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Abstract-Coronas are present on all millimeter-sized mineral clasts of olivine in the Emery and Mor- 
ristown mesosiderites and are a manifestation of high-temperature ( T it 850-l 100°C) metamorphism. 
These coronas formed by reaction and diffusion between olivine and a mesosiderite-like matrix assemblage. 
The bulk composition of the coronas can be approximated by a mixture of = lo-25 wt% olivine and 
~90-75 wt% metal-free matrix, except for P and Cr, which are significantly enriched in coronas. Phos- 
phorus and Cr diffused relatively rapidly to coronas and were derived from a large volume of matrix, 
most likely from metal that was originally enriched in these elements prior to metamorphism. The 
coronas in both meteorites show a similar zone sequence, but are systematically thicker in Emery ( =800 
Km wide) than in Morristown (x350 pm wide), suggesting that Emery experienced more grain growth 
and more intensive metamorphism than Morristown. Textural relationships suggest that corona formation 
and high-temperature metamorphism occurred largely after intensive millimeter-scale brecciation and 
after or during metal-silicate mixing. A local equilibrium model can explain many features of the coronas, 
but chemical equilibrium was maintained only on a very small scale. Overgrowths are present on plagioclase 
in the coronas of both mesosiderites and probably formed during high-temperature metamorphism. The 
compositional interface between core and overgrowth plagioclase is extremely sharp, suggesting that 
cooling rates were 20.1 “C/y at the peak temperature of metamorphism, consistent with high-temperature 
metamorphism occurring in a near-surface region of the parent body. 

INTRODUCTION 

MESOSIDERITES TYPICALLY consist of roughly equal amounts 
of Fe-Ni metal and a silicate fraction rich in orthopyroxene, 
plagioclase, and lesser amounts of tridymite, phosphate, and 
clinopyroxene (POWELL, 1969, 1971 ). Olivine is usually 
present (POWELL, 197 1; FLORAN, 1978), but only in small 
quantities (-2 ~01% of silicates; PRINZ et al., 1980). Most 
mesosiderites (subgroups l-3 ) are variably recrystallized, 
polymict impact breccias; other mesosiderites (subgroup 4) 
appear to be clast-laden impact melt rocks (POWELL, 197 1; 

FLORAN, 1978; FLORAN et al., 1978; HEWINS, 1984). In the 
recrystallized (subgroups l-3) mesosiderites, millimeter-sized 
mineral clasts of orthopyroxene, plagioclase, olivine, (in- 
verted) pigeonite, and a variety of millimeter-sized to 
centimeter-sized lithic clasts (including orthopyroxenite, ba- 
salt, gabbro, and rarely dunite) are set in a matrix of finer- 
grained (cornminuted) silicates and an interconnected net- 
work of coarse metal (POWELL, 1969, 197 1; FLORAN, 1978). 

Thermal metamorphism resulted in coronas on olivine clasts, 
overgrowths of pigeonite on orthopyroxene clasts, and Mg- 
rich orthopyroxene rims on Fe-rich pigeonite grains, in ad- 
dition to a general grain coarsening (DELANEY et al., 198 1; 
POWELL, 197 1; FLORAN, 1978; HEWINS, 1979; NEHRU et al., 

1980; HEWINS, 1984). The subgroup 4 mesosiderites lack 
olivine coronas (FLORAN et al., 1978; HEWINS, 1984) but 
contain overgrowths of pigeonite on orthopyroxene ( HEWINS, 
1984). 

Coronas in mesosiderites clearly formed by the reaction 
of olivine with tridymite-bearing matrix (POWELL, 197 1; 
FLORAN, 1978; NEHRU et al., 1980). We show that a local 
equilibrium model for coronas can explain their mineralogical 

zone structure and some features of their textures and mineral 
compositions. Although a similar model was first proposed 
for the coronas by NEHRU et al. ( 1980), these workers con- 
cluded that “the nature of some of the [chemical ] migrations 
that occurred are unusual and warrant further study” (p. 
1 I 17). Moreover, as coronas represent structures that have 
not gone to complete chemical equilibrium, they provide 
unique information on the reactions and diffusive processes 
that occurred during metamorphism, and on the nature of 

the original reactants prior to metamorphism. The coronas 
also provide constraints on the relative timing of metamor- 

phism, metal-silicate mixing, and brecciation. 
One of the most interesting aspects of mesosiderites is their 

cooling history. Mesosiderites appear to have cooled very 
slowly (~10~~ “C/y) at low temperatures (<5OO”C), based 
on metallographic (POWELL, 1969; KULPECZ and HEWINS, 
1978), fission track annealing (BULL and DURRANI, 1979; 
CROZAZ and TASKER, 198 1 ), and cation ordering studies 
( GANGULY et al., 1994). In contrast, DELANEY et al. ( 198 1) 

inferred very rapid cooling rates (up to 10-I OO”C/day) at 
high temperatures (>9OO”C), based on steep zoning profiles 
between orthopyroxene and inverted pigeonite overgrowths, 
but they made the incorrect assumption that the Fe-Mg dif- 
fusion coefficient in pyroxene was similar to that in olivine. 
Noting that Fe-Mg diffusion rates in pyroxene are likely to 
be a factor of x lo3 slower than in olivine, JONES ( 1982) 
revised the cooling rates of DELANEY et al. ( 198 1) downward 
to 12”C/y at 900-l 100°C. JONES ( 1982) based his estimate 
of relative diffusion rates in olivine and pyroxene on obser- 
vations of naturally zoned crystals, but did not have access 
to experimental diffusion data for pyroxene. The discovery 
of zoned plagioclase overgrowths in coronas, described here 
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FIG. 1. Backscattered-electron (BSE) micrographs of coronas in Emery and Morristown. IZ = inner zone, MZ 
= middle zone, OZ = outer zone. In all figures, chromite (chr) appears white, plagioclase (plag) dark-grey or black, 
merrillite (merr) light-grey, and orthopyroxene (opx), clinopyroxene (cpx) and olivine (01) various shades of medium- 
grey. (a) MO- 1 corona, showing subdivision of the inner zone into an outer monomineralic orthopyroxene subzone 
and a symplectic chromite-rich inner subzone. (b) Em- 13 corona, showing the concentration of menillite in the middle 
zone. (c) Close-up of the Em- 1 corona, showing symplectic chromite in the inner zone, a chromite-rich band at the 
inner/middle zone contact, and a concentration of menillite in the middle zone. (d) Close-up of the outer zone of the 
Em-l corona, showing plagioclase overgrowths and clinopyroxene lamellae and blebs within orthopyroxene. The short 
dark line within the large plagioclase grain at upper right represents the location of a microprobe traverse (Fig. 6a). 
(e) Em- I3 corona, showing a thickening of the inner zone around a corner of the olivine clast, the presence of ortho- 
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for the first time, allows another, more rigorous determination 

of the high-temperature cooling rates in mesosiderites to be 

made. 
In this work, two mesosiderites, Emery and Morristown, 

were chosen for study because they contain the range of co- 
rona types previously identified by NEHRU et al. ( 1980) and 
DELANEY et al. ( 1981). However, both Emery and Morris- 
town belong to the same subgroup (3A), and thus the con- 
clusions reached in this paper may pertain to this particular 
subgroup only, rather than to mesosiderites in general. 

METHODS Corona Mineralogy and Zone Structure 

All observations were performed on two polished thin sections of 
Emery (AMNH 4441-2 and AMNH 4441-4) and one polished thin 
section of Morristown (AMNH 305-I ) obtained from the American 
Museum of Natural History. Olivines and coronas are labelled Em 
(from Emery) and MO (from Morristown). Scanning-electron-mi- 
croscope (SEM) observations were carried out using an AML JEOL 
840A/TN 5502 instrument at the Materials Science and Engineering 
Department and by a Cambridge Instruments 120B instrument at 
the Department of Geosciences, both at the University of Arizona. 
The latter instrument was used to determine modal compositions 
through computer-aided discrimination of phases on backscattered- 
electron (BSE) images. The modes have an estimated precision of 
00.1-0.5 ~01% for most phases. Owing to the similar atomic number 
of orthopyroxene and clinopyroxene in the samples, only the total 
abundance of “pyroxene” could be determined directly, and the pro- 
portion of clinopyroxene to orthopyroxene was estimated visually. 
Mineral analyses were obtained with a Cameca CAMEBAX SX-50 
PGT EDS microprobe controlled by a SUN 3/360 computer at the 
Department of Planetary Sciences at the University of Arizona. Op 
erating conditions were a 15 kV accelerating voltage and a 5 or 10 
nA sample current for analyses of silicates, phosphate, chromite and 
ilmenite, and a 20 nA sample current for analyses of metal and sulfide. 
In all cases, a focussed beam was used. Various well-characterized 
mineral and glass standards were used. Analyses were generally ac- 
cepted if totals ranged between 98 and 102 wt% and mineral stoi- 
chiometries were reasonable. For most oxides and elements, detection 
limits are estimated as 10.0 I wt%, and relative analytical precision 
is estimated as 3-9% at a concentration of 0.5 wt%. Calculated bulk 
corona and matrix compositions have the following estimated relative 
precisions: 0.6% (SiOZ), l-2% (MnO, CaO, Al,O,), 3-5% (MgO, 
FeO, CrZOs, P,Os), 6-S% (TiO?, Na20), and 10% (K,O). 

