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50, and Hainholz mesosiderites are interpreted

s that crystailized from immiscidle sili-
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to be clast-laden impa
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cate, metallic (Fe-FeS) liguics. e existence of silicate melts is
snown by intergranular bDasaltic textures. Metallic melts are inferred
cn the Dasis of smootn boundaries between metal and troilite and the
occurrance of troilite as anastomosing areas that radiate outward into
the silicate fractions. These relations suggest that troilite crystal-
lized after silicates, concentrating as a late-stage residuum. Evidence
for impect melting inciudes: diversity and abundance of clast types

mineral, metal, 1ithic) in various stages of recrystallization and

—

assimilation; differences in mineral chemistries between clasts and
igneous-textured matrix silicates; unusual metal plus silicate Sulk
composition. Silicate clasts consist primarily of orthopyroxene and
minor olivine with a range ot Fe/FetMg ratios, anorthitic plagioclase,
and rare ortnopyroxenite (diogenite) fragwents. Substantial amounts of
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a-Ni wera melted during the impact events and mine: amounts ware
incorporated into the melts as clasts. The clast ponulations s. jges
that at least four rock types were meliea and mixec: (2) aiogen..e,
(b) a plagioclase-ricn source, possibly cumulate eucrite, [c) dunite,
and (d) metal. Most orthopyroxene appears to nave been derivaed from
fragmentation of diogenites. Ortnopyroxene (En82-61) anag alivire

(Fo,36 67) clasts include wmuch materia) unsampled as individual
25 -

meteorites and prcbably represent a variety of source rocks.



Difrerences in whole-rocx wmodal abundances betweea Pinnaroo, ana

Sinondiun and Hainholz are dug primarily ©o variabie proportioas of the

silicate and metal + troiiite fractions. Very little chemical

varianiiity is evidagent when the compositions of clast-free portions of

silicate melt are compared. fe data are consistent with, but do not
J2rove, & Common origin during the same cratering event for Simondium

nd Hainndiz, and possible Pinnaroo. Relatively coarse grain size and
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iency of clasts suggest that Pinnaroo may nave been generated
Gu:ring a major crateriag evene.

Comzarisons between the three mesosiderites and terrestriai, lunar
ciast-iaden impact melts indicate That simitas impact processes weare
Operative on distant planetary bodies. A scenario for the Tormation of
thase meteoritic ciast-laden melts, based jartly on terresirial crater-
wig models, is presented thet is beiieved to be compationle with observed
structuras and textural reiationsnips. Duriag crystallization of the
Lion accurveda on a

CoeXist iiguics pa

')

Cii scale. Léck of more compiete separation way have been due to (1)
nigh viscosity of the clast-laden melis, (2} sheetlike form of the
impaci-melt layers, (3) nomogenization of melted material followed by
wnmixing or silicate and metal

gravitational field of the parent body.



INTRODUCTION

Impact-melt breccias with igneous-textured matrices are very common
in the lunar highlands and are described vrom many terrestrial craters
(S ds et al., 1976; Pnianzy and Simonds, 1977). In contrast,
inTerrec itmpact melts of meteoritic origin nave been reported only as

rere litinic fragments in chondrites (Fodor ana Keil, 1975; 1976a,b;

Wilkening, 1978) and howardites {Bunch, 1975). No individual meteorite

or

has been described as an impact welt, although such a possibility has
been raised for the Shaw chondrite {Fodor aid Keil, 1975). In this
Jsaper we present textural, mineralogicai, and chemical evidence support-
ing an dmpact-melt origin Yor the Simondi.a, Pinnaroo, and Hainhoiz
rnesosiderites; a preliminary petrologic veport nas been givan in Floran
at &i. (1978a). Similarities as well as gifrerences between these

meveorites and possibie Tunar-terresirial analogs provide a framework

¢t

for comparison of impact processes on planetary bodies with grossly
difirarent bulk surface cremisiries. A peirographic recosniissance

survay 07 the remaining 17 mescsicerites reveals that the Estherville

]

mesosiderite may be a snighiy metamorphosed impact welt, and that
breccia clasts of impact-melt origin are present in Patwar and Crabd

Orchard (Floran and Prinz, 1978; Floran, 1973). Further petrographic
studies of individual mesosiderites are 1ise vy to reveal the presence
o7 additional impact-melted clasts.

Mesosiderites, including Simondium and Ruinhoiz, consist of

roughly equal amounts by weight of silicate and metal, aithouygh some

mesosiderites contain a considerably higher or lower proportion of



metal. A1l three of these mesosiderites display the fragmental
structure that is typical of the group as a whole. The textures of
their matrices are atypical, however, because they provide evidence of
crystallization from a meit. Although diagnostic shock Teatures

considerad detinitive evices

-—

ce vor shock melting during a hypervelocity
avent are rare, petrograpnic data are consistent with sucn an origin.
In other mesosiderites variable recrystallization of the matrices
appears to nave obliterated all traces o7 a pre-metamorphic history
except for a variety of igneous and metaigneous-textured lithic clasts
(Floran, 1978).

Previous studies of these taree metecrites are Tew. No modern
setrologic descriptions exist with the exception of Hainholz which was
stucied by Powell (1671) as sart of a broader investigation of the
entire group. Prior cescribad both Hainholz (Prior, 1918) and Simondium
(Prior, 1910; 1G18; 1921) and empnasized the strong textural similari-
ties between the silicete fractions of these fwo meteorites and their
resemblance to terrestrial basalts. The only published data on
Pinnaroo are a orief description of its ¥ind together with a bulk
cremical analysis {(Alderman, 1540) and seiected trace element

determinations on two metallic separates (Wasson et al., 16/4).
ANALYTICAL TECENIQUES

Two polished thin sectiors cf Simc
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three each of Pinnaroo
and Hainnolz were used for pe‘rugraphic studies and microprobe analysis.
Hand specimens of the three meteorites were examined visually and
additional photographic material was kindly made available by Dr. Roy

C. Clarke of the U.S. Nationai Museum.



Microprobe analyses were coliected on a fuily automated, 9 chennel
ARL-SEMQ instrument using appropriate standsrds and correction pro-
7or silicates (Zence and Albee, 1938) and metals (Colhy, 1968).
vetal data was reduced using a MAGIC IV program modivied for the

A modal analysis canputer program was developed
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ate a volume % mode Tor point counts on selected areas of thin
sections with the microprobe. An area linearly defined by 20 points or
less was sampled by a square grid for & desired number of measure-
wanis. Nine elements (Si, P, Ti, Al, Cr, Fe, Mg, Ca, Ni) were measured
{2 sec counting time) and examined with a "filter" of abundances and
ratios to determine the phase at the measuring point. The data of all
9 elements for each point ware printed and reexamined to check for con-
sistancy. The modes were tnen recomputed excluding all unidentifiable
points. All modal analyses are based on approximately 1,000 corrected

measuraments.

AV S A ey e A e
HANG SPECIMEN PETAoLoGY

Examination of haad specimens of Simonaium, Pinnaroo, and Hainnolz
in the meceorite coileccion of the American vuseum of Natural History
reveals that all are aoderately weathered. A signitficant fraction of
the metal has been oxidized, which is rot surprising since the three

meteorites are Tinds: Hainhoiz appears to be tne Teast alterad.

