 mesoside- 

r i t e s .  During the next 50 years none of the mesosiderites were examined 

i n  detail ,  except Mount Padbury' (McCall , 1966). Lovering (1962) . . .  and 

Duke and Si lver  (1965) touched upon the petrology and origin of the 

. mesosi der i tes  b u t  both of these studies were primarily concerned w i t h  
-. . \-,. 

other meteorite groups. Our knowledge of mesosiderites was s igni f i -  
:TC-.- . ' 

. .. - ..... . . . . . . .  ... . .  . . . 
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Mitt lefehldt (1977) has determined REE patterns for  several mesoside- 

r i t e s .  Recent studies of i ndivi dual mesosideri t e s  include those . of . 

Hewins -- e t  a l .  (1977) and Nehru -- e t  a l .  (1978) on the petrologp of Emery, 

Floran -- e t  a l .  (1978a,b) on the impact-melt origin o f  Simondium, . 

Hainholz, and Pinnaroo, and Murthy -- e t  a l .  (1977, 1978) on Rb/Sr, and 
... 

4 0 ~ r -  3 9 ~ r  systematics of Esthervil l e .  

In t h i s  paper previous data and hypotheses of origin are reviewed 

and evaluated in the l ight  of new information obtained from a petrologic 



reconnaissance survey of a l l  20 mesosiderites. Emphasis i s  placed on 

the clast-laden nature of the mesosiderites, the impact-me1 t origin for 

several of them, and the dis t r ibut ion and re la t ive  abundances of c l a s t  

types as a key to  unravelling the history of this enigmatic group. The 

nature of the c l a s t  population i s  especially c r i t i c a l  i n  determining 

the re la t ive  importance of various rock types ex is t ing  in plutonic and 

volcanic environments within the parent body (or bodies). 

SILICATE-METAL RELATIONS 
. . 

As noted by Powell (1969), textural and other data are not 

def ini t ive in set t . l ing the question as to whether the metal component 

of mesosiderites was i n  a solid or liquid s t a t e  a t  t h e  time of mixing 

with s i l i c a t e  material ,  although he la te r  favored a sol id-s tate  origin 
.%... 

( P O W  e l l ,  1971). The 3-dimensi onal i nterconnection of metal observed by 
.-. . . . . .  PoweJ 1 (but  mot observed, i n  the Bondoc mesosiderite; Wilson, 1972) i s  . -- . . . .  . . . . . . .  . . . .  -. . . . .  - 
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mesosiderites. This assumption may not be valid f o r  a l l  of the 

metamorphosed mesosideri t e s ,  nor for  the f i  ner-grained metal in . the . 

impact-me1 t s  . However, the re1 a t  ively 1 arge metal "nodules"' t ha t  occur 

i n  v i r tua l ly  a l l  mesosiderites (Floran -- e t  a1 ., 1978a) are c lear ly  

~ l a s t s  that  were intimately mixed as solids (Fig. 1). Wilson (1972) 

described a l ineation of metal .nodules and large pyroxene c l a s t s  in 

Bondoc which' he at t r ibuted to sol id-state shaping during deposit ion. A 

directional fabr ic  is  also observed for  'metal c l a s t s  i n  Estherville 



(see  Fig. 3 ,  Powell, 1971), bu t  i t  i s  uncertain whether t h i s  is deposi- 

t iona l  in or igin  or due t o  metamorphic reorgani'zation. Metal c l a s t s  

of ten contain s i l i c a t e  inclusions (Fig. 1; Axon and Nasir, 1977; Powell, 

1971) and there may be a gradation in some mesosiderites, e spec i a l l y  

t he  highly rec rys ta l l i zed  ones, from metal c l a s t s  w i t h  s i l i c a t e  inclu- 

sions t o  metal-rich s i l i c a t e  c l a s t s .  

PETROGRAPHY OF MATRIX 

Mineralogically, the  mesosiderites are low-Ca pyroxene, plagio- 

c lase ,  olivine-bearing, stony iron meteorites consis t ing of .L 50% 

. . .  . . .  s i l i c a t e s  and 50% Ni-Fe metal. .Minor and accessory mineral phases. 
. . 

genera 1 ly  present i n  a1 1 mesosi deri tes include, i n  approximate decreas- 

ing order of abundance: t r o i l i t e ,  t r idymite,  chromite, whi t locki te  

(and/or apat i te) , ,  augi te ,  schre ibers i t e ,  ilmenite, and . - r u t i l e ;  t h e  
. -  - 

. . - - 1971) -;--,. ..--.- ..... --. . - - - - -1 a t t e r  . - -  two:. phases . . . . . . . . . . . . - . . . . .  -are  t* i cal ly.,.present- in t race  .amount$: (Powel 1 . . . . . . . . A * . . . ,  . . : . .  
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copper (Ramdohr, 1965) in  Patwar, s t a n f i e l d i t e  i n  Es the rv i l l e  (Fuchs, 

1969) and Bondoc (Wilson, 1972), f a r r ing ton i te  i n  ~ i n c ~ . ( ~ a l i  ssa ,  1974), 
. , 

spha l e r i t e  in Pinnaroo (Ramdohr, 1965), and zircon i n  Vaca Muerta . .*,:., .? 
. - . " i t  ... - .  

. . . .  (Marvin and Klein, 1964). ~ a w r e n c i t e  appears t o  have been o i i g i n a l i y  
7.:' ' 

9 ' .  , 

present i n  Crab Orchard, Mount Padbury, Pinnaroo, Vaca ~ u e r t a  (Ramdohr, 
. - 

1965.), and Bondoc (Wilson, 1972). The presence of lawrencite, possibly 

i n  a l l  mesosiderites, i s  a major fac tor  contributing t o  t he  steady and 
- .  

continued dis integrat ion of many members of t h i s  meteori te group. For 



detailed petrographic descriptions of individual phases the reader is 

referred to  Powell (1971) and Ramdohr (1965). 

On the basis of various petrographic c r i t e r i a ,  Powell divided the 

mesosiderites into three metamorphic subgroups representing an implied 

sequence of increasing recrystal l izat ion.  These c r i t e r i a  included (1) 

degree of preservation of brecc i ated texture, ( 2 )  si 1 i cate grain s ize,  

( 3 )  grain boundary contacts, ( 4 )  scale  of textural heterogeneity, (5) 

low Ca-pyroxene relat ions,  and (6)  extent of coronal' development around 

ol ivine c l a s t s .  Additional information such as the  nature of the c l a s t  

popu 1 a t  i on further elucidate the petrogenesi s of these meteorites and 

more clear ly delineate differences as well as s imi l a r i t i e s  among sub- 
. . . . 

groups. 