Twelve olivine coronas were found in Emery, and five were 

found in Morristown. The coronas in Emery are large (600- 

1000 pm wide, average = 800 pm) and conspicuously devoid 
of both coarse matrix metal and tridymite, while in Morris- 

town, the coronas are thinner (300-400 pm wide, average 
= 350 pm) and are distinguished from matrix mainly by the 
absence of tridymite, as the matrix adjacent to the coronas 
is relatively poor in metal. An important observation, whose 

implication is discussed later, is that the outer edge of Emery 
coronas is delineated by the approximately coincident dis- 

appearance of both tridymite and coarse metal; tridymite is 
rare on corona-facing sides of coarse matrix metal adjacent 
to the coronas but is often in contact with this metal on the 

opposite side. The coronas in both meteorites have similar, 
but not identical, zone structures and modal compositions 
(Figs. 1, 2, Table 1). In both meteorites, the coronas can be 
subdivided into three mineralogically distinct zones-an in- 
ner zone adjacent to olivine, rich in orthopyroxene and chro- 
mite; a middle zone, rich in orthopyroxene, plagioclase, and 
often merrillite; and an outer zone similar to the middle zone 
but containing clinopyroxene and less merrillite (Figs. 1, 2 ). 
In Morristown the inner zone can be subdivided into an or- 
thopyroxene “subzone” that is adjacent to the middle zone, 
and into an orthopyroxene + chromite “subzone” adjacent 
to olivine (Figs. la, 2). The coronas in Emery are richer in 
merrillite and opaque minerals (chromite, ilmenite, metal, 
sulfide) than their counterparts in Morristown, a difference 
that is mirrored by the matrix in these meteorites (Table 1). 
The systematically thicker coronas in Emery compared to 
Morristown, and the otherwise similar zone sequences, sug- 
gests that Emery experienced more grain growth and more 
intensive metamorphism than Morristown, even though both 
meteorites belong to the same subgroup ( 3A). 

RESULTS 

Olivine in Emery and Morristown 

In Emery and Morristown, olivine occurs mainly as large 
(typically = 1 mm across), anhedral mineral clasts, although 
one dunitic lithic clast was also found in Morristown. Each 
olivine clast has a uniform major element composition, but 
taken together they span a large range in composition (Fa 
19-40). All are surrounded by predominantly granular- or 
poikiloblastic-textured coronas comprised principally of or- 
thopyroxene and plagioclase and lesser amounts of merrillite, 
chromite, clinopyroxene, and ilmenite (Fig. 1). Metal is rare 
and tridymite is absent in the coronas, although both are 
present in the adjacent matrix. Olivine mineral clasts are 
evidently fragments of coarse-grained (> 1-7 mm), olivine- 

rich cumulate rocks (NEHRU et al., 1980). They show uni- 

form or slight undulose extinction indicating that they are 

largely undeformed or annealed. The dunite clast (MO-~) 
contains olivine (9 1.3 ~01% ), orthopyroxene (7.0%), plagio- 

clase ( 1. I%), chromite (0.4%), and trace metal and sulfide, 
with millimeter-sized, kink-banded olivine set in a seriate- 

textured, possibly shear-recrystallized, olivine-rich ground- 
mass. This object was illustrated by POWELL ( 197 1, his Fig. 
19) who also commented on the severe deformation it ex- 

perienced. 

NEHRU et al. ( 1980) originally classified coronas into three 
stages, based primarily on ( 1) the texture of the inner zone 
and (2) the change in Fe-Mg composition of orthopyroxene 
between the inner and outer zones, which is a measure of 
disequilibrium. DELANEY et al. ( 198 1) expanded on this 
classification, proposing additional criteria based on the dis- 
tribution and overall abundance of merrillite. An implication 
of these studies is that corona structure and texture were 
strongly influenced by Fe-Mg disequilibrium between olivine 

pyroxene + clinopyroxene (px) clasts in the outer zone, and coarse menillite adjacent to matrix metal. (f) Em-7 
corona, showing chromite necklaces at zone contacts and a highly asymmetric distribution of chromite around olivine, 
with chromite being less abundant on the side of olivine facing toward a large pyroxene-rich clast (side B, left) than 
on the side facing a more normal metal-bearing matrix (side A, right). 
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FIG. 2. Schematic zone structure of coronas in Emery and Morristown. Numbers below zones refer to fractional 
widths (in percent total corona thickness) of the zones. Within each zone, minerals are shown in approximate order 
of abundance. Opx = orthopyroxene; plag = plagioclase; met-r = merrillite; chr = chromite; cpx = clinopyroxene; ilm 
= ilmenite; kam = kamacite; tae = taenite or tetrataenite; 01 = olivine; trid = tridymite. 

and matrix orthopyroxene (NEHRU et al., 1980; DELANEY 
et al., 1981), but based on our observations this does not 
appear to have been the case. All coronas have similar zone 
sequences (Fig. 2)) and this is unrelated to Fe-Mg disequi- 
librium and texture. Merrillite is always concentrated in the 
middle corona zone (Table 1 ), and the texture of the inner 
zone appears to depend mainly on the local abundance of 
chromite rather than on Fe-Mg disequilibrium in the coronas. 
The inner zone has a symplectic texture wherever the abun- 
dance of chromite is high (Fig. la,c) and has a more granular 
texture wherever the abundance is lower. 

One aspect of the coronas, relative zone widths, appears 
to be related to olivine composition. The outer zones of co- 
ronas are relatively thicker, and the inner zones relatively 
thinner, around more magnesian olivine clasts (MO- 1, Em- 
13) than around more ferrous olivine clasts (Table 2). Evi- 
dently, coronas that formed around forsteritic olivine expe- 
rienced slightly diminished growth rates of the inner zone 
and slightly enhanced growth rates of the outer zone com- 
pared to other coronas. As will be shown later, this difference 
is consistent with a local equilibrium model for corona for- 
mation. 

The identification of the original contact in coronas is use- 
ful for mass-transfer modelling. It appears that the original 
contact in Emery and Morristown coronas was located close 
to, but not necessarily coincident with, the inner/middle zone 
contact (cf. NEHRU et al., 1980). The inner zone is wider 
and the middle and outer zones are thinner where the olivine 
is strongly convex, such as at the ends or corners of elongate 
olivine grains (Fig. 1 e). This pattern suggests inward-directed 
growth of the inner zone, and outward-directed growth of 
the other two zones. Moreover, the contact between the inner 

and middle zones is always sharp (Fig. lc), while the contact 
between the middle and outer zones is more gradational. 
Finally, the outer zone occasionally contains small lithic clasts 
(Fig. 1 e) , and both the middle and outer zones contain likely 
mineral clasts of plagioclase and otthopyroxene, which im- 
plies that these two zones once comprised matrix. 

Chromite in Emery coronas is concentrated in the inner 
zone and also sometimes forms chromite-rich bands at the 
inner/middle and middle/outer zone contacts (Fig. lc, f ). 
These chromite-rich bands (“necklaces”) never make com- 
plete circuits of the olivine and may be absent altogether. 
Chromite is also often present as larger isolated grains within 
the outer zone of Emery coronas (Fig. le). The abundance 
of chromite in coronas from both Morristown and Emery is 
highly variable, even around individual olivine clasts, and 
appears to be correlated with the abundance of metal in 
nearby matrix. For example, chromite is much more abun- 
dant on the side of Em-7 adjacent to metal-bearing matrix 
than on the opposite side which is adjacent to a large ortho- 
pyroxene-rich clast (Fig. 1 f). Similarly, chromite is more 
abundant in the inner zone of MO-I on the side that faces 
more metal-rich matrix. In the corona surrounding Em- 13, 
chromite is less abundant in locations where large orthopy- 
roxene and plagioclase mineral clasts in the matrix abut 
against the corona than in locations where coarse matrix metal 
is adjacent to the coronas. These observations suggest that 
chromite formation in the coronas of both meteorites was 
enhanced by the presence of nearby metal in the matrix. 

