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a  b  s  t  r  a  c  t

About  435  mineral  species  have  been  identified  in  meteorites  including  native  elements,  metals  and
metallic  alloys,  carbides,  nitrides  and  oxynitrides,  phosphides,  silicides,  sulfides  and  hydroxysulfides,
tellurides,  arsenides  and sulfarsenides,  halides,  oxides,  hydroxides,  carbonates,  sulfates,  molybdates,
tungstates,  phosphates  and silico  phosphates,  oxalates,  and silicates  from  all  six structural  groups.  The
minerals  in  meteorites  can be  categorized  as  having  formed  by  a myriad  of  processes  that  are  not  all
mutually  distinct:  (1)  condensation  in  gaseous  envelopes  around  evolved  stars  (presolar  grains),  (2)
condensation  in the solar  nebula,  (3)  crystallization  in  CAI  and  AOI  melts,  (4)  crystallization  in  chon-
drule  melts,  (5) exsolution  during  the  cooling  of  CAIs,  (6)  exsolution  during  the  cooling  of  chondrules
and  opaque  assemblages,  (7)  annealing  of  amorphous  material,  (8)  thermal  metamorphism  and  exsolu-

tion, (9)  aqueous  alteration,  hydrothermal  alteration  and  metasomatism,  (10)  shock  metamorphism,  (11)
condensation  within  impact  plumes,  (12)  crystallization  from  melts  in differentiated  or  partially  differen-
tiated  bodies,  (13)  condensation  from  late-stage  vapors  in  differentiated  bodies,  (14)  exsolution,  inversion
and subsolidus  redox  effects  within  cooling  igneous  materials,  (15)  solar  heating  near  perihelion,  (16)
atmospheric  passage,  and  (17)  terrestrial  weathering.
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. Introduction

Meteorites are derived from 100–150 asteroids (Burbine et al.,
002) as well as from the Moon and Mars (e.g., Shearer et al.,
998) and possibly from comets (Gounelle et al., 2006; Gounelle
t al., 2008). Micrometeorites are derived mostly from asteroids
Kurat et al., 1994; Genge et al., 1997); a minority are from comets
Engrand and Maurette, 1998; Nakamura et al., 2005; Dartois et al.,
013). Because interplanetary dust particles (IDPs) (a.k.a. cosmic
ust) are also meteoritic materials, the number of source bodies
elivering extraterrestrial material to Earth may be several thou-
and (Taylor et al., 2016), including an unknown number of comets
e.g., Bradley, 2005).

Meteorites formed under a variety of conditions – primitive
hondrites (e.g., L3.0 NWA  7731; LL3.0 Semarkona) are interpreted
o be products of the processes that occurred in the solar nebula
modified by impact-induced compaction and minor alteration on
heir parent asteroids); many iron meteorites formed deep within
he cores of differentiated asteroids (e.g., IIAB Negrillos; IIIAB
icacho); regolith breccias (e.g., H4 Fayetteville; LL6 St. Mesmin)
ormed near the surface of their parent bodies; olivine diogen-
tes (e.g., NWA  6013; NWA  6232) likely formed at moderate depth

ithin the mantle of the HED parent asteroid (probably Vesta); and
artian and lunar meteorites formed as igneous rocks on substan-

ially larger planetary and subplanetary bodies.
Meteorites exhibit diverse oxidation states, ranging from highly

xidized CI carbonaceous chondrites (which contain ∼17 wt.% H2O,
ainly bound in fine-grained phyllosilicates; Jarosewich, 1990), to

ighly reduced enstatite chondrites (which contain graphite; Si-
earing metallic Fe-Ni; Ca-, Mg-  Na-, K- and Ti-bearing sulfides; and
nstatite with very low FeO; e.g., Keil, 1968; Wasson et al., 1994).
he diversity in oxidation state is reflected in the set of meteoritic
inerals: e.g., elemental C, carbides and carbonates; metallic Mo

nd molybdates; phosphides and phosphates; alloyed metallic Si,
ilicides and silicates; elemental S, sulfides and sulfates; and metal-
ic Fe, wüstite (containing ferrous iron), magnetite (containing both
errous and ferric iron), and hematite (containing ferric iron).

The list of meteoritic minerals (Table 1) has been updated
n this paper from previous modern compilations (e.g., Krinov,
960; Ramdohr, 1963, 1973; Mason, 1962, 1967, 1972; Miyashiro,
966; Buchwald, 1975, 1984; El Goresy, 1976; Gomes and Keil,
980; Olsen 1981a; Yudin and Kolomenskiy, 1987; Kerridge and
atthews, 1988; Ulyanov, 1991; Kimura, 1996, 2015; Rubin,

997a; Rubin, 1997b; Weisberg and Kimura, 2012). We  include
 few mineraloids in the present list (e.g., opal and maskelynite)
hich are amorphous solids lacking long-range atomic order; nev-
rtheless, they have short-range order and are naturally occurring
xtraterrestrial solids. We  also include a couple of metallic-Al-
ich quasicrystals (icosahedrite – Al63Cu24Fe13 and decagonite –
 .  . .  . . .  .  .  . . . . . .  . .  .  . . .  .  .  . . . .  . . .  . . . . . . .  . . . . . . .  . . .  . . . .  . . . . .  .  . . . .  . .  .  .  .  .  .  . .  .  . . .  . . 370

Al71Ni24Fe5), whose validity as natural mineral species remains
controversial (MacPherson et al., 2016). The structures of these
phases are ordered but not periodic (i.e., they lack translational
symmetry). A few minerals in the list (e.g., rhenium, niobium,
molybdenum carbide and zirconium carbide) have not been offi-
cially approved, but have been positively identified. Their unofficial
status is indicated. An alphabetical list of minerals and their corre-
sponding formulae are in Table 2.

Over the past two decades, with such advanced analytical
instrumentations as field-emission SEM and TEM, ∼145 additional
minerals were found in meteorites. Since 2007, a nanominer-
alogy investigation of meteorites, led by C. Ma at Caltech, has
revealed more than 30 new minerals, approved by the IMA-
CNMNC, including 17 from the Allende CV3 meteorite (Ma,
2015a) and high-pressure phases such as bridgmanite (MgSiO3-
perovskite; Tschauner et al., 2014; Ma et al., 2016c) and tissintite –
(Ca,Na,�)AlSi2O6-clinopyroxene (Ma  et al., 2015b). As of this writ-
ing, a total of about 435 minerals has been identified or reported
in meteorites (Table 1). These phases include native elements,
metals and metallic alloys, carbides, nitrides and oxynitrides, phos-
phides, silicides, sulfides and hydroxysulfides, tellurides, arsenides
and sulfarsenides, halides, oxides, hydroxides, carbonates, sul-
fates, molybdates, tungstates, phosphates and silico phosphates,
oxalates, and silicates from all six structural groups. The Hadley
Rille EH chondrite, recovered from an Apollo 15 soil sample
(Haggerty, 1972), has an agglutinate-like rim containing silicate
grains and fragments of lunar rocks (Rubin, 1997c). Other mete-
orites also contain voids, extraterrestrial abiogenic organic matter,
fluid inclusions, amorphous materials and adsorbed noble gases.
And, after landing on Earth, meteorites become contaminated with
fungi and bacteria (e.g., Steele et al., 1999) as well as other organic
and inorganic materials (e.g., Anders et al., 1964).

Meteoritic minerals formed by more than a dozen basic pro-
cesses that are not all mutually distinct: (1) condensation in
gaseous envelopes around evolved stars (presolar grains), (2)
condensation in the solar nebula, (3) crystallization in CAI and
AOI melts, (4) crystallization in chondrule melts, (5) exsolution
during the cooling of CAIs, (6) exsolution during the cooling of
chondrules and opaque assemblages, (7) annealing of amorphous
material, (8) thermal metamorphism and exsolution, (9) aque-
ous alteration, hydrothermal alteration and metasomatism, (10)
shock metamorphism, (11) condensation within impact plumes,
(12) crystallization from melts in differentiated or partially dif-
ferentiated bodies, (13) condensation from late- stage vapors in
differentiated bodies, (14) exsolution, inversion and subsolidus
redox effects within cooling igneous materials, (15) solar heat-

ing near perihelion, (16) atmospheric passage, and (17) terrestrial
weathering.
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Table 1
Minerals in meteorites.

Mineral Synonyms and Varieties Formula Space Group Selected References

native elements and metals
aluminium Al Fm3m Ma  et al. (2017c)
antitaenite (not approved) Fe3Ni unknown Rancourt and Scorzelli (1995); Wojnarowska et al. (2008)
awaruite Ni3Fe Pm3m Buchwald (1977); Kimura and Ikeda (1995); McSween (1977); Rubin (1990)
chaoite C P6/mmm Vdovykin (1969); Vdovykin (1972)
copper Cu Fm3m Ramdohr (1963); Rubin (1994a)
cupalite CuAl unknown Hollister et al. (2014)
decagonite Al71Ni24Fe5 ∼ P105/mmc Bindi et al. (2015)
diamond C Fd3m Anders and Zinner (1993); Buchwald (1975); Ksanda and Henderson (1939);

Russell et al. (1992)
electrum (not approved) Au-Ag Fm3m McCanta et al. (2008)
gold Au Fm3m Rubin (2014)
gold-dominated alloys (Au,Ag,Fe,Ni,Pt) Fm3m Bischoff et al. (1994); Geiger and Bischoff (1995); Schulze et al. (1994)
graphite-2H cliftonite C P63/mmc Anders and Zinner (1993); Buchwald (1975); Ramdohr (1963)
graphite-3R C R3m Nakamuta and Aoki (2000)
hexaferrum (Fe,Os,Ir,Mo) P63/mmc Ma  (2012)
hexamolybdenum (Mo,Ru,Fe) P63/mmc Ma  et al. (2014a)
hollisterite �-(Al-Cu-Fe) Al3Fe C2/m Ma  et al. (2017c)
icosahedrite Al63Cu24Fe13 Fm3̄5̄ Bindi et al. (2011)
iridium Ir Fm3m McSween and Huss (2010)
iron kamacite; ferrite �-Fe Im3m Afiattalab and Wasson (1980); Ramdohr (1963); Rubin (1990)
khatyrkite CuAl2 I4/mcm Hollister et al. (2014); Ma et al. (2016c)
kryachkoite �-(Al-Cu-Fe) (Al,Cu)6(Fe,Cu) Cmc21 Ma  et al. (2017c)
lonsdaleite C P63/mmc Buchwald (1975); Buchwald (1977); Frondel and Marvin (1967)
martensite (not approved) �2-(Fe,Ni) Dodd (1981)
mercury Hg R3m Caillet Komorowski et al. (2012)
molybdenum (not approved) Mo El Goresy et al. (1978)
nickel Ni P63/mmc Nystrom and Wickman (1991)
niobium (not approved) Nb El Goresy et al. (1978)
osmium Os P63/mmc Ma  et al. (2014a)
platinum Pt Fm3m El Goresy et al. (1978)
PGE-dominated alloys (Pt,Os,Ir,Ru,Re,Rh,Mo,Nb,

Ta,Ge,W,V,Pb,Cr,Fe,Ni,Co)
Fm3m Armstrong et al. (1987); Bischoff and Palme (1987);  El Goresy et al. (1978);

Wark and Lovering (1978)
rhenium (not approved) Re P63/mmc El Goresy et al. (1978)
rustenburgite (Pt,Pd)3Sn Fm3m Kimura (1996); Schulze et al. (1994)
ruthenium Ru P63/mmc El Goresy et al. (1978)
ruthenosmiridim RuOsIr Fm3m Bischoff et al. (2011);  Rubin (2014)
selenium Se P3121 or P3221 Simpson (1938); Greenland (1965); Akaiwa (1966); www.mindat.org
steinhardtite (Al,Ni,Fe) Im3m Bindi et al. (2014)
stolperite �-(Al-Cu-Fe) AlCu Pm3m Ma  et al. (2017c)
sulfur S Fddd Buchwald (1977)
taenite austenite �-(Fe,Ni) Fm3m Ramdohr (1963)
tetrataenite FeNi P4/mmm Clarke and Scott (1980)
wairauite CoFe Pm3m Hua et al., 1995
zhanghengite (Cu,Zn) Im3m Wang (1986)

carbides
beta-moissanite SiC P63/mc  Alexander et al. (1991); Anders and Zinner (1993); Bernatowicz et al. (1991);

Huss (1990)
cohenite (Fe,Ni)3C Pbnm Buchwald (1975); Ramdohr (1963)
haxonite (Fe,Ni)23C6 Fm3m Buchwald (1975); Scott and Agrell (1971)
iron carbide (not approved) Fe2.5C Scott and Agrell (1971)
molybdenum carbide (not approved) MoC  Bernatowicz et al. (1991)

http://www.mindat.org
http://www.mindat.org
http://www.mindat.org
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khamrabaevite titanium carbide TiC Fm3m Ma  and Rossman (2009a)
zirconium carbide (not approved) ZrC Bernatowicz et al. (1991); Ott (1996)

nitrides and oxynitrides
carlsbergite CrN Fm3m Buchwald (1975); Buchwald and Scott (1971)
nierite a-Si3N4 P31C Alexander et al. (1989); Alexander et al. (1994); Lee et al. (1995)
osbornite TiN Fm3m Bischoff et al. (1993b); Ramdohr (1963)

roaldite (Fe,Ni)4N P4̄3m Buchwald (1975); Nielsen and Buchwald (1981)
�-silicon nitride (not approved) �-Si3N4 Lee et al. (1995)
sinoite Si2N2O Cmc21 Andersen et al. (1964)

phosphides
allabogdanite (Fe,Ni)2P Pnma Britvin et al. (2002)
andreyivanovite FeCrP Pnma Zolensky et al. (2008)
barringerite (Fe,Ni)2P P62m Buchwald (1977); Buseck (1977)
florenskyite (Fe,Ni)TiP Pnma Ivanov et al. (2000)
melliniite (Ni,Fe)4P P213 Pratesi et al. (2006)
monipite MoNiP P6̄2m Ma  et al. (2014b)
nickelphosphide Ni3P I4 Skála and Drábek (2003); Fisenko et al. (1990)
schreibersite rhabdite (Fe,Ni)3P I4 Ramdohr (1963)

silicides
brownleeite MnSi P213 Nakamura-Messenger et al. (2010)
gupeiite Fe3Si Fm3m Yu (1984)
hapkeite Fe2Si Pm3m Anand et al. (2004)
linzhiite FeSi2 P4/mmm Anand et al. (2004)
naquite FeSi P213 Ma  et al. (2017c)
perryite (Ni,Fe)5(Si,P)2 R3c Wasson and Wai  (1970)
suessite Fe3Si Im3m Keil et al. (1982)
xifengite Fe5Si3 P63/mcm Yu (1984); Ma et al. (2017c)

sulfides and hydroxysulfides
alabandite MnS  Fm3m Mason and Jarosewich (1967)
bornite Cu5FeS4 Pbca El Goresy et al. (1988)
brezinaite Cr3S4 I2/m Satterwhite et al. (1993); Warren and Kallemeyn (1994)
browneite MnS  F43m Ma  et al. (2012a)
buseckite (Fe,Zn,Mn)S P63mc Ma  et al. (2012b)
butianite Ni6SnS2 I4̄/mmm Ma,  2017
caswellsilverite NaCrS2 R3m Okada and Keil (1982)
chalcocite Cu2S P21C Yudin and Kolomenskiy (1987)
chalcopyrite CuFeS2 I42d Geiger and Bischoff (1995); Ramdohr (1963)
cinnabar HgS P3121, P3221 Ulyanov (1991)
cooperite PtS P41/mmc  Geiger and Bischoff (1995)
covellite CuS P63/mmc El Goresy et al. (1988)
cronusite Ca0.2CrS2·2H2O Rm, R3 m or R32 Britvin et al., 2001
cubanite CuFe2S3 Pcmn Dodd (1981); Zolensky and McSween (1988)
daubréelite FeCr2S4 Fd3m Keil (1968); Ramdohr (1963)
digenite Cu9S5 R3m Kimura (1996); Kimura et al. (1992)
djerfisherite K6Na9(Fe,Cu)24S26Cl Pm3m Fuchs (1966a)
erlichmanite OsS2 Pa3 Geiger and Bischoff (1989, 1990, 1995)
ferroan alabandite (Mn,Fe)S Fm3m Keil (1968)
galena PbS Fm3m Nystrom and Wickman (1991)
gentnerite (not approved) cuprian daubréelite Cu8Fe3Cr11S18 Ulyanov (1991)
greigite Fe3S4 Fd3m El Goresy et al. (1988)
heazlewoodite Ni3S2 R32 Buchwald (1977); McSween (1977)
heideite (Fe,Cr)1+x(Ti,Fe)2S4 I2/m Keil and Brett (1974)
idaite Cu5FeS6 P63/mmc El Goresy et al. (1988)
isocubanite CuFe2S3 Fm3m Buchwald (1975)
joegoldsteinite MnCr2S4 Fd3m Isa et al. (2016)
keilite (Fe,Mn,Mg,Ca,Cr)S Fm3m Shimizu et al. (2002); Keil (2007)
laurite RuS2 Pa3 Geiger and Bischoff (1989, 1990, 1995)
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Mineral Synonyms and Varieties Formula Space Group Selected References

mackinawite FeS1-x P4/nmm Buseck (1968)
marcasite FeS2 Pnnm McSween (1994)
millerite NiS R3m Geiger and Bischoff (1995)
molybdenite MoS2 P63/mmc El Goresy et al. (1978)
murchisite Cr5S6 P3̄1c Ma  et al. (2011a)
niningerite (Mg,Fe)S Fm3m Keil (1968); Keil and Snetsinger (1967)
nuwaite Ni6GeS2 I4/mmm Ma  et al. (2015b)
oldhamite CaS Fm3m Keil (1968)
pentlandite (Fe,Ni)9S8 Fm3m Ramdohr (1963); Buchwald (1977)
plagionite Pb5Sb8S17 C2/c Watters and Prinz (1979); www.mindat.org
pyrite FeS2 Pa3 Ramdohr (1963); Nystrom and Wickman (1991)
pyrrhotite Fe1-xS A2/a Zolensky and McSween (1988); Berger et al. (2016)
rudashevskyite (Fe,Zn)S F4̄3m Britvin et al. (2008)
schöllhornite Na0.3(H2O)[CrS2] R3m? Okada et al. (1985)
smythite Fe9S11 R3m El Goresy et al. (1988)
sphalerite (Zn,Fe)S F4̄3m Dodd (1981); El Goresy et al. (1988)
tochilinite group

tochilinite 2[(Fe,Mg,Cu,Ni)S].157-
1.85[(Mg,Fe,Ni,Al,Ca)(OH)2]

P2, Pm,  or P2/m Zolensky and McSween (1988); Ma  et al. (2011a)

haapalaite 4(Fe,Ni)S·3(Mg,Fe2+)(OH)2 R3m? Buseck and Hua (1993)
valleriite 2[(Fe,Cu)S]·1.53[(Mg,Al)(OH)2] R3m Ackermaand and Raase (1973)

troilite FeS P63/mmc Ramdohr (1963)
tungstenite WS2 P63/mmc El Goresy et al. (1978)
violarite FeNi2S4 F d3m Ulyanov (1991)
wassonite TiS R3m Nakamura-Messenger et al. (2012)
wurtzite-2H �-ZnS P63mc Yudin and Kolomenskiy (1987)

tellurides
altaite PbTe Fm3m Karwowski and Muszynski (2008)
chengbolite PtTe2 P3m1 El Goresy (1976)
moncheite Pt(Te,Bi)2 P3m1 Connolly et al. (2006); Grady et al. (2015); www.mindat.org

arsenides and sulfarsenides
cobaltite CoAsS Pca21 Nystrom and Wickman (1991)
gersdorffite NiAsS P213 Nystrom and Wickman (1991)
irarsite (Ir,Ru,Rh,Pt)AsS Pa3 Kimura (1996); Schulze et al. (1994)
iridarsenite (Ir,Ru)As2 P21/c El Goresy (1976)
löllingite FeAs2 Pnnm El Goresy (1976)
maucherite Ni11As8 P41212, P 43212 Nystrom and Wickman (1991)
nickeline NiAs P63/mmc Nystrom and Wickman (1991)
omeiite (Os,Ru)As2 Pnnm El Goresy (1976)
orcelite Ni5-xAs2 P63cm Nystrom and Wickman (1991)
rammelsbergite NiAs2 Pnnm Nystrom and Wickman (1991)
safflorite CoAs2 Pnnm Nystrom and Wickman (1991)
sperrylite PtAs2 Pa3 El Goresy (1976)

halides
droninoite Ni6Fe3+

2Cl2(OH)16·4H2O R3m Chukanov et al. (2009)
halite NaCl Fm3m Barber (1981); Berkley et al. (1980)
lawrencite (Fe2+,Ni)Cl2 R3m Keil (1968)
sylvite KCl Fm3m Barber (1981); Berkley et al. (1980)

oxides
addibischoffite Ca2Al6Al6O20 P1̄ Ma  and Krot (2015); Ma  et al. (2016a,b)
akimotoite (Mg,Fe)SiO3 R3 Tomioka and Fujino (1999)
allendeite Sc4Zr3O12 R3 Ma  et al. (2014a)
anatase TiO2 I41/amd Wopenka and Swan (1985)
anosovite (not approved) (Ti4+,Ti3+,Mg,Sc,Al)3O5 Bbmm Zhang et al. (2015)
armalcolite (Mg,Fe)Ti2O5 Bbmm Lin and Kimura (1996)
baddeleyite ZrO2 P21c Davis (1991); Delaney et al. (1984);  Krot and Wasson (1994)
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beckettite Ca2V6Al6O20 P1̄ Ma  et al. (2016b)
bunsenite NiO Fm3m Buchwald (1977)
Ca-armalcolite CaTi2O5 Bbmm Lin and Kimura (1996)
calcium oxide lime CaO Fm3m Greshake et al. (1996a); Greshake et al. (1996b); MacPherson et al. (1988)
chlormayenite brearleyite Ca12Al14O32Cl2 I4̄3d Ma  et al. (2011c)
chromite FeCr2O4 Fd3m Ramdohr (1963); Zolensky and McSween (1988)
corundum Al2O3 R3c Greshake et al. (1996a); Greshake et al. (1996b); MacPherson et al. (1988)
coulsonite FeV2O4 Fd3m Armstrong et al. (1987); Ulyanov (1991)
cuprite Cu2O Pn3m Ulyanov (1991)
dmitryivanovite CaAl2O4 P21b Mikouchi et al. (2009)
eskolaite Cr2O3 R3c Greshake and Bischoff (1996)
ferropseudobrookite FeTi2O5 Cmcm Kimura (1996); Fujimaki et al. (1981)
geikielite MgTiO3 R3 Lin and Kimura (1996)
grossite CaAl4O7 C2/c Weber and Bischoff (1994a); Weber and Bischoff (1994b)
hematite �-Fe2O3 R3̄c Buchwald (1977)
hercynite (Fe,Mg)Al2O4 Fd3m Treiman (1985); Zolensky and McSween (1988)
hibonite CaAl12O19 P63/mmc Dodd (1981); MacPherson et al. (1988)
hibonite-(Fe) (Fe,Mg)Al12O19 P63/mmc Ma  (2010)
ilmenite FeTiO3 R3 Ramdohr (1963); Snetsinger and Keil (1969)
kamiokite Fe2Mo3O8 P63mc Ma  et al. (2014b)
kangite (Sc,Ti,Al,Zr,Mg,Ca,�)2O3 Ia3 Ma  et al. (2013c)
krotite CaAl2O4 P21/n Ma  et al. (2011d)
lakargiite CaZrO3 Pbnm Ma  (2011)
loveringite Ca(Ti,Fe,Cr,Mg)21O38 R3 Ma  et al. (2013a)
machiite Al2Ti3O9 (Al,Sc)2(Ti,Zr)3O9 C2/c Krot (2016)
maghemite Fe2.67O4 P213 Buchwald (1977); Zolensky and McSween (1988)
Magnéli phases Ti5O9 and Ti8O15 P1 Brearley (1993a, 1995)
magnesiochromite MgCr2O4 Fd3m Greshake and Bischoff (1996)
magnesioferrite MgFe2O4 Fd3m Yudin and Kolomenskiy (1987)
magnesiowüstite (Mg,Fe)O Fm3m Chen et al. (1996)
magnetite Fe3O4 Fd3m Buchwald (1977); Kerridge et al. (1979); Ramdohr (1963); Zolensky and