In Table 2 a revised c lass i f ica t ion  is presented tha t  incorporates 

the ma'in elements of Powell's scheme. Subgroups 1, 2, atid 3 remain 
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meteorites, Clover Springs aid Verami n ,  represent an intermediate 'level 

of textural 'reorganization and appear to  represent tex tura l  precursors 
. " .  

of the PX POIK and PLAG POIK mesosiderites respectively. A new'major 

subgroup, subgroup 4, has been added (Table 2) to  accomodate c l a s t - '  . 
. 

1 aden, igneous-textured mesosi der i tes  w i t h  petrogra.phic features  con- 

s i s t en t  with- an impact-melt origin.  A detailed mineralogic and . 

petrologic report of these mesosi der i tes  is given elsewhere (Floran - e t  

a1 ., 1978b). Although Hainholz and possibly Esthervi l le  are impact - 



melts, both have been recrystal l ized during a l a t e r  metamorphic event; 

they are thus designated as special members of subgroups 2 and 3 (i .e. ,  

2*, 3*) dependin.g on the in tens i ty  of recrystal l izat ion.  

Shock deformat ion features,  considered defini t ive evidence of 

origin during a hypervelocity impact event, are, not abundant i n  the 

mesosiderites b u t  have been ten ta t ive ly  identified within a number of 

mineral and l i t h i c  c las t s .  These features include fracturing, undulose 
, . 

ext i  nction, mosaicism, and r.ecrystal1ization i n  pyroxene plagioclase 

and olivine,  pl anar lamell ae i n  orthopyroxene, and rare  "checkerboard 

. me1 t i  ng" of orthopyroxene. Strong shock effects ,  however, are  absent, 

largely because of the recrystall ized nature of most mesosiderites. 
. .: . _ - . . - -  . - - .  - ._ . ... -. . , . '  . - . , _ _ . - _ .  - . -  . . .  ,.. ...,. . . _ . . .  * . .., - . . - - -. '.. ,. . . . .. . - , - - .  

McCall (1966) has described fine-grained mosaic plagioclase w i t h i n  a .  

cumulate eucri te  c l a s t  of Mount Padbury that  may be thermally recrystal-  
? - -  

lized maskelynite. Jain and Lipshutz (1973) estimated, on the basis of 

-- - . . . 
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impact i s  supported by concordancy of fission track ages (140 5 '40 Myr) 
. . .  

and cosmic ray exposures ages ( %  150 Myr) (carver and Anders$ 1976). . . . , .  .._ . 
. . 

Of uncertain significance i s  the widespread kink banding. and undulatory .: . . 
. I  . . 

extinction tha t  i s  present i n  olivines of many mesosiderites. Carter 
- . - .. . - -. - - . 

e t  a l .  (1968), concluded that  these probably formed by p l a s t i c  deforma- 

tion under s t a t i c  conditions, thus implying a non-shock origin. 



The s i  1 icate  textures of representative mesosideri tes  of each 

subgroup are i l lus t ra ted  in Figs. 2, and 3. Members of subgroup 1 are 

characterized by very fine-grained matrices and angular c l a s t s  (Fig. 

?a) .  ~ x c e ~ t  for the metal component these meteorites resemble s l igh t ly  

recrystal  lized, lunar clastic-matrix breccias. However, the nature of 

the matrix from a mineralogic and textural  point of view is not eas i ly  

discernible.  Subgroup 2 has two members as i t  did i n  Powell's c l a s s i f i -  

cation, b u t  Clover Springs i s  new and Hainholz, although also moderately. 

recrystal l ized,  has been removed and reclassif ied as a medium grade 

metaigneous mesosiderite. The d is t inc t ive  textures of Veramin (Fig. 2b) 
. . 

and Clover Springs are essent ia l ly  identical to  the s l ight ly  coarser 

grained PX POIK and PUG POIK textures of subgroup 3. PX POIK 

mesosiderites are characterized by m sized orthopyroxene poikiloblasts 

(Fig. Zc), both as coarse anhedral overgrowths opt ical ly  continuous w i t h  
..--. - .  .- . - . . .  
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... . . . . . .  :. . . - - - -. ;.d .-.-" -.. . . . . .  .' ..r..ai..$ite.', .dfteh associ-ated with o r t  hopyroxene'that' has inv&ted 'from . . . .  

pigeonite, i s  ubiquitous i n  the poikiloblasts b u t  is rare  or absent in 

c l a s t  cores.' Variations in the s i ze  of the poik i loblas ts . i s ,  t o  some 
. . 

extent,  controlled by the abundance of metal; i n  Emery, metal firms a 

connecting network between pyroxenes which tends to  l imi t .  the s i ze  of . 

the poiki loblasts ,  while in Lowicz most metal occurs in a few discre te  

masses, allowing pyroxene poikiloblasts to  achieve cm-sized dimensions 

(see Fig. 4 ,  Powell, 1971). In the PLAG POIK mesosiderites 



or t  hopyroxene occurs as numerous, small rounded granules often 

p o i k i l i t i c a l l y  enveloped within polysynthetically twinned plagioclase 

(Fig. 2d). This texture is not always obvious i n  transmitted, plane- 

polarized l ight  b u t  i s  well displayed in reflected l ight .  The s i l i c a t e  

f rac t ions  of .subgroup 4 mesosiderites, and to  a lesser  extent tha t  of 

Hainholz, display igneous textures simi 1 ar to  those of t e r r e s t r i a l  

basa l t s  (Fig. 3; Floran -- e t  a l .  1978a,b). The high c l a s t  content of 

Hainholz and ~imondium and the highly variable response of ~ l a s t s  to  

the thermal e f fec ts  of the melt ( i  .e. ,  l i t t l e  or no recrystal l izat ion,  

extensive recrystal l  ization, par t i  a1 checkerboard melting) is typical 

of t e r r e s t r i a l  and lunar impact melted rocks (Floran -- e t  a1 ., 1 9 7 8 ~ ) .  