Five of the twelve coronas in Emery have a core of ortho- 
pyroxene + chromite instead of olivine and are interpreted 
to be pseudomorphs after olivine, where the supply of olivine 
was exhausted by reaction, or coronas sectioned obliquely so 
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Table la. Typical modal abundances (vol %) of bulk coronas, 
corona zones and matrix in Bnery. 

phase 
bulk inner middle outer 
corona zone zone zone matrix 

orthopyroxene 57-67 80-90 60 SO-60 25-30 
clinopyroxene 0.5-3.5 < 0.5 < 0.1 <5 <5 
plagioclase 16-23 <l 20-25 20-30 20 
merrillite 8-12 2-6 12-18 7-11 2-3 
chromite 2-5 6-15 l-3 52 12 
ilmenite 0.5-2 l-2 1 12 12 
troilite I 0.6 < 0.5 5 0.2 51 12 
kamacite I1 0 I 0.1 22 30-35 
taenite I1 I 0.2 0.1 52 5 
tridymite 0 0 0 0 15 

Table lb. Typical modal abundances (vol %) of bulk coronas, 
corona zones and matrix in Morristown. Data for the inner 
zone refers to a bulk value including the orthopyroxene + 
chromite and orthopyroxene subzones. 

phase 
bulk inner middle outer 

corona zone zone zone matrix 

orthopyroxene 65-75 86-92 SO-65 65-75 60 
clinopyroxene 0.9-4.1 < 0.1 < 0.1 15 5 
plagioclase 20-28 I 0.2 30-45 20-30 25-30 
merrillite 0.3-l-3 < 2 13 I1 1 
chrcmite 1.2-2.4 6-12 $2 I 0.5 1 
ilmenite 2 0.2 I1 I 0.1 I 0.1 <l 
troilite 2 0.1 I 0.1 I 0.1 5 0.1 5 0.1 
kamacite I 0.1 0 0 I 0.1 5 0.1 
taenite I 0.1 0 I 0.1 2 0.1 5 0.1 
tridymite 0 0 0 0 5 
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that the olivine was above or below the plane of the thin ( KEI"" Owpig = 1.4 + 0.2; STOLPER, 1977). These data suggest 

section. FLORAN ( 1978, p. 1062) provides an illustration of that Fe-Mg-Mn local equilibrium was attained in corona py- 
one of these objects. roxene. 

Mineral and Bulk Compositions of Coronas 

CoronaorthopyroxenerangesfromEnezWo,.z(intheinner 
zoneofMo-l)toEn,,Wo,.B(inthecoronasurroundingEm- 
2). As noted by NEHRU et al. (1980), these pyroxene com- 
positions were strongly influenced by the composition of co- 
existing olivine (Fig. 3). Orthopyroxene immediately adjacent 
to olivine in MO- 1, Em-l 3, and MO-~ is relatively magnesian 
and appears to be in Fe-Mg equilibrium with the olivine, 
while orthopyroxene at progressively greater distances from 
these olivine grains is more ferrous and approaches the com- 
position of orthopyroxene in the matrix (Fig. 3). The ob- 
served Fe/Mn partition coefficient between olivine and inner 
zone orthopyroxene ( KgI"" O"Opx) ranges from = 1.3- 1.8, 
which is similar to the value determined for equilibrium be- 
tween olivine and pigeonite at magmatic temperatures 

The compositions of corona plagioclase ( Ans,_960rdo.3) and 
merrillite are similar in Morristown and Emery and are typical 
for mesosiderites in general (POWELL, 197 1; NEHRU et al., 
1980; DELANEY et al., 198 1). The composition of merrillite 
is uniform while that of plagioclase is more varied. Although 
plagioclase compositions scatter considerably, especially in 
Morristown, they are generally more calcic in the middle 
than in the outer zones (Fig. 4). Rare plagioclase grains in 
the inner zone of coronas have a lower An content than pla- 
gioclase at the inner/middle zone contact, suggesting that An 
content reaches a maximum value at the inner/middle zone 
contact. Some of the larger plagioclase grains near the corona/ 
matrix contact are also appreciably zoned (see “Plagioclase 
overgrowths and cooling rates”, below). 

Microprobe analyses of chromite in Morristown were not 
attempted because of the fine grain size, but in Emery, chro- 
mite in the coronas and in matrix has a roughly uniform 
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Table 2. Differences in the relative zone widths of 
those coronas surrounding magnesian olivine clasts 
(MO-~, ~~13) and those surrounding ferrous olivine 
clasts (Em-l, m-7, a-12, Em-18, MO-~, MO-~, MO-~). 
Zone widths pertain to flat portions of the coronas 
and are expressed in terms of percent width of 
total corona thickness. 

MO-~ Em-13 other objects 
(Pals) (Fa,,) (Fe&-,,) 

inner 
zone 

12 12 16-26 

middle 
zone 

19-25 33 20-35 

outer 
zone 

63-68 55 39-55 

molar Cr/[Cr + Al] ratio of x0.75-0.85. Chromite in the 
inner zones of coronas shows a tendency to be significantly 
enriched in Ti (XTi = molar 2Ti / [ Cr + Al + 2Ti] up to 0.25 ) 
in the inner zone compared to chromite elsewhere (Xri 
ZZ 0.05-0.10). 

A small amount (~2 ~01%) of metal is present in the co- 
ronas as tiny blebs or as larger grains in contact with chromite. 
Most of the metal in coronas is tetrataenite ( ~50 wt% Ni), 
in contrast to the kamacite (~6 wt% Ni) that is prevalent 
as coarse grains in the matrix. 

Mineral compositions and modal data for individual co- 
rona zones were combined to determine the zone and bulk 
corona compositions for three representative coronas, Em- 1 
and Em-7 in Emery, and MO- 1 in Morristown (Table 3). (In 

Table 3, the average chromite composition for Emery was 
assumed for Morristown.) Data are presented for different 
sides of the olivine clasts in anticipation that corona com- 
positions should have partially depended on the composition 
of the adjacent matrix. The “matrix” value for side B of the 
Em-7 clast (col. 8, Table 3) includes a portion of a large 
pyroxene-rich clast that abuts against the Em-7 corona, and 
thus is not representative of the overall matrix in Emery. 
Based on Table 3, the following observations can be made: 

, I I I I ‘, 

35 :__ ____________________________ __ 
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FIG. 3. Relationship between mean olivine fayalite (Fa) content 
and representative ferrosilite (Fs) contents in associated orthopyrox- 
ene from various corona zones (I2 = inner zone; MZ = middle zone; 
OZ = outer zone). Typical ranges in Fs content for matrix ortho- 
pyroxene in Emery and Morristown are also indicated. The curve 
labelled “01-opx” equilibrium is based on data from MEDARIS ( 1969) 
for equilibrium pairs of olivine and orthopyroxene (T = 9OO”C), 
and is plotted by making the assumption that Fe/(Fe + Mg + Ca) 
= Fe/(Fe + Mg) for orthopyroxene. In all cases, orthopyroxene 
from the inner zone of coronas closely approaches the composition 
expected for equilibrium with adjacent olivine. 

I Ii, I :I I , 

0 200 400 600 800 1000 

distance from olivine (pm) 

FIG. 4. Anorthite (An) content of plagioclase in a corona from 
Emery as a function of distance from olivine. Analyses were taken 
at different azimuths along a flat portion of the corona surrounding 
the olivine clast. The An content is generally higher in the middle 
zone than in the outer zone. Points labelled “core” and “rim” refer 
to cores and edges of overgrown grains, respectively. 
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Table 3. Bulk compositions (wt%) of three olivine mineral clasts (Em-l, Em-7, MO-~), and 
of coronas and adjacent matrix on various sides of these clasts, in the Emery and 
Morristown mesosiderites. Corona and matrix compositions were reconstructed from modal and 
microprobe data on a metal- and sulfide-free basis, and all data were normalized to 100% 
prior to rounding. 