An etched, polisned slab of Pianarco (Fi 1) provides fascinating

o}
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insights into how tha various physical (clasts, matrix) and

mineralogical (silicate, metal) components were aggregated and




Juxtaposed toyether to form conerent meteorites. Centimeter-sized sili-
cate clasts anu metal nodules interpreted o be clasts are both present,
suggesting that the parent material consisted ui a heterogeneous mixture
of discrete silicate and metal source regions. The outer portiuas of

metal

(@]

Tasts consist o7 kanacite plates (“swething Kamacite") that
nucleated and grew in the sussoiidus state parallel to the interface
with dark silicate matrix (Fig. 1). Tne observational evidence indi-

cates that these platas grew in situ after metal-silicate mixing and

after the cliasts nad acguired their drreguiar shapas. Large silicate
clasts are rounded to subangular, compact massaes while The large metal

clasts, wihich are also associatad

-

Jitn the silicate fraction, have
grossly rounded but, in detaii, highly irreguiar snapes. This suggests
e piaysical stetes of the two clast tyses were grossly different
ney were wmixed with matrix material. The metal clasts
were soft and malleable, and possibly in & pertially molten state. IT

thase metal clasts were acggregated iiquid globules we would not expect

crew to resemdle fragmental materiai, which they clearly do. On the
oiner nand, if rigid solids, these ciasts shouid have retained a smooth
angdiar boundary with the matrix. The very delicate ana intricate

bouncaries of the smailer but more abundant, irregular metal masses

(Fig. 1) suggest a different origin from that of the metal clasts.
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less, there appears 7 be & continuum between recognizable,
coherent metal clasts on a cm scale, to irreguiar, swirling metal

masses on & mn scale which do not appear to be clastic in origin.



Sased on evailable hand specimens and photographs, we conclude

that the large, rounded arees of meta: in ?innaroo were incorporated

ato She meteorite as salid, plasticaily-caformed clasts. Tris con-

+ 1

clusion can be extended to Hainnolz where large well-devined metal
clasts have been identified, and n0ssibly to Simondium which did not
contain obvious metal clasts in the matertial examinea. 1In both of
tnese meteorites the bulk of the metal occurs as irregular masses,

5
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simitar to those preseant in Pinnaroo. ne melt origins of Lhe silicate
matrix and the smailer, irregular metal masses (as wall as troilite,
wnich is not visible in Fig. 1) become apparent only when microscopic

textural relationships are examired (see below).

Siticate matrix

Petrographic data for the silicate fractions of Simondium,
2innaroo, and Kainholz are sumwmnarized in Table 1. The silicate
textures of Simondium and Pinnaroo (Figs. Za, b) are unequivocally

igneous, while Hainholz appears ta nave undargone a metamorphic event
s

of moderate intensity Tollosing crystaiiization vrom a melt. Hainholz

has been classified as a metaigneous mesosiderite (Floran, 1578)
Dacause portions of tne meteorite retain « primary dasaltic texture

(Fig. 2c). No directional Tabric was observed in any of the three

The silicate matrix of Simondium rhas a weli-developed inter-

granular basaltic texture (Fig. 2a) cdominated by anhedral to subhedral,



rounded granules of orthopyroxene which fill the interstices between a

netwark ot fine, lathy, subhedral plagiociase. Plagioclase laths
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lTength/width ratio of 10:1 or greater and rarely
bite twinning. Ortnopyroxene matrix grains are difficult to
distinguisi from small pyroxene clasts. oSoth clast and matrix
orthopyroxenas often contain tiny inclusions which tend to be concen-
trated av iheir borders; many appear to be troilite but some are com-
a0sed oF unidentified silicate material. Minor and accessory phases,
whicn generally occur in the interstices between orthopyroxene and
nlagioclase include tridymite, clinopyroxene {augite), troilite,
chromite, merrillite ("wnitlockite"), and rare metal.

The silicate portion of Pimnaroo is coarsely intergranular
\Fig. 2b) with incipient development of a subophitic or poikilitic
texiure where pyroxenes are locally intergrown with coarser grained
olagioclase Taths. As in Simondium and Hainholz, pyroxene forms rounded
granules. These grains are considerably coarser, highly variable in
size, wmay nave thin exsoiution lamellae or bdiebs of calcic pyroxene,
and contain numerous small inclusions unitormly distributed throughout
individual grains. Most oF tThese inclusions are troilite, a minor
amount are chromite, and some may be crystallized silicate melt; metal
appears to be absent. Larger nyroxene grains consist of orthopyroxene
With minor pigeonite concentrated at their rims. The boundary between
tne two pyroxene pnases is typically irregular and some of these grains
nave cloudy interiors that may represent reiict clasts. Plagioclase

forms stubby subhedral Taths up to 1.5 mm jong with well-developed



awbite twinning and occasionally encloses small rounded anhedral
Dyroxenes. Tridymite is an adundant mincr constituent which forms
stubby prismatic crystals often in contact with troilite; minor amounts
of euhedral morriilite also tend to be associcred witn troilite at the
metal-silicate boundary.

Hainhiolz retains remnants of an originegl basaitic texture
(Fig. 2¢) similar to that of Simondium but it is observed only locally;
The average grain Size of the matrix constituents is slighter coarser,
however (Table 1). Matlrix pyroxenes are similar in morphology to those
of Simondium but have a somawhat mottled appearance due to the presence
of numerous, uniformly distributed, tiny inciusions. The distinction
beiween matrix and swmall ciasts is even more divricuil to discern than
in Simondium. Plagiociase occurs as subnedrai to anhedral tablets that
only rarely occur as weii-formed Tlaths. Tridymite and opague phases

(troilite, minor chromite, rare metal) occur aither in the interstices

setween the silicates or as inclusions within matrix silicates.

Silicate clasts

$u

Simongium and mainhoiz have simid

asts, cenerally ranging n size from tans of
aictons to several millimeters, are very abundant and, in Siwoadium,
consist arimarily of orthopyroxene (v93%), minor plagioclase (Vi0%),

and accessory olivine (v0.5%). Some clasts are zoned near their rims,



suggesting that partial equilibration with tie melt took place. Very
snall grains of clinopyroxene and other trace mineral constituents in
botn mateorites may ve clastic in origin but this is uncertain. Many
syroxene clasts contain tiny inclusions of troilite and ciromite giving

Ay

a spongy o sieve-like appearance; others are inclusion-free or very
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rarely coatain Tine exsolution lamel
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ae of calcic pyroxena. Some
pyroxena fragments in Simondium display "checkerboard melting”, a
common netrographic Teature of tferrastrial impact melts (Grieve, 1975;
Floran et al., 1978L; Simonds et al., 1978). Plagioclase clasts occur
ear anhadral fragments with scaliopad borders and as spongy relics

that appear to have been recrystallized as a result of shock-~induced

dite twinning that may be indicative of a plutonic scurce
rock. As is typical Tor most mesosiderites, olivine often occurs as
larga clasts so that, relative to plagiociass, its volumetric abundance
is greater than its numeric abundance. In tne polished thin sections
examined, olivine was much more abundant in Hainnholz than in Simondium.
Olivine clasts in both meteorites sometimes have broad kink bands but
are not surrounded by the reaction corconas present in many of the
metamorphosed mesosiderites (Powall, 1971; Nehru et al., 1978},

In contrast to Simondium and Hainnholz, Pinnaroo has relatively few
out large mineral clasts. The silicate clast population consists of
ortnopyroxene and rare olivine. Most orthopyroxene fragments are
relatively free of troilite and chromite but som: resemble the opaque-

filled pyroxene of the matrix. Large clivine grains form irregular,

ophitic-like intergrowths at their borders with matrix plagioclase,



el

suggesting that a minor awount of recrystallization took place after

incorporate

retations in the Manicouwgan and other tervesirial impact mells (Flaran

31_91., 1978b; Grieve, 1975), these are interpreted to pe extensively
digested clasts that served as nuciei for growth of plagioclase from
the melt.
Lithic fragments are rare or absent and were positively identified
only in Hainholz where saveral {ine-grained recrystallized ortho-
¢

pyroxenite clasts (diogenites) and a singie plagiociase-~rich Tragment

were odserved. Several dark cm-sized Fraguents that are clearly visible

-

in the slab of Pinnarco (Fig. 1) are almost certainly lithic clasts and

probably represent the source rocks of the mineral clast population.