McSween (1988)
majindeite Mg2Mo3O8 P63mc Ma  and Beckett (2016b)
Nb-oxide (Nb,V,Fe)O2 Ma  et al. (2014b)
olkhonskite Cr2Ti3O9 unknown Schmitz et al. (2016)
panguite (Ti,Al,Sc,Mg,Zr,Ca)1.8O3 Pbca Ma  et al. (2012c)
periclase MgO  Fm3m Greshake et al. (1996a); Greshake et al. (1996b); MacPherson et al. (1988)
perovskite CaTiO3 Pnma Lin and Kimura (1996); MacPherson et al. (1988)
pleonaste (Mg,Fe)Al2O4 Fd3m MacPherson and Delaney (1985)
pseudobrookite Fe2TiO5 Bbmm Ramdohr (1967, 1973)
pyrophanite MnTiO3 R3 Krot et al. (1993)
rutile TiO2 P4/mnm Greshake et al. (1996a); Greshake et al. (1996b); Lin and Kimura (1996);

MacPherson et al. (1988)
spinel MgAl2O4 Fd3m MacPherson et al. (1988); Zolensky and McSween (1988)
tazheranite (Zr,Ti,Ca,Y)O1.75 Fm3m Ma  and Rossman (2008)
thorianite ThO2 Fm3m MacPherson et al. (1988)
Ti-rich magnetite (Fe,Mg)(Fe,Ti)2O4 Fd3m Dodd (1981)
tistarite Ti2O3 R3c Ma  and Rossman (2009a)
trevorite NiFe2O4 Fd3m Buchwald (1977)
tugarinovite MoO2 P21/n Ma  et al. (2014a)
ulvöspinel Fe2TiO4 Fd3m Papike et al. (1991)
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Mineral Synonyms and Varieties Formula Space Group Selected References

V-rich magnetite (Fe,Mg)(Fe,V)2O4 Fd3m Bischoff and Palme (1987); El Goresy (1976) Wark and Lovering (1978)
wangdaodeite FeTiO3 R3c Xie et al. (2016)
warkite Ca2Sc6Al6O20 P1̄ Ma  et al. (2015a)
wüstite FeO Fm3m Buchwald (1977)
xieite FeCr2O4 Bbmm Chen et al. (2008)
zirconolite (Ca,Ce)Zr(Ti,Nb,Fe3+)2O7 MacPherson et al. (1988); Ma and Rossman (2008)
zirkelite (Ca,Th,Ce)Zr(Ti,Nb)2O7 Fm3m Kimura (1996); MacPherson et al. (1988)

hydroxides
akaganéite �-FeO(OH,Cl) I2/m Buchwald (1977); Buchwald and Clarke (1988);  Buchwald and Clarke (1989)
amakinite (Fe2+,Mg)(OH)2 P3m1 Zolensky and McSween (1988)
brucite Mg(OH)2 P3m1 Barber (1981)
chlormagmaluminite Mg4Al2(OH)12Cl2·3H2O Ivanova et al. (2016)
feroxyhyte �-FeO(OH) unknown Kimura (1996); Gooding (1981);  Buseck and Hua  (1993)
ferrihydrite Fe4-5(OH,O)12 Tomeoka and Buseck (1988)
goethite �FeO(OH) Pbnm Barber (1981); Buchwald (1977)
hibbingite �-Fe2(OH)3Cl Pnam Buchwald (1989); Saini-Eidukat et al. (1994)
hollandite (Fe15,Ni)(O12(OH)20)Cl(OH)2 I2/m Ulyanov (1991)
lepidocrocite �-FeO(OH) Amam Barber (1981); Buchwald (1977)
portlandite Ca(OH)2 P3m1 Okada et al. (1981)
pyrochlore (Na,Ca)2Nb2O6(OH,F) Fd3m Lovering et al. (1979)
zaratite Ni3CO3(OH)4·4H2O unknown (in part amorphous) Buddhue (1957)

carbonates
ankerite Ca(Fe2+,Mg,Mn)(CO3)2 R3 Zolensky and McSween (1988)
aragonite CaCO3 Pmcn Endress and Bischoff (1996)
barringtonite MgCO3·2H2O P1 or P1̄ Ulyanov (1991)
breunnerite (Mg,Fe)CO3 R3c Lee et al. (2014)
calcite CaCO3 R3c Dodd (1981); Okada et al. (1981); Zolensky and Krot (1996)
chukanovite Fe2(CO3)(OH)2 P21/a Pekov et al. (2007)
dolomite CaMg(CO3)2 R3 Zolensky and McSween (1988)
hydromagnesite Mg5(CO3)4(OH)2·4H2O P21/c Velbel (1988); Zolensky and Gooding (1986)
kutnohorite Ca(Mn,Mg,Fe2+)(CO3)2 R3 Zolensky and McSween (1988)
magnesite (Mg,Fe)CO3 R3c Zolensky and McSween (1988)
nesquehonite Mg(HCO3)(OH)·2H2O P21/n Velbel (1988); Zolensky and Gooding (1986)
nyerereite Na2Ca(CO3)2 Pmc21 Ulyanov (1991)
reevesite Ni6Fe2(CO3)(OH)14·4H2O R3m Buchwald (1977); White et al. (1967)
rhodochrosite MnCO3 R3c Ulyanov (1991)
siderite FeCO3 R3c Buchwald (1977)
vaterite CaCO3 P63/mmc  Okada et al. (1981)
zaratite Ni3(CO3)(OH)4·4H2O unknown (in part amorphous) Buchwald (1977)

sulfates
anhydrite CaSO4 Amma Brearley (1993a, 1995)
barite BaSO4 Pbnm Nystrom and Wickman (1991)
bassanite CaSO4·½H2O B2 Okada et al. (1981); Wentworth and Gooding (1994)
blödite Na2Mg(SO4)2·4H2O P21/a Zolensky and McSween (1988)
celestine SrSO4 Pnma Ma  (2015b)
copiapite Fe5(SO4)6(OH)2·20H2O P1 Ulyanov (1991)
coquimbite Fe2(SO4)3·9H2O P3c Kimura (1996); Gooding (1981)
epsomite MgSO4·7H2O P212121 Zolensky and McSween (1988)
gypsum CaSO4·2H2O A2/a Zolensky and McSween (1988)
hexahydrite MgSO4·6H2O A2/a Zolensky and McSween (1988)
honessite (Ni,Fe)8SO4(OH)16·nH2O R3m Buchwald (1977)
jarosite KFe3(SO4)2(OH)6 R3 Buchwald (1977)
kieserite MgSO4·H2O C2/c Kimura (1996); Gooding et al. (1991)
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melanterite FeSO4·7H2O P21/c Ulyanov (1991)
mendozite NaAl(SO4)2·11H2O C2/c www.mindat.org
nickelblödite Na2(Ni,Mg)(SO4)2·4H2O P21/a Brearley (2006)
paraotwayite Ni(OH)2-x(SO4,CO3)0.5x Pm Zubkova et al. (2008); Nickel and Graham (1987)
schwertmannite Fe3+

16(OH,SO4)12-13O16·10H2O P4/m Pederson (1999)
slavikite NaMg2Fe5(SO4)7(OH)6·33H2O R3 Kimura (1996); Gooding (1981)
starkeyite MgSO4.4H2O P21/n Velbel (1988); Zolensky and Gooding (1986)
szomolnokite FeSO4·H2O A2/a Kimura (1996); Gooding (1981)
voltaite K2Fe8Al (SO4)12·18H2O Fd3c Kimura (1996); Gooding (1981)

molybdates
powellite CaMoO4 I41/a Ulyanov (1991)

tungstates
scheelite CaWO4 I41/a MacPherson et al. (1988)

phosphates
apatite Ca5(PO4)3(F,OH,Cl) P63/m MacPherson et al. (1988); Nystrom and Wickman (1991)
arupite Ni3(PO4)2·8H2O I2/m Buchwald (1977, 1990)
beusite (Mn,Fe,Ca,Mg)3(PO4)2 P21/c Ulyanov (1991)
bobdownsite Ca9Mg(PO4)6(PO3F) R3c Gnos et al. (2002); Tait et al. (2011)
brianite Na2CaMg(PO4)2 P21/a Buchwald (1977); Bunch et al. (1970); Fuchs et al. (1967)
buchwaldite NaCaPO4 Pmn21 Buchwald (1977); Olsen et al. (1977)
carbonate-fluorapatite Ca5(PO4,CO3)3F P63/m Nystrom and Wickman (1991)
cassidyite Ca2(Ni,Mg)(PO4)2·2H2O P1 Buchwald (1977); White et al. (1967)
chlorapatite Ca5(PO4)3Cl P63/m Buchwald (1977); Fuchs and Olsen (1965)
chladniite Na2CaMg7(PO4)6 R3 McCoy et al. (1994)
chopinite Mg3(PO4)2 P21/b Grew et al. (2010)
collinsite Ca2(Mg,Fe,Ni)(PO4)2·2H2O P1 Buchwald (1977)
farringtonite Mg3(PO4)2 P21/a Buchwald (1977); Buseck (1977)
ferromerrillite Ca9NaFe 2+ (PO4)7 R3c Britvin et al. (2015)
fluorapatite Ca5(PO4)3F P63/m Kimura (1996); Kimura et al. (1992)
galileiite NaFe4(PO4)3 R3 Olsen and Steele (1997)
graftonite (Fe,Mn)3(PO4)2 P21/c Buchwald (1977); Olsen and Fredriksson (1966)
hydroxylapatite Ca5(PO4)3OH P63/m Fuchs (1969)
johnsomervilleite Na2Ca(Fe,Mg,Mn)7(PO4)6 R3 Olsen and Fredriksson (1966)
K-Na-Fe phosphate (K,Na)Fe4(PO4)3 Olsen and Steele (1997)
lipscombite (Fe,Mn)Fe2(PO4)2(OH)2 P41212 Buchwald (1977)
maricite NaFePO4 Pmnb Clarke et al. (1990)
matyhite Ca18(Ca,�)2Fe2+

2(PO4)14 R3c Hwang et al. (2016a)
merrillite Ca9MgNa(PO4)7 R3c Buchwald (1977); Buseck (1977)
monazite-(Ce) (Ce,La,Th)PO4 P21/n Yagi et al. (1978)
moraskoite Na2Mg(PO4)F Pbcn Karwowski et al. (2015)
panethite (Ca,Na)2(Mg,Fe)2(PO4)2 P21/n Buchwald (1977); Bunch et al. (1970); Fuchs et al. (1967)
sarcopside (Fe,Mn)3(PO4)2 P21/a Buchwald (1977); Olsen and Fredriksson (1966)
stanfieldite Ca4(Mg,Fe)5(PO4)6 P2/c Buseck (1977)
tuite �-Ca3(PO4)2 R3̄m Xie et al. (2003)
vivianite Fe3(PO4)2·8H2O C2/m Buchwald (1977)
xenophyllite Na4Fe7(PO4)6 P1 www.mindat.org
xenotime YPO4 I41/amd Liu et al. (2016)

silicates
nesosilicates (independent SiO4 tetrahedra)

adrianite Ca12(Al4Mg3Si7)O32Cl6 I4̄3d Ma  and Krot (2014b)
ahrensite Fe2SiO4 Fd3m Ma  et al. (2016c)
almandine Fe3Al2(SiO4)3 Ia3d Ulyanov (1991)
andradite Ca3Fe2(SiO4)3 Ia3d Kimura and Ikeda (1995)
bridgmanite Mg-silicate perovskite (Mg,Fe)SiO3 Pnma Tschauner et al. (2014)
britholite-(Ce) beckelite (Ce,Y,Ca)5(SiO4,PO4)3(OH,F) P63/m MacPherson et al. (1988)
eringaite Ca3Sc2Si3O12 Ia3d Ma  (2012)
fayalite Fe2SiO4 Pbnm Krot et al. (1995)
forsterite Mg2SiO4 Pbnm Dodd (1981)
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goldmanite Ca3V2(SiO4)3 Ia3d Kimura (1996); Simon and Grossman (1992)
grossular Ca3Al2(SiO4)3 Ia3d Kimura and Ikeda (1995)
hutcheonite Ca3Ti2(SiAl2)O12 Ia3d Ma  and Krot (2014a)
kirschsteinite CaFe(SiO4) Pbmn Kimura and Ikeda (1995); Krot et al. (1995)
larnite felite; shannonite Ca2SiO4 Krot (2016)
majorite Mg3(SiMg)Si3O12 Ia3d Chen et al. (1996); Dodd (1981)
monticellite CaMgSiO4 Pnma MacPherson et al. (1988); Ma and Krot (2014a)
mullite Al6Si2O13 Pbam Ma  and Rossman (2009a)
olivine peridot; chrysolite (Mg,Fe)2SiO4 Pbnm Buchwald (1977); Dodd (1981); Rubin (1990)
pyrope Mg3Al22(SiO4)3 Ia3d Chen et al. (1996)
reidite ZrSiO4 I41/a Glass et al. (2002)
ringwoodite Mg2SiO4 Ia3d Dodd (1981); Price et al. (1979)
rubinite Ca3Ti2Si3O12 Ia3d Ma  et al. (2017a,d)
sapphirine (Mg,Al)7(Mg,Al)O2(Al,Si)6O18 Ulyanov (1991)
sodium-bearing silicate (Na,K,Ca,Fe)0.973(Al,Si) 5.08O10 El Goresy et al. (1997)
tetragonal almandine (Fe,Mg,Ca,Na)3(Al,Si,Mg)2Si3O12 I41/a Ma  and Tschauner (2016)
tetragonal majorite Mg3(SiMg)Si3O12 I41/a Tomioka et al. (2016)
titanite sphene CaTiSiO5 P21/a Delaney et al. (1984)
tranquillityite Fe2+

8Ti3Zr2Si3O24 unknown Taylor et al. (2001)
wadalite Ca6Al5Si2O16Cl3 I4̄3d Ishii et al. (2010)
zircon ZrSiO4 I41/amd Buchwald (1977); Ireland and Wlotzka (1992); Marvin and Klein (1964)

sorosilicates (two isolated SiO4 tetrahedra sharing one O)
åkermanite Ca2MgSi2O7 P421m MacPherson et al. (1988)
chevkinite (Ce,La,Ca,Th)4(Fe2+,Mg)2(Ti,Fe3+)3Si4O22 C2/m Liu et al. (2016)
paqueite Ca3TiSi2(Al,Ti,Si)3O14 P321 Barber et al. (1994); Paque et al. (1994); Ma  and Beckett (2016a)
perrierite (Ce,La,Ca)4(Fe2+,Mg)2(Ti,Fe3+)3Si4O22 C21/a Liu et al. (2016)
gehlenite Ca2Al(Si,Al)2O7 P421m MacPherson et al. (1988)
melilite (Ca,Na)2(Al,Mg)(Si,Al)2O7 P421m MacPherson et al. (1988)
pumpellyite Ca2(Mg,Fe2+)Al2(SiO4)(Si2O7)(OH)2·H2O A2/m Ulyanov (1991); Zolensky and McSween (1988)
thortveitite Sc2Si2O7 C2/m Ma  et al. (2011b)
wadsleyite (Mg,Fe)2SiO4 I2/m Ulyanov (1991)

cyclosilicates (closed rings of SiO4 tetrahedra)
cordierite Mg2Al4Si5O18 Cccm MacPherson et al. (1988); Petaev et al. (1993)
indialite Mg2Al3(AlSi5O18) P6/mcc Mikouchi et al. (2016)
merrihueite (K,Na)2Fe5Si12O30 P6/mcc Dodd et al. (1965); Dodd et al. (1966); Krot and Wasson (1994)
osumilite (K,Na)(Fe,Mg)2(Al,Fe)2[(Si,Al)12O30] P6/mcc Ulyanov (1991)
roedderite (K,Na)2Mg5Si12O30 P6/mmc Buchwald (1977); Fuchs (1966b);  Krot and Wasson (1994)
yagiite (K,Na)2(Mg,Al)5(Si,Al)12O30 P6/mmc Buchwald (1977)

inosilicates (continuous single or double chains of SiO4 tetrahedra)
aenigmatite Na2Fe2+

5TiSi6O20 P1
Al-Ti  diopside fassaite Ca(Mg,Ti,Al)(Si,Al)2O6 C2/c Dodd (1981); MacPherson et al. (1988)
akimotoite (Mg,Fe)SiO3 R3̄ Tomioka and Fujino (1999)
anthophyllite (Mg,Fe)7Si8O22(OH)2 Pnma Brearley (1996)
augite Mg(Fe,Ca)Si2O6 C2/c Dodd (1981)
barroisite �NaCa(Mg3Al2)(Si7Al)O22(OH)2 C2/m Dobrică  and Brearley (2014)
burnettite CaV3+AlSiO6 C2/c Ma  and Beckett (2016a)
clinoenstatite Mg2Si2O6 P21/c Lindstrom (1990); Britvin et al. (2008); Pekov (1998)
davisite Sc-fassaite CaScAlSiO6 C2/c Ma  and Rossman (2009b); Ma  et al. (2016a)
diopside CaMgSi2O6 C2/c Dodd (1981)
donpeacorite (Mn,Mg)Mg(SiO3)2 Pbca Kimura (1996); Kimura and El Goresy (1989)
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enstatite Mg2(SiO3)2 Pbca Dodd (1981); Keil (1968)
ferrosilite Fe2(SiO3)2 Pbca Krot et al. (1997a)
fluor-richterite Na2Ca(Mg,Fe) 5Si8O22F2 N/A Bevan et al. (1977); Olsen et al. (1973)
grossmanite CaTi3+AlSiO6 C2/c Ma  and Rossman (2009c); Ma  et al. (2010)
hedenbergite CaFeSi2O6 C2/c Kimura and Ikeda (1995)
hemleyite FeSiO3 R3̄ Bindi et al. (2017)
jadeite Na(Al,Fe)(Si2O6) C2/c Ulyanov (1991)
jimthompsonite (Mg,Fe)5Si6O16(OH)2 Pbca Brearley (1996)
kaersutite Ca2(Na,K)(Mg,Fe)4Ti

(Si6Al2)O22(OH,F,Cl)2

C2/m Treiman (1985)

kanoite (Mn,Mg)SiO3 P21/c Kimura (1996); Kimura and El Goresy (1989)
kosmochlor ureyite NaCrSi2O6 C2/c Buchwald (1977); Greshake and Bischoff (1996)
krinovite NaMg2CrSi3O10 P1 Buchwald (1977); Olsen and Fuchs (1968)
kuratite Ca2(Fe2+

5Ti)O2[Si4Al2O18] P1 Hwang et al. (2014)
kushiroite CaAlAlSiO6 C2/c Kimura et al. (2009); Ma et al. (2009, 2010)
magnesio-arfvedsonite NaNa2(Mg4Fe3+)Si8O22(OH)2 C2/m Ivanov et al. (2001)
magnesiohornblende Ca2Mg4Al0.75Fe3+

0.25(Si7AlO22)(OH)2 C2/m McCanta et al. (2008)
omphacite (Ca,Na)(Mg,Fe2+,Al) Si2O6) P2/n Kimura et al. (2013)
orthopyroxene (Mg,Fe)SiO3 Pbca Buchwald (1977); Dodd (1981)
pigeonite (Fe,Mg,Ca)SiO3 P21/c Dodd (1981)
potassic-chloro-hastingsite KCa2(Fe2+

4Fe3+)
(Al2Si6O22)(Cl,OH)2

B2/m McCubbin et al. (2009); Giesting and Filiberto (2016)

pyroxferroite (Fe,Mn,Ca)SiO3 P1 Papike et al. (1991)
rhodonite CaMn4(Si3O15) P1 Ulyanov (1991)
rhönite Ca2(Mg,Al,Ti)6(Si,Al)6O20 P1 Fuchs (1971)
tissintite (Ca,Na,�)AlSi2O6 C2/c Ma  et al. (2015b)
wilkinsonite Na2Fe2+

4Fe3+
2Si6O20 P1 Ivanov et al. (2001)

winchite �NaCa(Mg4Al)Si8O22(OH)2 C2/m Dobrică and Brearley (2014)
wollastonite CaSiO3 P1 Fuchs (1971)

phyllosilicates (continuous sheets of SiO4 tetrahedra)
aspidolite NaMg3(Si3Al)O10(OH)2 B2/m www.mindat.org
biotite K(Mg,Fe)3(Si3Al)O10(OH,F)2 C2/m Floran et al. (1978a); Johnson et al. (1991)
chlorite group

chamosite (Fe2+,Mg,Fe3+)5Al(Si3Al)O10(OH,O)8 C2/m Barber (1981); Zolensky and McSween (1988)
clinochlore (Mg,Fe+2)5Al (Si3Al)O10(OH)8 C2/m Barber (1981)

clintonite Ca(Mg,Al)3(Al,Si)4O10(OH,F)2 C2/m Krot et al. (1995)
edenite NaCa2Mg5Si7AlO22(OH)2 C2/m McCanta et al. (2008)
glauconite (K,Na)(Mg,Fe2+,Fe3+)

(Fe3+,Al)(Si,Al)4O10(OH)2

B2/m Kyte (1998)

illite (K,H3O)Al2
(Si3Al)O10(H2O,OH)2

C2/m Gooding (1992)

margarite CaAl2(Si2Al2)O10(OH)2 C2/c Krot et al. (1995)
mica (K,Na,Ca)(Al,Mg,Fe)2-3

(Si,Al,Fe)4O10(OH,F)2

C2/m Velbel (1988); Zolensky and Gooding (1986)

muscovite KAl2(AlSi3O10)(OH)2 C2/m Kurat et al. (1981)
oxyphlogopite K(Mg,Ti,Fe)3[(Si,Al)4O10](O,F)2 C2/m www.mindat.org
pecoraite Ni3Si2O5(OH)4 C2/m Faust et al. (1973)
phlogopite KMg3(Si3Al)O10(F,OH)2 C2/m Brearley (2006)
serpentine group

amesite Mg2Al(SiAl)O5(OH)4 C1 Zolensky and McSween (1988)
antigorite Mg3Si2O5(OH)4 Bm Barber (1981)
berthierine (Fe2+,Fe3+,Mg)2 -3(Si,Al)2O5(OH)4 Cm Barber (1981)
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http://www.mindat.org
http://www.mindat.org
http://www.mindat.org
http://www.mindat.org
http://www.mindat.org
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Table 1 (Continued)