Em-1 Ezm-7 MO-~ 

1 2 3 4 5 6 7 8 9 10 11 12 13 

SiO, 
TiO, 

ALO, 
CW, 
Fe0 

cao 
Na,O 
W 
PA 

35.5 
0.03 
0.01 
0.03 
34.2 
1.33 
29.2 
0.03 
0.00 
0.01 
0.00 

41.2 40.6 35.0 42.6 
1.02 1.7 0.04 1.36 
0.4 13.2 0.01 5.7 
3.4 1.2 0.01 4.5 
14.9 11.7 33.69 17.6 
0.88 0.65 1.33 0.95 
14.6 11.4 29.4 17.2 
10.1 9.3 0.02 6.7 
0.31 0.35 0.01 0.18 
0.01 0.01 0.01 0.01 
5.2 1.79 0.00 3.3 

42.0 
1.24 
7.3 
2.7 
16.0 
0.85 
15.7 
8.9 
0.24 
0.01 
4.3 

44.3 
1.7 
9.3 
3.4 
15.0 
0.78 
14.0 
8.3 
0.30 
0.01 
3.02 

48.7 38.6 50.3 
1.28 0.03 0.32 
7.4 0.01 8.3 
0.88 0.03 1.27 
16.6 17.9 11.8 
1.02 0.52 0.51 
15.7 43.0 21.4 
6.4 0.03 5.36 
0.21 0.01 0.20 
0.01 0.01 0.01 
1.89 0.01 0.56 

50.2 50.6 52.0 
0.28 0.59 0.47 
11.2 10.2 10.2 
0.82 0.86 0.61 
9.1 12.5 11.8 
0.43 0.55 0.58 
20.1 15.2 16.0 
7.0 8.1 7.6 
0.26 0.26 0.20 
0.01 0.01 0.01 
0.68 1.13 0.55 

1: 
2: 
3: 
4: 
5: 
6: 
7: 
8: 

9: 
10: 
11: 
12: 
13: 

1) 

2) 

3) 

4) 

Em-1 olivine (Fate), mean of 10 analyses. 
Eta-1 corona, side A. 
matrix within l-2 corona radii of Em-l, side A. 
Em-7 olivine (Fa,,), mean of 15 analyses. 
Em-7 corona, side A. 
Em-7 corona, side B. 
matrix within l-2 corona radii of m-7, side A. 
matrix within 1 corona radii of Em-7, side 
clast adjacent to the corona. 
MO-1 olivine (Fa,,), mean of 6 analyses. 
MO-1 corona, side A. 
MO-1 corona, side B. 
matrix within 3 corona radii of MO-~, side 
matrix within 3 corona radii of MO-~, side 

B. Includes a portion of a gyroxene-rich 

Except for Cr203 and PZ05, corona compositions are in- or as much as 25% olivine with metal-free matrix. Mixtures 

termediate between that of olivine and adjacent metal- richer than 25% olivine produce coronas with too much MgO 

free matrix, except where large clasts abut against the co- and FeO, while mixtures with less than 10% olivine produce 

rona (side B, Em-7 ), and except that Fe0 and MnO are coronas with too little MgO and too much SiOZ, A1203, and 

slightly depleted relative to both olivine and matrix in Ti02. For this corona a minimum mass discrepancy is pro- 
the MO- 1 corona. duced for a I:5 ohvine:matrix ( 17% olivine) mixture. 

The Morristown corona has a composition more similar 
to that of adjacent matrix than the two Emery coronas. 
Cr*O, is consistently enriched in the coronas relative to 
both olivine and adjacent matrix. Relative to matrix, the 
coronas are enriched in CrZO, by a factor of 1.3-3. I. There 
appears to be a positive correlation between Cr abundance 
in the coronas and that in adjacent matrix. 

The two Emery coronas are enriched in P205 relative to 
olivine and matrix, while this is true for only one side of 
the Morristown corona. 

As corona compositions can be approximated by mixtures 
of olivine and metal-free matrix, this suggests that matrix 
metal did not significantly contribute chemically to corona 
formation, with the possible exception of P and Cr. Evidently, 
most of the Fe in metal diffused away from olivine during 
corona formation, for otherwise the coronas would contain 
much more Fe0 or Fe0 than they do. The same conclusion 
must hold for the complement of Ni in matrix metal, and 

for the complement of Fe and S in matrix troilite. The rel- 
atively low abundances of Fe0 and MnO in the MO- 1 corona 
suggest that Fe0 and MnO were partly “expelled” from the 
corona, probably in an attempt to maintain local equilibrium 
with the magnesian olivine clast (see above). 

Observation 1 implies that coronas can generally be re- 
garded as mixtures of olivine and metal-free matrix, consistent 
with an approximately closed-system reaction-diffusion 
model for the formation of the coronas. This is also illustrated 
by Fig. 5 for Em- 1, which compares the bulk corona com- 
position to hypothetical metal- and sulfide-free 1:3, 1:5, and 
1: 10 olivine:matrix (by mass) mixtures. For these mixtures, 
good agreement between the observed and calculated com- 
positions is achieved for most elements, except for P and Cr, 
and to a lesser extent for Al and Ti. A reasonable match to 
the bulk corona can be generated by mixing as little as 10% 

A. 
B. 

Observation 2 suggests that the ratio of ohvine to matrix 
in the mixture that produced coronas was lower for MO-1 
than for Em- I and Em-7. As the fractional width of the inner 
zone of MO-I ( = 12%) is less than that of Em- I and Em-7 
( x20-26% ), this supports the conclusion, based on textural 
evidence (see above), that the inner zone of coronas grew in 
place of olivine while the middle and outer zones grew in 

expense of matrix. The fractional widths (volumes) of the 
inner zones of coronas in Emery and Morristown typically 
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FIG. 5. Oxide concentrations in olivine, matrix, and various olivine 
+ matrix mixtures relative to bulk corona shown on a metal- and 
sulfide-free basis, using data for the Em-l corona and associated ol- 
ivine and matrix. Oxides are arranged from left to right in decreasing 
order of abundance in the corona. Error bars represent analytical 
precision (errors in microprobe, modal, and zone width determi- 
nations) and are shown for data points where they exceed the size 
of symbols. The high concentrations of P and Cr in the corona cannot 
be explained by a simple mixture of olivine and matrix, but the 
abundances of other elements in the corona are consistent with a 
mixture of IO-25 wt% olivine and 90-75 wt% metal-free matrix. 

range between 12-26%. Thus it appears that the coronas 
formed by the reaction of = 12-26% olivine and x88-74% 
metal-free matrix. 

Table 3 and Fig. 5 show that the coronas are typically 
enriched in both P205 and Crz03. The bulk P and Cr contents 
of the coronas are so high that no simple mixture of olivine 
and matrix, metal- and sulfide-bearing or otherwise, can ac- 
count for them. It appears either that P- and Cr-rich reactants 

were present originally and were removed by reaction during 
metamorphism, or that P and Cr were transported large dis- 
tances from elsewhere in the meteorite during corona for- 
mation. These topics are explored in more detail below. 

Coronas: The Source of the “Excess” Phosphorus and 
Chromium 

Our preferred interpretation is that the “excess” Cr and P 
in coronas was derived from a large volume of matrix metal 
that was initially richer in Cr and P than at present or that 
initially contained P- and Cr-bearing inclusions. Previous 
workers inferred that mesosiderite metal once contained more 

P, and that such metal was probably the main source of P 
that was ultimately used to make phosphate and schreibersite 
in mesosidetites (FUCHS, 1969; KULPECZ and HEWINS, 1978; 
CROZAZ and TASKER, 1981; HARLOW et al., 1982; CROZAZ 
et al., 1985). As discussed previously, the abundance of 
chromite in coronas correlates with the abundance of matrix 
metal adjacent to the coronas, which suggests that metal con- 
tributed Cr to the coronas or at least facilitated the formation 
of corona chromite. 

The amount of matrix involved in forming corona phos- 
phate can be estimated from the inferred initial P content of 
metal. HARLOW et al. ( 1982) determined that by putting 
back into metal all of the currently observed P in Emery, the 

initial concentration of P in metal could have been as high 

as 0.65 wt%. A similar calculation by KULPECZ and HEWINS 

( I978 ) suggested that Emery initially contained >0.5 wt% P 
in metal. The volume of matrix required to account for CO- 
rona phosphate, assuming 0.65 wt% P in the metal and 40 
~01% metal in matrix, is about 40-50 times the amount re- 
quired to account for the coronas based on major elements. 
Assuming that the same volume of matrix is needed to ac- 

count for corona chromite, the Cr content in, or associated 
with, the metal is eO.3 wt%. 

These inferred concentrations of Cr and P are consistent 

with a variety of meteoritic sources of metal. Bulk compo- 

sitions of iron meteorites range up to 2 wt% P and 0.25 wt% 
Cr ( BUCHWALD, 1975), and metal grains in weakly meta- 

morphosed ordinary chondrites contain up to = 1 wt% each 
of P and Cr ( RAMBALDI and WASSON, 1984; PERRON et al., 

1992). Some of the P and Cr associated with ordinary chon- 
drite metal is actually contained in tiny merrillite and chro- 
mite inclusions within the metal ( PERRON et al, 1992), and 
most of the P and Cr in iron meteorites resides in schreibersite, 

chromite, and Cr-sulfide ( BUCHWALD, 1975 ). 

Chromium in the coronas may also have originated in 
matrix chromite that was not necessarily associated with 
metal. This could have occurred if the abundance of chromite 

in the matrix was once higher (>5 ~01% in Emery and >2.5 
~01% in Morristown) prior to corona formation. This is highly 

unlikely, however, as chromite abundances in mesosiderites 
(~1.0 vol%, DELANEY et al., 1981) and in possibly related 
rocks such as eucrites and howardites (I 1.2 vol%, DELANEY 
et al., 1984) are uniformly low. Alternatively, Cr could have 
been derived exclusively from matrix chromite if the volume 
of matrix that was involved was large, comparable to the 
volume that supplied P to the coronas. Chromium would 
have to be removed not only from a large enough volume to 
account for the abundance of chromite in the coronas, but 
also to account for the abundance of chromite in the matrix 
adjacent to the coronas. For example, if we consider the same 
volume of matrix required to account for the phosphate in 
the coronas, then about 10% of the matrix chromite sur- 
rounding the coronas would need to be consumed. A deple- 
tion much larger than this would be clearly noticed, but none 
has been observed. 