Of the two mesos.iderites ' tha t  are classif ied as metaigneous, only 

Hainholz pa r t i a l ly  retains an igneous texture, tha t  i s  very similar t o  

' t h e  intergranular basal t ic  texture of Simondium. In contrast, 

-.-. . . .  Esthervi l le  is a highly recrystall ized clast-laden mesosiderite w i t h  a 
. . . . ... -. 
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PETROGRAPHY OF CLASTS 

Table 3 l i s t s  c l a s t  types tha t  have been identified i n  each 
I . ~ 

mesosideri t e  based primarily on petrographic examination of one or . more - 
. .  

polished t h i n  sections. Hand specimen examination, when 'avail able, and 

1 i te ra ture  references were used as complementary data sources. I t  

should be noted that  these data are preliminary and tha t  study of 



addi t i  onal samples i s  1 ikely to  add heretofore unrecognized c l a s t  types 

t o  individual mesosiderites, For example, the s ingle  polished thin 

section of Chinguetti tha t  was examined measured only 5 mm x 7 m and 

almost cer ta in ly  i s  non-representative of the main mass; as a r e su l t ,  

no l i t h i c  c l a s t s  were found although they may well be present in t h i s  

meteorite. 

A general relationship which appears to  be t rue  of every mesoside- 

r i t e  i s  t h a t  mineral c las t s  are f a r  more abundant than l i t h i c  c l a s t s  

which i n  t u r n  are usually more numerous than recognizable metal c l a s t s .  

T h i s ,  relationship,  i n  part ,  re f lec ts  the present grain s ize re la t ive  t o  

the coarse grained mineralogy of the source rocks prior to  brecciation 
. .  , .  . . .  . - .  . . - .  . . - . . 

and mixing. 

The following observations are apparent from an examination of 

Table 3: 

. . . . . . . . . .  (1)  -The mineral c last .  population consi'sts of three phases: low - 
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are. ' f i i igirt--in mEt'm&6s?dikitks b u t  'the apparent lack of one or b o t h  

in Bondoc, ~udu lan ,  and Mincy may be s ignif icant .  Although t h e i r  

absence could be a sampling problem, i t  is worth noting that\ th;se 3 

meteorites have PLAG POIK textures (Table 2). Other minerals may. occur . 

in t race  amounts as c las t s  b u t  these were not posit ively ident i f ied.  

(2)  The most common l i t h i c  c l a s t  type is diogenite 

(orthopyroxenite). Probably a l l  coarse s ingle  crystal  fragments of 

orthopyroxene are derived from the fragmentation of diogenites. 



Pl agi oclase-rich 1 i th i c  c l a s t s  are a1 so abundant and generally indicate 

the presence of feldspar cumulate eucr i t e  fragments* rather than 

anorthosite. Cumulate eucri tes ,  with high.moda1 plagioclase content, 

are numerically the dominant l i t h i c  c l a s t s  i n  Clover Springs and Emery, 

while f iner  grai,ned, basaltic-textured eucri tes  are a major c l a s t  type 

i n  Dyarrl Island and Patwar. Rare, olivine-rich fragments (dunite) 

occur i n  several mesosiderites, the best described of which are those 

i n  Mount Padbury (McCall , 1966). Recrystallized breccia c l a s t s  are 

found i n  a l l  three metamorphic subgroups b u t  are most prevalent i n  

subgroup 1 mesosi der i tes .  In Patwar, s l igh t ly  recrystall ized breccia 

. . .  ... c la s t s  re ta in  igneous-textured matrices suggestive of impact me1 ting. 

A t  least  2 mesosiderites, Emery (Hewins e t  a1 ., 1977) and Mount Padbury 

(Wasson, 1974, F i g .  XIV-3), contain metal - s i l i ca t e  segregations tha t  

may be'clasts of earlier-formed mesosiderites. However, these are more 

.... . . . . . .  . :_. l ikely ...... to  .......... be l_._... select ively . . . . .  .-_. or ___- "part ia l ly"  -._.____L,_ ___ -.*._ melted ....<. - s i l i c a t e  _--_* -- ..... .--- cl-asts . . . .  ._ in-vaded. _ ...- .CL d.. ...... -i-i--:L..I . . .  . . .  . . . . <  . . . . . .  ..... . . , ' . -. 
- .  . .  . . .,. . . . . . . . . . 

observation i s  d i f f i c u l t  to  assess, as the lack of metal fragments may 

be due to  sampling bias since only four polished t h i n  sections of these 

meteorites were avail able for study. 

*In t h i s  paper- the term (feldspar) cumulate eucri te  refers  broadly to  
. ,  . a l l  medium and coarse grained, generally feldspathic fragments with 

gabbroic or granul i t ic  textures; similarly,  metaeucrites are basa l t ic  
eucr i te  c l a s t s  whose igneous textures,  while recognizable, have been 
1 argely recrystal  1 i zed to granobl a s t i c  aggregates. Other cl  a s t  types 
are defined on the basis of the i r  textural resemblance to  meteorit ic,  
lunar, or t e r r e s t r i a l  analogs. 



( 4 )  L i t h i c  c l a s t s  are best  preserved and t h e r e f o r e  most abundant 

i n  subgroup 1 mesosider i tes.  This i s  cons is ten t  w i t h  the view t h a t  

i nc reas ing  r e c r y s t a l l i z a t i  on tends t o  o b l i t e r a t e  t h e  igneous tex tu res  

o f  li t h i c  c l  asts, lead ing t o  a recogn izab le  c l a s t  popu la t ion  dominated 

by 1 arge s i n g l e  c r y s t a l s  and monomineralic, p o l y c r y s t a l l i n e  fragments. 