Yetal-troilite-silicate ralations

lextural re‘atuonbwips among metel, troilice, and silicates are

similar in Simondium, Pianaroo, and Hainholz. Because these are best
displayed in Pinnarco we emphasize this meteorite. Figs. 3a-c

illustrate the nature of the mat te~-silicate boundary. Metallic

ab]
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clasts such as those jdentified in Fig. 1 were not observed in any of
the polished thin sections of ithe three mateorites because of their
large size and relative scarcity. The smailer metal masses (Figs. 1
and 3) have smooth round outlines and are ofien in contact with
troilite; direct contact petween metal and silicates is somewhat rare

in Pinnaroo, common in Simoadium, and very comnon in Hainholz. The

plagiociase in Pinaroo,
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reason Tor this is a marked increase in the abundance of troilite as
cvidanced by the increase in the troilite/metal ratio from Hainholz to
Sinoadium Zo Pinnardo (sea Tabies 8 and 9). Troilite occurs prin-

cizelly in anastomosing irregular areas tnat radiate outward from metal

—

ilicate materi

-
P
()
o
cr
-
o
w

nd as small anhedral to subhedral grains
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within and interstitial to orihopyroxene (Fig. 3). These relations

suggest that the bulk of the troilite crystailized after the silicate

Traction, concentrating as a late-stage residuum somewhat ana’ogous to

na fe
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H
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sic residue of quartz-rich terrestriail basalis. The smaller
grains within orthopyroxene may represent sulf de-rich liquid trapped
during crystallization.

The preferential occurrence of troilite &t the boundary between
the metallic and silicate fractions appears difficult to explain if the
bulk of metal was mixed into the silicate melt as - Lolid, especially
in view of the fact that the smoothly curved boundaries between metal

and troilite suggest crystallization from an Fe-Ni-S melt (Smith and

o

Goldstein, 1977). These relations appear to be best explainad by

assuming the coexistence of iwo immiscibie liquids--a metallic melt

—ts

rich in Fe, Ni and S, and & silicate melt within which were suspended

numerous silicate clasts and & smailer number of metal clasts. In

@)
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terrestrial impact meits, silicate clasts of
pnases crystallizing from the melt or influence the nucleation and
growth of phases in the nearoy melt due to thermal disequilibrium
detween relatively cold clasts and melt (Simonds et al., 1976; Floran

et al., 19780). We may expect the same to be true of the mesosiderite
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ctasts, being grossly different from

Tadn composition and puysical properties

| }ave “ranained- Lffe tivelijSpTdL;u

would have been concentreted near silicate clasts. The bulk of the
irca sulTide apparently did not crystaliize until after compiete
T and most of the Fe-Ni metal. The

remaining voids left to be fiilec would have been concentrated at th
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solid silicates. Th's sequence of events is

supporied by the textures aad is consistent with phase relations in the

Fe-Ni-S system (Kullerud, 1963), as discussed below.

En additional Teature worth noting is that the metal clasts like
Their silicate counterparts may have served as nuclei for crystallizing

metal, altnough they are now shysically separated from the metallic
T Tracvion. If so, these clasts have a composite, solid-melt origin
as is true of the silicate clasts with equilibrated rims. Although we
Tavor a largely solid origin for these metel bodies, the possibility
remaing that tney may have bean substantially if not entirely Tiauid.

A cetaited petrographic end microprobe investigation of these nodules,

which was not done in this study, shouid resolve theiv origin.

Oyroxens
Pyroxene matrix compositions for Simondium, Pinnaroo, and Hainholz

are plotted in Fig. 4a and average compositions are tabulated in
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Table 2. These data indicate that orthopyroxene exhibits a very narrow

compositional range within each meteorite and that the average composi

re similar. Restricted ranges in

jot)

tions for alil three metecrites

pyroxena compositions are characteristic of la~ge terrestrial melt

sheets such as Manicouagan (Floran et al., 19785). Altnough most low-
nyroxanes are hyperstnene there is a cluster of analyses in Simondium
anc Hainholz trending toward augite. These fall on a mixing line
batween ortncpyroxene and calcic pyroxene and probably represent sub-
microscopic incergrowtins oF the Two pyvoxenc phases.  Some pyroxene
analyses in Pinnaroo nave pigeonitic compositions (Wo 010- llEnr4 59 S31-
and some in Simondium and Haishoiz near Wo. 5554 may be pigecnites
(Fig. 4a).

Representative analyses of orthopyroxene clasts are snown in
Fig. 45 and Table 3. Tnese illustrate that (1) clasts have a wide ran

in Fe/FetNg ratio (En61—82) and (2) individua

magnasian cores; .aany of the

w®

nriched rims that are eduilibrated with wmatrix oyroxenes. Although

@inor zoning is indicated, the distinction between cores and rims is

relatively abrupt. 1In &ll three metecrites, many clasts have com-
positions approaching or exceeding En Others are more iron-rich

than the matrix, although such grains are rare.

Plagioclase
Differences in composition between plagioclase clasts and matrix
is not as pronounced as with the pyroxenes, but clast-matrix relations

Tfollow the same general trends. Matrix plagioclases in the three

Ca

35)
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metecritas are pradominantly anorthitic with limited variability

only winor zonifig. The smaller variability 9f-matrix-compositions:in.
Hainholz may reflect, in part, metamorphic nomogenization. As with the
tend to be movre refraciory {i.e., more

calcic) than matrix siagioclase (Table 4). Microprobe analyses of two

~zlict cores in Pinnaroo yielded compositions of An97 and A”94 and
rim campositions of An92 and Angl resnectively, in agreement with
a

- L bl
[ i

mondiun and Hainnolz.

—t

rasults from S

19

Giivine
The compositionagl range of olivine in Simondium and Hainholz is

consicarable, F°88—f7 (Fig. &b, Table 5). Olivine appears %o be much
but the compositicnal ranga of analyzed
clasts is very simiiar. Tn2 range Tor Haiaholz is consistent with that
cbtained by Powell [1S71), although we 7cound no evidence of zoning in
individual grains. Pinmnaroo orivines have Simiiar compositicns to one
anocher, but the data are Timited because V&w grains are present. The
most magnesian-rich olivine compositions are simiiar in all three

meteorites.

Other phases

Selacted analyses of chnromite, merrilliite, triadymite, and rutile
are shown in Table 6. Ixcept for rutile wnich was found in Pianaroo
only, these occur as minor or accessory constituents in the silicate
melt portions of all three mesosiderites. Exemination of the chromite

analyses inaicate that the percentages of various end-member components

&, 1aote 2). Inddvidual lathsdnsSimondiumzand:Hainholz show- - wee
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do not vary significantly. Analysis 4 Trom Pianarcoc and both analyses
5 and 6 from Hainholz are very similar to those reported by Bunch and
Keil {1971) for the same meteorites. Similarly, merrillite (Fformerly
reported as whitlockite; Dowty 1977) shows little variation. To our
knowledge these analyses represent the Tirst reports of fluorine in
meteoritic occurrences of this phase. Rutile is extremely rare in
Pinnaroo, nearly pure TiOZ, and compositionally very much like rutile

reported oy E1 Goresy (1971) in the Vaca Muerta mesosiderite.
METAL CHEMISTRY

Average abundances and ranges of Fe, Ni, Co, and P for the metal
phases in Simondium, Pinnaroo, and Hainhclz are shown in Table 7. Also
snowWn are compositional cata for small metallic blebs associated witn
icate fraction in Hainholz. The data for the "metallic fraction"
indicate a close correspondence in the metal compositions of the three
netesrites except for a Ni enrichment in taenite from Pinnaroo.
Abundances of phospnorus and cobalt are uniformly Tow and near
detection limits. Consequant’y, these alements should have negligible
effects on phase relations in the Fe-Ni-S system.