Thus, regardless of whether Cr originally resided in metal 
or chromite, it appears that Cr, like P, was extracted from a 
reservoir of matrix that was much larger than the reservoir 
that supplied other major elements to the coronas. This in 
turn suggests that Cr and P diffused more rapidly than other 
components from the matrix to the coronas. Such rapid dif- 
fusion may have occurred along (metal?) grain boundaries 
or possibly through metallic or silicate melt (see “Nature of 
metamorphism”, below). 

Geothermometry 

The two-pyroxene geothermometer of LINDSLEY and AN- 
DERSON ( 1983) was used to estimate the temperature of co- 
rona growth. The graphical geothermometer of D. H. Lindsley 
and coworkers allows temperatures to be determined for both 
clinopyroxene and orthopyroxene in each analysis pair. 
Analyses were obtained in the outer zone of several coronas 
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from each meteorite. The results show scatter, but indicate 

that pyroxene closure temperatures were generally higher for 
Emery than Morristown. This is consistent with the presence 
of thicker coronas in Emery than in Morristown. Based on 
the analysis pairs giving the most consistent results between 
orthopyroxene and clinopyroxene, pyroxene closure tem- 
peratures and ranges are T = 905 f 25°C for Morristown 

and T = 1050 + 50°C for Emery. 

Plagioclase Overgrowths and Cooling Rates 

Concentric overgrowths are present on the largest plagio- 
clase grains in coronas and probably formed during high- 
temperature metamorphism. The interface between core and 

overgrowth is typically marked by a partial ring of ortho- 
pyroxene inclusions (Fig. Id). In some cases, a sharp com- 
positional change in Fe0 and anorthite content occurs across 
these interfaces. The cores of overgrown grains are typically 
lower in Fe0 (0.10-0.20 wt% compared to >0.20 wt%) and 
sometimes distinctly more anorthitic (by as much as x3-5 

mol%) than the overgrowths and other nearby plagioclase 
grains. The overgrowths are most prominent in the outer 
zone or near the outer zone/matrix contact of coronas, al- 
though in Morristown they are also sometimes visible in the 
middle corona zone. 

The chemical interfaces between core and overgrowth are 
always sharp. Microprobe traverses across two typical over- 
growths suggest an apparent total diffusion length (X,) be- 
tween core and overgrowth of 3.0 + 0.5 pm in Emery and 
4.5 2 0.5 pm in Morristown (Fig. 6). A more precise estimate 
for X, can be obtained for the Morristown overgrowth by 
matching a best-fit, calculated diffusion profile to the observed 
profile assuming that diffusion occurs between two compo- 
sitionally uniform halfspaces; this suggests X, x 4.4 pm 
(Fig. 6b). 

The sharpness of these chemical discontinuities in plagio- 
clase constrain the thermal history of Emery and Morristown 
during and subsequent to corona formation. GANGULY et al. 
( 1994) derived cooling rate expressions for “exponential” 
and “asymptotic” cooling models, the latter of which is as- 
sumed here. For asymptotic cooling, 

1 
-L+,r: 

T- To 
[II 

where T = temperature (K), To = initial (maximum) tem- 
perature (K), t = time (s), and 11 = a cooling rate parameter 
(K-’ s-’ ) that is independent of temperature and time once 
the maximum temperature is specified. For this cooling 
model, the cooling rate is given by 

dT 

z- 
--9T2= -64D( To)R T* 

QX= ’ 
121 

where D( To) = the diffusion coefficient at the initial tem- 
perature, Q = activation energy for diffusion, R = gas con- 
stant, and X = the total length of the diffusion zone (GAN- 

GuLY et al., 1994). 
Cooling rates were calculated by assuming a temperature 

given by the two-pyroxene method (T = 1050 f 50°C for 
Emery and 905 ? 25°C for Morristown) and by assuming 
that NaSi-CaAl interdiffusion in plagioclase occurred under 

“dry” conditions, with Q and D( To) based on the work of 

GROVE et al. ( 1984). The apparent diffusion length (X,) will 

be larger than the actual diffusion length (X) because of the 
spatial averaging intrinsic to microprobe analyses. The spa- 
tially averaged analyses were deconvolved using the method 
of GANGULY et al. ( 1988). Assuming a value oft = 0.6 pm 
in the equations of GANGULY et al. ( 1988), the diffusion 

lengths may be estimated as X I 0.85 wrn for Emery (cor- 
responding to X, 5 3.5 pm) and X N 2.7 pm for Morristown 

(corresponding to X, = 4.4 pm). 
Making these assumptions, the calculated initial cooling 

rates are rO.4’-‘C/y ( To = 1050°C) or 22”C/y ( To = 1100°C) 
for Emery, and z 10m4 “C/y (To = 900°C) for Morristown. 

If Morristown was heated to the same temperature as Emery, 
then its initial cooling rate would have been xO.O3”C/y (To 
= 1050°C) or =0.2”C/y (To = 1100°C). Neglecting the 

plagioclase ; plagioclase 

94 
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FIG. 6. Microprobe traverse data across the core-overgrowth in- 
terfaces of two plagioclase grains in Emery (a) and Morristown (b). 
The approximate interface boundary in both profiles is taken as the 
point where the concentration has changed by half ofthe total amount. 
Both profiles are asymmetric. A calculated profile (squares) in (b) 
assumes an initial concentration change of 6.64 An mol% and a 
characteristic diffusion length (X,) of 4.36 pm. 
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effect of spatial averaging (i.e., using X, instead of X in Eqn. 

2) decreases the calculated cooling rates by factors of -2.5 

for Morristown and lo-20 for Emery. Altogether, the data 
are broadly consistent with a cooling rate of 20.1 “C/y at the 

highest metamorphic temperatures (x 1100°C). 
These cooling rates are similar to the cooling rates of 

O.Ol”C/y and O.l’C/y at 1150°C inferred for the Lowicz 

and Clover Springs mesosiderites, respectively, by GANGULY 
et al. ( 1994). based on zoning in orthopyroxene overgrowths 

and a re-evaluation of Fe-Mg diffusion kinetics in orthopy- 

roxene. Although the calculated cooling rates vary somewhat, 
these apparent variations may not be significant, both because 
diffusion anisotropy in the minerals is not explicitly taken 

into account. and because small errors in temperature esti- 

mates lead to large differences in the cooling rates. 
The diffusion lengths across the core-overgrowth interfaces 

also constrain the cooling rates of Emery and Morristown at 
lower temperatures. The cooling rates could not have been 
as low as 10m6 “C/y above = 800-825°C without resulting 
in significant diffusion within the overgrowths, regardless of 

the maximum temperature during high-temperature meta- 
morphism. This conclusion is consistent with diffusion pro- 

files in orthopyroxene overgrowths in Lowicz and Clover 
Springs ( GANGULY et al., 1994), and it is also consistent 

with the observed anisotropy in natural remanent magnetism 
(NRM) directions in some mesosiderites, which suggests that 

any late, low-temperature annealing occurred below the Curie 
point of metal, -7OO”C( RURIN and MITTLEFEHLDT. 1993). 

p Gradients and Local Equilibrium 

As shown below, a local equilibrium model can explain 
most of the salient features of the coronas. In this model, the 
mineral assemblages are considered to be in local equilibrium 
with an “exchange medium.” The exchange medium may 
correspond to an intergranular fluid, a zone of crystalline 
disorder near grain boundaries or dislocations, or a surface 
film adsorbed onto crystal surfaces (e.g., JOESTEN, 1977). 

Reactions occurring between the exchange medium and the 
coexisting solids will buffer the chemical potentials (p,) in 

the exchange medium, and differences in the mineral assem- 
blage from one zone to another will produce gradients in 
these potentials. As diffusion will tend to move components 
away from regions where these components have high p to 

where these components have lower CL, an analysis of p gra- 
dients in coronas may be used to predict the directions that 
components should diffuse. 