Mineral Synonyms and Varieties Formula Space Group Selected References

chrysotile Mg3Si2O5(OH)4 A2/m Barber (1981)
cronstedtite Fe2+

2Fe3+(SiFe3+)O5(OH)4 P31m Zolensky and McSween (1988)
ferroan antigorite (Mg,Fe,Mn)3(Si,Al)2O5(OH)4 Bm Barber (1981)
greenalite (Fe2+,Fe3+)2- 3Si2O5(OH)4 unknown Barber (1981)
lizardite Mg3Si2O5(OH)4 P1 Barber (1981)

smectite group
montmorillonite (Na,Ca)0.3(Al,Mg) 2Si4O10(OH)2·nH2O C2/m Krot et al. (1995); Zolensky and McSween (1988)
nontronite Na0.3Fe3+

2(Si,Al)4O10(OH)2.nH2O C2/m Zolensky and McSween (1988)
saponite (Ca,Na)0.3(Mg,Fe2+)3(Si,Al)4O10(OH)2·4H2O C2/m Brearley (1995); Krot et al. (1995)
sobotkite (K,Ca)0.3(Mg2Al) (Si3Al)O10(OH)2·5H2O unknown Barber (1981)

sodium-phlogopite aspidolite (Na,K)Mg3(Si3Al)O10(F,OH)2 B2/m Krot et al. (1995)
talc Mg3(Si4O10)(OH)2 C2/c Barber (1981); Brearley (1996)
vermiculite (Mg,Fe2+,Al)3(Al,Si)4O10(OH)2·4H2O C2/m Ulyanov (1991); Zolensky and McSween (1988)

tectosilicates (continuous framework of SiO4 tetrahedra)
albite NaAlSi3O8 C1 Keil (1968)
anorthite CaAl2Si2O8 P1, I1 MacPherson et al. (1988)
celsian BaAl2Si2O8 I2/c Dodd (1981); MacPherson et al. (1988)
chabazite-Na (Na3K)Al4Si8O24·11H2O R3m Zolensky and Ivanov (2003)
coesite SiO2 C2/c Weisberg and Kimura (2010); Kimura et al. (2016)
cristobalite SiO2 P41212 Marvin (1962); Dodd (1981)
dmisteinbergite CaAl2Si2O8 P6/mmm Ma  et al. (2013b)
feldspar group (K,Na,Ca)(Si,Al)4O8 Buchwald (1977)
haüyne (tentative ID) Na3Ca(Si3Al3)O12(SO4) P4̄3n Flight (1887)
liebermannite KAlSi3O8 I4/m Ma  et al. (2015c)
lingunite NaAlSi3O8 I4/m Gillet et al. (2000)
marialite Na4(Si,Al)12O24Cl I4/m Kimura (1996); Alexander et al. (1987)
maskelynite (Na,Ca)(Si,Al)4O8 Binns (1967); Rubin (2015c)
nepheline (Na,K)AlSiO4 P63 MacPherson et al. (1988)
opal SiO2·nH2O Buchwald (1977)
orthoclase KAlSi3O8 C2/m Kerridge and Matthews (1988)
plagioclase (Na,Ca)(Si,Al)3O8 C1 Dodd (1981)
quartz SiO2 P3121, P3232 Dodd (1981)
sanidine KAlSi3O8 C2/m Floran et al. (1978b); Johnson et al. (1991)
seifertite SiO2 Pbcn or Pb2n El Goresy et al. (2008)
silica with �-PbO2 structure (not
approved)

SiO2 unknown Kimura et al. (2000); Sharp et al. (1997); Hu and Sharp (2016)

silica with ZrO2-like structure (not
approved)

SiO2 unknown Kimura et al. (2000); Sharp et al. (1997); Hu and Sharp (2016)

sodalite Na4(Si3Al3)O12Cl P4̄3n MacPherson et al. (1988)
sodium-calcium hexaluminosilicate
(not approved)

(CaxNa1- x)Al3+xSi3- xO11 unknown Beck et al. (2004)

stilbite-Ca NaCa4(Si27Al9)O72·30H2O C2/m Kimura (1996); Gooding (1981)
stishovite SiO2 P4/mnm Chao et al. (1962)
tridymite SiO2 F1 Dodd (1981)
zagamiite CaAl2Si3.5O11 P63/mmc Ma  and Tschauner (2017); Ma  et al. (2017b)
zeolite group (Na,K)0-2(Ca,Mg)1-2

(Al,Si)5-10O10-20·nH2O
MacPherson et al. (1988)

oxalate
whewellite CaC2O4·H2O P21/n Fuchs et al. (1973)

phosphate-silicate
tsangpoite Ca5(PO4)2(SiO4) P63/m,  P63, or P6322 Hwang et al. (2016b)



A.E. Rubin, C. Ma / Chemie der Erde 77 (2017) 325–385 337

Table  2
Alphabetical list of meteoritic minerals.

aluminium Al
addibischoffite Ca2Al6Al6O20

adrianite Ca12(Al4Mg3Si7)O32Cl6
aenigmatite Na2Fe2+

5TiSi6O20

ahrensite Fe2SiO4

akaganéite �-FeO(OH,Cl)
åkermanite C
akimotoite (Mg,Fe)SiO3

alabandite MnS
albite NaAlSi3O8

allabogdanite (Fe,Ni)2P
allendeite Sc4Zr3O12

almandine Fe3Al2(SiO4)3

altaite PbTe
Al-Ti diopside Ca(Mg,Ti,Al)2O6

amakinite (Fe2+,Mg)(OH)2

amesite Mg2Al(SiAl)O5(OH)4

anatase TiO2

andradite Ca3Fe2(SiO4)3

andreyivanovite FeCrP
anhydrite CaSO4

ankerite Ca(Fe2+,Mg,Mn)(CO3)2

anorthite CaAl2Si2O8

anosovite (not approved) (Ti4+,Ti3+,Mg,Sc,Al)3O5

anthophyllite (Mg,Fe)7Si8O22(OH)2

antigorite Mg3Si2O5(OH)4

antitaenite (not approved) Fe3Ni
apatite Ca5(PO4)3(F,OH,Cl)
aragonite CaCO3

armalcolite (Mg,Fe)Ti2O5

arupite Ni3(PO4)2·8H2O
aspidolite NaMg3(Si3Al)O10(OH)2

augite Mg(Fe,Ca)Si2O6

awaruite Ni3Fe
baddeleyite ZrO2

barite BaSO4

barringerite (Fe,Ni)2P
barringtonite MgCO3·2H2O
barroisite �NaCa(Mg3Al2)(Si7Al)O22(OH)2

bassanite CaSO4·½H2O
beckettite Ca2V6Al6O20

berthierine (Fe2+,Fe3+,Mg)2 -3(Si,Al)2O5(OH)4

beta-moissanite SiC
beusite (Mn,Fe,Ca,Mg)3(PO4)2

biotite K(Mg,Fe)3(Si3Al)O10(OH,F)2

blödite Na2Mg(SO4)2·4H2O
bobdownsite Ca9Mg(PO4)6(PO3F)
bornite Cu5FeS4

breunnerite (Mg,Fe)CO3

brezinaite Cr3S4

brianite Na2CaMg(PO4)2

bridgmanite (Mg,Fe)SiO3

britholite-(Ce) (Ce,Y,Ca)5(SiO4,PO4)3(OH,F)
browneite MnS
brownleeite MnSi
brucite Mg(OH)2

�-silicon nitride (not approved) �-Si3N4

buchwaldite NaCaPO4

bunsenite NiO
burnettite CaV3+AlSiO6

buseckite (Fe,Zn,Mn)S
butianite Ni6SnS2

Ca-armalcolite CaTi2O5

calcite CaCO3

calcium oxide CaO
carbonate-fluorapatite Ca5(PO4,CO3)3F
carlsbergite CrN
cassidyite Ca2(Ni,Mg)(PO4)2·2H2O
caswellsilverite NaCrS2

celestine SrSO4
celsian Ba (Al2Si2O8)
chabazite-Na (Na3K)Al4Si8O24·11H2O
chalcocite Cu2S
chalcopyrite CuFeS2

chamosite (Fe2+,Mg,Fe3+)5Al(Si3Al)O10(OH,O)8

chaoite C

Table 2 (Continued)

chengbolite PtTe2

chevkinite (Ce,La,Ca,Th)4(Fe2+,Mg)2(Ti,Fe3+)3Si4O22

chladniite Na2CaMg7(PO4)6

chlorapatite Ca5(PO4)3Cl
chlormagmaluminite Mg4Al2(OH)12Cl2·3H2O
chlormayenite Ca12Al14O32Cl2
chopinite Mg3(PO4)2

chromite FeCr2O4

chrysotile Mg3Si2O5(OH)4

chukanovite Fe2(CO3)(OH)2

cinnabar HgS
clinochlore (Mg,Fe2+)5Al(Si3Al)O10(OH)8

clinoenstatite Mg2Si2O6

clintonite Ca(Mg,Al)3(Al,Si)4O10(OH,F)2

cobaltite CoAsS
coesite SiO2

cohenite (Fe,Ni)3C
collinsite Ca2(Mg,Fe,Ni)(PO4)2·2H2O
cooperite PtS
copiapite Fe5(SO4)6(OH)2·20H2O
copper Cu
coquimbite Fe2(SO4)3·9H2O
cordierite Mg2Al4Si5O18

corundum Al2O3

coulsonite FeV2O4

covellite CuS
cristobalite SiO2

cronstedtite Fe2+
2Fe3+(SiFe3+)O5(OH)4

cronusite Ca0.2CrS2·2H2 O
cubanite CuFe2S3

cupalite CuAl
cuprite Cu2O
daubréelite FeCr2S4

davisite CaScAlSiO6

decagonite Al71Ni24Fe5

diamond C
digenite Cu9S5

diopside CaMgSi2O6

djerfisherite K6Na9(Fe,Cu)24S26Cl
dmisteinbergite CaAl2Si2O8

dmitryivanovite CaAl2O4

dolomite CaMg(CO3)2

donpeacorite (Mn,Mg)Mg(SiO3)2

droninoite Ni6Fe3+
2Cl2(OH)16·4H2O

edenite NaCa2Mg5Si7AlO22(OH)2

electrum (not approved) Au-Ag
enstatite Mg2(SiO3)2

epsomite MgSO4·7H2O
eringaite Ca3Sc2Si3O12

erlichmanite OsS2

eskolaite Cr2O3

farringtonite Mg3(PO4)2

fayalite Fe2SiO4

feldspar group (K,Na,Ca)(Si,Al)4O8

feroxyhyte �-FeO(OH)
ferrihydrite Fe4-5(OH,O)12

ferroan alabandite (Mn,Fe)S
ferroan antigorite (Mg,Fe,Mn)3(Si,Al)2O5(OH)4

ferromerrillite Ca9NaFe2+(PO4)7

ferropseudobrookite FeTi2O5

ferrosilite Fe2(SiO3)2

florenskyite (Fe,Ni)TiP
fluorapatite Ca5(PO4)3F
fluor-richterite Na2Ca(Mg,Fe)5Si8O22F2

forsterite Mg2SiO4

galena PbS
galileiite NaFe4(PO4)3

gehlenite Ca2Al(Si,Al)2O7

geikielite MgTiO3

gentnerite (not approved) Cu8Fe3Cr11S18

gersdorffite NiAsS
glauconite (K,Na)(Mg,Fe2+,Fe3+)

(Fe3+,Al)(Si,Al)4O10(OH)2

goethite �-FeO(OH)
gold Au
gold-dominated alloys (Au,Ag,Fe,Ni,Pt)
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Table 2 (Continued)

goldmanite Ca3V2(SiO4)3

graftonite (Fe,Mn)3(PO4) 2

graphite-2H C
graphite-3R C
greenalite (Fe2+,Fe3+)2- 3Si2O5(OH)4

greigite Fe3S4

grossite CaAl4O7

grossmanite CaTi3+AlSiO6

grossular Ca3Al2(SiO4)3

gupeiite Fe3Si
gypsum CaSO4·2H2O
haapalaite 4(Fe,Ni)S·3(Mg,Fe2+)(OH)2

halite NaCl
hapkeite Fe2Si
haüyne (tentative ID) Na3Ca (Si3Al3)O12(SO4)
haxonite (Fe,Ni)23C6

heazlewoodite Ni3S2

hedenbergite CaFeSi2O6

heideite (Fe,Cr)1+x(Ti,Fe)2S4

hematite �-Fe2O3

hemleyite FeSiO3

hercynite (Fe,Mg)Al2O4

hexaferrum (Fe,Os,Ir,Mo)
hexahydrite MgSO4·6H2O
hexamolybdenum (Mo,Ru,Fe)
hibbingite �-Fe2(OH)3Cl
hibonite CaAl12O19

hibonite-(Fe) (Fe,Mg)Al12O19

hollandite (Fe15,Ni)(O12(OH)20)Cl(OH)2

hollisterite Al3Fe
honessite (Ni,Fe)8SO4(OH)16·nH2O
hutcheonite Ca3Ti2(SiAl2)O12

hydromagnesite Mg5(CO3)4(OH)2·4H2O
hydroxylapatite Ca5(PO4)3OH
icosahedrite Al63Cu24Fe13

idaite Cu5FeS6

illite (K,H3O)Al2(Si3Al)O10(H2O,OH)2

ilmenite FeTiO3

indialite Mg2Al3(AlSi5O18)
irarsite (Ir,Ru,Rh,Pt)AsS
iridarsenite (Ir,Ru)As2

iridium Ir
iron �-Fe
iron carbide (not approved) Fe2.5C
isocubanite CuFe2S3

jadeite Na(Al,Fe)(Si2O6)
jarosite KFe3(SO4)2(OH)6

jimthompsonite (Mg,Fe)5Si6O16(OH)2

joegoldsteinite MnCr2S4

johnsomervilleite Na2Ca(Fe,Mg,Mn)7(PO4)6

kaersutite Ca2(Na,K)(Mg,Fe)4Ti
(Si6Al2)O22(OH,F,Cl)2

kamiokite Fe2Mo3O8

kangite (Sc,Ti,Al,Zr,Mg,Ca,�)2O3

kanoite (Mn,Mg)SiO3

keilite (Fe,Mn,Mg,Ca,Cr)S
khamrabaevite TiC
khatyrkite CuAl2
kieserite MgSO4·H2O
kirschsteinite CaFe(SiO4)
K-Na-Fe phosphate (K,Na)Fe4(PO4)3

kosmochlor NaCrSi2O6

krinovite NaMg2CrSi3O10

krotite CaAl2O4

kryachkoite (Al,Cu)6(Fe,Cu)
kuratite Ca2(Fe2+

5Ti)O2[Si4Al2O18]
kushiroite CaAlAlSiO6

kutnohorite Ca(Mn,Mg,Fe2+)(CO3)2

lakargiite CaZrO3

larnite Ca2SiO4

laurite RuS2

lawrencite (Fe2+,Ni)Cl2
lepidocrocite �-FeO(OH)
liebermannite KAlSi3O8

lingunite NaAlSi3O8

linzhiite FeSi2
lipscombite (Fe,Mn)Fe2(PO4)2(OH)2

lizardite Mg3Si2O5(OH)4

Table 2 (Continued)

löllingite FeAs2

lonsdaleite C
loveringite Ca(Ti,Fe,Cr,Mg)21O38

machiite Al2Ti3O9

mackinawite FeS1-x

maghemite Fe2.67O4

Magnéli phases Ti5O9 and Ti8O15

magnesio-arfvedsonite NaNa2(Mg4Fe3+)Si8O22(OH)2

magnesiochromite MgCr2O4

magnesioferrite MgFe2O4

magnesiohornblende Ca2Mg4Al0.75Fe3+
0.25(Si7AlO22)(OH)2

magnesiowüstite (Mg,Fe)O
magnesite (Mg,Fe)CO3

magnetite Fe3O4

majindeite Mg2Mo3O8

majorite Mg3(SiMg)Si3O12

marcasite FeS2

margarite CaAl2(Si2Al2)O10(OH)2

marialite Na4(Si,Al)12O24Cl
maricite NaFePO4

martensite (not approved) �2-(Fe,Ni)
maskelynite (Na,Ca)(Si,Al)4O8

matyhite Ca18(Ca,�)2Fe2+
2(PO4)14

maucherite Ni11As8

melanterite FeSO4·7H2O
melilite (Ca,Na)2(Al,Mg)(Si,Al)2O7

melliniite (Ni,Fe)4P
mendozite NaAl(SO4)2·11H2O
mercury Hg
merrihueite (K,Na)2Fe5Si12O30

merrillite Ca9MgNa(PO4)7

mica (K,Na,Ca)(Al,Mg,Fe)2-3

(Si,Al,Fe)4O10(OH,F)2

millerite NiS
molybdenite MoS2

molybdenum (not approved) Mo
molybdenum carbide (not approved) MoC
monazite-(Ce) (Ce,La,Th)PO4

moncheite Pt(Te,Bi)2

monipite MoNiP
monticellite CaMgSiO4

montmorillonite (Na,Ca)0.3(Al,Mg)2Si4O10(OH)2·nH2O
moraskoite Na2Mg(PO4)F
mullite Al6Si2O13

murchisite Cr5S6

muscovite KAl2(AlSi3O10)(OH)2

naquite FeSi
Nb-oxide (Nb,V,Fe)O2

nepheline (Na,K)AlSiO4

nesquehonite Mg(HCO3)(OH)·2H2O
nickel Ni
nickelblödite Na2(Ni,Mg)(SO4)2·4H2O
nickeline NiAs
nickelphosphide Ni3P
nierite a-Si3N4

niningerite (Mg,Fe)S
niobium (not approved) Nb
nontronite Na0.3Fe3+

2(Si,Al)4O10(OH)2·nH2O
nuwaite Ni6GeS2

nyerereite Na2Ca(CO3)2

oldhamite CaS
olivine (Mg,Fe)2SiO4

olkhonskite Cr2Ti3O9

omeiite (Os,Ru)As2

omphacite (Ca,Na)(Mg,Fe2+,Al)Si2O6

opal SiO2·nH2O
orcelite Ni5-xAs2

orthoclase KAlSi3O8

orthopyroxene (Mg,Fe)SiO3

osbornite TiN
osmium Os
osumilite (K,Na)(Fe,Mg)2(Al,Fe)3[(Si,Al)12O30]
oxyphlogopite K(Mg,Ti,Fe)3[(Si,Al)4O10](O,F)2

panethite (Ca,Na)2(Mg,Fe)2(PO4)2

panguite (Ti,Al,Sc,Mg,Zr,Ca)1.8O3

paqueite Ca3TiSi2(Al,Ti,Si)3O14

paraotwayite Ni(OH)2-x(SO4,CO3)0.5x

pecoraite Ni3Si2O5(OH)4
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Table  2 (Continued)

pentlandite (Fe,Ni)9S8

periclase MgO
perovskite CaTiO3

perrierite (Ce,La,Ca)4(Fe2+,Mg) 2(Ti,Fe3+)3Si4O22

perryite (Ni,Fe)5(Si,P)2

PGE-dominated alloys (Pt,Os,Ir,Ru,Re,Rh,Mo,Nb,Ta,
Ge,W,V,Pb,Cr,Fe,Ni,Co)

phlogopite KMg3(Si3Al)O10(F,OH)2

pigeonite (Fe,Mg,Ca)SiO3

plagioclase (Na,Ca)(Si,Al)3O8

plagionite Pb5Sb8S17

platinum Pt
pleonaste (Mg,Fe)Al2O4

portlandite Ca(OH)2

potassic-chloro-hastingsite KCa2(Fe2+
4Fe3+)(Al2Si6O22)(Cl,OH)2

powellite CaMoO4

pseudobrookite Fe2TiO5

pumpellyite Ca2(Mg,Fe+2)Al2(SiO4)(Si2O7)(OH)2·H2O
pyrite FeS2

pyrochlore (Na,Ca)2Nb2O6(OH,F)
pyrope Mg3Al22(SiO4)3

pyrophanite MnTiO3

pyroxferroite (Fe,Mn,Ca)SiO3

pyrrhotite Fe1-xS
quartz SiO2

rammelsbergite NiAs2

reevesite Ni6Fe2(CO3)(OH)14·4H2O
reidite ZrSiO4

rhenium (not approved) Re
rhodochrosite MnCO3

rhodonite CaMn4(Si3O15)
rhönite Ca2(Mg,Al,Ti)6(Si,Al)6O20

ringwoodite Mg2SiO4

roaldite (Fe,Ni)4N
roedderite (K,Na)2Mg5Si12O30

rubinite Ca3Ti2Si3O12

rudashevskyite (Fe,Zn)S
rustenburgite (Pt,Pd)3Sn
ruthenium Ru
ruthenosmiridim RuOsIr
rutile TiO2

safflorite CoAs2

sanidine KAlSi3O8

saponite (Ca,Na)0.3(Mg,Fe2+)3(Si,Al)4O10(OH)2·4H2O
sapphirine (Mg,Al)7(Mg,Al)O2(Al,Si)6O18

sarcopside (Fe,Mn)3(PO4)2

scheelite CaWO4

schöllhornite Na0.3(H2O) [CrS2]
schreibersite (Fe,Ni)3P
schwertmannite Fe3+

16(OH,SO4)12-13O16·10H2O
seifertite SiO2

selenium Se
siderite FeCO3

silica with �-PbO2 structure (not
approved)

SiO2

silica with ZrO2-like structure (not
approved)

SiO2

sinoite Si2N2O
slavikite NaMg2Fe5(SO4)7(OH)6·33H2O
smythite Fe9S11

sobotkite (K,Ca)0.3(Mg2Al)(Si3Al)O10(OH)2·5H2O
sodalite Na4(Si3Al3)O12Cl
sodium-bearing silicate (Na,K,Ca,Fe)0.973(Al,Si)5.08O10

sodium-calcium hexaluminosilicate
(not approved)

(CaxNa1-x)Al3+xSi3-xO11

sodium-phlogopite (Na,K)Mg3(Si3Al)O10(F,OH)2

sperrylite PtAs2

sphalerite (Zn,Fe)S
spinel MgAl2O4

stanfieldite Ca4(Mg,Fe)5(PO4)6

starkeyite MgSO4·4H2O
steinhardtite (Al,Ni,Fe)
stilbite-Ca NaCa4(Si27Al9)O72·30H2O
stishovite SiO2

stolperite AlCu
suessite Fe3Si

Table 2 (Continued)

sulfur S
sylvite KCl
szomolnokite FeSO4·H2O
taenite �-(Fe,Ni)
talc Mg3(Si4O10)(OH)2

tazheranite (Zr,Ti,Ca,Y)O1.75

tetragonal almandine (Fe,Mg,Ca,Na)3(Al,Si,Mg)2Si3O12

tetragonal majorite Mg3(SiMg)Si3O12

tetrataenite FeNi
thorianite ThO2

thortveitite Sc2Si2O7

Ti-rich magnetite (Fe,Mg)(Fe,Ti)2O4

tissintite (Ca,Na,�)AlSi2O6

tistarite Ti2O3

titanite CaTiSiO5

tochilinite 2[(Fe,Mg,Cu,Ni)S]
·1.57-1.85[(Mg,Fe,Ni,Al,Ca)(OH)2]

tranquillityite Fe2+
8Ti3Zr2Si3O24

trevorite NiFe2O4

tridymite SiO2

troilite FeS
tsangpoite Ca5(PO4)2(SiO4)
tugarinovite MoO2

tuite �-Ca3(PO4)2

tungstenite WS2

ulvöspinel Fe2TiO4

valleriite 2[(Fe,Cu)S]·1.53[(Mg,Al)(OH)2]
vaterite CaCO3

vermiculite (Mg,Fe2+,Al)3(Al,Si)4O10(OH)2·4H2O
violarite FeNi2S4

vivianite Fe3(PO4)2·8H2O
voltaite K2Fe8Al(SO4)12·18H2O
V-rich magnetite (Fe,Mg)(Fe,V)2O4

wadalite Ca6Al5Si2O16Cl3
wadsleyite (Mg,Fe)2SiO4

wairauite CoFe
wangdaodeite FeTiO3

warkite Ca2Sc6Al6O20

wassonite TiS
whewellite CaC2O4·H2O
wilkinsonite Na2Fe2+

4Fe3+
2Si6O20

winchite �NaCa(Mg4Al)Si8O22(OH)2

wollastonite CaSiO3

wurtzite-2H �-ZnS
wüstite FeO
xenophyllite Na4Fe7(PO4)6

xenotime YPO4

xieite FeCr2O4

xifengite Fe5Si3
yagiite (K,Na)2(Mg,Al)5(Si,Al)12O30

zagamiite CaAl2Si3.5O11

zaratite Ni3CO3(OH)4·4H2O
zeolite group (Na,K)0-2(Ca,Mg)1-2

(Al,Si)5-10O10-20·nH2O
zhanghengite (Cu,Zn)
zircon ZrSiO4

zirconium carbide (not approved) ZrC
3+
zirconolite (Ca,Ce)Zr(Ti,Nb,Fe )2O7

zirkelite (Ca,Th,Ce)Zr(Ti,Nb)2O7

Some meteoritic minerals form by only a single mechanism (e.g.,
ringwoodite and ahrensite by high-pressure shock metamorphism
of olivine); other minerals form by several mechanisms (e.g., olivine
by condensation around red giant and AGB stars, condensation in
the solar nebula, crystallization in CAI and AOI  melts, crystalliza-
tion in chondrule melts, thermal metamorphism, crystallization
from impact melts, condensation within impact plumes, crystal-
lization in magmatic bodies on differentiated asteroids, annealing
of amorphous material, and aqueous alteration).