The compositions of the metal phases (excluding the blebs) are not
unusual when compared with other mesosiderites and are consistent with
previous studies: (1) the Ni ranges given for taenite and kamacite in
Hainholz are essentially the same as recorded for this meteorite by
Powell (1969) in microprobe step scans, (2) although bulk compositions

of metal grains were not measured in this study, the bulk Ni content of




]

Hainnolz metal is 8.63% (Powell 19069), whicn is very similar Lo other

~

mesosiderites, and (3) Buix Ga, Ge, and Ir contents in metal from

Hainhoiz and Pinrnarco are both.similar to tue averaje determined.for 17.

wesosiderites (Wasson et al. 1974).

Compositional differences belween the saall metal biebs and the

~h

larger metal masses may be due to any of & number oF Tactors including

{a) size of the grains enalyzed, (b) crystallization from the silicate
ratnher than the metal portion, or (c) analytical problems due to the
inite size of the electron beam. The Tirst expianation is Tavored
nare, since the size-compositiaonal relationships follow those predicted
by cooling-rate studies (Fowell 19589).

M4icroprobe analyses c¢f froilite have rnot been tabulated but it is
aporopriate to mention nere that a survey of this phase was carried out

in al’l threa meteorites. This revealed that the typical coarse grained
troilite at metal-silicate boundaries is stoichiometric and generally

contains less than 0.01% other constituents

MODEL MINERALOCY AND SULK CHEMISTRY

ine modal mineraiogies of Simondium, Haisadiz, and Pinnaroo, as

determined by micronrcoe anglysis are coiperad in 7aeble 8. The whole-

-
o
%)
P
Q.

ata indicate that major aifferences exist in the modal abundances
o7 some phases. Simondium and dainnoiz are & rather close match for
ali mineral phases except olivine. However, Simondium is significantly
enriched in troilite while Hainhoiz 1is enciched in total iron. Both

mateorites consist volumetrically of 2/3 silicates and 1/3 metal and
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silicaie -nd metallic fractions are about

Relative to the otner Luo N

ate-component in Pinnaroo

1s. s1qp1f1canu Y.
poorer in orthopyroxene and chromite but contains more Ca-rich pyroxene
and two to seven times wmore troilite.

The silicate melt-rock data show a greater degree of homogeneity
than the whole rock data. Despite obvicus differences in modal abun-
dances of some phases, the silicate fractions of Simondium, Pinnaroo,

ra Hainholz are surprising similar, given the uncertainties associated
with sampling and data collection. A good example of these uncer-
tainties is the abundance of Ca-rich pyroxene (augite). The relative
abundances of ciastic augite and augite that crystallized from the melt
is aifficult to ascertain because this phase commonly occurs as minute
grains in the silicate matrix and therefore could easiiy be overesti-

t A

mated or underestimated. HNevertheless, tne abundances of phosphate anu
troilite and the lack of metal in Pinmnarco appears to set this meteorite
apart from Simondium and Hainholz.

In summary, tne whole-rock data indicate (1) a general resemblance
in modal mineralogy between Simondium and Hainhclz and (2) an overall
dissimilarity between these twc meteorites and Pinnaroo. The silicate
melt-rock data for the three mesosiderites are more similar to one
another than are the bulk metecrites, a conclusion consistent with the

prasence of a heterogenous, polymict clast pcpuiation in the bulk
g

meteorites.
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Bulk chemical analyses of the silicate portions of Simondium,
2irnaroo, and Hainholz were caiculated from the modal data of Table 8.
Thase data, along witn praviously publishad, recalculeted analyses of -
the threa mesosiderites are presented in Table 9A. An overall com=
parisoa between literature anaiyses and our angiyses of the same
meteorite is satisfactory for most oxidas. Uiscrepancies exist (e.qg.

a0 in Simondium), but the most glaring difTerences are in total iron

(%

content which is refiected in the Fe/Fe + Mg ratio. The greafer abun-

£

dances ot Fed in the silicate fractions of the oider analyses may be
due tc the difficuity of obtaining pure mecai and silicate saparates,

~b, h

s suggested by their relatively nign nickel contents (c.f. Prior, 1918;

[al]

3 32

Alderman, 1940). It should be noted that the close correspondence
between the two silicate analyses of Simondium may be somewhat
orouitous. Before recaicuiation, Prior's anaiysis contained more than
10% water and more than 2% FeZO3, suggescing the possibility that

major changes in cnemical composition otiner tinan simple hydration and
oxidation may have taxen place. Tne potential 7or such alterations
arfecting the chemical analyses of Pinnarao (0.87% HZD; Alderman,

1940) ang Hairholz (2.38% LZO, 5.48% Fe 03; Prior, 1913) would
nave been much less, however.

Although the proporticns by weignt % o7 tie metallic and silicate

fractians are neariy identical in aii of fsc determinations, large com-

parative aiscrepancies exist 7or most elements. Apparently it may be
more difficult to obtain a representative sample of the metallic
Traction. These disparitias point out scme of the problams in obtaining

accurate and representative compositional data Tor the mesosiderites
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extural and mineralogical heterogeneities on

“Ia° Table 98-the clast=free=portions~of silicaté mait-arescomn=

sared:  Since tilese campositionsTare calculated from the modal-data the =

same conclusions apply: (1) general correspondence between Simondium
and Hainholz with some minor differences, and (2) overall similarity
between Pinnaroo and the other two mesosicerites, with some important

exceptions e.g., higher amounts of re5 and ?,0., and Tower content

2
&

5
ot Cr203. The discrepancy in PZOS can be rationalized by

assuming that most phosphate formed by oxidation of phosphorus origi-
nally dissolved in the metallic fraction {Powell, 1971). Differences
in the other two oxides, howaver, are not easily dismissed particularly

the large amounts of FeS and lack o7 associated Fe, Ni metal.
DISCUSSION

Evidence for impact melting

The confident ideatitication of an igreous-textured rock as an
impact melt is based on a combination of field, geophysical, petro-
graphic, and chemical criteria (Dence, 1971; Irving, 1975; Floran et

al., 1976a, 1978b; Winzer et al., 1977). 1In the absence of field

reiations and geophysical information {or mcteorites, we must rely on
petrochemical data togetner with comparisons of appropriate lunar and
terrastrial analogs inferred to have criginated by impact melting.
The impact-melt origin of Simondiuwm, Pinnaroo, and Hainholz is
based on textural (von Englehardt, 1978) and chemical arguments for

clast-Taden melts, Textural criteria include the presence of abundant



o
W

ticuic) clasts of varying composicion and texture in an
T5hE5uS or metalgneous madrix, and disequilibrium between clast-matrix
positions of these wesosiderite meits.