Assuming constant pressure, temperature, mineral com- 
position, and local equilibrium between the exchange me- 
dium and mineral phases, the following expression may be 
used to constrain 1 gradients in the exchange medium ( KOR- 
ZHINSKII, 1959, his Eqn. 59; JOESTEN, 1977): 

c Nf ap = 0, [3al 

where N;P = molar proportion of component i in mineral 
4, and a&.“’ = change in chemical potential of component 
i in the exchange medium. “7 refers only to those compo- 
nents that are locally buffered by mineral phases and does 
not apply to any components that are buffered by the medium 

external to the local volume of interest. At constant pressure 

and temperature, it can also be shown that the following 

expression is valid for local equilibrium: 

2 N: ap;mm. = apf (j = C IV;6 i), [3bl 
I I 

where &$ = change in the chemical potential of component 
j in mineral 4, and “j” represents a linear combination of 

the “i” components. 
The principal minerals within and adjacent to olivine CO- 

ronas in mesosiderites are orthopyroxene, calcic plagioclase, 

merrillite, diopsidic clinopyroxene, chromite (a complex solid 
solution of Cr-spinel, Al-spinel, and Ti-spine]), olivine, and 

tridymite. llmenite is also present in small quantities 

throughout the coronas. Applying Eqn. 3a to each of these 
minerals results in the equations given in Table 4. Depending 

on which minerals coexist locally, one or more ofthe buffering 
relations given in Table 4 will apply to constrain the possible 

variations in chemical potentials. For example, the outer 
zones of coronas can be modelled to contain orthopyroxene, 

plagioclase, merrillite, and diopside, with w variations con- 
strained by relations [a-d] in Table 4; while the inner zone 
of coronas can be modelled to contain orthopyroxene, chro- 
mite and small amounts of ilmenite, with w variations con- 

strained by relations [a], [g-i], and possibly b] in Table 4. 
The constraints on chemical potential gradients can be 

visualized by using three-dimensional chemical potential 

saturation diagrams (Fig. 7), following KORZHINSKII ( 1959, 
pp. 90-98), JOESTEN ( 1977), and others. Buffering by mineral 
phases constrain the p, to lie on “saturation” or “buffering” 

planes or lines in chemical potential space. The absolute po- 
sition (distance from origin) of the saturation planes and 
lines depend on temperature and pressure, but for fixed min- 
eral compositions the slopes of the planes and lines depend 
only on compositions of the minerals. If pr lies below the 
saturation potential (closer to the origin) of any given phase, 
then this phase will be metastable for that F, . 

Buffering by both tridymite and orthopyroxene, as in the 

matrix and as at the outer zone/matrix contact, requires the 
cc, to be somewhere along the curved line containing point 

m in Fig. 7a. while buffering by olivine and orthopyroxene, 
as at the olivine/inner zone contact, requires the pLI to be 
along the curve that contains points 01. 02, and 03 in this 
figure. The local bulk composition determines where along 

these two lines the potentials actually lie. Point 01 represents 
buffering by a relatively Mg-rich olivine, and point 03 by a 
relatively Fe-rich olivine. Points 01. 02, and 03 are chosen 
so that afiFe = 0, afiLFeo m apMgo, and awMgo = 0, respec- 
tively, along the dashed paths to point m. 

Provided that the composition of the system is not too 

FeO-rich, Fig. 7a suggests that tridymite and olivine must be 
removed from the coronas, because close to olivine @BOX lies 
below the saturation surface for tridymite, and close to tri- 
dymite fiLMgo and pLFeo lie below the saturation surface for 
olivine. This is consistent with the absence of olivine and 
tridymite within coronas. 

Where the Fe/Mg ratio of orthopyroxene changes little 
across the coronas, as is true for most of the coronas in Emery 
and Morristown, the p variations must resemble path m-02 
(Fig. 7a), and both wLFeo and ~~~~ increase almost equally 
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~&le 4. Constraints on chemical potential changes in the exchange 
medium (e.m.) as a result of buffering by mineral phases, assuming 
constant pressure, temperature, and mineral compositions. 
w = molar Ca/(Ca+Na) in plagioclase, x = molar Fe/(Fe+Mg) in 
orthopyroxene, y = molar Fe/(Fe+Mg) in olivine, z = molar Fe/(Fe+Mg) 
and v = molar Cr/ (Cr+Al) in spinel. 

buffering 
mineral* 

constraint on chemical potential change 
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0.5a~~,~.~=~ + 0.5ab,,a.=. 

2135 

* opx = orthopyroxene (Mgl_se,SiO,); Phg = PlagiOChSe 
(C~a,_,Al,+,,Si,_lO,); Merr = merrillite (Ca,lP0,12); DioP = diopsidic 
clinopyroxene (Ca,.,Mg,.,SiO,); 01 = olivine (Mg2+Fe2,Si04); Trid = 
tridymite (SiO,); Cr-sp = Cr-spine1 component in chromite (Mg,_ 
=Fe,Cr,O,); Al-sp = Al-spine1 component in chromite (Mg,_,Fepl,O,); Ti-sP 
= Ti-spine1 component in chromite (Mg2_a,Fe,,Ti0,); 1l.m = ilmenite 
(FeTiO,) 

while psIol decreases from matrix to olivine. An increase in 
pLFeo from matrix to olivine has two important implications. 
First, it suggests that some metal would be oxidized during 
corona formation, consistent with the tendency for metal in 
coronas to be Ni rich. Second, it suggests that most of the Fe 
liberated from the breakdown of matrix metal would diffuse 
away from olivine and not become incorporated into coronas. 

The topology of Fig. 7a also provides an explanation for 
the difference in relative zone widths observed between co- 
ronas surrounding more magnesian olivines and those sur- 
rounding more ferrous olivines (Table 2). For a magnesian 
olivine grain, awMfl across the coronas, and hence the flux 
of MgO away from olivine, will be larger than for a more 
ferrous olivine grain. This should allow increased production 
of Mg-rich phases such as orthopyroxene and clinopyroxene 
at greater distances from the olivine, increasing the thickness 
of the outer zone relative to the inner zone. 

Fig. 7b suggests that ~(~,o~,~ will generally reach a maximum 
within the coronas and will decrease toward both olivine and 
matrix. This maximum occurs at a location where anorthite 
+ spine1 + enstatite coexist and together serve as buffers (point 
im in Fig. 7b), which corresponds to the inner/middle zone 
contact in Emery coronas. 

A local maximum in ~~,o~,~ at the inner/middle zone con- 
tact in coronas is suggested by the variation of Al content in 

orthopyroxene (Fig. 8). A&O3 in orthopyroxene typically in- 
creases from =OS-0.6 wt% in the matrix to a maximum of 
=0.9- 1.4 wt% at the inner/middle zone contact before de- 
creasing toward olivine again (Fig. 8 ). These trends are con- 
sistent with buffering of Al by orthopyroxene and anorthitic 
plagioclase in the middle and outer zones of coronas, and by 
orthopyroxene and a (Mg,Fe)A&O, component in chromite 
in the inner zone of coronas. 

Relatively high ~~,o~,~ within the coronas will tend to result 
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FIG. 7. Chemical potential (p) saturation diagrams for (a) ~LFeo-jq,,gO-~sio2, (b). ~LcM,o-~cA,o,,2-~sio2. and (c) 
~cao-~po5,1-~s,07, showing saturation surfaces for various minerals. Point m corresponds to the corona/matrix contact 
in all diagrams. In (a), points o I, 02 and 03 correspond to the olivine/ inner zone contact for various Fe/Mg ratios in 
olivine and inner zone orthopyroxene; the dashed curves show the locus of p, between olivine and matrix. In (b), 
point o corresponds to the olivine/inner zone contact and point im to the inner/middle zone contact. In (c), point n 
corresponds to a location somewhere within the middle or outer zones of coronas; in this diagram the diopside and 
anorthite saturation surfaces have the same slope and for simplicity are shown to be coincident, but in reality these 
surfaces generally will not coincide. 

in the diffusion of A103,2 towards both olivine and matrix. 
Under certain conditions this will result in a centrally located, 
Al-poor zone in coronas. Indeed, Morristown coronas contain 
a nearly monomineralic orthopyroxene subzone between the 
more Al-rich, plagioclase-bearing middle zone and the more 
Al-rich, chromite-bearing zone immediately adjacent to ol- 
ivine (Figs. la, 2). Moreover, diffusive transport of A103,2 
toward both olivine and matrix should result in the produc- 
tion of Al-bearing minerals adjacent to olivine (more Al- 
spinel) and adjacent to matrix (more plagioclase). A plagio- 
clase-forming reaction near the corona/matrix contact of co- 
ronas is consistent with textural evidence for the formation 
of plagioclase overgrowths near the corona/matrix contact 
and in the outer zones of coronas. 

Note that if anorthite + tridymite + enstatite locally coexist 
in equilibrium, then Al spine1 can coexist with forsterite and 
enstatite but not with tridymite (Fig. 7b). This suggests that 
a pure ( Mg,Fe)A1204 spine1 component is stable close to ol- 

ivine but unstable in zones closer to matrix. The stability of 

Al-spine1 close to olivine may be the reason why chromite is 

concentrated in the zone adjacent to olivine in mesosiderite 

coronas. 
Buffering by Ca-plagioclase, merrillite, and diopside (Eqns. 