In this overview, no attempt has been made to describe every
mode of formation of every meteoritic mineral. That monumental

task would require a multi-volume book-length treatment. Even so,
it should be recognized that meteoritic minerals represent only one
small subset of planetary materials (e.g., Smith, 1979; Papike, 1998;
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avis, 2005; McSween and Huss, 2010; Lee and Leroux, 2015) and
nly ∼8% of the total number of well-characterized mineral species.

. Formation of meteoritic minerals

.1. Condensation in gaseous envelopes around evolved stars

Presolar grains are the oldest meteoritic minerals. They range
rom 0.002–20 �m in size and formed in the outflows of old,
volved stars and as supernova ejecta. They may  have drifted in and
ut of several interstellar clouds before being incorporated into the
olecular cloud which spawned the Solar System (Zinner, 2005).

resolar phases include C polymorphs (diamond and graphite), Si-,
e-, Ti-, Mo-  and Zr-rich carbides, metallic Fe and metallic Fe-Ni,
i nitride, Mg-, Al- and Ti-rich oxides, and silicates (predominantly
livine, pyroxene and glass).

Although diamond is the most abundant presolar mineral
pecies, its origin is enigmatic; this is due in large measure to the
mall average grain size (∼2.6 nm)  that has earned the phase the
obriquet “nanodiamond.” Aggregates of presolar diamonds con-
ain the noble-gas component Xe-HL, which is enriched in both
eavy (H) and light (L) Xe isotopes; these enrichments probably
eflect both r- and s-process neutron bombardment during super-
ova explosions. However, as pointed out by Zinner (2005), the
oncentration of Xe-HL is so low and the grains so small that
nly 0.0001% of diamond grains are likely to contain a single Xe
tom. The individual diamonds that do contain the Xe-HL compo-
ent (and, presumably, many of their Xe-free congeners) may  have
ondensed from the expanding gas expelled by supernovae after
emperatures dipped below ∼1000 K (Anders and Zinner, 1993).
owever, it is possible that a significant fraction of the nanodia-
onds in chondrites are not presolar at all, but originated within

he Solar System (Dai et al., 2002).
Presolar silicon carbide grains range from 0.1–20 �m in size.

ost of the grains probably condensed within the expanding
nvelopes around thermally pulsing, asymptotic giant branch
AGB) stars (Zinner, 2005). These late-type stars are highly lumi-
ous red giants that have exhausted the helium fuel in their cores.
hey have migrated on H-R diagrams along a track subparallel to
he typical red giant track that they traversed at an earlier stage
hen they had exhausted their supply of hydrogen (e.g., Fig. 1 of
erwig, 2005). Many SiC grains have 13C/12C, 15N/14N and 34S/33S

sotopic ratios (e.g., Zinner et al., 1989; Hoppe et al., 1994; Hoppe
t al., 1995; Hoppe et al., 2015; Nittler et al., 1995), consistent with
hose measured and modeled in AGB stars (e.g., Lambert et al., 1986;
uss et al., 1997).

Presolar graphite grains range from 1–20 �m.  Many contain
0- to 500-nm-size grains of TiC; while some TiC-bearing graphite
rains also contain Zr- and Mo-  rich carbides (Bernatowicz et al.,
991, 1996), other TiC-bearing grains instead contain low-Ni metal-

ic Fe (kamacite), cohenite and metallic Fe (Bernatowicz et al., 1999;
roat et al., 2003). The internal carbide and metallic-Fe- rich grains
ust have condensed before the graphite grains. One variety of

raphite grain that is of low density (≤2.05 g cm−3) has numerous
sotopic anomalies consistent with a supernova origin. Typically,
uch grains are enriched in 15N, 26Al, 13C,18O, 28Si, and, in some
ases, 29Si and 30Si; a few grains are enriched in 44Ti, 49Ti, 50Ti, 41K
nd 41Ca (Zinner, 2005). Isotopic anomalies in Mo  and Zr have also
een reported. High- density graphite grains appear to have been
erived from AGB stars and supernovae (e.g., Amari et al., 1995).
dditional graphite grains may  have originated in novae.
Presolar oxide grains include micrometer and submicrometer-
ize corundum (Al2O3), spinel (MgAl2O4), hibonite (CaAl12O19) and
iO2 (Zinner, 2005; Bose et al., 2010). Isotopic anomalies in O, Al
nd Ti suggest derivation from red giant and AGB stars.
Erde 77 (2017) 325–385

Rare presolar Si3N4 grains are enriched in 15N, 28Si and 26Al and
appear to have originated in supernovae. Silicon nitride grains have
also been identified in the circumstellar shells of a few extreme car-
bon stars (Clément et al., 2005). These are AGB stars which achieved
a high mass-loss rate (i.e., a superwind) and in which convection
dredged up C produced in the He-burning shell (Volk et al., 1992;
Messenger et al., 2013).

Presolar silicate grains have been identified in IDPs, micromete-
orites, primitive carbonaceous chondrites, LL3 ordinary chondrites
(OC) and EH3 enstatite chondrites mainly by their O-isotopic
anomalies (e.g., Messenger et al., 2003; Mostefaoui et al., 2003;
Nagashima et al., 2004; Nguyen and Zinner, 2004; Mostefaoui and
Hoppe, 2004; Kobayashi et al., 2005; Ebata et al., 2006; Bose et al.,
2010). The grains include olivine, pyroxene, Al-rich silicate and
amorphous material; whereas most grains are magnesian, a few
contain more FeO than MgO  (Bose et al., 2010). Red giants and AGB
stars are the likely sources of the presolar silicates.

2.2. Condensation in the solar nebula

There is broad consensus that at least some regions of the solar
nebula were hot enough to evaporate preexisting dust and that a
significant fraction of nebular materials spent time in such regions.
As the entire nebula cooled or as the gas from hot regions passed
into cooler zones, minerals began to condense as submicrometer-
size grains. The phases that are predicted to condense can be
modeled by assuming closed-system thermodynamic equilibrium,
a fixed pressure (typically 10−2 to 10−6 atm), and an initial start-
ing gas composition (usually solar). Such calculations were carried
out by several workers including Urey (1955), Lord (1965), Larimer
(1967), Grossman (1972), Yoneda and Grossman (1995) and Ebel
(2006). Variants of the standard condensation models include those
invoking significant dust enrichments (e.g., Wood and Hashimoto,
1993; Ebel and Grossman, 2000) and those involving the isolation
of some fraction of the early condensates from the residual nebular
gas (e.g., Petaev and Wood, 1998a; Petaev and Wood, 1998b).

Phases that appear in standard condensation calculations at
temperatures between ∼1770 K and 1100 K include spinel, anor-
thite, albite, Ca pyroxene (diopside), forsterite, enstatite, gehlenite
(Ca2Al(Si,Al) 2O7), åkermanite (Ca2Al(Si,Al) 2O7), hibonite, corun-
dum, perovskite (CaTiO3) and metallic Fe-Ni (e.g., Fig. 2 of Davis
and Richter, 2005). Most of these minerals are those most com-
monly found in Ca-Al inclusions (CAIs) as primary phases (e.g.,
Table 1 of MacPherson, 2005); corundum and albite, however,
are rare in pristine CAIs. The presence of other refractory miner-
als (grossite – CaAl4O7; krotite – CaAl2O4; rhönite – Ca2(Mg,Al,Ti)
6(Si,Al)6O20) in some CAIs suggests that, at least locally, there
were minor variations in nebular conditions that allowed these
phases to become stable. Common primary phases in CAIs also
include submicrometer-size Pt-group metal nuggets (e.g., Wark
and Lovering, 1978; Bischoff and Palme, 1987) that formed alloys
via condensation of refractory siderophile elements at tempera-
tures between ∼1800 and 1300 K (e.g., Berg et al., 2009; Harries
et al., 2012).

The newly-identified refractory mineral tistarite (Ti2O3) in
Allende along with corundum and khamrabaevite (TiC) grains
(Fig. 1), are likely condensates, sampling different environments
in the solar nebula (Ma  and Rossman, 2009a).

Brearley (1993a) reported rare 0.05-0.3-�m-size euhedral
grains of Ti oxides (Ti3O5 and the nonstoichiometric Magnéli phases
Ti5O9 and Ti8O15) in the matrices of Bells (CM2) and a CI-like

carbonaceous-chondrite clast in the Nilpena polymict ureilite. Such
phases were previously reported in some IDPs (e.g., Rietmeijer and
MacKinnon, 1987; Rietmeijer and MacKinnon, 1990; Zolensky et al.,
1989; Blake et al., 1989). It seems likely that these Ti oxides were
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ig. 1. New refractory mineral tistarite (Ti2O3) along with corundum (Al2O3) and kha
009a). BSE image.

ormed by vapor-phase condensation, probably in the solar nebula.
evertheless, a presolar environment cannot be ruled out.

The rare-earth elements (REE) provide additional evidence for
ondensation. CAIs can be categorized into different groups based
n their bulk REE patterns. The so-called Group-II pattern (e.g., Fig.
7 of Mason and Taylor, 1982) is highly fractionated: light REEs (La
hrough Sm)  display a flat pattern, there is a negative Eu anomaly,
he intermediate REEs (Gd through Er) are progressively depleted,
here is a strong positive Tm anomaly, and Yb has an abundance
imilar to that of Eu. Boynton (1975) demonstrated that this frac-
ionated pattern is a function of the volatility of the individual REE;
he pattern can be accounted for if the REE-carrier phases within the
AIs (probably initially hibonite grains; Davis and Richter, 2005) are
ebular condensates formed by equilibrium gas-solid fractionation.

As the nebular gas cooled, metallic Fe began to undergo oxida-
ion, producing the fayalite component (Fa; Fe2SiO4) of olivine and
he ferrosilite component (Fs; FeSiO3) of low-Ca pyroxene. The very
igh olivine-Fa values in some FeO-rich chondrules in primitive
O3.0 chondrites (up to Fa77; Wasson and Rubin, 2003) suggest gas
emperatures <450 K (Wasson, 2008). Although solar-composition
as is too reducing to produce a substantial Fa component in con-
ensate olivine grains (Fedkin and Grossman, 2006), evaporation
f nebular fines during repeated episodes of chondrule formation
t low nebular temperatures could have led to the incorporation of
ignificant amounts of H2O into the subsequently condensed fine-
rained materials (Wasson, 2008). This in turn could have resulted
n the local oxidation of metallic Fe and the subsequent condensa-

ion or crystallization of FeO-rich mafic silicates.

Rubin et al. (1999) inferred that some of the individual troilite
rains within chondrules in LL3.0 Semarkona were probably pri-
ary phases (i.e., present among the chondrule precursors) if they
aevite (TiC) grains in a chondrule from the Allende CV3 chondrite (Ma and Rossman,

fulfilled the following criteria: they were completely embedded in
a mafic silicate phenocryst, located near the chondrule center, and
were part of an opaque assemblage with an igneous texture. About
13% of Semarkona chondrules contain such troilite grains. If these
grains are indeed primary, their submicrometer precursors must
have condensed in the nebula after temperatures dipped below
650 K (the 50% condensation temperature of S; Table G-1  of Wasson,
1985).

Tiny grains of noble Pt-group metals, metallic alloys and Ge-
rich phases found within R3 lithologies (e.g., Berlin et al., 2001) and
CAIs in CV chondrites (e.g., Bischoff and Palme, 1987) have also been
inferred to be condensates.

In the enstatite-chondrite-formation region of the nebula, the
nebular gas may  have had comparatively high C/O and/or high
pH2/pH2O ratios. El Goresy et al. (2011) and Lin et al. (2011)
described an EL3 clast in the Almahata Sitta breccia that contains
metal nodules with fine-grained condensates including sinoite
(Si2N2O), oldhamite (CaS), graphite, enstatite, diopside, sphalerite
and troilite.

Rubin and Choi (2009) suggested that the most reactive
halogens in the enstatite- chondrite region of the nebula con-
densed as halides that were incorporated into enstatite chondrites.
Lawrencite ((Fe+2,Ni)Cl2), a halide identified in enstatite chondrites,
occurs as thin rims around silica grains, as inclusions within low-
Ni metallic Fe and troilite, and as isolated grains associated with
enstatite in the matrix of EH4 Indarch (Keil, 1968).

Although Buchwald and Clarke (1989) called lawrencite a “min-

eralogical chimera” and found that the Cl-bearing phase in iron
meteorites and OC is akaganéite (�-FeO(OH,Cl) – a terrestrial alter-
ation product), Rubin and Choi (2009) pointed out that the Fe-
and Cl-bearing rims around the silica grains in Indarch (Fig. 3 of



3 ie der 

K
L
w
h
i

d
a
o
T
b
(
d
a
r
u

2

f
f
B
t
p
r
1

c
m
i
a
C

a
(
s
i
C
e
A
(
l
r

T
s
a
a
s
B
e
B

n
(
F
G
F
u
R
d
h
s
T

42 A.E. Rubin, C. Ma / Chem

eil, 1968) are unlikely to have formed by alteration. Furthermore,
in et al. (2011) measured excess 36S in small grains of lawrencite
ithin metal nodules in the aforementioned EL3 clast from Alma-
ata Sitta; the excess 36S formed from live 36Cl by electron capture

n the solar nebula.
Rubin (1983a) suggested that clasts in the Adhi Kot EH3 chon-

rite that are relatively rich in silica and niningerite ((Mg,Fe)S)
nd poor in enstatite could have formed under nebular conditions
f high sulfur fugacity in which enstatite underwent sulfidation.
he citing of the sulfidation was later attributed to the EH parent
ody during shock metamorphism (e.g., Rubin, 2015a). Lehner et al.
2013) proposed that the same basic mechanism of enstatite sulfi-
ation also operated in the enstatite- chondrite region of the nebula
round the time of chondrule formation; they invoked a gaseous
eservoir with low H, high C and S and an oxygen fugacity 6 to 8 log
nits below the I-W buffer.

.3. Crystallization in CAI and AOI melts

Many of the tiny oxide, silicate, metal and sulfide grains that
ormed during condensation in the nebula clumped together to
orm highly porous aggregates (dustballs) (e.g., Wright, 1987;
lum, 2004; Dominik et al., 2006), probably in the millimeter-
o-centimeter size range (Rubin, 2011). Early dustballs were the
rogenitors of the CAIs and may  have been concentrated in different
egions of the nebula by aerodynamic forces (e.g., Weidenschilling,
977; Nakagawa et al., 1986).

A significant proportion of the CAIs can be divided into different
ategories (A, B, C) (e.g., Grossman, 1975; Wark, 1987) that differ
oderately in shape, size, mineralogy and mineral chemistry. The

ndividual groups can themselves be subdivided. The largest CAIs
re 2–3 cm in size and occur exclusively in CV3 chondrites; most
AIs outside the CV group are <1 mm (e.g., MacPherson et al., 2005).

Compact Type-A CAIs (CTAs) have spheroidal shapes and were
pparently molded by surface tension during moderate melting
e.g., Beckett and Stolper, 1994; Simon et al., 1999). The heat
ource is unknown. CTAs consist mainly of zoned melilite enclos-
ng spinel, hibonite, perovskite and noble-metal nuggets; some
TAs consist almost entirely of monomineralic melilite (Simon
t al., 1999). Other CTA inclusions contain small amounts of Ti-
l-rich calcic pyroxene (fassaite) and relatively rare rhönite – Ca2

Mg,Al,Ti)6(Si,Al)6O20 (MacPherson, 2005); these grains crystal-
ized from the melt, plausibly nucleating on relict condensates or
elict phenocryst fragments from a previous generation of CTAs.

The CTAs are typically surrounded by Wark- Lovering (WL) rims.
hese rims are a few tens of micrometers thick and generally con-
ist of a series of mono- or bi-mineralic layers of melilite, spinel
nd pyroxene along with some hibonite and perovskite (Wark
nd Lovering, 1977). The rims appear to have formed by a multi-
tage process involving flash heating of the CAI surface (Wark and
oynton, 2001). This is consistent with the WL  rims having 16O
nrichments similar to those of the underlying CAI (Wark and
oynton, 2001).

Fluffy Type-A CAIs (FTAs) have irregular shapes and appear
ot to have experienced significant melting as individual objects
MacPherson and Grossman, 1984; Beckett and Stolper, 1994). The
TAs in CV3 chondrites are ∼0.3–3 cm in size (MacPherson and
rossman, 1984; MacPherson, 2005). Most of the centimeter-size
TAs are aggregates of numerous melilite-rich nodules; many nod-
les resemble individual CTAs with WL  rims (MacPherson, 2005).
ubin (2012a) suggested that the individual nodules were indepen-

ent CTAs (perhaps as well as a few other CAI types that contained
ibonite) that collided with each other at low relative velocity and
tuck together. The aggregated CTAs experienced minor remelting.
he occurrence of 16O-rich and 16O-poor melilite in one FTA from
Erde 77 (2017) 325–385

CV3 Vigarano suggests that this particular inclusion experienced
multiple melting events (Harazono and Yurimoto, 2003).

Type-B CAIs formed very early in Solar-System history – about
4.568 Ga ago (e.g., Amelin et al., 2002; Bouvier and Wadhwa,
2009; Bouvier et al., 2010). They occur exclusively in CV chondrites
as multi- millimeter- to multi-centimeter-size coarse-grained
spheroidal igneous objects that consist of melilite, Al- and Ti-rich
calcic pyroxene, spinel and minor anorthite (Grossman, 1975).

There are three principal varieties of Type-B CAIs (Wark and
Lovering, 1982; Wark et al., 1987): Type-B1 inclusions consist of
a coarse-grained melilite mantle (Åk∼10-72) surrounding a core of
pyroxene, spinel, anorthite, metallic Fe-Ni, and noble metal nuggets
(e.g., MacPherson, 2005). Type-B2 inclusions have no melilite
mantle and are mineralogically similar to B1 cores. Type-B3 inclu-
sions (the least-common variety) contain coarse forsterite grains
along with pyroxene, spinel and melilite; they are also known as
forsterite-bearing Type-B inclusions or FoB CAIs. Some FoBs also
contain minor anorthite (e.g., Petaev and Jacobsen, 2009).

Rubin (2012a) suggested that Type-B CAIs formed via clump-
ing of numerous CTAs (the same basic process invoked to form the
centimeter-size FTAs), the incorporation of significant amounts of
16O-rich mafic dust (mainly forsterite) into the assemblage, and
extensive melting. Centimeter-size aggregates of CTAs that hap-
pened to incorporate greater amounts of forsterite prior to melting
ultimately became centimeter-size B3 inclusions.

Because B2 inclusions are mineralogically similar to B1 cores, it
seems plausible that the B2 s started out as normal B1 inclusions
that acquired a melilite-rich mantle through inelastic collisions
with CTAs (which are very rich in melilite; e.g., Simon et al.,
1999). These compound objects were then extensively melted. As
modeled by Rubin (2012a), the additional melilite made the B1
inclusions richer in bulk Ca and Al. Relatively slow cooling allowed
the minerals to grow coarser in the B1 inclusions; non-equilibrium
crystallization from the melt produced compositional zoning. Dif-
ferences in cooling rate and the degree of melting among different
B1 inclusions caused inclusion-to-inclusion variations in mineral
composition.

Type-C CAIs are igneous objects that consist mainly of spinel,
calcic pyroxene and anorthite exhibiting ophitic or poikilitic tex-
tures (e.g., MacPherson, 2005). They may  have formed by flash
melting finer-grained precursors consisting of nebular condensates
(e.g., Beckett and Grossman, 1988).

Spinel-rich inclusions are fine-grained CAIs consisting primarily
of spinel, melilite, anorthite, Al- and Ti-rich diopside with minor
hibonite and perovskite and rare forsterite (Krot et al., 2004a). The
spinel-rich inclusions in reduced CV3 chondrites have been little
affected by parent-body aqueous alteration: (1) they contain only
rare grains of secondary nepheline and sodalite (Krot et al., 2004a)
and (2) all spinel and almost all Al-Ti-diopside grains are 16O-rich
(Aléon et al., 2005).

Hibonite-silicate spherules are small objects (�170 �m)  of vary-
ing textures. Some inclusions consist of hibonite laths surrounded
by glass that is enriched in an Al-pyroxene component, others of
hibonite laths within Al- pyroxene crystals. Some of the spherules
are texturally complex objects that contain hibonite, Al-pyroxene,
melilite and grossite (MacPherson, 2005). The spheroidal shapes of
all these objects attest to their origin as molten droplets formed
from finer- grained precursors that may  have contained conden-
sates and/or fragments of collisionally disrupted pre-existing CAIs.

Rare grains of the refractory mineral osbornite (TiN) has been
found in CAIs and fragments in the Isheyevo CB/CH-like carbona-
ceous chondrite (Grokhovsky, 2006; Ivanova et al., 2005, 2006;

Krot et al., 2006) and in the ALH 85085 CH3 chondrite (Weisberg
et al., 1988). The mineral was also identified amidst Stardust sam-
ples (presumably CAI fragments) collected from comet Wild 2
(Weisberg et al., 2006).
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The irregularly shaped bodies known as amoeboid olivine inclu-
ions (AOIs) or amoeboid olivine aggregates (AOAs) (Grossman
nd Steele, 1976) are the most abundant refractory objects in
arbonaceous chondrites (e.g., Kornacki and Wood, 1984; Weber
nd Bischoff, 1997; Krot et al., 2002, 2004b). They consist of
ajor olivine, major to minor calcic pyroxene, minor anorthite,

ccessory metallic Fe-Ni and perovskite, and in some minimally
ltered carbonaceous chondrites, accessory spinel ± low-Ca pyrox-
ne ± melilite (Krot et al., 2004b). Many have porous interiors.