Arcunents as to whether mineral ciasts represent xenocrysts rather

(&
.
o
o
'U

phenocrysts have been presaented previously (Grieve, 1975; Flcran
ez al., 1978b) and will no: be vrepeatad here. The extraordinarily
taorougn wixing of clasts on a submillimeter scaie as observed in
Simondium and Hainholz nas been emphasizec by Simoads et al. (1976) as
& unicue characteristic of impact-meltea cebris. Evidence for
disequilibrium within the clast-laden melts is shown by the physical
states of the clasts, most 3f which shcw no evidence of reaction with
tha melt. Some clasts, however, are in various stages of recrystal-

lization and assimilaticn. These efiects are due to shock damage and
accomganying residual neating, and to the variadble compositions of
individuat clasts which were out of cheasical equilsorium with the
silicate meit. As previousiy noted, clas:ts are generaily more refac-
tory than crystaliizing pnases of the meit, and many nave ecuiliorated
rim compositions similar {0 tne matrix. Tha vss refractory clasts

te.g., iron-rich orthopyroxenas) as we the more strongly shocked

v

clasts were unstable in tne melt ang uncerwens seiactive or "partial®
melting.

The bulk compositions of the impact-nelied mesosiderites (Table
9A) is indead unusual because of the cocxistence and apparent non-

reactivity between large amounts of metal and siticate. These

abundances, together with the intimate macroscopic and microscopic
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In fact,'Stolpér 19755’5;;:b?§b§§édas,‘-*

the possible parental mater{a1 that partially melted to form metal-poor,
aucritic «...mas. The siiicate fracticns of these masosiderites alone,
with their polymict clast populations are sufficiently unique to set
them apart from the clast-free, achondritic meteorites and their
brecciated {monomict) equivalents that crystallized from a melt.

The igneous textures of the silicate matrices, the diversity and
abundance of xenocrysts, the differences in mineral chemistry of clasts
vs. matrix silicates, and metal-silicate-troilite textural relation-
ships all support the contention that Simondium, Hainholz and Pinnaroo
are the products of impact melting. For each mesosiderite, intimate
unmixing of a metal, sulfur-bearing melt and a clast-rich silicate melt
saturated with Fe metal and sulfur, without subsequently segregating,
is readily explainable by impact total meltirg of a heterogenous metal-
silicate target followed by relatively rapid cooling within a thin
shest-Tike layer.

Although shock deformation features have not been unambiguously
jdentified from any of these meteorites, this does not compromise the
impact-melt model. Shock features are relatively abundant in detrital
impact formations (von Englenardt, 1971) but relatively rare in clast-
laden mc'ts where they tend to be obliterated by thermal reactions

beiween the shock-heated clasts and superheated melt (Grieve, 1975).

Most clasts incorporated into terrestrial and Tunar impact melts did




not exparience pressdres greater than 100 k5 or temperatures in excess
of 200-300°C (Simonds et al., 1976). As & result, highly shocked ciasts

o are usually partially

re rare in impact melts.

Jbserved textural re aenite, kamacite, anc troilit
tne Fe-Ni-S system {Kulierud,
with about &% Ni and negligidle amounts of gphosphorus
would degin to crystaiiize under equiliorium concitions as taenite at
~ 1500°C (Powell, 1971) aithough tne oresence of sulfur in the melt
siou’d lower this temperature. In these three meleorites taenite
continued to crystaliize and coexist with Ticuid and vapor to below
1033°C, during which tima the siiicate melt would have been

gxtensively, if not entirely, crystallized. Further cosling led to

e-reS eutectic. Thus,

g
b

sracinitation of troilite and teaenite at the

continued crystallization of taenite over a wide temperature range led

6 a residual sulfur-rich metallic melt that crystallized below the

temserature at which the last silicates crystailized.

“.

Tne troilite blebs associated with the ¢ilicate fraction and often

(]

verent origin. The

presence oF these tiny disperse! grains sudgests that the silicate

nelts were saturated with sulfur and, in Simondiun and Hainholz, with



Of tne three impact-me’ed nesosiderites, a cooling rate has been
in Hainholz only. The extremely siow rate of

% 6 ty = ~ . L vy ; - PR .
0.1°C/10" yr between 500-350°C detern ned by Powell (1959) is the

sosidgerites. In

('D

same as those calculated by nim for many octher m
y metamorphosed, prooably at

C, causing extensive
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recrystaliization of the silicate matrix. Siwondium and Hainholiz may

nave exparienced a less sevaere reheating episode, though textural

avidence 1s lacking.

Comzarison witn lunzr-terrestrial anaiocs
fs aiready noted, thare are a numbar of similarities between

meceoritic, terrestrial, nd lunar impact melts. Differences in buik

comz0sition among these melts, especialiy the abundances of metal,

reflect the nature of the target material and the surface chemistries
of thneir respective parent bodies. Gross similarities in apgearance
fi.a., brecciated structure) and texture between lunar-terrestrial

. -

impact melts and the siticate partions of Simondium, Pinnaroo, and

{‘l

dainnclz uneguivocally demonstrate that the same Kinds of processes

()

were operative in the past outside the earth-woon system. Tnis con-
clusion is predicated on the assumption that these mesosiderites, like
most differentiated meteorites, formed in tne asteroid belt. Recently,
Wetherill (1976, 1977) nas raised the 59ssiniiity that the basaltic
achondrites (and by extension the eucrite clast-bearing mesosiderites)
are fragments of ancient earth planetesimals. It is not clear where

the impact-melted mesosiderites fit into this scheme, but they do appear



to be compositionally related to tne metamorpiosed mesosiderites which

in tura have aftinitias with the

-Jaden and

-1,
-
o)
Q

1

(X
-3
j<
—
o3
M
j-
._;

medium-grained, clast-poor impact melts. Tne former was collected

during the Apollc 16 mission and is texturally anaiogous to the sili-
cate portions of Simondium and Hainnolz (prior to metamorphism) while
the latter is from Manicouagen Crater, Guedec, and is roughly equiva-

lent to Pinnaroo. Altnough representing ditferent impact events these
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taxtural changes that
targe melt sheet. With increasing distance
above the basement-malt contact there is an inverse relationship between
macrix grain size and clast content, so that fine grained impact melt
rich in clasts is gradually replaced by coarser melt with few or no

recognizadle ciasts. 3Secause of this e

variability cannot be used Yor or againic & ganatic reiationship
between any o7 tne igneous-iextured mesosiderites However, the fine

to medium grain size of Pispnarco is comgaran
the middle clast-bearing, and upper clast-noor units at Manicouagan,
suggesting that the Formation o7 Pimiaros regrésencad a major cracering
event. Relatively coarse, clast-deficient melt rocks occur on eartn

typically within craters with diam

(D

ters axceaaing 20 km. If the precn
grain size and ciast content ov Pinnarco can be wsed as a rough qualit.
tive guide of the magnitude of tae "Pinnaroo impact event,” we must

allow for the possibiiity that consideradly ccarser grained rocks coud

f\
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~ite impact melts is their high

lunar and terrestrial analogs. Impac

rare in the lunar highiands (Simonds et

and Hainholz rall within tats category.

clasts but compared with egquivalent sili
at Manicouagan, it is significantly enri

formed during the same impact.

An interesting feature of the

clast contents relative to

elts with 25-67% ¢ ts are

al., 1976) but both Simondium

Pinnaroo coatains far fewer

cate textures and grain sizes

ched in Tragmented debris.

Paragenesis: A scenario

setrochenical stuadies of terresirial ana lunar impact welis
{(Grieve, 1975; Floran et al., 1975a,b, 1978; Irving, 1975; Winzer et
al., 1977) have shown that meli rocks formed during the same event

ariety of

Textural

se in turn determine codling rates

taxtural development (Floran et

control

in bulk chemistry, mineral ¢

with observed variations in grain si

textures but exhibit only limited chemical

: be related to stratigrapnic

al abundance of clasts;

al., 1978b).