[b-d] in Table 4) should have controlled the variations in 
kpoSi2 and pcao in the middle and outer zones of the coronas 
(Fig. 7~). Figure 7c suggests that in moving from the corona/ 
matrix contact (point m) toward olivine (in the direction of 
point n), c(sio2 and pLpo,,* will decrease while pcao will increase. 
This implies that CaO would have tended to diffuse away 
from olivine, while SO2 and P05,2 would have tended to 
diffuse toward olivine. 

As merrillite is the only phase that contains significant P 
in coronas, diffusion of POSi2 toward olivine requires mer- 
rillite to be removed by reaction at the corona-matrix contact 
and to be produced by reaction closer to olivine. These re- 
actions and the consequent concentration of merrillite toward 
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FE. 8. Concentration of Al in orthopyroxene as a function of distance from olivine for (a) a corona from Emery 
and (b) a corona from Morristown. Analyses were taken at different azimuths along flat portions of the coronas 
surrounding the olivine clasts. One analysis of Morristown pyroxene (lahelled ‘grain core”) corresponds to the core 
of an especially large grain that is relatively low in Al, Cr, and Ti, and which appears to be out of equilibrium with the 
surrounding pyroxene. 

olivine can continue so long as merrillite is locally present 
and able to contribute to the buffering of POs,Z. The relatively 
low abundance of menillite immediately adjacent to olivine 
in the inner zone is therefore consistent with this zone having 
grown in place of olivine, where menillite was absent origi- 
nally. Thus, the concentration of menillite in the middle 
zone of coronas is readily explainable in terms of a local 

equilibrium model. 
The systematic, corona-wide change in plagioclase com- 

position (Fig. 4) is also consistent with local equilibrium. A 
small increase in the anorthite ( w = Ca/( Ca + Na)) content 
of plagioclase from matrix to the inner zone implies that 
a&r&,_,++rI+~il_~8 > 0 over this interval. The latter quantity 
can be expressed in terms of p changes in the exchange me- 
dium by using Eqn. 3b: 

&&%h_d~,+3i3_~8 = wa&Fb + ( l - w)arg6,,, 

+ (1 + w)ap;;13,2 + (3 - w)&.&~mo;. Idal 

Differentiating Eqn. 4a with respect to the compositional 
variable w, we have 

&:L,_~r,+~lr_WoOs 

aw 

= a&,md - a&g,,,,, + a&& - a/.&E;. [ 4b] 

This shows that an increase in the Ca/(Ca + Na) ratio of 
plagioclase can be accomplished by an increase in pcao or 
~~ro~,~ or by a decrease in psio2 or C(Naol12 in the exchange 
medium. These variations in kcao, ~~~~~~~~ and Haio2 will be 
established if anorthitic plagioclase, orthopyroxene, and 
merrillite act as a buffering assemblage. 

Finally, if sufficient chromite and ilmenite were present in 
the corona-forming region, then these minerals could have 

contributed to the buffering of pLCrol12 and wrio2. Relations 
[g], [i], and [j] in Table 4 suggest that variations in pccrol,, 
and prio2 should have opposed the variations in phlgo and 
pFeo. For most coronas in Emery, which contain orthopy- 
roxene that is relatively uniform in Fe/Mg across coronas, 
both pCLMgO and preo should have increased from matrix to 

olivine, and thus kro3,2 and prio2 should have decreased from 
matrix toward olivine. Under these conditions Cr03,2 and 
TiOz will tend to diffuse toward olivine. Similarly, any Cr 
initially present in matrix metal should have diffused toward 
olivine upon the breakdown of metal during corona forma- 
tion, so long as a sufficient amount of chromite was present 
in the corona-forming region. 

DISCUSSION 

Timing of Corona Formation 

As previously noted by POWELL ( 197 1 ), coronas are 
formed on brecciated mineral clasts of olivine but are them- 

selves unbrecciated, which implies that brecciation occurred 
before corona formation. This work supports and extends 
this conclusion by showing that all seventeen of the corona 
structures (including pseudomorphs) found in Morristown 
and Emery have complete and intact zone sequences, with 
no evidence that any of the coronas were mechanically dis- 
rupted. Similarly, DELANEY et al. ( 198 1) noted that inverted 
pigeonite overgrowths on orthopyroxene clasts and ortho- 
pyroxene rims on ferrous pigeonite grains appear to have 
formed after brecciation. This suggests that intensive, milli- 
meter-scale brecciation occurred before high-temperature 
metamorphism, although it does not rule out the possibility 
of postmetamorphic brecciation on a scale generally larger 
than that of a thin section (> few cm). 
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As shown in this work and by NEHRU et al. ( 1980), the 
contact between the outer zone of coronas and matrix is 
marked by the coincident disappearance of both tridymite 
and coarse matrix metal. This suggests that tridymite and 
coarse metal were simultaneously removed in corona-forming 
reactions, and that metal-silicate mixing predated corona 
formation. Although it is conceivable that metal was intro- 
duced after coronas had largely formed and that it did not 
penetrate into coronas because they were “armored” or me- 
chanically coherent, this seems unlikely as the physical char- 
acteristics (such as grain size) of the coronas and silicate ma- 
trix are virtually identical. 

Scale of Local Equilibrium 

Coronas show abundant evidence for local equilibrium 
(see above), and the scale of local equilibrium appears to 
have been very small. The local equilibrium model implies 
that equitibrium was attained on a scale no larger than the 
width ofsmallest distinct mineral zone in the coronas, which 
corresponds to GZ 100-200 Mm in Emery and only *20 pm 
in Morristown” Departure from equilibrium is also suggested 
by the fairly large scatter in geothermometer temperatures 
(this work; NEHRU et al., 1980), and by the steep zoning 
profiles in some plagioclase overgrowths, which occur over 
less than 5 grn in both Emery and Morristown. The latter 
also imply that intracrystalline diffusion was especially slug- 
gish in plagioclase compared to other phases, 

The principal corona-foxing reaction was f N~rrrrv et al., 
i%?Of 

( Mg,Fe)$i04 + SiOz -LL 2 (Mg,Fe)SiOj, (1) 
olivine tridymite onhopymxene 

where the Fe/Mg content of orthopyroxene immediately ad- 
jacent to olivine was controlled by local equilibrium with 
olivine. This reaction, however, does not account for the high 
abundances of merrillite and chromite nor for the depletion 
of clinopyroxene in coronas. As discussed earlier, the likely 
source of P for corona merrillite is metal, suggesting that a 
corona-forming reaction of the following sort was important: 

ciinopyFoxenc mefat meniIiite 

C 3Si02 + 3MgSiQs. (2a) 
Silica onhopyroxene 

If this reaction occurred at the corona-matrix contact during 
corona formation, it would decrease the clinopyroxene and 
increase the merrilfite abundances in the coronas compared 
to matrix. A silica mineral could be produced by reactian 
(Za), but so long as this reaction occurred at the corona- 
matrix contact during corona growth, where silica mineraIs 
were locally unstable and being removed by reaction, SiOZ 
would instead have been added to the diffusion medium or 
to other locally stable Si-rich minerals such as plagioclase. 
Silica added to the ditTusion medium anywhere in the coronas 
will ultimately react with olivine to form more corona or- 
thopyroxene via reaction ( 1). Although the source of Cr for 
corona chromite is not obvious, much of it may have origi- 

nated in metal, as discussed previously. In t&s case, the fog- 
lowing reaction may be written for coronas: 

2 Cr’ + Fe0 + 2 02 + FeCrzO,. (2b) 
metal chrom,te 

Alternatively. Cr may have originated in chromite or other 
G-rich minerals that were associated with matrix metal. As- 
suming that all SQ reacts with olivine to form orthopyrox- 
ene, we may combine and simplify 2a and 2b to 

alivine + clinopyroxene + P-Cr-bearing metal 

--f merrillite -I- orthopyroxene f Cr-spinel. (2) 

Coronas in Emery and Mo~stown differ greatIy in their 
abundances of merrillite and chromite, and slightly in their 
abundance of clinopyroxene, with those in Emery being richer 
in merrillite and chromite and poorer in clinopyroxene (Table 
1). These differences are partially explained if reaction (2) 
was more important in Emery than in Mo~stown~ which is 
consistent with the much higher abundance ofcoarse matrix 
metal in the former meteorite. If reaction (2) proceeded to 
a greater extent in Emery than Morristown coronas, then the 
only slightly lower abundance of clinapyroxene in Emery 
coronas implies that removal of clinopyroxene by reaction 
(2) was partially offset by the production of this mineral by 
another reaction. One possible ~linopyroxene-foxing re- 
action is 

2 { Mg;lFe+SiO~ + CaAliSi *Os --* 2 ( h&Fe) Si03 
plagioclase orlhopyroxene 

+ ~Qo.s( Mg,W&% -+- ( kQJWW&, t 3 > 
clinQr?~KWn~ nl-spinef 

which was originalfy proposed by DELANEY et al. f I98 f ) as 
a way of explaining the high abundance of chromite in co- 
ronas. Depending on the relative importance of reactions (2) 
and ( 3), the composition of chromite could have become 
richer in Al and poorer in Cr, or vice-versa. 