However, some of the  d i f f e rences  i n  the  c l a s t  popu la t i on  are r e l a t e d  t o  

pre-metamorphic abundances. For example, t h e  PX POIK and PLAG POIK 

mesosider i tes have d i s t i n c t l y  d i f f e r e n t  l i t h i c  c l a s t  contents; t h e  PLAG 

POIKS lack  e u c r i t e  fragments and are remarkably f r e e  o f  l i t h i c  c l a s t s  

except f o r  d iogen i tes .  I n  cont ras t ,  t he  PX POIK mesosider i tes apparent- 

. . .  
l y  con ta in  a v a r i e t y  o f  c l a s t  types not  found i n  Bondoc, Budulan, and 

M i  ncy . 
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processes t h a t  l e d  t o  t h e  fo rmat ion  o f  lunar  b recc ias  and t e r r e s t r i a l  

impact i tes .  A s i m i l a r  mode o f  o r i g i n  i s  necessary t o  account f o r  t h e  

m e t a l - d e f i c i  en t  analogs o f  mesosideri  tes--- the howardi tes. however, 

the  r e c o g n i t  i o n  o f  c l  ast -1 aden, igneous-textured mesosider i tes as- 

impact m e l t s  (F loran -- e t  al. ,  1978a,b) i n d i c a t e s  a m u l t i p l e  o r i g i n  f o r  
.... . . . . . . .  . . 

t h i s  group t h a t  i s  even more complex than suggested by Powell (1971). 

The i n f e r r e d  sequence o f  i nc reas ing  r e c r y s t a l l i z a t i o n  w i t h i n  t h e  

metamorphosed mesosi d e r i t e s  i s  somewhat analogous t o  the  succession o f  



petrologic types in the C1 -+ C6 chondrites (Van Schmus and Wood, 1967), 

with subgroup 4 possibly equivalent to  the melted or ul trametamorphosed 

Shaw meteorite (Dodd e t  a l . ,  1975; Berkley e t  a l . ,  1976) classif ied by -- -- 
Dodd e t  a l .  as an LL7 chondrite. As with the chondrites, uncertainty -- 
exis t s  as to  whether a higher grade mesosideri t e  can be derived from a 

lower grade mesosiderite solely by recrystal l izat ion.  Although Warner 

(1972) recognized a progressive metamorphic sequence in the Apollo 14 

samples, restudy of these breccias  indicate.^ tha t  most of the or iginal ly  

defined groups are no 1 onger considered valid (Simonds e t  a1 . , 1977). -- 
Petrographic observations suggest that  two d i s t inc t  paths of recry- 

- . . - . . - . s t a l l i za t ion  may be. present which a t  high grade resu l t  in the formation . . .  . . . 
. . . . . .  * ... - - .. . . - k .:, . - -  - - 

of P X  and PLAG POIK textures (Table 3 ) .  . Extensive recrys ta l l iza t ion  of ' 

c la s t  + matrix pyroxene of subgroup 1 mesosiderites could easily have 
- .. led to"development of the PX POIK texture,  b u t  the low grade precursors 

--..- .- of t.he PLAG POIK texture are not represented among known rnesosiderites. , .  . . --. 
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. mesosiderites, the lack of l i t h i c  c l a s t s  other than diogenites, and the 
. . 

unique texture suggest a fundamental difference w i t h  other mesoside- 

r i t e s .  Conceivably, intense recrystal l izat ion of a clast-deficient,  . . 

igneous-textured mesosideri t e  such as P i  nnaroo could have resulted i n  

formation of the PLAG POIK texture. Although the s i l i c a t e  fraction of 

t h i s  meteorite has an intergranul ar diabasic texture,  isolated plagio- 

clase la ths  occasionally enclose small, rounded pyroxene grains. If 



recrystal l izat ion of a Pinnaroo-like precursor were 1 imited primarily 

t o  plagioclase, a PLAG POIK texture might resu l t .  

In contrast  to  the PLAG POIK mesosiderites, Clover Springs and the 

related PX POIK mesosi der i t e  Crab Orchard, have abundant plagioclase 

cumulate eucri t e  and "anorthosi t e n  c las t s .  This is espec ia l ly ,  t rue  of 

Clover Springs (Table 3 )  and i s  supported by the low REE abundances and 

posit ive E u  anomalies obtained by Wanke -- e t  a l .  (1972) for  both meteo- 

r i t e s .  The KEE patterns are essent ial ly  identical t o  the plagioclase- 

rich cumulate eucri t e ,  Serra de Mage (Schnetzler and Philpotts, 1969). 

I t  should be noted tha t  the apparent r a r i t y  of t rue anorthosit ic c las t s  

. . .  i n .  any of the mesosiderites indicates tha t  plagioclase d i d  not play as 

prominant a ro l e  i n  the evolution of the mesosiderite parent body as i t  

did in the evolution of the lunar highlands. 

1; addition to  the divergent paths of recrystal l izat ion leading to 
. . -  
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question is whether the  s i l i ca t e -  matrices of subgroup 1 have a c l a s t i c ,  

c l a s t i c  + melt, or melt origin. The extremely f ine  grain s i ze  of t h i s  
. . 

subgroup, coupled with the tendency toward textural obl i terat ion 

induced by recrys ta l l iza t ion ,  hinders the resolution of th i s  problem. . .  

If vestiges of an igneous texture ex i s t ,  then these mesosiderites are 

related to  the impact melts. The SEM techniques developed by Phinney 

e t  a l .  (1976) f o r  lunar breccias might indicate whether the matrices of -- 
subgroup 1 are en t i r e ly  cl a s t i c  or have a s i l  i  ~ a t e  melt component. 



Such studies could shed much light on the bonding mechanism responsible 

for the coherency of the mesosiderites. 

In addition to  petrologic character is t ics ,  radiometric dating 

techniques can be potenti a1 l y  useful i n  understanding the evolutionary 

history of the mesosideri tes .  ~ n f  ortunately, few data are available 

except for cosmic ray exposure ages. Begemann e t  a l .  (1976) studied 13 -- 
mesosiderites and found no apparent clustering of exposure ages which 

ranged from 10 t o  160 Myr. However, a closer examination of t h e i r  data 

indicates tha t  six age groups may be tentat ively distinguished: (1) 

9 Myr (Barea), (2)  30 Myr (Clover Springs, Morristown), (3) 40 Myr 

(Budulan, Mincy), (4)  55-60 Myr (Lowicz, Esthervi l le ,  Crab Orchard), 
, . 