The gross simi-

chemistry, and mineralogy coupie

n the three impact-melted

wesosiderites is consistent with a common origin during a single impact
gvant in which Simondium and dainnoiz cooled move rapidly than the
coarser-grained Pinnaroo. However, desbite approximate equivalence in
the buik compositions of the silicate meit portions, sufficient

Fferences exiss to cast doubt on a

asosiderites. The data are consistent

origin for Simondium and Hainnolz.

common origin Tor all three

witn, but do nol prove a common

Because ot compositional differences



oreviously discussed, the evidence is less compaiiing vor a genetic

relationship between Pinnarco and the olher two mesosiderites. Perhaps
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it a comman origin 1S
e earicament of the
mecallic fraction in Pinnarcd (2/3 of the eatire meteorite vs 1/2 for

Simondium and Hainholz), and the high abundance of troilite (14% vs S%

N

and 2%). A possidle explanation is provided hy the much smailer

Although these melis are renarkadly well mixed chnemically, they are not

nerfectly nomogenized. For examypie, In trne Manicoucgan impact melt,
incompiete homogenization of local concentrations o7 one of several
basement rocks that vware meited and mixed Guring the impact event, has
restited in slignt but detectable divferences in the A7203 content

cartn-moon system (i.e., the asteroic beit). wis line of reasoning
suggests that at Teast two Tmpactt events iy wail have been involved in

the generation of Simoncium, 2innarco end Halang

1) Hypervelocity impacts {i.e., valccities > several km/s) with
eadugn energy to cause extensive though lccaiized melting, occurred at

various times on one or more parent bodies with similar, stony-iron
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surface compositions. The craters that formed during these impact
avants were at least several kilometers in diameter, and in the case of
Piﬁnaroo, may have been tens of kj}dﬁetéksraé;ééé. |

(2) Assuming that tne parent bodies foréed in the asteroid beit
and are still located there, as suggested by speciral reflectance
studies (Gaffey and McCord, 1977), collisional events causing impact
meliing are likely to have occurred with other asteroids at velocities
much greater than the present average relative velocity of 5 km/s
(Chapman 1976) which appears to be insufficieant to form extensive
impact-melt sheets. Lass likely alternatives include impaci melting
causad by coliisions with other objects traversing the asteroid belt
sucn as comets, or formation of the mesosiderite parent bodies and
their impact meilts outiside tha main belt. Wnerever they formed, the
presumed occurrence of trese melts as extensive sheets and the presence
of a silicate clast popuiaiion of acnhondritic parentage argues strongly
Tor an origin on relativeiy large divferentiaced bodies, probably
severa. hundreds of kilometers in diameter or greater. Such bodies
must have nad sufficient gravity Tields o retain their impact-melt
nroducts.

(3) For each mesosiderite the lack of separation between dense

oY)

moiten metal and a lower density siticate melt may nhave been due to a
combination of factors including the very high viscosity of the clast-
Tacen meit, the extreme sheetlike form of the melt layer, and the
intimate mixing of the two mmiscible 1icuids on a cm and mw scale. At
ihe 05 km diameter Manicougan Crater in Quebec the high viscosity of

the melt-clast mixture prevented meter-sized blocks more dense than the




melc Trom sectling to the base (Simonds et ai., 1973} and the melt layer

Wiihin the crater is truly & sheet, naving & Jreerosional diameter:cepth

ratio of v150:1 (Floran et al., 1578b). he sresent intricate struc-
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vved in Pinnaroo (Fig. 1) were probvably estab-
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ished after unmixing of nonogenous superneated (super-critical?)

_ru

Tiuid into wmicron-sized glosu
ligquias. At some point, these coexisting melits way have briefly had

the physical characteristiics of an emulsicn. Unmixing of these liguids

i Gw endugn to permit partial segregaticn on a cm scaie but not

X
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ov complete separation by gravity. Alternatively,
separation wmay reflect rapid cooling of small bodies of

1

t. Wnile perhaps possible for Simoncium and Hainholz, this
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g for the much slower cooling

(&) The presence of varicus mineral clasts with diverse compesi-

Kl

asts, and rare lithic fragments indicate that the fargets

rock types were malted anc mixed curing one of more impact events: (a)

-

cumulate eucrite?), (c) cdunite, and {d) mccal. Other vock types may
hava been involved but are not identitiatle. For example, basaltic
Qucrites may have been a source of soie of the plagiociase component
out texitural evidence for thair existence as clasts is lacking. Pre-

axisting mescsiderites may also have beern o target rock but, again,

textural evidence is absent. The wide compositional range of
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coarse-grained mineral clasts of likely plutenic origin (i.e.,
orthopyroxene, olivine) incicate that a variety of rock types were

present within the target araa. Pyroxene clasts with compositions more

magnesian than ~ En75 provably represent unsaaplad diogenite material not

-

aund as individual meteorites; pyroxene more ijron-vich than v En7o
nay have been derived from Fe-rich diogenites or Mg-rich cumulate

eucrites. Although individual olivine grains are tynpically coarse

welts {FoCG 67) suggests that severail dunitic bodies, also unsampied
56-

as mateorites, were target rocks. Alternatively, these compcsitionally
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(5) Most of the metai component was present as a solid on the

the planet at the time of the imsact, aitner in discrete
metal-rich bodies or as a dispersed phase associated with silicates.
Y & very small amounc of the metal is likely %0 have been derived

Trom the orojectile. For typical ferrvestrial and lunar impact

These inferences icad o the 7ciloving scenario for the origin of
inese mesosiderites, based in part on Wwzact-meit models developed for
terresirial craters {(Grieve, 1975; Grieve at
Simonds, 1977; Grieve and Floran, 1578). Hyservelocity impacts on one

or more large, differentiated asteroids witn stony-iron surfaces caused

impact melting and minor vaporization of heterogeneous silicate-metal
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cargets near tne point of impact. Chemical nomogenization of melted
a d vaporized material occurred due to tne dynamic conditicns of the
maited volume as it moved raaiaily outward into the rapidly expanding
h
I

crater cavity. Conditions Tor chermicai homsogenization inciuded a high

degree of superheat, internal velocity gradients, an initially low

viscosity, and extremaly turdulent fiow (Grieve et al., 1977). During
this vinjent mixing stage disequilibrium prevailed, as relatively cold
unshocked silicate and metal clasts were enguived by the cutward nmotion

fad

o1 the melt. The superheat of tThe meit was apbsorbed aimost instan-

(¥4
1]

w

-

taneously by the clasts, some of which were assimilated or selectively
melted leaving behina & revractory clast popuiation., The ability of

siiicate clasts to rapidiy adbsoro the superheat of an impact melt is

well establisned (Simonas et al., 1978). This general property should
be true of metal clasts aiso, out to a much greater degree because of

thair larger heat capacity and thermai conductivity. As a result of
ast-meit interactions, the viscosity o7 the meit volume (now in the
Torm of a subhorizontel sneet on tae crater Tloor) increased drama-

ticaiily with a corresponding
{nitially a single silicate-meta
ishea, the melt

aporoach to thermal and chemical eguiiibriumg was estab

Spii1t into two immiscinie fractions, possiciy as micron-sized particies.
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1a Simondium and Hainrholz ¢ ised sugercooiing

of the silicate melt baiow thair liquicii, thereby initiating wide-
spread nucleavion of plagiociase and pycoxcne. Tne silicate and metal-

rich liquids crystaiiized uncer trancuil co

naitions, independent of one

anotrer. Intricate structurai reiationships between the crystallizing




malts {Fig. 1) were established at this time due to failure of the melts

to completely segregate. The last phase to.crystallize was troilite

which Tormed Trom-The metallic melt at.the bOund aY'"AES'betweenSQ]

siiicate and metal. At this point the evolutionary history of Hainholz
deviated Trom the other two meteorites. Hailahoiz may have been deeply
buried Tor an extended pericd oF time. This would explain its
recrystallized texture and possibly its extremely slow metal cooling
rate. Ultimately, alil three fragments were ejected from their respec-
tive parent bodies or from cifferent areas of the same body into orbits

)

that resulted in collision with the eartn where

£

they were recovered as

meteorites.
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Table 2.