Some metallic Fe may also have been oxidized during co- 
rona formation, as implied by the tendency of metal btebs 
in coronas to be N&rich compared to metal in the matrix. 
The principal reaction may have been: 

Si02 + Fe0 + ‘ho, --, FeSiO, 
lridymi!e mctai onhw,mxene 

(4) 

which would occur at the corona-matrix contact, where both 
tridymite and metal were being consumed. This oxidation 
of Fe is in addition to that accompanying chromite formation 
vEa reaction (2b). Reaction (4) may have proceeded in the 
opposite direction, implying reduction, in basalt/gabbro clasts 
in mesosiderites, based on the observation of a correlation 
between FeO/MnO and FeO/MgO, with later-~~stallizing 
grains being depleted in Fe0 ( MITTLEFEHLDT, 1990 f . Such 
a correlation, however, does not hold for corona orthopy- 
roxene grains, which have relatively uniform FeO/MnO even 
when FeO/MgO varies. Evidently, the nature of redox (and 
possibly other) reactions varied from place to place in me- 
sosiderites~ dependent in part on local differences in the min- 
eralogy. Different redox reactions may also have occurred at 
different times. 

Reaction (4) could have served as the principal oxygen 
buffer in mesosiderites wherever a sufficient amount of tri- 
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dymite, orthopyroxene and metal coexisted ( HARLOW et al., 
1982). The net result of various equilibria between tridymite, 
orthopyroxene, clinopyroxene, P-bearing metal and menillite 
would have been for reaction (4) to proceed to the left as 
temperature decreased ( HARLOW et al., 1982). In this event, 
the reverse of reaction (4)) operating in the matrix and pos- 
sibly elsewhere in mesosiderites, could have been the source 
of oxygen that was used for oxidation in coronas. 

The oxidation of Fe0 is unlikely to have been the only 
cause for the drastic depletion of metal in coronas. Oxidation 
of a large amount of matrix metal should have resulted in a 
correspondingly large amount of Ni-rich metal in coronas or 
in nearby matrix, or in a high bulk Fe0 abundance for co- 
ronas, but this is not the case. There is not enough Ni-rich 
metal in coronas (~2 ~01%) to be consistent with oxidation 
of large amounts of Ni-poor matrix metal (-40 ~01% in 
Emery). Moreover, bulk Fe0 contents of even chromite-rich 
coronas are intermediate between that of olivine and the sil- 
icate matrix. Instead, much of the Fe in matrix metal and 
sulfides must have diffused away from olivine during corona 
formation. 

Nature of Metamorphism 

Pyroxene geothermometry suggests that high-temperature 
metamorphism in mesosiderites probably involved peak 
temperatures of =950-1200°C (this work; HEWINS, 1979). 
The matrix of mesosiderites is rich in a eucritic basalt fraction 
(e.g., DELANEY et al., 1981), and eucrites have a liquidus 
temperature of = 1180°C ( STOLPER, 1977), which is only 
slightly higher than the 1000-l 100°C two-pyroxene closure 
temperature inferred for Emery coronas. Thus, corona 
growth, at least in Emery, may have been initiated near the 
solidus while a small amount of silicate melt was present. 
HARLOW et al. ( 1982) noted that the addition of P, S, and 
other components, which may have been present in matrix 
metal initially, could have lowered the temperature of the 
metal solidus to below the silicate solidus. This work provides 
additional support for the initial presence of significant P and 
Cr in matrix metal, and for the possibility that the metallic 
fraction of mesosiderites was partially molten at the maxi- 
mum temperatures experienced during metamorphism. 

The relatively rapid cooling rate at high temperatures in- 
ferred for Emery and Morristown based on plagioclase over- 
growths in coronas places strong constraints on the cooling 
environment and potential heat sources for high-temperature 
metamorphism. Assuming maximum heating temperatures 
anywhere between 950- 12OO”C, a cooling timescale for high- 
temperature metamorphism of x 10 *- 1 O5 years is permissible 
for cooling to 85O’C. This cooling time scale is comparable 
to the heat diffusion timescale of lo4 years for a 1 km aster- 
oidal object (SCOTT et al., 1989), suggesting that high-tem- 
perature metamorphism of mesosiderites occurred either in 
a small parent body or in the near-surface environment of a 
larger one. 

Possible heat sources for high-temperature metamorphism 
include decay of 26A1, induction heating during a T-Tauri 
phase of the sun, and impact metamorphism. Heating by 
26A1 decay appears unlikely for high-temperature mesosiderite 
metamorphism because the 26A1 heating timescale of lo6 years 

(SCOTT et al., 1989) is longer than the inferred cooling time 
scale. Induction heating appears to be a viable heating mech- 
anism, as the time scale of 104- 10’ years for induction heating 
(SCOTT et al., 1989) partially overlaps the inferred cooling 
time scale. Impact metamorphism is also a viable mechanism, 
especially considering the major role played by brecciation 
in all mesosiderites and the evidence for extensive impact 
melting in subgroup 4 mesosiderites. SCOTT et al. (1989) 
concluded that impact processes were important on asteroidal 
objects but that most strongly impact-heated ejecta would 
have been lost to space. However, mesosiderites could have 
formed near the basal region of one or more impact craters, 
where material is likely to have been both strongly heated 
and retained by the asteroid. RUBIN and MITTLEFEHLDT 
( 1993) suggested localized impact melting as a likely heat 
source for corona formation in mesosiderites, but such heating 
could not have been so localized as to result in late, small- 
scale brecciation (see above) or in obvious metamorphic gra- 
dients on the scale of a thin section. 

Mesosiderites also appear to have cooled very slowly at 
lower temperatures (see Introduction), possibly following a 
reheating episode. Some constraints can be placed on the 
temperature at which such slow cooling was initiated. The 
sharp chemical interfaces of overgrown plagioclase grains in 
coronas suggest that cooling rates of = 10m6 “C/y must have 
been initiated at temperatures below 800°C. Similarly, me- 
tallographic data imply that the onset of slow cooling probably 
occurred above 500°C (POWELL, 1969). Thus, slow cooling 
was probably initiated between =500-800°C. 

Evolution of the Mesosiderite Parent Body 

RUBIN and MITTLEFEHLDT (1993) recently proposed an 
evolutionary history for the mesosiderite parent body (MPB) 
based on petrologic and chronologic constraints. This model 
involved the following steps. 

1) Initial differentiation, metal-silicate mixing and crustal 
remelting prior to 4.4 Ga ago, consistent with U-Pb, Sm- 
Nd, or Rb-Sr internal isochrons of >4.4 Ga for most of 
the components in mesosiderites, including matrix metal 
(BROUXEL and TATSUMOTO, 1991; STEWART et al., 1991, 
1992; PRINZHOFER et al., 1992). 

2) Isolated impact melting 4.5-3.9 Ga ago, including the 
formation of impact-melted clasts, and the formation of 
olivine coronas and pyroxene overgrowths by the heat 
liberated from localized impacts. 

3) Disruption of the MPB by a large impact event 3.9 Ga 
ago, followed by gravitational reassembly of the parent 
body and deep burial of the mesosiderite source region, 
consistent with the evidence for slow cooling (probably 
x 10m6 “C/y) at low temperatures (<5OO”C) (see Intro- 
duction) and with relatively young Ar-Ar ages of 3.4-3.8 
Ga (BOGARD et al., 1990). 

Based on our observations of the relative timing of corona 
formation, it seems likely that corona formation and high- 
temperature metamorphism took place prior to 4.4 Ga ago, 
after metal-silicate mixing and after most of the small-scale 
brecciation had occurred. While it is conceivable that high- 
temperature metamorphism and corona formation occurred 



2740 A. Ruzicka, W. V. Boynton, and J. Ganguly 

later, this is considered unlikely, as heating to high temper- 

atures would probably have significantly reset the U-Pb, Sm- 

Nd, and Rb-Sr systems. 

reviewer for constructive comments that substantially improved this 
manuscript. This work was supported by NASA grants NAG 9-37 
to W. V. Boynton and NAG 9-460 to J. Ganguly. 

The timing of the postulated large, parent-body-disrupting 
impact event is also unclear. Considering the uncertainties 
in the lower-temperature cooling rates and in Ar-Ar closure 
temperatures (GANGULY et al., 1994), and in the maximum 

temperature at which slow cooling was initiated (see above), 
about all that can be said with confidence is that slow cooling 

began prior to 3.5-3.8 Ga ago, implying the timing of the 

putative parent body break-up. 

Editorial handling: Mittlefehldt 
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