(5)  85-90 Myr (Patwar, Varami n ) ,  and (6) 130-140 Myr (Vaca Muerta, 

Emery, Bondoc) . The re1 at ively 1 arge uncertainty i n  most ages suggests 

that  the number of col l is ional  events may have been larger, although 

. these groupings are consistent within assigned er ror  l imits.  In . . - . . . . . . . . .  ... ... .. . : . . . . . . .  ......... . . . . . . .  ... . . .  - ..... 
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This age overlap and ident i ty  of petrologic type strongly suggests tha t  

both meteorites were involved in the same col l i s ional  event and very 

probably were located on the same parent body or the same fragm.ent of 

an or iginal ly  larger body. The same conclusion applies to Clover. - 

Springs (28 5 3 Myr) and Morristown (33 + 4 Myr). Morristown has a PX 

POIK, texture,  which is very simi 1 ar t o  that  of Clover Springs. The 

par t ia l  overlap i n  these two ,age groups indicates t h a t  until t he  

exposure ages of individual mesosi der i tes  are be t te r  resolved, t h e i r  

interpretation must be treated with caution. 



Relationships t o  the  howardites, eucri tes  and diogenites 

The l i  t h i c  cl  as t  types within individual mesosiderites (Table 3)  

provide a powerful tool with which to determine endmember mixing com- 

ponents. Further petrographic studies together w i t h  modal and bulk 

chemical analyses on a large number of representative samples may be 

able to quantify the r e l a t ive  contributions of c l a s t  types, and hence 

the ra t ios  of various mixing components as has been done with howardites 

(Dreibus -- e t  a1 ., 1977). This i s  especially t rue of subgroup 1 mesoside- 

r i t e s .  To a f i r s t  approximati on there are 6 s i l i c a t e  endmember com- 

ponents (Fig. 4 ) :  (1)  eucri te ,  ( 2 )  cumulate eucr i te ,  (3 )  diogenite, 

( 4 )  dunite, (5 )  recrystal l ized breccias, and ( 6 )  impact-melt breccias. 
. . - . . . . . . . . . .  . . . .  

These can be consolidated into an igneous or primary component comprised 

of d i s t inc t ,  mafic and ul tramafic meteorite- types, and a sedimentary or 
.\ .. 

secondary component consist  i ng of a group of heterogeneous brecci as. 

No mesosi deri t e  contains a 11 of the s i l i c a t e  endmember components and - - - .  ..--- . . . . . . . . . . . . . . . . .  - . . .  . . . . . . . . . . . . . . . . . . . . .  . .  . . . . .  . . .  - - .>. . . _ , - .. - . . . .  . . .  
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would plot near the cumulate eucri te  corner while Dyarrl Island and 

Patwar would plot within the eucrite-rich portion of the diagram. 

Although similar c l a s t  types occur i n  mesosiderites and' howardites 

there are some important differences which make a close genetic . '  

re1 a t i  onship uncertain. The c l  as t  population of howardites includes 

minor amounts of  c l a s t  types not found i n  mesosiderites such as car- 

bon'aceous chondr i t e s ,  and various glasses (Bunch,. 1975). Howardi t e s  

are l i t t l e  or unmetamorphosed and lack appreciable metal, ol ivine,  



t r o i  l i  t e ,  and phosphate, each of which are integral components of 

mesosiderites. Many of these phases have been reported as accessory 

m i  neral fragments in howardites (Bunch, 1975; Dymek -- e t  a1 . , 1976). 

However, the comon occurrence of diogenites, eucri tes ,  and various 

types of breccias as major c l a s t i c  components i n  both meteorite groups 

(Fig. 5) i s  a strong argument favoring an origin on the same, a lbe i t  

heterogeneous pl anetary body. Supporting t h i s  contention is the  overall 

simi 1 a r i t y  i n  mineral chemistry between the eucr i tes ,  cumulate eucri tes ,  

diogenites, and equivalent c l a s t  types i n  howardites and the s l igh t ly  

recrystal l ized mesosiderites (Powell, 1971). However, i n  highly meta- 

morphosed mesosideri tes  such as Emery extensive chemical homogenization 

between c las t s  and matrix has apparently .occurred, obl i te ra t ing  primary 

. mineral compositions in many l i t h i c  c l a s t s  (Nehru - e t  --' a1 1978). On 

.-- .. - 
the other hand, the ten ta t ive  identification of asteroid 4 Vesta as the 

. - .  . . .  . . . - -. -- 
. - - .. . . . . . .  . . . .  .~i..-.-. ....... source of .the-. basa1,tic. .achondri te,s ..based- on spec-tr,ophot.ometry . . .  (McCord . - +-.I, =-72i:.;2-.12. .:. , . . -  . . ._ . . . . . . . . . . .  . . .  . . . . . . . . . . .  . . . . . . .  z. .  .* ......-...,, : - - : A  . . . .  ... .' : .  . '  ........ ..3>,LI ...,.I.. - 

Per haps Vesta is  domi nat ed by metal.-poor regions (eucr i t es )  i nter- 

spersed w i t h  metal-rich patches (mesosiderites) or e l se  the met,al-rich 

source areas of the mesosiderites are hidden beneath younger' euc r i t i c  

flows. The extended ti'me span of par t ia l  melting a t  depth w i t h i n  the 
' 

eucr i te  parent b.ody as proposed by Stolper (1977) may be compatible . 
. . . . 

with the extremely slow cooling r a t e s  of 2. 0.1 c/106 yrs below 500QC 

tha t  have been calculated fo r  the metal i n  - . .  nine mesosiderites studied 
. . 

by Powell (1969), as well as Bondoc (Axon and Nasir, 1977) and Emery 



(Hewi ns -- e t  a1 . , 1977). The occurrence of metal nodules and various 

l i t h i c  ~ l a s t s '  indicates that  these meteorites have sampled a very 

diverse spectrum of rock types tha t  include, but are not limited to,  

d i f f  erent i  ated l iquids and cumulates produced by variable degrees of 

par t i  a1 me1 ting, possibly within the eucri t e  parent body. Formation 

and extrusion of multiple cycles of euc r i t i c  melts followed by continued 

pa r t i a l  melting of the same source regions w i t h i n  plutonic rather  than 

near-surface environments would have resulted i n  a hot crust  t ha t  

remained near or at  i t s  liquidus f o r  perhaps tens to  hundreds of million 

years. The absence of indigenous glass i n  the mesosiderites, the pre- 

sence of variably recrystal l ized breccia c las t s ,  and the slow cooling 

r a t e s  indicate that  these meteorites must have undergone shallow burial 

metamorphism for  an unusually long period of time. They may therefore 
... 

represent the lower portions of a megaregolith that  was metamorphosed 
. .: . .  - . A .. .%.- :.. - . . . . . . .  . . . . . .  . . - .  - . -, .'by. cdntinued magmatic . ac t iv i ty  - - . . . . .  at depth.', .- . - . - I f  . .-. - - .so, thP..sl .. -- . . .  ight'ly:recrystpl-~;l:..-- . . .  . . . . .  . . . . . .  :I : . ..-: -- . . . . . .  . . .  . . . .  - . .  ..- . . . . .  .... . . . . . .  -- , . - .- . . -., . .  - 

* . . . . . . . . . . . . . . . .  -- ...... -- .. .- ..... -- .. - -. -. - -- -" - .. 
. . . . .  