Ba0

Total

Ho
En
Fs

Simondium

1 1o
53.51 0.63
0.33 0.09
0.68 0.25
0.45 0.14
18.61 0.93
0.87 0.03
24.417  1.14
1.15  0.47
0.01 -
n.d. -
n.d. -
100.02
2.3 1.0
68.3 2.4
29.4 1.8

No. analyses 28

n.d. = no data

Pinnaroo

2 lg
52.51  0.75

0.29 0.13
0.89 0.32
0.56 0.17
20.82 1.79
0.82 0.10
21.86  1.36
1.7 0.58
0.02 -
n.d. -
n.d. -
99.55
3.6 1.2
62.8 3.3
33.6 3.1
46

Hainholz
3 lo
53.46  0.51
0.28 0.12
0.81 0.25
0.51 0.17
19.66 0.83
0.8 0.12
23.40 0.90
1.58  0.37
n.d. -
n.d. -
100.58
3.2 0.8
65.8 1.9
31.0 1.5
33

Simondium
T
46.34  0.85
<0.01 -
33.85 0.70

n.d. -

0.5 0.13

n.d. -

0.09 0.02
18.16  0.48

1.02 0.19

0.06 0.02
<0.01 -

100.62
90.4 1.8
9.2 1.7
0.4 0.1
34

Pinnarco
5 10
46.85 0.70
<0.02 -
33.48 D.52

n.d. -
0.56 0.23
n.d. -
0.15 0.04
18.51 0.46
0.89 0.15
0.05 0.02
<0.01 -
100.52
91.7 1.4
8.0 1.4
0.3 0.1
38

Average compositions (wt %) of matrix pyroxenes (columns 1-3) and plagioclases (columns 4-6) froi
Simundiun, Pinnaroo, and Hainholz as determined by electron microprot. analysis

Hainhclz
6 1
47.58  0.79
<0.02 -
33.08 0.79

n.d. -
0.69 0.16
n.d. -
0.20 C.05
17.75  0.29
.11 0.0°
0.08  0.01
<0.01 -
100.52
89.4 0.9
10.2 0.9
0.4 0.1
21



Table 3.

Sio,
Ti0,
A1,0;
Cr,0,
Fe0
MnO
Mg0
Ca0
Na,0

Total

Wo
En
Fs

Representative analyses (wi %) of orthopyroxene clasts

Simondiun

1
55.

0.
0.
0.
11.
0.
30.

99.

81.
17.

5
03
24
73
6
39
8

Cores of grains:

Rims of grains:

2
54.6

0.06
0.60
0.65
15.4
0.50
28.0
0.48
0.01

100.3

0.9
75.7
23.4

6, 10, 11

0.
Q.
0.
18.
0.
25.

0.

100.

69.
28.

3
54.

16
59

64

.04

0.76

64.7
33.2

1, 2, 3, 4(?),5,7,8,9

Pinnaroo
5 6
55.1 52.1 51.9
0.e4 0.22 0.22
0.15 0.88 0.99
0.63 0.53 0.56
15.2 20.1 23.0
0.44 0.80 0.82
27.2 22.9 20.8
1.09 1.31 0.90
- - 0.02
100.7 98.8 99.2
2.2 2.6 1.8
74.5 65.2 60.6
23.3 32.2 37.6

Hainholz ;_

99.2

1.4
78.5
20.1

9

55.2

0.

0.

0.

15.

0.

27.

10
52
43
7
52
3

.13

101.

74.

23.

0
54?9 . 54.3
033" 0.3
63893[ 0.65
0.50 0.3
18,6 19.8
0%83?5 0.76
24{5=§§ 22.8
1.3 1.72
10f§0 ©100.7
SRR
6%?3 64.9
9.0 . 31.6
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Table 5,

510,
Ti0,
A1,0,
FeO
Ni0
MnO
MgQ
Cal

lotal

Fo

Representative analyses (wi

Simondiui
-.-{________.Eg,.,.A*W_mg,__
40.3 38.9 37.4
<0.03 <0.03 <0.03
<0.01 <0.01 <0.01
11.6 19.9 29.4

<0, 02 <0.04 <0.03

1
IS
o
e)
~

0.256 0.

B
w
(&8}
Y

48.6 41.
0.02 0.10 0.06

100.8 100.9 101.2

88.72 18.7 67.0

=) of olivine clastis

Pinnaroo
4 5
40.7 39.8
<0.01 <0.01
11.1 15.0
<0.03 <0.03
0.32 0.40
47.9 44.8
0.02 0.03
100.1 100.1
83.4 84.2

6
40.2
<0.03
<0.01
12.7
<0.01

0.34
47.6

0.07

101.0

87.0

Hainholz

7 A 8
38.9 38.7
<0.05 <0.03
<0.01 <0.01
18.8 22.4
<0.04 <0.0?

0.54 0.59
42.4 39.3

0.04 0.04
100.8 101.1
80.1 75.8

5
37.1
<0.05
<0.01
28.4
<0.05

0.82
341

0.06

100.6



Table 6. Representative analyses (wt %) of chromite (columns 1-6), merri
rutile (column 13)

Simondium Pinnaroo Hainholz Sim
1 2 3 4 5 6 7
Si0, 0.15 0.08 0.13 0.13 0.10 0.18 0.02
Ti0, 0.75 3.00 2.97 1.04 0.66 1.35 n.d.
Al1,0; 8.3 7.6 12.8 10.9 9. <0.01
Cr,0; 52.0 52.1 50. 50.5 52.9 52. n.d.
v,0, 0.49 0.32 0.73 0.65 0.69 0.56 n.d.
Fel 34.2 33.8 31.6 32.0 29.0 31.2 0.45
Mn0 1.01 0.78 1.82 1.59 1.28 0.92 0.19
Mc0 2.47 2.34 2.63 2.46 3.2 2.57 3.6
Ca0 0.58 0.25 0.17 0.22 0.49 0.20 47.1
Zn) 0.21 0.22 0.20 0.18 0.20 0.18 n.d.
Na,0 n.d. n.d. n.d. n.d. n.d. n.d. 0.76
K,Q n.d. n.d. n.d. n.d. n.d. n.d. n.d
P,0s n.d. n.d. n.d. n.d. n.d. n.d. 46.3
cl Tond. onad n.d. n.d. n.d.  n.d. <0.02
F n.d. n.d. n.d. n.d. n.d. n.d. 0.70
Y n.d. n.d. n.d. n.d. n.d. n.d. 0.15
Lz n.d. n.d. n.d. n.d. n.d. n.d. <0.01
Ce n.d.  n.d. n.d.  n.d. n.d.  n.d. <0.01
Nd n.d. n.d. n.d. n.d. n.d. n.d. 0.05
Total 100.2  100.5 100.2 101.6 99.4 99.1 99.4
0=F 0.29
99.1
Us 2.2 8.3 8.0 2.8 1.7 3.7
Cm 79.1 75.4 72.2 70.6 75.1 75.7
Sp 14.0 12.7 14.3 12.8 17.3 13.9
He 4.7 3.6 5.5 13.8 5.9 6.7

Us = ulvispinel (FeTi,0,), Cm

i\

Chromite (FeCr,0.), Sp = spinel (MgA1,04),
He = hercynite (Fe,Mn,ZnA1,0,); after Busche et al. (1972).