Weisberg et al. (2004) reported three AOIs attached to the
orsterite-bearing WL  rim around a CTA inclusion in CR2 EET 92105.
his association of AOIs and CAIs is consistent with the Al-diopside,
northite, spinel and melilite in the interiors of AOIs being com-
onents of fine-grained CAIs (Krot et al., 2004b). It thus seems
lausible that AOIs formed from nebular condensates and fine-
rained CAIs that acquired thick forsterite rims and were heated
n the nebula by a flash-melting process analogous to the one
hought responsible for producing igneous rims and secondary
hells around chondrules (Rubin, 2013a). In some cases, coarse
rains of forsterite and of plagioclase rimmed by calcic pyroxene
rystallized near the rim forming a hypidiomorphic- granular-like
exture. Although grains in the interior of many AOIs were not
xtensively melted (e.g., Komatsu et al., 2001; Ruzicka et al., 2012),
he AOI ores were compressed during high- temperature process-
ng. In a few AOIs, the surficial melt invaded the core, causing olivine
rystallization adjacent to relict grains of plagioclase and calcic
yroxene (Rubin, 2013a). AOI olivine grains in primitive chondrites
ave variable CaO contents (Sugiura et al., 2009); this may  have
esulted from variations in the number and intensity of reheating
pisodes experienced by different AOIs.

.4. Crystallization in chondrule melts

Chondrules are among the most abundant components of chon-
rites, constituting, for example, 55 vol.% of CR carbonaceous
hondrites and 65-75 vol.% of type-3 OC (Table 1 of Rubin, 2000).
heir average apparent diameters range from ∼150 �m in CO3
hondrites to ∼900 �m in CV3 chondrites (Table 5 of Rubin,
010a; Table 7 of Friedrich et al., 2015); the overall range in
iameter is 0.25 �m (Rubin et al., 1982) to ∼5 cm (Prinz et al.,
988). The most abundant compositional variety (ferromagnesian
hondrules) consists primarily of olivine and/or low-Ca pyroxene
henocrysts embedded in mesostasis consisting of feldspathic or
ilico-feldspathic glass (or devitrified glass) (e.g., Jones et al., 2005).
ommonly present in the glass and/or along low-Ca-pyroxene grain
oundaries are calcic-pyroxene crystallites (e.g., Fig. 2). Most low-
eO (Type I) chondrules contain small blebs of low-Ni metallic Fe
kamacite). Also present in some chondrules are primary grains
f troilite (e.g., Rubin et al., 1999), small grains of chromite (e.g.,
asson and Rubin, 2003), tiny grains of merrillite – Ca9MgNa(PO4)7

Rubin et al., 2015a), and in rare cases, grains of silica (Brigham et al.,
986), merrihueite – (K,Na) 2Fe5Si12O30 and roedderite – (K,Na)
Mg5Si12O30 (Krot and Wasson, 1994).

Enstatite-chondrite chondrules contain clinoen-
tatite ± forsterite embedded in halogen-bearing glass. Minor
hases present in some chondrules include calcic pyroxene,
northite, silica, low-Ni metallic Fe, troilite, niningerite ((Mg,Fe)S)
r ferroan alabandite ((Mn,Fe)S), daubréelite (FeCr2S4), oldhamite
CaS), caswellsilverite (NaCrS2) (and other Cr-rich sulfides),
chreibersite and perryite ((Ni,Fe)5(Si,P)2) (e.g., Grossman et al.,
985). Kimura et al. (2005) suggested that tridymite and cristo-
alite in non-impact-melted EH3 and EL3 chondrites were the last

hases to crystallize within chondrules during cooling.

The sulfide phases in enstatite-chondrite chondrules crystal-
ized during chondrule formation: these include common phases
uch as troilite, niningerite, oldhamite and caswellsilverite (e.g.,
Erde 77 (2017) 325–385 343

Grossman et al., 1985) and rare phases such as wassonite (TiS)
(Nakamura-Messenger et al., 2012).

Aluminum-rich chondrules, which have been reported in both
ordinary and carbonaceous chondrites, are defined as having
>10 wt.% bulk Al2O3 (e.g., Bischoff and Keil, 1984; Huss et al.,
2001; Krot et al., 2001, 2004c). Many contain crystals of anorthite,
forsterite, calcic pyroxene and spinel embedded in aluminous glass.
Some Al-rich chondrules consist almost entirely of glass (e.g., Krot
and Rubin, 1994).

The spheroidal to ellipsoidal shapes of intact ferromagnesian
and Al-rich chondrules were molded by surface tension; it is clear
these objects formed from partially to completely molten silicate-
rich droplets.

The igneous textures of chondrules also attest to their for-
mation from melts. For example, the most common variety is
the set of porphyritic chondrules (84% of OC chondrules; Nelson
and Rubin, 2002). They consist of olivine and/or low-Ca pyrox-
ene phenocrysts embedded in mesostasis. The phenocrysts in these
chondrules nucleated on relict crystals (e.g., Lofgren, 1989, 1996;
Lofgren and Russell, 1986; Connolly and Hewins, 1995) and grew
from the residual melt. Granular olivine-pyroxene chondrules (3%
of OC chondrules) are essentially finer-grained porphyritic chon-
drules that probably cooled at higher rates from droplets with
numerous relict nuclei.

Many low-Ca-pyroxene-bearing FeO-rich (Type II) porphyritic
pyroxene (PP) chondrules in type-3 ordinary chondrites contain
pyroxene phenocrysts with a series of prominent overgrowth lay-
ers (e.g., Watanabe et al., 1986; Noguchi, 1989; Jones, 1996a;
Wasson and Rubin, 2003; Wasson et al., 2014) that probably repre-
sent multiple melting/crystallization events (Wasson et al., 2014;
Baecker et al., 2015). Although the phenocrysts have been char-
acterized as exhibiting oscillatory zoning (Watanabe et al., 1986;
Jones, 1996a), a phenomenon present in terrestrial, lunar and mar-
tian rocks, detailed analysis (e.g., Simonetti et al., 1996; Elardo and
Shearer, 2014; Jambon et al., 2016), the cooling rates and length
scales in these magmatic systems are many orders of magnitude
greater than those in chondrules. Detailed analytical studies by
Wasson et al. (2014) and Baecker et al. (2015) indicate that it is
more likely that the compositional zoning in the pyroxene phe-
nocrysts from chondrules result from multiple overgrowths during
a series of melting/crystallization events.

Phosphorus X-ray maps of olivine phenocrysts in FeO-rich
porphyritic olivine (PO) and porphyritic olivine-pyroxene (POP)
chondrules in LL3.0 Semarkona and CO3.0 Y 81020 reveal multiple
sets of thin dark/bright (P-poor/P-rich) layers (e.g., Fig. 3); these
layers appear to be olivine overgrowths produced during a series
of secondary low-intensity chondrule-heating events that typically
melted only mesostasis (Rubin et al., 2015a). The relatively slow
diffusion of P in olivine preserves the overgrowth layers even after
several chondrule heating episodes. After each heating event, the
chondrule cooled and underwent fractional crystallization; the P
concentration increased in the liquid boundary layer, leading to the
crystallization of a relatively P-rich olivine overgrowth layer. Dur-
ing a subsequent heating event, the mesostasis melted and mixed,
reducing its overall P concentration and leading to crystallization
of a P-poor olivine overgrowth layer.

Other evidence for multiple melting and crystallization in chon-
drules from different chondrite groups includes relict grains within
chondrule phenocrysts (e.g., Nagahara, 1981; Rambaldi, 1981;
Kracher et al., 1984; Jones, 1996b; Wasson and Rubin, 2003;
Kunihiro et al., 2004, 2005), enveloping (i.e., nested) compound
chondrules (e.g., Wasson et al., 1995; Rubin, 2013b), igneous rims

around chondrules (e.g., Rubin, 1984a, 2010a; Rubin and Wasson,
1987; Krot and Wasson, 1995; Nagashima et al., 2013), the set
of microchondrules formed by remelting low-Ca pyroxene grains
at the surfaces of normal-size chondrules (e.g., Krot and Rubin,
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Fig. 2. Transitional barred-olivine-Type-IIA-porphyritic-olivine (BO-PO) chondrule in the Semarkona LL3.0 chondrite. The chondrule contains abundant ferroan olivine, an
isotropic  glassy mesostasis and Ca-pyroxene crystallites. pyx = pyroxene. BSE image.
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ig. 3. BSE image and P X-ray map  of olivine phenocryst B2i-1 from a 440 × 600-�m
L3.0  chondrite. The P layers form a complicated pattern with numerous dark/br
elatively P- rich mesostasis and appear white in the P X-ray map. Both images are 

996; Krot et al., 1997a), and the presence of non-spherical, multi-
obate chondrules which, if fully molten, would have collapsed into
pheres long before their phenocrysts could have grown to their
resent sizes (Rubin and Wasson, 2005).

Barred olivine (BO) chondrules occur in all chondrite groups
ave CI (which is chondrule free). These chondrules are rare in
nstatite chondrites (e.g., Nakamura-Messenger et al., 2012), but
onstitute 6% of OC chondrules (Nelson and Rubin, 2002). Melting
xperiments indicate that these objects formed by essentially com-
lete melting of olivine- rich precursors (Hewins, 1988; Hewins
nd Fox, 2004; Hewins et al., 2005). The olivine bars within these
hondrules and the olivine rims around many of them tended to

rystallize as optically continuous single crystals (or as adjacent
ets of a few separate optically continuous crystals). Pyroxene is
resent in most BO chondrules in type-3 OC, averaging ∼15–30
Type-IIA porphyritic- olivine chondrule fragment (labeled B2i) from the Semarkona
P-poor/P-rich) sets of overgrowths. The two oval-shaped melt inclusions contain

 same scale.

vol.% and, in rare cases, ranging up to 75 vol.%; feldspathic glass
averages ∼20–25 vol.% and ranges up to 55 vol.% (Weisberg, 1987).
During crystallization of olivine, the concentrations of incompati-
ble elements increase in the mesostasis, leading in some cases to
the crystallization of opaque phases (metallic Fe-Ni and/or sulfide)
between the olivine bars, e.g., in metal-rich chondrites such as NWA
5492 (Fig. 2j of Weisberg et al., 2012).

Radial pyroxene (RP) chondrules consist of fan-like arrays of
low-Ca pyroxene laths that, in most cases, appear to radiate from
a point on the chondrule surface. This may  be the site of a colli-
sion between the molten droplet and a dust grain (e.g., Connolly
and Hewins, 1995). Cryptocrystalline (C) chondrules are very-fine-

grained (�2 �m),  normative-pyroxene-rich objects consisting of
numerous domains each of which appears to have crystallized from
a quenched melt separate from its neighbors. Both RP and C chon-
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rules occur in all chondrite groups except CI and CK; together
hey constitute 85% of CH3 chondrules, 18% of EH3 chondrules,
% of H-L-LL3 chondrules, 3% of CO3 chondrules, 1.6% of CM2  and
3 chondrules, 0.7% of CR chondrules and 0.3% of CV chondrules
Rubin, 2010a).

.5. Exsolution during the cooling of CAIs

Experimental studies and petrographic analysis by Blum et al.
1988, 1989) led these workers to propose that multi-phase opaque
ssemblages within CAIs in oxidized CV3 chondrites formed by
rystallization of metallic droplets within molten CAIs. The compo-
itionally homogeneous metal grains later underwent exsolution,
xidation and sulfidation. Although the oxidation and sulfidation
as probably caused by aqueous alteration on the parent body

see Section 2.9), the work of Simon and Grossman (1992) suggests
hat the exsolution probably occurred during subsolidus cooling
f the CAIs. Simon and Grossman examined two  opaque assem-
lages in Leoville (CV3red) and reported that one of them contains
ets of regularly spaced, parallel, ≤1 -�m-thick lamellae of �Ru-Fe
ith sharp boundaries within a larger grain of taenite. They con-

luded that these lamellae were crystallographically controlled and
ormed by exsolution. These workers also determined that parti-
ioning of Ir and Pt between the lamellae and host in the other
eoville opaque assemblage was consistent with equilibration at
600 ◦C. Because the Leoville whole rock appears to have experi-
nced a much lower equilibration temperature (i.e., ∼250 ◦C; Huss
t al., 2006), it seems probable that the exsolution lamellae in these
paque assemblages formed during sub-solidus cooling of the CAIs,
rior to agglomeration.

.6. Exsolution during the cooling of chondrules and opaque
ssemblages

At high temperatures, minerals that exhibit solid solution have
ore extensive compositional fields than they have at lower

emperatures. Exsolution typically occurs when, at a particular sub-
olidus temperature, a parental mineral’s crystal structure can no
onger accommodate substantial amounts of a particular cation (in

ost cases due to that cation’s size) and lamellae of a new mineral
hase (enriched in that particular cation) nucleate and grow from
he parental phase.

Some minerals formed by exsolution in chondrules during cool-
ng: (1) Pigeonite and calcic pyroxene (augite) in clinoenstatite in
everal type-3 OC (Weinbruch et al., 2001). These authors inferred
ooling rates of 0.1–60 ◦C/hr at temperatures between 1350 and
200 ◦C for FeO-poor chondrules and between 1100 and 900 ◦C for
eO-rich chondrules. However, these slow rates must be viewed
ith caution; they are based on experiments on monotonically

ooled synthetic chondrule analogs and do not examine the pos-
ibility of multiple heating events (including subsolidus heating)
e.g., Wasson et al., 2014; Baecker et al., 2015; Rubin et al., 2015a).
2) Pentlandite in pyrrhotite in LL3.0 Semarkona (Schrader et al.,
016). Sulfide compositions are most consistent with an equili-
ration temperature of ∼230 ◦C; this is above the estimated peak
etamorphic temperature of the Semarkona whole rock (<220 ◦C;

usemann et al., 2007), suggesting that pentlandite exsolution
ccurred during an earlier higher-temperature event such as chon-
rule cooling (Schrader et al., 2016).

Opaque assemblages, rich in metallic Fe-Ni in type-3 ordi-
ary and enstatite chondrites, were probably also melted during
he epoch of chondrule formation. Such assemblages include the

metallic chondrules” in unequilibrated OC described by Gooding
nd Keil (1981) and subrounded metal- and sulfide-rich nodules
n type-3 enstatite chondrites (e.g., Figs. 2j and k of Weisberg and
imura, 2012). During the cooling of opaque assemblages in EH
Erde 77 (2017) 325–385 345

and EL chondrites from ≥700 ◦C, it is likely that schreibersite and
graphite exsolved from taenite due to the limited solubility of P
and C in low- Ni metallic Fe (kamacite) (e.g., Scott, 1971). In many
sulfide-rich assemblages, daubréelite exsolved from troilite.

2.7. Annealing of amorphous material

Amorphous meteoritic materials include the glassy mesostases
of chondrules in unequilibrated chondrites, clumps within the
matrices of unequilibrated chondrites, portions of IDPs, and
shock-produced glasses including shock veins and maskelynite in
chondrites and achondrites.

Because presolar dust grains typically spent 108-109 years in
the interstellar medium (Seab, 1987; Mathis, 1993), long expo-
sure to stellar ionizing radiation is expected to have transformed
the vast majority of the grains into amorphous materials (Li and
Draine, 2001). Grains with such an origin include some GEMS;
these are submicrometer-sized spheroidal patches of magnesian
silicate Glass with Embedded Metal and Sulfides (e.g., Fig. 8 of
Bradley, 2005). The metal and sulfide grains in the interiors of GEMS
are relict crystals; other relicts include embayed forsterite and
enstatite grains (Zolensky et al., 2003; Bradley, 2005). Many GEMS
in IDPs are surrounded by amorphous carbonaceous material that
probably contains both organic and inorganic C (Bradley, 2005).
A presolar origin for a minority of GEMS (perhaps 1-6%) is indi-
cated by their anomalous O-isotopic compositions (e.g., Messenger
et al., 2003; Keller and Messenger, 2011). However, because most
GEMS have heterogeneous elemental abundances and normal
solar-system O- isotopic compositions, they may  instead be late-
stage nebular condensates (Keller and Messenger, 2011).

Many GEMS appear to have undergone moderate annealing.
These include those containing compositionally distinct sub-
domains and those with chemically distinct subparallel layers
(Keller and Messenger, 2011). Some of the nanophase inclusions
in GEMS (e.g., low-Ni metallic Fe, taenite, sulfide, and possibly
chromite) may  have formed from the amorphous material by
annealing and sulfidation in the solar nebula (e.g., Lauretta et al.,
1997). The heat source responsible for the annealing could be asso-
ciated with chondrule formation.

The matrices of primitive chondrites contain compacted
nanometer-to-micrometer-sized patches of amorphous material
that include tiny grains of magnesian olivine and low-Ca pyroxene,
including some that are enriched in Mn  (e.g., Klöck et al., 1989;
Nuth et al., 2005 Nuth et al., 2005). Annealing of amorphous mate-
rial in circumstellar outflows or in the early solar nebula could have
produced some of the magnesian silicate grains within GEMS (e.g.,
Hallenbeck et al., 1998, 2000). Heating associated with chondrule-
formation events or with passage through hot regions of the solar
nebula could have annealed some clumps of amorphous material
and formed the Mg-Fe silicate grains that were later incorporated
into chondrite matrices (Nuth et al., 2005). Alternatively, much of
the amorphous material in chondrite matrices may have formed
during chondrule formation, as volatiles condensed on nearby dust
grains (Nuth et al., 2005); the associated crystalline grains may  have
formed later, at the earliest stages of thermal metamorphism on
chondrite parent asteroids.

During these early stages, primary feldspathic chondrule glass in
primitive chondrites begins to devitrify to form fine-grained crys-
talline feldspar (e.g., Guimon et al., 1986; Grossman and Brearley,
2005 Grossman and Brearley, 2005). This results in a significant
increase in the thermoluminescence (TL) sensitivity of the whole
rock (Sears et al., 1980). In some cases, the reaction leading to

the crystallization of feldspar may  have been catalyzed by water
(Guimon et al., 1986), consistent with the evidence for aqueous
alteration in the most primitive ordinary and carbonaceous chon-
drites (Section 2.9).
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.8. Thermal metamorphism and exsolution

.8.1. Heat sources
There are two heat sources plausibly responsible for the bulk

f meteorite metamorphism and melting: (1) the decay of short-
ived radionuclides such as 26Al (t½ = 730,000 years) (e.g., Urey,
955; Fish et al., 1960; Reeves and Audouze, 1968; Lee et al., 1976;
asserburg and Papanastassiou, 1982; Grimm and McSween,

993; McSween et al., 2002; Nyquist et al., 2003; McSween and
uss, 2010; Schiller et al., 2010) and (2) collisional heating (e.g.,
ubin, 1995a, 2002a, 2003, 2004; Rubin and Wasson, 2011; Rubin
t al., 2001). It is possible that both mechanisms were important
eat sources (e.g., Friedrich et al., 2014). Rubin (2015a) summarized
rguments against radiogenic heating being the principal cause of
hondrite metamorphism; Wasson (2016) presented arguments
gainst radiogenic heating being mainly responsible for melting
he parent asteroids of differentiated meteorites. [Other proposed
steroidal heating mechanisms (e.g., exothermic chemical reac-
ions, adiabatic compression of nebular gas, an early superluminous
un, FU Orionis-type events, explosive reconnection events in the
ebula, electromagnetic induction in a fierce protosolar wind) have

ew current adherents.]

.8.2. Ordinary chondrites
Every ordinary chondrite (OC) of petrologic type >3.00 (i.e.,

9.99% of OC) has experienced some degree of parent-body
hermal metamorphism. In many cases, the early stages of ther-

al  metamorphism include reactions with an aqueous fluid (in
ome instances, also CO2-rich) fluid, so the pedagogical sepa-
ation between thermal metamorphism, aqueous alteration and
ydrothermal alteration is somewhat arbitrary.

Textural effects of thermal metamorphism include devitrifi-
ation of chondrule glass, textural integration, mineral recrystal-
ization, homogenization of mineral compositions, loss of some
rimary mineral phases, loss of presolar grains, growth of sec-
ndary minerals, transformation of low-Ca Fe-Mg pyroxene to
rthopyroxene, and loss of bulk C, H2O, noble gases and volatile
iderophile elements (e.g., Huss et al., 2006). Grain coarsening
ccurs as large grains of a phase grow at the expense of small grains;
his leads to a reduction in internal energy as the total area of grain
oundaries of that phase are reduced. For example, the mean sizes
f opaque grains in H chondrites increase with increasing meta-
orphic grade (troilite: ∼30 �m in H3, 80 �m in H6; metallic Fe-Ni:
65 �m in H3, 120 �m in H6; Table 2 of Rubin et al., 2001).

Whole-rock physical effects include changes in thermolumi-
escence (TL) properties due to the order/disorder transition of

eldspar between 500 and 600 ◦C (Guimon et al., 1985; Sears et al.,
991) and changes in cathodoluminescence (CL) due to the destruc-
ion of chondrule glass in low-FeO chondrules, the growth of
lbite, and the FeO-enrichment of mafic phases during equilibra-
ion (DeHart et al., 1992; Sears et al., 1995; Grossman and Brearley,
005). Table 1 of Huss et al. (2006) summarizes the myriad changes
xperienced by OC during thermal metamorphism.

Olivine grains in FeO-rich chondrules in type 3.00 chondrites
end to be normally zoned in Cr, with higher Cr concentrations near
he grain edge, consistent with fractional crystallization (e.g., Jones,
990). At the earliest stages of thermal metamorphism, in type 3.1-
.2 OC, thin streaks of a Cr-rich phase (probably chromite) form
y exsolution in the olivine along crystallographic axes (Grossman
nd Brearley, 2005). By type 3.3, the olivine grains in these chon-
rules have developed uniformly low Cr concentrations except for
cattered equant internal chromite grains (Grossman and Brearley,

005).

Appreciable numbers of metallic Fe-Ni grains within low-FeO
hondrules in type-3.00 OC contain P, Si and Cr alloyed with
etallic Fe in solid solution; in some cases, the metal grains
Erde 77 (2017) 325–385

contain small inclusions of phosphide and silicide (Zanda et al.,
1994). At slightly higher metamorphic grades (type 3.15), the
reduced P, Si and Cr species have reacted with O, Ca, Fe, Na and
Cl from other regions of the meteorite (most likely chondrule
mesostases and small matrix grains) to produce Na, Fe, and Ca
phosphate, silica and chromite (Huss et al., 2006). Many of these
newly formed grains occur in opaque assemblages consisting of
troilite-merrillite ± metal, troilite-chlorapatite and metal- chlorap-
atite (Rubin and Grossman, 1985). Chlorapatite appears to partly
replace merrillite during metasomatic reactions (Jones et al., 2014).
With increasing metamorphism to type-4-6 levels, chromite and
phosphate grains continue to grow.

Metallic Fe-Ni grains inside chondrules in LL3.0 Semarkona
tends to consist of plessitic intergrowths with submicrometer- size
patches of low-Ni metallic Fe (kamacite) surrounded by Ni-rich
regions (Kimura et al., 2008). The metal grains in type-3 chondrites
of higher metamorphic grade consist of coarser low-Ni metallic Fe
(kamacite) and Ni-rich metal.

Coarse grains of plagioclase are absent in type-3 OC (outside
rare Al-rich chondrules), but the compositional components of pla-
gioclase reside in the feldspathic mesostases of ferromagnesian
chondrules. In low-FeO chondrules, albite crystallizes within the
mesostases by type ∼3.4 (Grossman and Brearley, 2005); in high-
FeO chondrules, the abundance of albite increases progressively
from type 3.00 to higher petrologic types (Huss et al., 2006). The
sizes of albite (or oligoclase) grains increase from <1 �m in type-3
to ∼2 �m in type-4 to 2–10 �m in type-5 to ≥50 �m in type-6 OC
(Van Schmus and Wood, 1967; Huss et al., 2006).