, .' .- '1 i zed .,,iesosi der i i&s weve.'sf ra t i  gra.ph i.ca'l l y  ' abo "e ' thee  I h i  g H l  y'i"e?'i;ysta'l'l;-.l;:l~~~~r~~-- : ";' .... -. - .. 
. . . .  . . . . . . . . .  . ................. ... - . .  . . . . . . - .  . . .  . . . .  - -..-- - - --- -- .-.-.,-..-.-. - -- . ........ .......... . . . . . .  . . .  ......... ...... .. ... . . . . . . .  .. ........ . .... - -. - . . .  - .  . . .  -. ,- ,- .- . . . . . . . . . . . . . . .  .... . . .  . . . . . .  . ...... ... . .  ....... . . .  - .  -;Z?i&-_i .::i-. __;.L_.- _ A .  ;..- .- -7. ?.. -; ...-- I..": .-.-. -.,. -..<-. -;- ;..: ' .. ............. . ,. . . . . . .  -. . .  lized mesdsiderites arid were fa r ther  away from' internal tied sources. 

. . . . .  . . . . . . . .  ......... . . . . . . . . . .  . . . . . . . . . . .  . . . . . . . . .  ...-......-........... .. . . .  .....-. .... . . . . . .  ... . .  '- 'C.. . - . . . .  . . . . . . .  . . ..*..- ..- .- 
. . . . . . . .  - .  - -4 ."2>< :7: -.. - - .! -.. 

; ' .i . L1 :.- -. 
. . .  - . . -- Although a i l  meso&id&ites studied bypo ie i l  (1969) a p p e a r . t o  k v e "  . . . . 

undergone the same slow cooling his tory below 500°C, the s i l i c a t e  

textures indicate that  they experienced different  thermal h is tqr ies  

above 50O0c, resulting in the observed recrystal l izat ion seqbence. 

The impact me1 ted mesosi der i t e s  must have formed a t  .the surface 

b u t  these too were buried at  shallcw depths. They suggest t ha t  hyper- 

veloci ty  impacts of considerable magnitude were probably comon on the 

mesosideri t e  parent body (Fl oran -- e t  a1 ., 1978b). Such impact events on 

the ear th and moon, however, always produce a much greater quantity of 



consolidated, polymict c l a s t i c  debris rather than impact me1 t s  (Simonds 

e t  a1 ., 1976). This is consistent with the re la t ive  r a r i t y  of impact -- 
me1 ts among the mesosideri tes .  The high metal content of these meteo- 

r i t e s  indicates that  metal must have been abundant a t  one time near or 

a t  the surf ace. Subsequent eucri t i c  flows, however, could have 

.. obli terated any evidence for a major metal component on the surface, 

and spectral  reflectance studies (e.g. McCord -- e t  a1 ., 1970) would be 

consistent with a Basaltic, metal-poor surface. 

A1 ternatively the mesosideri t e s  may be derived from one or more of 

the 12 large asteroids identified by Gaffey and McCord (1977) as having 

"mesosiderite" or "px stony-iron" surfaces. O f  these, 6 Hebe and 8 
. . . . 

Flora merit special attention because of t h e i r  occurrence near the V6 

secul ar resonance (Wetheri 11, 1976). According to  Wetherill, such 
. . asteroids  may be important sources of differentiated meteorites because 

... . . .  ...- . .- . of the  high probabi 1 i t y  tha t  they . produce . earth-crossing fragments -- 
. . . ,  . . . .  . .  

. . . .  . . . . . . . . . . .  ............ ... . . . *  . . . . . .  . ,>_ ,  - .  -. ..,... -- ..--.. -. -. ~- ..* ,.;;--.'--' .... . . . . .  . . . . . .  -- t h r o u g h  . co 11 i i on-g ..... .'̂ it.,& i l  t i  mat'e' er i g in  of ,these'.-aster j bd s.-'i s ,Bn':'.-Y ; '- ,:,-;;;. :;;- . ' . . , . 2. : v . . .  . . 
. . - ..... ... . . . . . .  . . . . .  ..- . . . .  . . . . . . .  - . . . . . .  -. . ..:.. - :.-....:-.. I..: : ..  .-." , .-. , -.i. .,-. ;... ;. ..., .,--. .;. .-.. r-.7.-.z.;,> i.. ,: . . 

. *  . . . : .  . .  
.-A Wet..hel;'.i1.1.".(197.7)'-.~ais.~i~.t'he'.p .-$- si'b.i'l'i.ty . thdt , " :"~;"~~" '  . 1; ' - .  ""7 

.- i 'n t  eres t i  rig' q'ues ti-on . . , .. +, -. 
....... . .... ............ - . . . . .  . . . . . . .  . . . . . . . .  . . , -  . . . . .  

. . 
............ ... ..... . . .  . .  . . . . . . . .  . . - .  ... . . . . . . . .  

,., . - . - - . . . . . . . . .  . . .  . . . . . _ .  ..- . . - - -  . . . . - I  :. : .  . . ;  ..... ;,._..- " .,-- " "-  i . 2 -  -.-.: ,.,--. :..._ . . . .. ... .,.- .. .- . : . _._A . , .-, :.  -- .-. l.., .. - : - 
. . . .  . . . . .  . . . . . . .  . . .  ... .. . iome of t h e  large, S asteroids:  (chapma", . . .  1976.) . . . . . . . . . .  i . nclhding Flora, ..... . . . . . . . .  m i g h t  be 

. . . . . . ._ . . .  . . .  - .  .- . . .  -... . . . . .  > -  . . . . . . . . . . . . . . . .  ... . . . . . . - . .  . . .  . .  . .  -........... . . .  . . . . .  . 
~- . . . ' . . . _  + 

. . . . .  .- . . - . . . . . . .  ;. -. -.....- .- .- : - -. : \ --- . . .  . "  - -  ..:. ..: ...-- . . .  . . . . . . .  
.- .-. ~ 

wr . . . . . . .  . . ..-. . . .  * 2';: ," . .<. .;. 6' : - . . . 
? .  . I  _ .  