*
Includes 0.19% Nb,0s and 0.07% Zr0,.




ite (cotumns 7-9%. iridymite (columns 10-12), and

pim  Hain Sim Pinn Hain Pinn
59 10 " 12 13

0.00  0.04 8.7 99.6  99.7 0.20
nd.  n.d. 0.13 0.18 0.22 98.3
Q.01 <0.01 0.07 0.14 0.16 0.01
.6 n.d. n n.d. n.d. 0.12
nd. nd. n.d. n.d. n.d. n.d.
0.7 0.37 0.48 0.49 0.55 0.76
0.4 0.18 n.d. n.d. n.d. 0.05
3.6 3.7 <0.017 <0.01 <0.01 0.03
5.1 48.4 0.05 0.05 0.07 0.32
n.d. n.d. n.d. n.d. n.d. n.d.
0.86:  0.82 <0.01 <0.01 <0.01 n.d.
nd.  n.d. 0.02 0.07 0.06 n d.
ho  45.9 n.d. n.d. n.d n.d.
.03 <0.03 n.d. n.d. n.d n.d.
0.74  0.80 n.d. n.d. n.d n.d.
0.6 0.15 n.d. n.d. n.d. n.d.
0.05 0.05 n.d. n.d. n.d. n.d.
0.06 <0.03 n.d. n.d. n.d n.d.
.02 0.06 n.d. n.d. n.d n.d.
9.8 100.5 99.5 100.6 100.8 100.1"
0.3 0.34

9.5 100.2




Jadie 7. Average compositions and ranges (wt %) o7 metal paasas
A. Taenitcz
Simondium Pinnaroo Hainholz Hainholz*
Avg Range Avg Range Avyg Range Avg Range
Fe 57.3 (47.7-64.2) 51.0 (47.2-61.4) 57.6 (44.3~63.2) 48.0 (46.9-49.5)
N 47.4 (34.5-531.1) 46.7 {37.5-51.9) 41.6 (36.2-54.6) 51.4 (50.2-53.4)
Co 0.04(0.00-0.09) 0.06(0.00-0.17) 0.07(0.02-0.13) 0.05(0.00-~0.12)
P G.02(0.00-0.08) <0.01 - 0.02(0.00-0.08) 0.02(0.00~0.08)
Lovan 93.8 97.8 69.3 99.5
NO. analyses 15 12 22 10
B. Kamacite
re §1.7 (96.5-92.3) 92.0 (51.0-92.5) 63.5 (92.2-95.0) 95.2 (94.7-95.7)
N1 6.2 (5.3-6.9) £€.2 (5.3-56.4) 5.2 (5.0-6.8) 4.0 (2.5-5.0)
Co 0.52 {0.47-0.58) 0.69 (0.62-0.386) 0.50 (0.37-0.59) 0.84 (0.70-1.3%,
2 G.03 (0.00-0.13) 0.02 (0.00-0.03) 0.02 (0.00-0.10) 0.03 (0.00-0.13;
TotTal 98.5 58.9 100.2 100.1
No. analyses 38 10 50 5
WAnalyzes ot smali Slebs associated with silicate fracticn; all other analyses are from
Teta.iic Traction.




Table 8. Model analyses (vol %) of whole-rock and silicate-melt portions
as determined by microprobe analysis

Whole rock Silicate melt

Sim  Pinn. Hain Sim  Pian  Hain
Plagioclase 21.2 17.5 19.8 36.1 32.5 34.9
Orthopyroxenz 40.9 25.1 39.5 53.3 54.0 57.9
Ca-rich pyroxene 0.2 0.7 0.1 3.0 1.6 0.8
Olivine 0.3 0.9 1.0 - - -
Chromite 0.9 0.1 0.5 0.6 0.3 0.8
Tridymite 3.0 3.2 3.5 4.3 5.7 3.6
Phosphate 1.4 1.8 2.3 1.4 3.6 1.6
Kamacite 19.0 32.1 28.1 0.2 - 0.4
Taenite 5.0 3.6 3.3 0.2 - -
Troilite 8.1 15.0 1.9 0.9 2.3  tr'
Silicates 67.9 49.4 66.7 98.7 97.7 99.6
Metal + Troilite 32.1 50.6 33.3 1.3 2.3 0.4

®
Includes 0.1% rutile.

‘Petrographic studies suggest a somewhat greater abundance.



Table SA. Bulk chemical analyses (wt %) of silicate (melt + clasts) and

metailic portions

Simondium Pinnaroo dainholz

This Prior This  Alderman This Prior  Powell

work (1918) work (1940) work (1918) (1971)
Silicates (to 100%)
Si0, 51.3 53.1 49.9 4.5 51.1 48.8 50.8
Ti0, 0.25 n.d. 0.48 - 0.10 n.d. 0.40
A1,0, 9.7 9.6 11.2 10.0 9.5 10.6 9.2
Cr,0; 1.24 1.05 0.46 n.d. 0.94 0.78 n.d.
Fed 12.4 13.9 12.3 15.9 1.7 14.7 18.5
¥n0 0.58 tr 0.48 n.d. 0.35 tr 0.47
Mg0 16.6 17.7 14.3 14.5 16.8 16.8 13.6
Cal 6.7 3.4 8.9 6.6 7.6 7.0 5.9
Na,0 0.23 0.12 0.31 0.54 0.23 0.51 n.d.
K,0 0.02 n.d. 0.02 0.05 0.02 n.d. -
P,0s 0.98 1.13 1.65 n.d. 1.66 0.81 1.13
Metallic
Fe 36.3 47.8 48.7 58.3 47.7 42 1 n.d.
Ni 6.2 3.2 5.6 5.7 5.4 4.0 8.6
Co 0.18 - 0.27 ¢.:0 0.24 0.41 n.d.
p 0.04 n.d. 0.03 n.d. - n.d. n.d.
FeS 8.8 2.56 13.9 7.8 2.00 3.96 4,30
Sch - n.d - n.d - 0.69 n.d.
Subtotal 51.5 53.5 68.5 71.38 55.3 51.2 57.7
(metallic)
Subtotal 48.5 46.5 31.5 28.2 44.7 48.8 42.3

(silicates)

n.d. = no data, tr = trace

H,0, SO3, Fe,0;,and Ni0 in silicate portions from Prior (1918) and Alderman
(1940) were removed before recalculation to 100%; Cr.0; + Na,0 + H,0
component (2.96% total) from Powell (1971) was removed before recalculation

to 100%.




Table 33. Compositions of clast-free portions of silicate meit
rocks (Wt %)

Sim Pinn Hain
Si0; 51.8 50.4 52.9
710, 0.24 0.20 0.10
Al,0; 11.3 10.2 10.6
Cr.0; 0.72 0.38 0.94
Fel 11.3 13.1 11.1
a0 0.53 0.51 0.33
M50 15.3 14.6 15.8
Cal 7.9 3.5 7.3
Na,0 0.26 £.29 0.23
K20 0.02 0.01 0.02
P,0s 0.69 1.76 0.75
Subtotal 97.6 95.5 99.1
Fe 3.75 - 0.90
Hi 0.25 - 0.10
Co - - -
D - - -
FeS 1.37 3.50 -
Scn - - -
Subtotal 2.4 3.5 1.0