Many chondrule feldspathic mesostases also have a norma-
tive pyroxene component (e.g., Snellenburg, 1978; Gooding, 1979;
Jones, 1990, 1996a). The concentration of this component increases
in metamorphosed OC after plagioclase crystallizes, leading in a few
barred-olivine (BO) chondrules to the growth of optically continu-
ous coarse pyroxene grains between the olivine bars.

The principal pyroxene phase in type-3 and some type-4
OC is low-Ca clinopyroxene exhibiting polysynthetic twinning
and inclined extinction; it occurs as phenocrysts in pyroxene-
rich chondrules and chondrule fragments. This phase transforms
into orthopyroxene at ∼630 ◦C (Boyd and England, 1965); this
is above the maximum metamorphic temperature of some type-
4 OC (∼600–700 ◦C), but below those of type-5 and type-6 OC
(∼700–750 ◦C and ∼820–930 ◦C, respectively) (Dodd, 1981; Olsen
and Bunch, 1984). That accounts for the absence of low-Ca clinopy-
roxene in unshocked type-5 and -6 chondrites. [Nevertheless,
low-Ca clinopyroxene exhibiting polysynthetic twinning can form
by shock heating and quenching of pyroxene grains in any rock, irre-
spective of metamorphic grade, at shock stage ≥S3 (Stöffler et al.,
1991; Rubin et al., 1997).]

Type-3 OC have heterogeneous olivine and low-Ca pyroxene
compositional distributions (e.g., Dodd et al., 1967). During thermal
metamorphism, diffusion causes the grains to approach equilib-
rium, diminishing grain-to-grain variations in mineral chemistry.
The mean olivine/low-Ca-pyroxene modal ratio co-varies with oxi-
dation state among the three OC groups: 1.4 in H, 2.0 in L and 3.6 in
LL (Table 5.1 of Hutchison, 2004). As more metallic Fe is transformed
into FeO during oxidation, the divalent- cation/Si ratio increases,
facilitating the formation of (Mg,Fe) 2SiO4 olivine (which has a 2:1
ratio) at the expense of (Mg,Fe)SiO3 low-Ca pyroxene (which has a
1:1 ratio).

Rubin (2005) modeled OC as having acquired water with rel-
atively high �17O, perhaps contained within phyllosilicates, at
the time of agglomeration. (Wasson (2008) suggested that phyl-

losilicates could have condensed in the nebula during episodes
of chondrule formation after evaporated fines reacted with H2O
in ambient nebular gas.) The water acted as an oxidizing agent
during whole-rock thermal metamorphism as phyllosilicates were
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ehydrated. The liberated water oxidized metallic Fe-Ni, caus-
ng correlated changes with increasing petrologic type in all
hree OC groups; these include decreasing modal abundances
f metallic Fe-Ni, increasing FeO/(FeO + MgO) in olivine, low-Ca
yroxene, chromite, and possibly ilmenite, increasing olivine/low-
a-pyroxene ratios, increasing Co and Ni concentrations in the
emaining kamacite, and decreasing bulk (whole-rock) values of
18O and �17O (Bunch et al., 1967; Snetsinger and Keil, 1969; Scott
t al., 1986; Rubin, 1990, 2005; Clayton et al., 1991; McSween and
abotka, 1993).

Minerals in OC that formed by exsolution during metamorphism
nclude chromite in olivine (Ramdohr, 1973; Ashworth, 1979;
rossman and Brearley, 2005), chromite and rutile in ilmenite

Buseck and Keil, 1966), calcic pyroxene in orthopyroxene (e.g., Yagi
t al., 1978), alkali feldspar in albite (Lewis and Jones, 2014, 2015,
016; Lewis et al., 2016), and mackinawite (FeS1-x) in pentlandite
(Fe,Ni)9S8) (Koeberl et al., 1990).

Wasson et al. (1993) found that three type-3 OC (Willaroy,
uwahib (Buwah) and Moorabie) and one type-4 OC (Cerro los
alvos) experienced reduction during thermal metamorphism.
lthough their bulk siderophile element abundances and mean
hondrule sizes indicate that they are members of the H (Willaroy
nd Cerro los Calvos) and L (Suwahib (Buwah) and Moorabie)
roups, their olivine Fa values are appreciably below those of equi-
ibrated members of these groups. The reducing agents may  have
een similar to the C-rich clasts observed in other OC (e.g., Scott
t al., 1988).

.8.3. Carbonaceous chondrites
About half of the CI chondrites have undergone some thermal

etamorphism; ∼25% of CM chondrites were metamorphosed as
ell. In some cases, the secondary heating of CM chondrites (e.g.,
imura et al., 2011) is probably attributable to impacts (e.g., Kimura
nd Ikeda, 1992; Nakato et al., 2008) and is discussed in Section
.10. The other major carbonaceous chondrite groups that expe-
ienced significant thermal metamorphism are CO and CV-CK. In
ddition, the Coolidge-Loongana 001 subgroup is partly equili-
rated (Kallemeyn and Rubin, 1995).

.8.4. CI chondrites
A typical metamorphosed CI chondrite is Yamato 86029. Phyl-

osilicates are absent; the crystalline material that is present in the
ock consists of olivine, magnetite and troilite (Tonui et al., 2014).
etamorphism caused Mg-Fe- rich carbonates to break down into

a-Mg-Fe-Mn oxides, and sulfide to break down into elongated
agnetite grains with sulfide inclusions (Tonui et al., 2014).

.8.5. CM chondrites
One of the most-metamorphosed CM chondrites is Belgica

904 (e.g., Skirius et al., 1986; Tomeoka, 1990 Kimura and
keda, 1992; Ikeda and Prinz, 1993). It contains low bulk H2O
nd C (Shimoyama and Harada, 1984). There are abundant
esiccated phyllosilicates (with high analytical totals) consist-

ng of Fe-rich serpentine, normal serpentine and clinochlore
(Mg,Fe+2)5Al(Si3Al)O10 (OH)8) (Tonui et al., 2014). Sec-
ndary phases in the matrix include olivine, low-Ca pyroxene,
roilite, taenite and low-Ni metallic Fe (kamacite). Tochilinite
2[(Fe,Mg,Cu,Ni[]) S·1.57–1.85[(Mg,Fe,Ni,Al,Ca)(OH) 2]) is absent.
imilar metamorphic effects are evident in Yamato 86720 and
amato 86789 (Tonui et al., 2014). Some CM chondrites that were
queously altered and subsequently metamorphosed contained
ighly strained fayalite grains with voids (Akai, 1988).
.8.6. CO chondrites
Metamorphic effects in CO3 chondrites, first noted by McSween

1977) and summarized by Huss et al. (2006), are inextrica-
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bly linked to aqueous alteration (Rubin, 1998; Chizmadia et al.,
2002). The CO3 chondrites can be divided into petrologic subtypes
ranging from 3.0 to 3.8 (Chizmadia et al., 2002). Progressive min-
eralogical changes with increasing subtype include annealing of
an amorphous silicate component of the matrix, destruction of
tiny forsterite and enstatite grains in the matrix and the growth
of fine-grained ferroan olivine (Brearley, 1995), destruction of
presolar grains (Huss, 1990; Huss et al., 2003), alteration of chon-
drule mesostases and replacement by nepheline ((Na,K) AlSiO4)
(e.g., Scott and Jones, 1990), replacement of melilite in CAIs with
feldspathoids, pyroxene and Fe-rich spinel (Russell et al., 1998),
gradual replacement of forsterite with more-ferroan olivine in AOIs
(Chizmadia et al., 2002), removal of alloyed Cr, P and Si from low-Ni
metallic Fe (kamacite) (McSween, 1977; Scott and Jones, 1990) and
the growth of troilite-merrillite ± schreibersite assemblages (Rubin
and Grossman, 1985).

As in ordinary chondrites, the early stages of metamorphism
appear to cause chromite to exsolve from ferroan olivine grains
and albite to crystallize within chondrule mesostases (Grossman
and Brearley, 2005).

The Acfer 094 primitive ungrouped carbonaceous chondrite
contains martensitic metal (Kimura et al., 2008). Metal within
CO3.03–3.1 chondrites resembles that in 3.05–3.10 OC in con-
sisting of coarser grains of low- Ni metallic Fe (kamacite) with
small patches of Ni-rich metal. Such grains formed during incipient
parent-body thermal metamorphism.

2.8.7. CV-CK chondrites
The CV3 and CK3.8–CK6 chondrites may  constitute a single

metamorphic sequence (Scott and Taylor, 1985; Greenwood et al.,
2010; Wasson et al., 2013). Magnetite-bearing carbonaceous chon-
drites with large chondrules and minor to negligible amounts of
metallic Fe-Ni are routinely assigned either to the CV3 group (if
they are relatively unequilibrated and have low mean olivine Fa
contents) or to the CK group (if they are more equilibrated with
olivine compositions near Fa30 and possess more-recrystallized
textures). CK chondrites appear to differ from CV chondrites in
their lower proportions of CAIs, AOIs, and chondrules with igneous
rims; however, detailed observations by Wasson et al. (2013) have
shown that these differences are probably due solely to metamor-
phic recrystallization of the CK chondrites. Two meteorites listed
in the Meteoritical Bulletin Database suggest that there may  be
a single CV-CK sequence: Camel Donga 040 is a genomict brec-
cia that appears to contain separate CV and CK lithologies; NWA
10588 appears to be intermediate between typical CV3 and CK4
chondrites.

Dunn et al. (2016) found that magnetite grains in CK3, CK4 and
CV3 chondrites differ in their concentrations of Cr2O3, NiO and
TiO2. The differences between CK3 and CK4 magnetite is mainly
in TiO2 and is apparently attributable to thermal metamorphism.
However, CV3 magnetite is closer in composition to CK4 than to
CK3 magnetite, casting doubt on whether there is a single CV-CK
metamorphic sequence. Yin et al. (2017) found that bulk CV and
CK chondrites differ in �54Cr, consistent with derivation of these
samples from different parent bodies.

Geiger and Bischoff (1995) proposed that thermal metamor-
phism caused (1) metallic Fe-Ni in CK chondrites to transform into
magnetite at oxygen fugacities near that of the Ni-NiO buffer, (2)
spinel and ilmenite to exsolve from the magnetite during cooling,
and (3) noble-metal-rich sulfides, arsenides and tellurides to form
(either from the oxidizing metallic Fe-Ni or from monosulfide solid
solution (MSS)).
CV3 chondrites are divided into three subgroups: an Allende-
like oxidized subgroup (CV3OxA), a Bali-like oxidized subgroup
(CV3OxB), and a reduced subgroup (CV3red) that includes Arch,
Efremovka and Leoville (Weisberg et al., 1997). These subgroups
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ave experienced different degrees of alteration (discussed in Sec-
ion 2.9) and thermal metamorphism. Metamorphic effects in CV3
hondrites include: (1) a diminishment in grain-to-grain compo-
itional variation among olivines in the two oxidized subgroups
Krot et al., 1995), (2) progressive destruction of presolar grains in
V3OxA and CV3red (Huss and Lewis, 1995; Huss et al., 2003), and
3) systematic changes in the Raman spectroscopic characteristics
f organic material (Bonal et al., 2004). Efremovka (CV3red) con-
ains dark inclusions with dehydrated phyllosilicates and strained
ayalite grains with voids, indicative of aqueous alteration followed
y mild thermal metamorphism (Krot et al., 1999).

.8.8. CR chondrites
The edges of metallic Fe-Ni grains located at the margins of some

hondrules in CR chondrites have low concentrations of Co and
i, reflecting the addition of Fe produced during the reduction of
eO from mafic silicates during mild thermal metamorphism (Lee
t al., 1992). Briani et al. (2013) found that the matrices of GRA
6100 and GRO 03116 have undergone extensive dehydration; the
rganic matter in these samples differs from that in other CR and
CM) chondrites, and that a significant proportion of low-Ni metal-
ic Fe grains contain Ni-rich plessite regions. They attributed these
eatures to thermal metamorphism and suggested that the heat-
ng was triggered by impact events. Although two chondrites are
urrently listed in the Meteoritical Bulletin Database (MBD) as CR6
NWA 6921 and NWA  7317) and one is listed as CR7 (NWA 7531),
he petrographic descriptions of these rocks in the MBD  resemble
hose of some OC impact-melt rocks (e.g., PAT 91501; Mittlefehldt
nd Lindstrom, 2001), suggesting that the CR6 and CR7 chondrites
re also probably impact melts.

.8.9. Coolidge-Loongana 001
These two carbonaceous chondrites constitute a grouplet and

ave been metamorphosed to subtype 3.8-4 levels; both mete-
rites are moderately recrystallized and have fairly narrow olivine
ompositional distributions (Kallemeyn and Rubin, 1995).

.8.10. R chondrites
About 55% of R chondrites are moderately metamorphosed

ocks (mainly type 3.6–4); ∼25% are more-extensively metamor-
hosed (type 5–6); and ∼20% are breccias with clasts displaying

 range of petrologic types (including some highly unequilibrated
ype-3 clasts). Equilibrated R chondrites are highly oxidized rocks
ith mean olivine Fa contents of Fa39±2 (e.g., Bischoff et al., 2011).

artially equilibrated samples (e.g., PCA 91002) contain Type-I
hondrules containing olivine grains with forsteritic cores and fer-
oan rims (e.g., Fig. 4a of Rubin and Kallemeyn, 1994) caused by
iffusion during moderate thermal metamorphism.

The modal abundance of low-Ca pyroxene is highly variable:
t is abundant in unequilibrated R3 clasts (e.g., Bischoff, 2000;
reenwood et al., 2000), R3.6 chondrites (e.g., ALH 85151; Rubin
nd Kallemeyn, 1989), and some R3.8-3.9 chondrites (Fig. 2 of
allemeyn et al., 1996). However, it is rare to absent in other R3.8
hondrites (Kallemeyn et al., 1996) and in many R5 and R6 litholo-
ies (e.g., Imae and Zolensky, 2003; Berlin and Stöffler, 2004; Gross
t al., 2013). This suggests that oxidation associated with progres-
ive thermal metamorphism could be responsible for destroying
ow-Ca pyroxene.

The restriction of tiny grains of Pt-group metals to R3 litholo-
ies and the restriction of Pt-rich arsenides and tellurides to R6
ithologies strongly suggest that the latter phases formed during
arent- body metamorphism (Berlin et al., 2001). The occurrence

f troilite in several R chondrites (Bischoff et al., 2011) suggests that
his was the principal sulfide phase prior to oxidation. As troilite or

SS was transformed into pyrrhotite (Fe1-xS) during the oxidation
hat accompanied metamorphism, it seems likely that some As and
Erde 77 (2017) 325–385

Te were removed from the sulfide and formed the noble-metal-
bearing arsenides and tellurides.

Mineral phases formed during exsolution in R chondrites
include flame-like lamellae of pentlandite in pyrrhotite and thin
lamellae of ilmenite in pentlandite (Schulze et al., 1994; Rubin and
Kallemeyn, 1994; Kallemeyn et al., 1996).

The amphibole and mica in a few R6 chondrites were produced
by hydrothermal alteration and will be discussed in Section 2.9.

2.8.11. Enstatite chondrites
The enstatite chondrites comprise two  major groups, EH and

EL, that differ in degree of oxidation, abundance of siderophiles
and halogens, sulfide mineralogy, mineral chemistry, and mean
chondrule size. Each group comprises a complete metamorphic
sequence from type 3 to type 6 (although Rubin and Wasson, 2011;
suggested that the known EH6 chondrites were actually impact-
melt breccias).

There are several mineralogical changes that occur in enstatite
chondrites during parent-body thermal metamorphism:

(1) Additional albite forms at the expense of the feldspathic compo-
nent in chondrule glass. For example, although type-3 enstatite
chondrites contain little crystalline albite (e.g., <1 wt.% in EH3
ALH A77156; McKinley et al., 1984), type-6 enstatite chondrites
contain appreciably more (e.g., 9 wt.% in EL6 Atlanta; Rubin,
1983b). Additional enstatite crystallizes from the mafic-silicate
component of the glass.

(2) Forsterite disappears via reaction with silica (which constitutes
∼1–2 vol.% of E3 chondrites) to produce additional enstatite:

Mg2SiO4 + SiO2 = 2MgSiO3

forsterite + silica = 2enstatite

The modal abundance of forsterite in EH3 and EL3 chondrites
is 4.4 and 2.4 vol.%, respectively (Table 3 of Weisberg and Kimura,
2012); it is rare to absent in EH4 and EL4 chondrites and absent in
type-5 and −6 EH and EL chondrites (e.g., Keil, 1968).

(3) Diopside is present in type-3 enstatite chondrites (0.1-0.3 vol.%:
Weisberg and Kimura, 2012), but is extremely rare in more-
equilibrated enstatite chondrites. We  speculate that diopside
may  have been destroyed through sulfidation by a reaction such
as:

CaMgSi2O6 + H2S = MgSiO3 + CaS + SiO2 + H2O

diopside + hydrogensulfide = enstatite + oldhamite + silica + w

(4) The unusual (unique?) occurrence of diopside in EL6 EET
90102 (Fogel, 1997) may have resulted from the reverse
reaction under peculiar metamorphic conditions (Floss et al.,
2003).

(5) Clinoenstatite in EH3 and EL3 chondrite chondrules is trans-
formed into orthoenstatite at a temperature of ∼630 ◦C (Boyd
and England, 1965), accounting for its absence in type-5 and
−6 enstatite chondrites (which, by analogy to OC, were heated
to ≥700 ◦C).
(6) The cathodoluminescence (CL) properties of pyroxene change
with increasing degrees of metamorphism. For example, EL3
pyroxene grains emit mainly violet-blue CL, whereas EL5 and
EL6 pyroxene grains emit a magenta CL (Dehart and Lofgren,
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1995). This may  be related to the incorporation of minor-
element red activators such as Cr+3 and Mn+2 into pyroxene
during metamorphism.

(7) The presence of quartz in some EH5 chondrites was attributed
by Kimura et al. (2005) to transformation from tridymite or
cristobalite (primary phases formed in chondrules) during
long-duration, low-temperature metamorphism.

(8) Perryite constitutes 0.8 and 0.1 vol.% of EH3 and EL3
chondrites (Weisberg and Kimura, 2012), but is absent in
more-equilibrated enstatite chondrites. It probably breaks
down into schreibersite and Si-bearing low-Ni metallic Fe
(kamacite). Perryite is a Ni- rich mineral, containing an aver-
age of 78.8 wt.% Ni in EH3 chondrites (Prinz et al., 1984);
its breakdown during thermal metamorphism is reflected in
the increase in the mean Ni content of low-Ni metallic Fe
(kamacite) (3.0 wt.% in EH3 Qingzhen, ALH A77156 and Kota-
Kota vs. 7.1 wt.% in EH4 Indarch; McKinley et al., 1984; Keil,
1968).

(9) Some grains of troilite in the matrix of type-3 enstatite chon-
drites contain daubréelite exsolution lamellae (e.g., Rubin
et al., 2009), probably formed during cooling after minor meta-
morphic heating.

10) Sulfide undergoes changes in the EH group (El Goresy et al.,
1988). (a) Djerfisherite in EH3 chondrites breaks down to form
troilite, covellite (CuS), idaite (Cu5FeS6), bornite (Cu5FeS4)
and other phases, (b) Fe diffuses from troilite to niningerite,
causing the latter phase to become reversely zoned, and (c)
sphalerite forms (in Y 691) due to Zn mobilization.

11) Presolar silicate and carbonaceous grains (identified in EH3
chondrites; Ebata et al., 2006, 2007, 2008; Ebata and Yurimoto,
2008) were destroyed during metamorphism.

12) Within type-3 enstatite chondrites, low levels of thermal
metamorphism also caused an increase in the structural order
of organic matter (Quirico et al., 2011) and partial loss of noble
gases.

.8.12. Eucrites
As of this writing, the Meteoritical Bulletin Database lists ∼1070

ucrites, probably representing 500-600 separate falls, widely con-
ectured to have been derived from Vesta (e.g., Consolmagno
nd Drake, 1977; Burbine et al., 2001; Russell et al., 2012).
on-cumulate eucrites are basalts that crystallized with ophitic
r sub-ophitic textures. Takeda and Graham (1991) divided the
ucrites into six types (1–6) based on their degree of metamor-
hic recrystallization. Type-1 eucrites are the most pristine; they
etain their primary textures, contain moderately heterogeneous
yroxenes (including some grains with ferroan compositions), have
ompositionally zoned pyroxene grains, do not possess microscop-
cally identifiable exsolution lamellae in the pyroxene, and contain
rimary glassy mesostases. With increasing metamorphic grade,
he following processes occur: (1) pyroxenes become composi-
ionally more homogeneous, (2) pigeonite exsolves in type-5 and
6 eucrites, (3) augite exsolution lamellae coarsen, (4) the low-Ca
yroxene host flanking coarse augite exsolution lamellae in type-

 eucrites partly inverts to orthopyroxene, (5) pyroxene becomes
cloudy” due to the precipitation of small chromite grains (type
–6), and (6) mesostasis glass disappears or recrystallizes.

Metamorphic temperatures for eucrites appear mostly to have
een in the range of 800–900 ◦C (Yamaguchi et al., 1996). The mech-
nism that caused thermal metamorphism has been suggested to

e impact heating (Takeda and Graham, 1991; Yamaguchi et al.,
001), the decay of 26Al (e.g., Hutchison, 2004), or burial by subse-
uent lava flows (Yamaguchi et al., 1996) (which presumably were
reated after solid rock was melted either by impacts or 26Al decay).
Erde 77 (2017) 325–385 349

2.8.13. Ureilites, aubrites and irons
The petrographic features indicative of annealing observed

in some ureilites (e.g., ALH 81101, LEW 86216; Rubin, 2006)
and aubrites (e.g., Bishopville, LAP 03719; Rubin, 2015b) were
attributed to shock-induced heating and will be discussed in Sec-
tion 2.10. The recrystallization evident in some iron meteorites (e.g.,
IIIAB Roebourne, IVA Social Circle; Buchwald, 1975) was probably
also caused by shock (see Section 2.10). Nevertheless, it is possi-
ble that recrystallization in a few irons was  partly caused by solar
heating during “repeated orbital passages near the Sun” (Buchwald,
1975); this topic is explored in Section 2.15.

2.9. Aqueous alteration, hydrothermal alteration and
metasomatism

The proposed identification of hydrous phyllosilicates on the
surfaces of asteroids of the C, D, G, F and B classes (e.g., Vilas and
Gaffey, 1989; Vilas et al., 1993; Vilas et al., 1994) indicates that
aqueous alteration processes are likely to have affected the mete-
orites (i.e., the carbonaceous chondrites) thought to have derived
from those bodies. Although some workers have postulated that
alteration took place in the nebula (e.g., Cyr et al., 1998), most stud-
ies have concluded that alteration occurred principally on asteroids
(e.g., Kerridge and Bunch, 1979; McSween, 1979; Fredriksson and
Kerridge, 1988; Hanowski and Brearley, 2001; Rubin et al., 2007). As
summarized by Brearley (2006), inferred alteration temperatures
for CI and CM chondrites are 0–150 ◦C and 20–80 ◦C, respectively;
those for type-3 OC are <260 ◦C.