- residual earth planetesimals or t h e i r  fragments tha t  d i f fe rent ia ted  ' . . . . . : . .  . . 
-. 

. near the earth d u r i n g  the l a t t e r  stages of t e r r e s t r i a l  accretion. He 

concludes t h a t  the basal t i c  achondri t e s ,  and theref i r e  the epcr'i te', 

c l  ast-bear i ng mesosi der i t e s ,  may have originated on the surfaces of - 

such bodies. However, oxygen isotope data indicate tha t '  the ear th is. 

more closely related to  the chondrites than to  the basa l t ic  achondrite- 

diogenite-mesosideri t e  s u i t e  (Taylor -- e t  a1 ., 1965). 
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The extremely narrow range of Ni contents found by Begemann -- e t  a l .  

(1976) i n  the metal of 12 of 13 mesosideri tes (Ni/Ni + Fe = 8.0 + 0.4) 

may , indicate  a common origin f o r  most mesosideri tes on a s ing le  body or 

a r e l a t i v e l y  few bodies tha t  formed in  the  same region of t he  so l a r  

nebula. This range i s  considerably smaller than t h a t  found by Wasson 

e t  a1 . (1974) and Powell (1969), but is considered t o  be more accurate -- 
because r e l a t i v e l y  large  amounts, of sample were analyzed (genera l ly  

between 10 and 30 g) .  
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FIGURE CAPTIONS 

Fig. 1. Photograph of polished, etched surface of Pinnaroo impact 

melt showing metal-s i l icate  and clast-matrix relationships.  

Note irregular lobate boundaries' of smaller metal masses, 

possibly indicative of p las t ic  flowage. Most of t h i s  metal 

including large metal c las t  at  upper r lgh t  displays 

widmanstatten structure.  Metal c l a s t  . is  4.4 cm long (USNM 

neg. #1052E). 

Fig. 2a-d. Photomicrographs i1lustra.t-ing textural and mineralogical 

features of mesosiderites. ' ( a )  s l ighly recrystal l ized 
. . . . . . 

mesosi der i te ,  crab Orchard. Two cumulate e i c r i t e  fragments 

are v is ib le  (upper' l e f t ,  center r ight) .  Olivine c l a s t  

:,? . surroirnded by fine-grained cor.:o~lh i s  present a t  lower r ight ;  

. . . . . . .  - .  -. .width = 2.6 mm. - ( b )  moderately recrystal l ized mesosiderite,. 
. . . . . . . . . . .  .. . . . .  . . . . . . . . . . . . . . . . . . . . .  . . . . . . - . . .  . . . .  . . . . . - . . , . , . . . . . . - .  .. . . . . . . . .  -,-. ':...I-. . . . . . . . . .  < . 7 .  .- ' ....... --..:-T...l:..r..--' - .; ..r -... .. -. .'+, -.. , 7 .  - . . . . . . . .  '-.,. =- .' ..... .. . - .  - . .- ..< 

. . . .  . -  . __ . '  ' _ . . -. . . .  , b .. .-*< .:..x. . Q. 

-.-- . . . .  
. . Verami n,  showing incipient development' o f  piagioc i i se  . . .  
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. - . . . .  . . . . -  . . .  -... -- - - -- ---- -. :.I.-- -.1'=z2.:'-z."-::r~. .'----;'.;.-'-:-'; ;..--.'.y :7- -- -.. -. . . - 
" ( c )  highly r e c r ~ s t a . 1  lized mesosiderite, towicz, w i t h  

pyroxene poikil obl a s t i c  texture. Note opt ical  continuity 

between pyroxene c l a s t s  ( l e f t ,  center r i g h t )  w i t h  .- 
I . * "  

inclusi on-rich overgrowths. Entire f i e l d  of view consists 

of three pyroxene crys ta l s ,  par t i  a l ly  crossed nicol s ;  width 
. . . .  

= 2.6 mi (d )  highly recrystall ized mesosiderite w i t h  . . 

plagioclase poiki loblast ic  texture, Budulan. Numerous 

rounded 'granules of orthopyroxene .are enclosed within 

coarser plagioclase crystals ;  w i d t h  = 2.3 mm. 



Fig. 3. Clast-laden impact me1 ted mesosiderite with integranular 

basal t i c  texture,  Simondium. Si l ica te  c l  as ts  are 

or t  hopyroxene; w i d t h  = 1.1 mm. 

Fig. 4. The 6 major c l a s t  components that comprise the s i l i c a t e  

portions of mesosi deri tes .  These include both igneous 

(primary) and sedimentary (secondary) contributions of 

mafic-ul tramafic a f f in i ty .  

Fig. 5. Acomparison between the c l a s t i c p o r t i o n s  of mesosiderites 

and howardites. All c l a s t  types shown are found in both 

groups except carbonaceous chondrites and glasses which are 

not present i n  mesosiderites, and metal and dunite which are 
. . .. . -  ., . . . . .- . 

. - .  . 
- .  .generally absent from howardites.' . -'. ' , , - 



T a b l e  1. The m e s o s i d e r i t e s  

M e t e o r i t e  F ind  o r .  F e l l  P o w e l l ' s s u b g r o u p  T h i s  s t u d y  

B a r e a  
Bondoc 
Budul an 

' C h i n g u e - t t i  
C l o v e r  S p r i n g s  
C r a b  O r c h a r d  
D a l g a r a n g a  . . . 

' D y a r r l  I s l a n d  
Emery 
E s t h e r v i l l e  
H a i n h o l z  

' Lowlcz.;: 
Mincv 
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F i n d ,  1956 
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Table 2. ~ l 'a ' ss i ' f  ilcation. of the mesosiderites (si 1 i c a t e  port ion) 

. . , .  , ,  . .  . 
" I  ' . .b!;; . ,?;;I ,:I ?. Igneous ( Impact 

' ', 1': ! I '  > ': ;; ! I  , I . . : i melts ,  r e l a t i v e l y  Metamorphic : :i .',.:i . '  ] '; l Metaigneous (Impact melts)  unmetamorphosed) 

4 , .  