2.9.1. CI chondrites
CI chondrites contain appreciable amounts of bulk water (e.g.,

∼11 wt.% H2O+ (indigenous water) in the Orgueil fall; Jarosewich,
1990), mainly occurring as hydroxyl in Fe-Mg serpentines and
as water of hydration in the interlayered saponite. These phases
constitute the matrix of CI chondrites and account for ∼95 vol.%
of these rocks (Scott and Krot, 2005). Other water-bearing min-
erals include sulfate [gypsum (CaSO4·2H2O) with minor blödite
(Na2Mg(SO4)2·4H2O) and nickelblödite (Na2(Ni,Mg)(SO4) 2·4H2O)]
and ferrihydrite (Fe4-5(OH,O) 12) (Brearley, 2006). Anhydrous min-
erals formed in CI chondrites by aqueous alteration (e.g., Kerridge
et al., 1979) include magnetite (which occurs in three distinct mor-
phologies – framboids, platelets and plaquettes), several sulfides
(pyrrhotite with minor pentlandite and cubanite) and several car-
bonates (calcite – CaCO3, dolomite – CaMg(CO3)2, breunnerite –
(Mg,Fe)CO3 and minor siderite – FeCO3). [By analogy to the mech-
anism most likely responsible for producing pyrite framboids in
terrestrial sediments and low-temperature ore deposits (Butler and
Rickard, 2000), the magnetite framboids in CI chondrites may have
formed by rapid nucleation from fluids supersaturated with oxi-
dized iron. The fact that many magnetite framboids appear to have
formed around dissolving sulfide grains, suggests that the source
of the oxidized iron is the associated sulfide.]

CI chondrites contain compositionally heterogeneous
iron–nickel sulfide grains (pyrrhotite and pentlandite) formed
during late-stage aqueous alteration; sulfide compositions vary
among the members of the group. Berger et al. (2016) concluded
that Orgueil and Alais experienced different equilibration temper-
atures (∼25 and 100–135 ◦C, respectively). They concluded that
the aqueous alteration conditions (e.g., temperature, pH, oxygen
fugacity, duration) varied on the scale of millimeters.
The relatively rare coarse isolated olivine and pyroxene grains
(probably dislodged chondrule phenocrysts) (e.g., Leshin et al.,
1997), refractory minerals (probably CAI fragments) (Huss et al.,
1995) and altered intact CAIs (Frank et al., 2011) indicate that CI



3 ie der Erde 77 (2017) 325–385

c
b

2

d
H
d
v
t
a
1
t
(
t
t
d
p
g
i
fi

3
t
d
a
m
n
p
o
s
s
c
2
c
(
[
(
“
F
i
t
g
c
i
o
b
r
o

g
c
e
s
s
i

b
(
c
m
t
C
A
c

Fig. 4. Bands of tochilinite (tch) in calcite (cal) in the Maribo CM2  chondrite. BSE
image courtesy of M. E. Zolensky, NASA – JSC.

Fig. 5. Magnetite (mag) framboids, spherulites and quasi-equant crystals (white to
50 A.E. Rubin, C. Ma / Chem

hondrites have the same set of major components as other car-
onaceous chondrites, albeit in different proportions.

.9.2. CM chondrites
Although generally not as altered as CI chondrites, CM chon-

rites still contain a significant amount of bulk water (e.g., ∼9 wt.%
2O+; Jarosewich, 1990). The CM group exhibits large variations in
egree of aqueous alteration (e.g., Zolensky et al., 1997). Many indi-
idual CM meteorites (e.g., Murray, Cold Bokkeveld) are breccias
hat contain millimeter-to-centimeter-size clasts that have been
ltered to a different extent than the host (e.g., Rubin and Wasson,
986; Metzler et al., 1992). Several schemes have been devised
o classify CM chondrites by their degree of aqueous alteration
e.g., McSween, 1979; Browning et al., 1996; Howard et al., 2009);
he most successful scheme (and the one most widely adopted) is
hat of Rubin et al. (2007). It takes into account the modal abun-
ance of metallic Fe-Ni, the degree of alteration of mafic silicate
henocrysts in chondrules, the abundance of large clumpy inter-
rowths of tochilinite-cronstedtite, the bulk composition of these
ntergrowths, carbonate composition, and the distribution of sul-
de phases.

In going from the least-altered CM chondrites (ideally type
.0) to the most altered (type 2.0; called CM1  in other schemes),
he following mineralogical changes occur: (1) glassy chon-
rule mesostases transform into phyllosilicate (beginning at
bout type 2.9), (2) tiny mafic silicate grains and amorphous
aterial in the matrix also transform into phyllosilicate (begin-

ing at about type 2.9), (3) melilite in CAIs transforms into
hyllosilicates at about type 2.8, (4) the modal abundance
f metallic Fe- Ni systematically decreases throughout the
equence due to oxidation, (5) thin magnetite rinds surround
ome of the metal grains, (6) mafic silicate phenocrysts in
hondrules transform into phyllosilicates (beginning at type
.3), (7) the modal abundance of large clumpy tochilinite-
ronstedtite intergrowths decreases (beginning at about type 2.1),
8) the “FeO”/SiO2 ratio of tochilinite-cronstedtite intergrowths
2[(Fe,Mg,Cu,Ni[])S·1.57-1.85[(Mg,Fe,Ni,Al,Ca)(OH)2] − Fe2

+2Fe+3

SiFe+3)O5(OH)4] decreases (beginning at about type 2.4) (wherein
FeO” refers to FeO in phyllosilicates, Fe +3 in cronstedtite and
e+2 in sulfide), (9) the S/SiO2 ratio of tochilinite-cronstedtite
ntergrowths decreases (beginning at about type 2.4) as S leaves
he intergrowths to help form relatively coarse Fe,Ni-sulfide
rains, (10) the modal abundance of sulfides with “intermediate”
ompositions (those with atomic Ni/(Fe + Ni) ratios of 0.10-0.40)
ncreases (beginning at about type 2.4), (11) the modal abundance
f pyrrhotite decreases appreciably by type 2.2, and (12) Ca car-
onate (mainly calcite) forms at about type 2.8 or 2.9 and is partly
eplaced by more complex carbonates (with significant amounts
f Ca, Mg,  Fe and Mn)  beginning at about 2.1.

In some cases, different aqueous-alteration products are inter-
rown. Maribo (CM2) contains bands of tochilinite transecting
alcite (Fig. 4) and magnetite of different morphologies (quasi-
quant grains, spherulites and framboids) occurring together with
pherules of hydroxylapatite within serpentine (Fig. 5). [Magnetite
pherulites can be distinguished from spherules: spherulites have
nternal radial structures that spherules lack (Hyman et al., 1985).]

The least-altered CM chondrite appears to be Paris, type 2.7,
ut the rock is a breccia with regions as little altered as type 2.9
Hewins et al., 2014; Marrocchi et al., 2014; Rubin, 2015c). A few
hondrules contain unaltered glassy mesostases, rare CAIs contain
elilite, and some amorphous material occur in the matrix. In con-
rast, the most altered samples, i.e., the CM2.0 chondrites(a.k.a.
M1), contain chondrule pseudomorphs made up of phyllosilicates.

 few of these meteorites (e.g., MET  01070) also possess tochilinite-
ronstedtite lenses more than a centimeter in length (Rubin et al.,
light gray) occurring along with hydroxylapatite (hap) (gray spherules) inside a clast
of  serpentine (srp) (medium gray) in the Maribo CM2  chondrite. BSE image courtesy
of  M.  E. Zolensky, NASA – JSC.

2007). In some cases, the lenses cut across one another; they prob-
ably formed within sheer-induced fractures in the rocks.

Rubin (2012b) found a strong positive correlation between the
degree of alteration of a CM chondrite and the extent of parti-
cle alignment (i.e., the strength of the petrofabric) within it. He
suggested that random collisions on the parent body created frac-
tures and produced petrofabrics in some rocks. When water was
later mobilized (presumably due to impact-heating of accreted ice
and/or water-bearing phases), the more-fractured regions were
preferentially altered.

Anomalous CM chondrites that have been aqueously altered
include Belgica-7904, WIS  91600 and GRO 95566 (Choe et al., 2010).

2.9.3. CR chondrites
The CR chondrites vary in their degree of alteration. Some rocks

contain chondrules with glassy mesostases (e.g., Weisberg et al.,
1993; Abreu and Brearley, 2010), have abundant metallic Fe-Ni
(up to ∼17 wt.%) and lack magnetite. In others, the metallic Fe-Ni

has been largely transformed into oxide (e.g., Weisberg and Huber,
2007).

A recent scheme that attempts to categorize CR chondrites by
their degree of aqueous alteration is that of Harju et al. (2014).
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n going from the least- altered samples (ideally type 3.0) to the
ost altered (type 2.0, a.k.a. CR1), the following mineralogical

hanges occur: (1) glassy chondrule mesostases transform into
hyllosilicate (beginning at type 2.8), (2) tiny mafic silicate grains
nd amorphous material in the matrix transform into phyllosil-
cate, mainly serpentine intergrown with saponite (beginning at
ype 2.9), (3) magnetite grows at the expense of metallic Fe-
i (beginning at type 2.7), forming rinds on coarse metal grains
nd framboids in the matrix, (4) mafic silicate phenocrysts in
hondrules alter to phyllosilicate (beginning at type 2.5), (5) Ca
arbonate forms (beginning at type 2.5), and (6) siderite and fer-
ous sulfate form in type 2.0 rocks. Abreu (2016) recently used TEM
tudies of CR matrices to refine the alteration classification scheme.

Some of the least-altered samples have chondrules surrounded
y phyllosilicate rims containing silica and moderately ferroan

ow-Ca pyroxene. The association of the silica with phyllosilicate
uggests that the silica is also an alteration product, but it is pos-
ible that it pre-dates alteration and formed as part of an igneous
hondrule rim. It is not clear if the silica phase is amorphous or
rystalline, but because it contains minor amounts of FeO, MgO
nd Al2O3, it is unlikely to be quartz (Harju et al., 2014).

Some CR chondrites are breccias containing dark inclusions
e.g., Weisberg et al., 1993; Bischoff et al., 1993a; Endress et al.,
994). These inclusions have sharp boundaries with their hosts
nd appear to be clasts of CR-chondrite matrices that have experi-
nced more-extensive aqueous alteration than their hosts (Bischoff
t al., 1993a; Brearley, 2006). They contain microchondrules, small
<200 �m)  polycrystalline fragments, sulfide laths (pentlandite
nd pyrrhotite), magnetite (framboids, platelets and spherules)
nd accessory phases (Cr-spinel, metallic Fe-Ni, schreibersite,
lmenite, Ca-phosphate and breunnerite) embedded in fine-grained
erpentine- smectite intergrowths. Endress et al. (1994) also
eported two Os,Mo,Ir-rich particles within dark inclusions in CR2
cfer 059 and its paired specimens.

.9.4. CO chondrites
The CO chondrites were affected by fluid- assisted thermal

etamorphism (e.g., McSween, 1977; Rubin, 1998; Chizmadia
t al., 2002). Unlike the case for CM and CR chondrites (which range
n subtype from least-altered 3.0 to most-altered 2.0 and have expe-
ienced little thermal metamorphism), the CO chondrites range
rom least-altered, least-metamorphosed type 3.0 to most-altered,

ost-metamorphosed type 3.8.
In addition to the metamorphic and metasomatic effects

escribed in Section 2.8, CO chondrites exhibit an apparent cor-
elation between subtype and mean chondrule size, i.e., the
ost-altered CO chondrites (e.g., type 3.8) tend to have the largest

hondrules (Rubin, 1998). This is probably an artifact due to the
ecrystallization and alteration of chondrule margins, preferen-
ially making the smallest chondrules in the most-metamorphosed
O chondrites unrecognizable as intact objects.

Another effect of aqueous alteration in CO chondrites involves
he dissolution of primitive melilite in refractory inclusions (grains
ith �17O values ≤-20‰) and the reprecipitation of new melilite

n the presence of H2O with a high �17O value (Wasson et al., 2001).
The presence of phyllosilicate in the matrices of some CO3.0

o CO3.4 chondrites (Brearley, 1993b, 2006) indicates that mafic
ilicates and amorphous material were being destroyed at the
eginning of the alteration sequence.

.9.5. CV chondrites
The Allende-like oxidized subgroup (CV3OxA) contains such
econdary phases as nepheline, sodalite, grossular, hedenbergite,
northite, monticellite, wadalite, hutcheonite and adrianite, con-
istent with alkali-halogen-Fe metasomatism (e.g., Fuchs, 1971;
rot et al., 1995; Ma  and Krot, 2014a,b). Hutcheonite (Ca3Ti2(SiAl2)
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O12) is a new garnet mineral occurring in alteration areas of an
Allende CAI (Fig. 6) (Ma  and Krot, 2014a). A. Krot (pers. commun.,
2016) found larnite (Ca2SiO4) replacing melilite in an Allende CAI.
Another phase present in many Allende chondrules is awaruite
(e.g., Rubin, 1991). The Bali-like oxidized subgroup (CV3OxB) has
undergone aqueous alteration that produced phyllosilicate, pent-
landite, tetrataenite (FeNi) and awaruite (Ni3Fe) grains in the
matrix (Krot et al., 1995, 1998a). Members of the reduced subgroup
(CV3red) contain moderate amounts of metallic Fe-Ni and troilite,
little magnetite, and small to negligible amounts of secondary
phases (Krot et al., 1995, 1998b). Thermodynamic calculations indi-
cate that the hydrothermal-alteration/metasomatism experienced
by the CV chondrites occurred at temperatures in the range of
200–300 ◦C (Krot et al., 1998b, 2000).

Many CAIs in oxidized CV3 chondrites contain multi-phase
opaque assemblages that were dubbed “Fremdlinge” (German for
“foreigners”) by El Goresy et al. (1977, 1978). Typically, the assem-
blages consist of refractory metal nuggets, varying in diameter from
1 to 1000 �m,  surrounded by metallic Fe-Ni, V- rich magnetite
and Fe-Ni sulfides; these phases are associated with molybdenite
(MoS2), molybdates, tungstate and phosphate (e.g., El Goresy et al.,
1978; Armstrong et al., 1985a; Armstrong et al., 1985b; Bischoff and
Palme, 1987). These opaque assemblages were initially thought to
be possible presolar grains (El Goresy et al., 1978), but were later
interpreted as products of secondary alteration and sulfidation of
metallic Fe- Ni on the CV parent body (e.g., MacPherson, 2005).

The presence of 26Mg  excesses in some primary phases (e.g.,
anorthite, diopside) in many non-FUN CAIs is due to the in situ
decay of 26Al (a short-lived radionuclide; t½ = 730,000 years). The
absence of 26Mg  excesses in secondary phases (e.g., nepheline,
grossular) in CAIs in oxidized CV chondrites implies that these
minerals formed much later, after 26Al had decayed away.

The reduced CV3 chondrites have experienced the least amount
of alteration. Nevertheless, there are a number of indicators of alter-
ation: (1) ferrihydrite

(Fe4-5(OH,O)12) and saponite ((Ca,Na)0.3(Mg,Fe+2)3(Si,Al)
4O10(OH)2·4H2O) replace some ferroan olivine grains in the matrix
of Vigarano (Lee et al., 1996), (2) the matrix contains minor
magnetite (Krot et al., 1995) and such secondary phases as heden-
bergite (CaFeSi2O6), andradite (Ca3Fe2(SiO4)3) and kirschteinite
(CaFe(SiO4)) (MacPherson and Krot, 2002), (3) these same phases
also occur at the surfaces of Wark-Lovering rims, accretionary rims
and CAIs (MacPherson and Krot, 2002), (4) some chondrules have
fine-grained phyllosilicate-bearing rims (Tomeoka and Tanimura,
2000), (5) minor carbonate is present (Mao  et al., 1990; Davis
et al., 1991; Abreu and Brearley, 2005), and (6) some regions of the
Vigarano matrix show correlations among elements (Ca, S, Na, K)
associated with water-soluble phases (e.g., CaSO4, KCl, NaCl) (Hurt
et al., 2012).

As discussed by Brearley (2006), members of the Allende-like
oxidized subgroup (CV3OxA) contain small amounts of phyl-
losilicates in the matrix (phlogopite – KMg3(Si3Al)O10(F,OH)2,
montmorillonite – (Na,Ca)0.3 (Al,Mg)2Si4O10(OH) 2·nH2O, clin-
tonite – Ca(Mg,Al)3(Al,Si) 4O10(OH,F)2, margarite – CaAl2(Si2Al2)
O10(OH)2, saponite – (Ca,Na)0.3(Mg,Fe+2)3(Si,Al) 4O10(OH)2·4H2O
and chlorite- group minerals). Some low-Ca-pyroxene-rich chon-
drules have small amounts of talc, amphibole and disordered
biopyriboles (Brearley, 1997). Igneous rims around many chon-
drules in Allende also contain secondary nepheline ((Na,K)AlSiO4)
and sodalite (Na4(Si3Al3)O12Cl) (e.g., Rubin, 1984a). Many Allende
low-FeO porphyritic chondrules have awaruite- and magnetite-
bearing nodules which also contain pentlandite and merrillite

(Fig. 7); these nodules probably formed from metallic-Fe-Ni and
troilite assemblages during parent-body alteration. As in the CO3
chondrites, the low �17O values of melilite in Allende (–4 ± 2‰) is
consistent with the dissolution of primitive melilite and the repre-
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Fig. 6. New alteration mineral hutcheonite, Ca3Ti2(SiAl2) O12, in CAI Egg-3 from the Allende CV3 chondrite, along with secondary monticellite (CaMgSiO4) and grossular
Ca3Al2(SiO4)3 in an alteration area between primary melilite and Ti,Al-diopside (Ma and Krot, 2014a). BSE image.
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ig. 7. Opaque nodule in a low-FeO (Type-IA) porphyritic-olivine chondrule from
mbedded in the magnetite are euhedral grains of awaruite (white) and blebby pent
f  the nodule. Black regions outside the nodule are silicate. After Rubin (1991). BSE

ipitation of new melilite in the presence of H2O with high �17O

Wasson et al., 2001).

Brearley (2006) pointed out that members of the Bali-like oxi-
ized subgroup (CV3OxB) contain chondrules and CAIs in which
everal phyllosilicates occur: Fe-bearing saponite, Na phlogopite,
llende CV3 chondrite. The nodule is composed mainly of magnetite (dark gray).
e (light gray). A somewhat irregular ring of merrillite is present at the inside margin
.

Al-rich serpentine, and Na-K mica. Saponite is also abundant in
the matrix of these meteorites. Secondary phases in the subgroup

include magnetite, carbonates, secondary phosphates, Ni-rich sul-
fides, fayalite, Ca-Fe-rich pyroxene, and andradite (Ca3Fe2(SiO4)3)
(Brearley, 2006).
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queous alteration in the Kaidun polymict-brecciated ungrouped carbonaceous
hondrite. BSE image courtesy of M.  E. Zolensky, NASA – JSC.

MacPherson and Krot (2002, 2014) suggested that the alter-
tion of CV3 chondrites was caused by mobilized water seeping
nto voids. Rubin (2012b) pointed out that oxidized CV chondrites
ave much higher porosities (typically 20-28%) than reduced CVs
0.6 -8%) and that many CV3OxB chondrites are shocked and have
trong petrofabrics. When water was later mobilized (presumably
y impact heating), the more-fractured, more-porous rocks facil-

tated greater degrees of alteration. Although CV3red chondrites
ere also shocked and also have strong petrofabrics (Rubin, 2012b),

hey formed from low-porosity materials which inhibited subse-
uent aqueous alteration.

CV3 chondrites contain dark inclusions (Johnson et al., 1990;
rot et al., 1995; Grossman and Brearley, 2005), many of which
ave been aqueously altered: they are enriched in heavy O iso-
opes (Clayton and Mayeda, 1999), a few contain phyllosilicates,
nd many contain chondrule pseudomorphs (e.g., Kojima et al.,
993; Kojima and Tomeoka, 1996; Krot et al., 1997b), veins of Ca-
ich pyroxenes (Brearley, 2006) and veins with pseudomorphs after
hyllosilicates. Some dark inclusions in Efremovka (CV3red) were
hermally metamorphosed after being aqueously altered (Krot
t al., 1999).

.9.6. Ungrouped carbonaceous chondrites
Several ungrouped carbonaceous chondrites show evidence of

queous alteration – Tagish Lake, MAC  88107, Kaidun, LEW 85332,
RA 98025 and QUE 99038 (e.g., Brearley, 2006; Choe et al.,
010). All of the samples contain phyllosilicates in their matrices;
ome have chondrules that have been partly altered to phyllosil-
cate; some contain magnetite, carbonates, fayalite, hedenbergite
nd Fe,Ni sulfides. Kaidun contains grains of pyrrhotite that were
xidized to form magnetite framboids (Fig. 8); the S was  appar-
ntly leached away by aqueous fluids. This meteorite also contains
nstatite-chondrite clasts that have been aqueously altered; sec-
ndary phases include a poorly crystalline Si-Fe phase, serpentine,
lagioclase, and calcite (Zolensky et al., 2014a). [Although listed

n the Meteoritical Bulletin Database as a carbonaceous chondrite,
aidun is actually a breccia composed mainly of sub- equal amounts
f carbonaceous-chondrite and enstatite-chondrite materials and
esser amounts of ordinary-chondrite, R-chondrite and achondrite
lasts (e.g., Zolensky and Ivanov, 2003).]
These ungrouped carbonaceous chondrites are likely derived
rom otherwise-unsampled asteroids, attesting to the commonality
f parent-body aqueous alteration.
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2.9.7. Ordinary chondrites
Aqueous alteration has affected the type-3 OC. This is consis-

tent with the presence of 1.2 wt.% H2O+ (indigenous water) in
the Semarkona LL3.0 fall (Jarosewich, 1990). The aqueous alter-
ation of these rocks cannot be cleanly separated from the changes
induced during the earliest stages of thermal metamorphism (e.g.,
Grossman and Brearley, 2005) – see Section 2.8.

The fine-grained silicate matrix of Semarkona contains Fe-rich
smectite (Hutchison et al., 1987) as well as opaque phases (mag-
netite, pentlandite, cohenite, haxonite, Ni-rich metal) that formed
from low-Ni metallic Fe and troilite (Taylor et al., 1981; Krot et al.,
1997c; Keller, 1998). Portions of the glassy mesostases of some
Semarkona chondrules have been hydrated and leached; the sharp
lobate boundaries between hydrated altered glass and unaltered
isotropic glass is readily discerned (e.g., Fig. 6 of Rubin, 2013b).
Some Semarkona chondrules contain FeO-rich smectite (Grossman
et al., 2002).

Semarkona and all other type-3 OC contain “bleached” radial
pyroxene and cryptocrystalline chondrules characterized by having
porous outer regions in which mesostasis was broken down and
alkalis, Ca and Al were lost (Grossman et al., 2000). A few bleached
chondrules have also been identified in type-4 to −6 OC despite
the metamorphic recrystallization of these rocks. Trains of calcite
crystals occur in the vicinity of some chondrules (Hutchison et al.,
1987).

The composition of the fluid that caused alteration of OC may
have varied with time as additional phases were altered. Apatite
formed from a fluid that was  dry, acidic and halogen rich (with a
high Cl/F ratio) (Jones et al., 2014). Secondary phosphates, carbides
and magnetite formed from a fluid that was P- and CO2-bearing.
Smectite (which contains water of hydration) must have formed
from an H2O-rich fluid. Albitization of metamorphic plagioclase
required an alkali-rich fluid that presumably contained some K
(e.g., Lewis et al., 2016). During cooling from peak metamorphic
temperatures, K-feldspar lamellae exsolved from the albite grains.