Subgroup 1 Subgroup 2 ::;, : . : Subgroup 3 Subgroup 2* Subgroup 3* Subgroup 4 
; ; : ;  . . 

Barea A.  Clover sp r ings  
Chinguetti . , 

! 

Crab Orchard , i,: ;i I , 
Dyarr 1, I s  1 and ! I . .  . . *  i$ /  / 

M t .  Padbury ! ' ,  : , ,  . , .  
: pi 

Patwar , 3 :. 
: 

Vaca Muerta : ;I., 
. 1: 

B. Verami n :, io! 

. , 

.,j ' 

;A, . [Px Poiks] Hainholz : . “  I : ,  Esthervi 1 l e ?  Simondi urn 
I , Emery 
1 ', . .: 

Pinnaroo 
. .Lowicz , ! . : ' t ,  ; a several 

, ! ;  ! , ,j Morr i stown c l a s t s  w i t h i n  
';?(west Point)  . . 

, r  ; I; Patwar and , ,:: I .  2; 
j . , ' ;  :, : Orchard 
# ,  $ .:! 

.! 

: ., '.: :'B. , .: [Plag Poiks] 
1 , ! j Bondoc 

i i r l l  ; ~ ~ d ~ l  
I ' f "  ' t  ! . b ~ s : l  : ?Mi ncy 
,,.I:,: ,,r 
0 ,  , :; 1 $ 



Table 3. Clast types i n  mesosiderites (mineral >P l i t h i c  metal) 

Mineral Lithic Metal 

Px P1 01 Di E EC ME A Du RB IMB - 

Low Grade 

Barea (2)  X ' X  X X X 
Chinguetti (1 )  X X X x 1 
Crab Orchard (3)  X X X X X X  X X ?X * X 
Dyarrl Island (1) X X X X X X  
M t .  Padbury (1)  X X X X X X .  X X x2 ? x 3  X 
Patwar (2 ) X X X  * X X X X X 
Vaca Muerta (3)  X X X X X X  X X 

Medium Grade 

C love rSpr ings (3 )  X . X  X 
Verarnin (2)  : X X X 

High Grade 

 ond doc (2:) X ?X X X 
Budulan (1) X X 
?Dalgaranga (1)  X X X X X  x . x x . .  * - x - . *  .-:--..=. x . .  x , ;> ' - -X- : ' ; . -  

x 4 
Emery ( 4 )  . . 

. - . -  .- . ... . - . .- - - . , . 
Lowicz- (1) ; 7  .- ..... . .  

C .x x. :x .:.- -.: ,x :.:-:,+--.. :-.: :; > ,-.:. .+;.*.ax -.7:":L.:.-.;%:-:*.M..: ...-- > L- .ex x.5 ..:.-.:-. +.7. ,.Ye.. 

I .. ... ... .. 
.- ., . . .-:- i.,. * .. . .  . . .  I ...... ,-.. ' A  - 

r L -  ..A>. - __-. -.. , c t 2 - e .  -- 
Morristown ( 1 ) "  ' , "  X : -. . X  .: X . . .. . . . .)( ..*,.: .-,.. ..--- . .- .X. X -- - .L. .;. .X . . .  .- . -. ..-..-- . . .... . - .  

- -".Mincj, ( I )  : " -...-,- ""..? '.*--"">.-. . y , y . .  .--  -,-. -s-y2,,....,.y,; .-;, *-.--r . -. ..- . . .  --- ........... 7-.--,:-5. . . .. ... . ...... x .;. . :--. , 
, : <.-' - -..-- - .  -..I-, ,... --.._ ~ - -. 

...... ..- . . . . . . .  - .  
-Unknown,-Wt - p t  (1). . x , -  . q. -,:--.: :.-r:,x - -;-:= -=x-,-.----. .>+TX ~-..I*.-.~-~k.7-,.l=--~7=,; -- > -:'-: -.: +:.. . .-... .. . -. .. - -- -. . - - . . -. .,-..,-. .', ...':-:% - - .  . . .  . . .  . . .  -. ?.:.: * .--, -. . -.-.-.. "=- .:. --.. ...... . . . .  - . . , . .  , 2 . - ,  

. . -.. - . C - .  .,*.-. .->......* -. *. . 
. . . . . .  .- - - -  . . . . . .  .*... .... . . . .  ... .. . . . . . . - .  . ... + . _ .  A_,* . .  , . . . . .  

-- - - . ...I - .. ... .-. .Impact Melts -?:- .'. _ -. - -- - :--. --. -..L C I -  i..:. .=.: ._-_ 
<'> ....-- <.. ,;?.,; :. .- ..  . .-............ .. ... __ '_  . _ . _ . ^ ' -  - ' -. , . .  ".. 

. . . . . . . . . . . . . . . .  . ........... ........... ...... . . .  . . .  ..':.- ..: ;,., .L.,, .-- .-- .--. ... -..,... - .  ,, .--, - --. - -.---..- i. . . .  . . . .  .. -. . . . .  . . . -- . .- . . . . . . .  . . . ....... --- . . . - . - - * - -  -.. 

?Estherville (3 )  X X X . X  X X X X 
Hainholz (3)  X X , X X  X ' ,  X 
Pinnaroo (2 )  X . X  X ?X  . . X 
.Simondium (2)  X X. X 

I . * 

Based on studies of polished t h i n  sections (number examined . in parentheses) 
nd hand specimens w i t h  supportive data, where noted, from the l i t e ra tu re ;  

TLacroix (1924), 2 # c ~ a l l  (1966), 3bJasson (1974), 4 ~ c ~ a l l  (1965). 
Px = Ca-poor pyroxene; P1 = plagioclase; 01 = olivine,  Di = diogenite; E = 
eucrite,; EC = cumulate eucrite;  ME = metaeucrite; A = "anorthosite" 
(pl agioclase-rich l i t h i c  c l a s t s ) ;  Du = "dunite" (olivine-rich l i t h i c  c l a s t s ) ;  
IMB = impact melt breccia; R B  = recrystal l ized breccia; * denotes l i t h i c  c las t  
types tha t  are especially abundant. For the purposes of t h i s  tab le ,  
Dalgarange i s  ten ta t ive ly  classif ied as a high grade mesosiderite. 