Tieschitz (H/L3.6) contains geode-like voids and veins filled with
sodic-calcic amphiboles (winchite – �NaCa(Mg4Al) Si8O22(OH)2
and barroisite – �NaCa(Mg3Al2) (Si7Al)O22(OH)2) emplaced dur-
ing hydrothermal alteration (Dobrică and Brearley, 2014). The same
fluid that produced the amphiboles also gave rise to the so-called
“white matrix” of this meteorite (Christophe Michel-Levy, 1976).

The occurrence of millimeter-size aggregates of halite with
inclusions of sylvite in two H-chondrite regolith breccias (Zolensky
et al., 1999) led Rubin et al. (2002) to suggest that they formed from
mobilized brines on the H-chondrite asteroid. However, Zolensky
et al. (1999, 2013, 2015) and Fries et al. (2013) concluded that the
salt crystals are exogenous, formed by cryovolcanic activity, pos-
sibly on Ceres. This conjecture is consistent with the subsequent
report of an extrusive cryovolcanic dome on Ceres (Russell et al.,
2016).

2.9.8. R chondrites
R chondrites contain abundant matrix material (an average of 42

vol.%; Rubin and Kallemeyn, 1993), far higher than in OC (12 vol.%;
Huss et al., 1981). Equilibrated R chondrites have the highest mean
olivine Fa values (37-42 mol%) among chondrite groups. R chon-
drites also have high bulk �17O values (+2.72 ± 0.31‰; Bischoff
et al., 2011). These three properties are probably related; it seems
plausible that R chondrites accreted a large amount of matrix mate-
rial laden with 17O-rich water (either occurring as ice or bound
within phyllosilicates). During parent-body metamorphism (Sec-
tion 2.8), the water was  mobilized, the rocks were oxidized, and the

bulk samples reflected the high � O values. This is consistent with
the presence of magnetite within sulfide-bearing intergrowths in
an unequilibrated clast in the R-chondrite genomict breccia PCA
91241 (Rubin and Kallemeyn, 1994; Greenwood et al., 2000);
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ig. 9. Titan-phlogopite flanked by olivine and plagioclase in the matrix of the MIL
7440 R6 chondrite. After Rubin (2014). BSE image.

agnetite attests to parent-body aqueous alteration of metallic
e-Ni (e.g., Choi et al., 1998a; Choi et al., 1998b). LAP 04840, R6
lso contains magnetite (Mikouchi et al., 2007; McCanta et al.,
008). Metasomatic alteration of rare CAIs produced nepheline and
odalite in R chondrites.

The strongest evidence for parent-body hydrothermal alteration
s the occurrence of 10-15 vol.% amphibole (ferri- magnesio-
ornblende – Ca2Mg4Al0.75Fe+3

0.25 (Si7AlO22)(OH)2 or edenite –
aCa2Mg5Si7AlO22(OH)2) and accessory phlogopite in R6 MIL
1207 and R6 LAP 04840 and accessory (0.01 vol.%) titan-
hlogopite (Fig. 9) in R6 MIL  07440 (McCanta et al., 2008; Ota et al.,
009; Gross et al., 2013; Rubin, 2014). Another water-bearing phase
resent in several R chondrites is hydroxylapatite – Ca5(PO4)3OH.

As discussed by McCanta et al. (2008) and Rubin (2014), the
mphibole- and mica-bearing R chondrites underwent hydrother-
al  alteration. The rocks were probably heated to maximum

emperatures of 700–900 ◦C under conditions of moderately high
H2O (perhaps 250-500 bars), presumably at a depth of a few tens
f kilometers. Patches within some of the hornblende grains in
IL  11207 and LAP 04840 were dehydrated during annealing, pro-

ucing 2-20-�m-long subparallel pyroxene blades flanked by pore
paces. The 40Ar/39Ar plateau ages of 4340-4380 Ma  for hornblende
eparates of LAP 04840 likely date this annealing event (Righter
t al., 2016). A subsequent giant impact would have been necessary
o excavate the samples.

.9.9. Enstatite chondrites
Minor aqueous alteration has affected enstatite chondrites:

1) El Goresy et al. (1988) identified hydrated NaCr sulfides in
roilite-daubréelite clasts and in NaCr sulfide clasts in the Qingzhen
H3 fall. (2) Chondrule glass within Qingzhen chondrules is halo-
en rich, containing up to 4.4 wt.% Cl (Grossman et al., 1985; El
oresy et al., 1988). Although Qingzhen chondrules contain several
rimary sulfide minerals (troilite, niningerite, daubréelite, old-
amite, caswellsilverite, and two Cr-sulfides – minerals A and B of
amdohr, 1963), djerfisherite – K6Na9(Fe,Cu) 24S26Cl (which con-
ains ∼1.5 wt.% Cl and ∼8 wt.% K; El Goresy et al., 1988; Lin and
l Goresy, 2002) is virtually absent from chondrules (Grossman
t al., 1985; El Goresy et al., 1988). It seems likely that djerfisherite

ormed in the Qingzhen matrix after Cl and K were scavenged from
hondrule mesostases, possibly by an aqueous fluid. This is consis-
ent with the occurrence of djerfisherite inside veins throughout
Erde 77 (2017) 325–385

Qingzhen. (It is also present in millimeter-size clasts in Qingzhen
as well as in other EH3 and EL3 chondrites; e.g., Lin et al., 1991.)

During subsequent low-level thermal metamorphism, djer-
fisherite in Qingzhen and other EH3 chondrites broke down to form
troilite, covellite, idaite, bornite and additional phases (El Goresy
et al., 1988).

2.9.10. Eucrites
Eucrites contain little water (e.g., Jarosewich, 1990) and there is

no evidence that these basalts were subjected to low-temperature
aqueous alteration on their parent asteroid. Nevertheless, Warren
et al. (2014) described higher-temperature alteration in the NWA
5738 eucrite driven by a mainly non-aqueous fluid. The rock
contains microscopic fluid- metasomatic vein deposits including
microveins filled with major Ca-plagioclase and Fe+3-bearing Cr-
spinel (indicative of relatively high fO2). Also present are veins of
essentially Ni-free metallic Fe that may  have formed from a fluid
with appreciably lower fO2. The cause of the apparent decrease
in the fO2 of the fluid is unknown. However, Warren et al. (2014)
speculated that foreign volatile-rich carbonaceous material buried
within that region of the asteroid was  displaced by an impact into
a region with higher temperature and/or lower pressure where
lower fluid fO2 was  caused by carbon-fueled smelting. The occur-
rence of buried carbonaceous-chondrite material is consistent with
the presence on Vesta (the likely eucrite parent body; e.g., Burbine
et al., 2001; Russell et al., 2013) of dark material that seems to
have been derived from carbonaceous-chondrite projectiles (e.g.,
McCord et al., 2012; Nathues et al., 2014).

The secondary alteration of the NWA  5738 eucrite may  con-
stitute a link between metasomatism and shock metamorphism
(Section 2.10).

2.9.11. Mesosiderites
Lorenz et al. (2010) suggested that an anhydrous, gaseous fluid,

rich in S2, CO and CO2, penetrated fractures within olivine grains
in the Budulan mesosiderites. This process caused the adjacent
olivine to become more reduced; it also facilitated the production
of secondary mineral assemblages within the fractures including
aggregates of troilite-low-Ca-pyroxene and metallic-Fe-Ni- pyrox-
ene. A few olivine grains were replaced by aggregates of troilite,
pyroxene and silica.

It is not clear if the fluid was  produced on the parent asteroid
during differentiation or was ultimately derived from a projectile
containing organic matter and sulfides.

2.9.12. Ureilites
The polymict ureilite EET 83309 contains bands of opal

(hydrated amorphous silica) more than 300 �m long, in some cases
associated with schreibersite, olivine or suessite (Beard et al., 2009,
2011). Although the O-isotopic composition of the opal is close to
the terrestrial fractionation line (Downes et al., 2016), this could
reflect exchange of water in the Antarctic environment. If the opal
is indeed pre-terrestrial, this indicates the presence of water during
the late stages of ureilite formation.

Small grains of halite (NaCl) and sylvite (KCl) are common acces-
sory constituents of ureilites (Berkley et al., 1978). Although Berkley
et al. suggested that the halides formed from a late-stage residual
magmatic fluid, given the probable presence of indigenous opal
(Beard et al., 2009, 2011), it seems plausible that they precipi-
tated from a brine. Alternatively, they could have been derived
from carbonaceous-chondrite projectiles, clasts of which occur in
polymict ureilites (e.g., Brearley and Prinz, 1992).
2.9.13. Martian meteorites
In view of the abundant evidence for the presence of water on

Mars in the past (e.g., McSween, 2006), it is not surprising that mar-
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Fig. 10. Metallic Cu grains adjacent to small irregular grains of troilite embedded in
taenite in the Stratford L6 chondrite. Between the taenite and more-massive troilite
A.E. Rubin, C. Ma / Chem

ian meteorites show evidence of aqueous alteration (e.g., Gooding,
986a; Gooding, 1986b; Gooding and Muenow, 1986; Treiman
t al., 1993; Wentworth and Gooding, 1993, 1994; Meyer, 1996;
ridges et al., 2001; Treiman, 2005; Fisk et al., 2006; McSween,
008). Aqueous fluids in the Gale Crater region of Mars appear to
ave been enriched in Na, K and Si and depleted in Mg,  Fe and Al
elative to modeled martian fluids (Schwenzer et al., 2016).

The numerous multi-millimeter-size spheroids of hematite
dubbed “blueberries”) in Meridiani Planum (Squyres et al., 2004)
ppear to be concretions similar to those in the Navajo Sandstone
n southern Utah, USA (Chan et al., 2005). These are diagenetic
roducts formed by the precipitation of aqueous fluids in pores
ithin sediments. Although hematite blueberries have not been

eported in martian meteorites, grains of hematite do occur. Some
ccurrences of hematite in association with jarosite may  have been
roduced by higher-temperature magmatic-hydrothermal fluids
McCubbin et al., 2009).

The topic of aqueous alteration in martian meteorites was
eviewed by Velbel (2012); the following list is derived mainly
rom that paper. Hydrous phases include amphibole, biotite, apatite
nd opal (e.g., Watson et al., 1994; Lee et al., 2015). Nakhlites con-
ain phyllosilicates – smectite (saponite), serpentine, and so-called
ddingsite (apparently a smectite-hydroxide assemblage). Halite is
lso present. According to Treiman (2005), nakhlites were invaded
y water ∼620 Ma  ago; the water altered olivine and mesostasis
lass and produced “iddingsite” and halite.

Giesting and Filiberto (2016) reported potassic-chloro-
astingsite within melt inclusions in two nakhlites (MIL 03346 and
WA  5790) that formed after trapped chloride-rich fluids reacted
ith adjacent silicate. Glass within some melt inclusions in Nakhla
ere replaced by berthierine (Lee and Chatzitheodoridis, 2016).

All varieties of martian meteorites contain carbonate – calcite,
ragonite (CaCO3), siderite-magnesite (FeCO3-(Mg,Fe)CO3) solid
olution and dolomite-ankerite solid solution. Some carbonates
ccur in veins; some fill fractures and voids (e.g., Harvey and
cSween, 1996). Sulfates include gypsum (CaSO4·2H2O), anhydrite

CaSO4), bassanite (CaSO4·½H2O) and jarosite (KFe3(SO4)2(OH)6)
in association with hematite).

The ALH 84001 orthopyroxenite experienced aqueous alteration
nd collisions. Aqueous alteration was responsible for forming car-
onates. Subsequent decomposition of the carbonate appears to
ave produced magnetite and periclase.

Some REE minerals (monazite – (Ce,La,Th)PO4, xeno-
ime – YbPO4 and chevkinite-perrierite – (Ce,La,Ca,Th)4(Fe
2,Mg)2(Ti,Fe+3) 3Si4O22) in the martian meteorite breccias NWA
034 and 7533 most likely formed by fluid-rock interaction in the
artian crust (Liu et al., 2016).

.9.14. Lunar rocks
Apollo samples exhibit evidence of metasomatism. (1) Fluora-

atite is present in lunar granulite breccia 79215; Treiman et al.
2014) proposed that vapor-phase metasomatism added P and
alogens to a typical granulite via a process similar to terres-
rial rock alteration by fumaroles. (2) Primary igneous olivine in

g-Suite lithologies of subsamples of 69715 have been pseudo-
orphically replaced by secondary silicate, sulfide and oxide (e.g.,
askin and Warren, 1991; Colson, 1992; Norman et al., 1995;
hearer et al., 2012). Bell et al. (2015) suggested that this was
aused by a metasomatic fluid consisting predominantly of H2 and
H4 with minor H2O, CO and H2S; the fluid composition is con-

istent with late-stage degassing of a shallow intrusive magma.
lthough these features have not yet been reported in lunar
eteorites, it seems likely that additional study will reveal their

resence.
is  a thin layer of tetrataenite. The black area surrounding the opaque grain is silicate.
The section has been etched with Nital. Reflected light.

2.10. Shock metamorphism

There is a myriad of features produced in meteorites as a result
of shock metamorphism (e.g., Stöffler et al., 1988; Bischoff and
Stöffler, 1992). Those involved in forming new phases are listed
below.

2.10.1. Ordinary chondrites
The shock effects in OC have been summarized and reviewed

by Bischoff and Stöffler (1992), Rubin (1985, 2004) and Sharp and
DeCarli (2006). Several minerals were formed by impact processes
in OC at different shock stages:

(1) Chromite was  melted along with plagioclase and crystallized
in chromite veinlets and chromite-plagioclase assemblages.
Temperatures probably reached ≥1100 ◦C.

(2) Metallic Cu grains (e.g., Fig. 10) formed after localized shock
melting of metal-troilite assemblages reached or exceeded
the Fe-Ni-FeS eutectic (∼960 ◦C); this was followed by crys-
tallization of taenite, supersaturation of Cu in the residual
sulfide-rich melt, and nucleation of small metallic Cu grains at
high-surface- energy sites (e.g., Rubin, 1994a; Tomkins, 2009).

(3) Small irregular grains of troilite crystallized within larger
masses of metallic Fe-Ni after metal-sulfide assemblages were
melted and quenched.

(4) Rapidly crystallized metal-sulfide melts crystallized finely-
intergrown globular assemblages of metal and sulfide (dubbed
“fizzed troilite” by Scott, 1982).

(5) Quenched metallic Fe-Ni melts produced martensite, that, in
some cases, annealed to form patches of plessite.

(6) Shock-melted metal and sulfide was injected into fractures
within silicate grains to form opaque veins upon quenching.

(7) Curvilinear trails of small metallic Fe-Ni ± troilite blebs
entered narrow fractures in the silicate grains causing the

whole rocks to become darker; this phenomenon, known
as “shock darkening” or “silicate darkening,” forms so-called
“black chondrites.” It results from the shock melting of metal
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(kamacite), Ni-Co-rich metal and pyrrhotite. The absence of coarse-
grained assemblages of low-Ni metallic Fe, plessite and Ni-rich
56 A.E. Rubin, C. Ma / Chem

and sulfide (which melt at a lower temperature than silicates,
i.e., ∼960◦ vs. ∼1100 ◦C).

(8) Molten silicate formed at ≥1100 ◦C and was also injected into
fractures in silicate grains. Within some fractures the melt
quenched into glassy (pseudotachylite-like) veins; in other
fractures, fine-grained mafic silicate phases crystallized.

(9) (9) Melt pockets containing silicate glass and small grains of
chromite, olivine, pyroxene and plagioclase formed by local-
ized shock melting at temperatures ≥1100 ◦C.

10) Orthopyroxene grains were impact heated to between 950 and
1230 ◦C (or above) and entered the proto-enstatite field; upon
quenching, it transformed into clinoenstatite with polysyn-
thetic twinning parallel to (100).

11) Impact-melt rock clasts formed in many OC; these clasts typ-
ically contain major olivine and low-Ca clinopyroxene and
minor diopside with interstitial K-rich feldspathic glass.

12) A few agglutinates (vesicular, glassy objects containing chunks
of rock, glass and mineral fragments) formed in some OC
regolith breccias (e.g., Rubin, 1982).

13) Some regions in OC breccias contain crushed silicate grains
surrounded by fine-grained troilite; the troilite/metallic-Fe-Ni
modal ratios range up to ∼500:1, suggesting deposition from
a shock-generated vapor (Rubin, 2002b).

14) Many shocked OC have millimeter-to-centimeter-size vugs
that contain some euhedral mineral crystals (metallic Fe-Ni,
troilite, low-Ca pyroxene, albite, fayalitic olivine, merrillite
and possibly chromite) that appear to have been deposited
by an impact-generated vapor (Olsen, 1981b). These occur-
rences are similar to euhedral mineral crystals (metallic Fe-Ni,
troilite, ilmenite, pyroxene, plagioclase, merrillite and apatite)
inside vugs in lunar breccias that were previously inter-
preted to have formed through vapor deposition during shock
(McKay et al., 1972).

15) A euhedral tetrataenite grain within an impact-melt-rock clast
in LL6 Jelica formed after impact melting, crystallization of
euhedral taenite, and after cooling to 320 ◦C underwent an
ordering reaction and formed tetrataenite (Rubin, 1994b).

16) Pyrophanite (MnTiO3) in a Mg-Al-chromite fragment in H3.8
Raguli most likely formed from an impact melt of a chromite-
rich assemblage containing Mn-rich ilmenite (Krot et al.,
1993).

17) Plagioclase transforms into a diaplectic glass – maskelynite –
during compression at high shock pressures.

18) High-pressure phases, reviewed by Sharp and DeCarli (2006),
formed in the vicinity of silicate melt veins in many highly
shocked OC. These phases include ringwoodite (a poly-
morph of olivine with the spinel structure), wadsleyite (the
�-spinel polymorph of olivine), majorite (a polymorph of
orthopyroxene with the garnet structure), magnesiowüstite,
lingunite (NaAlSi3O8-hollandite), akimotoite (a polymorph of
enstatite with the ilmenite structure), bridgmanite (MgSiO3-
perovskite; Tschauner et al., 2014), coesite (a monoclinic
polymorph of silica), stishovite (a tetragonal polymorph of
silica), two post-stishovite polymorphs of silica (one with an
orthorhombic �-PbO2 structure and one with a monoclinic
ZrO2-like structure), and tuite (a trigonal polymorph of whit-
lockite; Xie et al., 2002, 2003). Such phases have been reported
in all three OC groups – H (e.g., Kimura et al., 2000), L (e.g.,
Sharp et al., 1997) and LL (e.g., Hu and Sharp, 2016).

Some OC were totally (or nearly totally) impact melted; these
ocks include PAT 91501 (Mittlefehldt and Lindstrom, 2001),

-74160 (Takeda et al., 1984), and the vesicular sample LAR
6299 (Rubin and Moore, 2011). The principal phases in these
ocks (olivine, low-Ca pyroxene, Ca-pyroxene, Cr- rich spinels,
etallic Fe-Ni and troilite with minor sodic plagioclase and
Erde 77 (2017) 325–385

silico-feldspathic interstitial melt) crystallized from the impact-
generated melt.

There are also a number of impact-melt breccias which con-
tain shocked, but largely unmelted chondritic clasts surrounded
by impact-generated melt. These samples include H chondrites
(e.g., Rose City, Yanzhuang), L chondrites (e.g., Cat Mountain, Chico,
Orvinio, Shaw) and LL chondrites (e.g., Bison, Y-790143, Y-790964)
(Table 1 of Rubin, 1995b).

Some large metal nodules and elongated metal veins in OC
formed by a complicated processes involving impact vaporization
of bulk metal-sulfide assemblages, oxidation of W and Mo  to form
volatile oxides, partial oxidation of Re and Os, separation of the oxi-
dized siderophiles from the refractory siderophiles, rapid fractional
condensation of refractory siderophiles, transport of the residual
vapor, condensation of Cu, S and Se into vugs and fractures to form
sulfide, and condensation of the remaining siderophiles to form
metal nodules and veins (e.g., Widom et al., 1986; Rubin, 1995b,
1999). During vapor cooling and condensation, the residual W,  Mo,
Re and Os oxides were reduced. One 4×9×12-mm metal nodule
in the Rose City impact-melt breccia is divided into three compo-
sitionally distinct zones − the “top” is enriched in refractory Os
and Ir by 30-40% relative to bulk H-chondrite metal, the middle is
depleted in Os and Ir by 31-35%, and the “bottom” is depleted by
75% (Rubin, 1995b). This one heterogeneous metal nodule shows
that the vapor transport distance was on the order of 0.5 cm.

2.10.2. Carbonaceous chondrites
Mineral phases formed by shock-metamorphic processes are

relatively rare in carbonaceous chondrites.

2.10.3. CI chondrites
The Orgueil CI chondrite contains an agglutinate with desiccated

phyllosilicates and impact-melted matrix glass that has partially
devitrified to olivine (Zolensky et al., 2015). Also present in this
meteorite are vesicular glass beads that were interpreted as impact
products.

2.10.4. CM chondrites
Zolensky et al. (2015, 2016) reported vesicular glass beads that

have been altered from glass to serpentine in CM2  Nogoya, melted
sulfides in Jbilet Winselwan (CM2), and shock melt veins in CM2
lithologies in the Kaidun polymict breccia.

As pointed out by Kimura et al. (2011), a few CM chon-
drites experienced secondary heating after having been aqueously
altered. Dehydration reactions in these rocks produced olivine and
metallic Fe-Ni as secondary anhydrous phases (e.g., Akai, 1988;
Tomeoka et al., 1989; Tonui et al., 2002). Although he did not iden-
tify the heat source, Nakamura (2005) divided the CM chondrites
into five heating stages based on their abundances of phyllosil-
icate and secondary anhydrous phases: Unheated, I, II, III, and I
Kimura et al. (2011) classified CM chondrites into three categories
based on the inferred degree of secondary heating: Category A
(corresponding mainly to the Unheated samples of Nakamura) is
characterized by low-Ni metallic Fe (kamacite) and/or martensite;
Category B (corresponding to Stage II and III samples) is charac-
terized by pyrrhotite containing blebs or lamellae of pentlandite;
and Category C (corresponding to Stage III and IV samples) is char-
acterized by opaque assemblages consisting of low-Ni metallic Fe
metal in CM chondrites led Kimura and Ikeda (1992) to suggest that
the opaque assemblages in CM Category C formed by rapid cool-
ing following impact heating, a view consistent with the heating
experiments on Belgica-7904 (Nakato et al., 2008).
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Fig. 11. Olivine grain transected by numerous, intersecting, curvilinear trails of
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mall blebs of metallic Fe-Ni and troilite in the MIL  99301 LL6 chondrite. The olivine
xhibits sharp optical extinction because it underwent post-shock annealing. After
ubin (2002a). Transmitted light, crossed polarizers.

.10.5. CO chondrites
Scott et al. (1992) reported shock melting at the interface

etween metal and sulfide in CO3 Lancé; at this location, there
re micrometer-size intergrowths of the two  phases, indicative
f melting and rapid crystallization (Scott, 1982). Although most
livine grains in this chondrite exhibit sharp optical extinc-
ion (shock-stage S1), localized areas experienced impact melting
here temperatures apparently exceeded the Fe- Ni-FeS eutectic.

.10.6. CV-CK chondrites
Efremovka (CV3red) contains impact-melted cellular metal-

roilite assemblages, opaque veins and melt pockets (Scott et al.,
992). Many CK chondrites exhibit silicate darkening caused by
urvilinear trails of abundant tiny grains of magnetite and pent-
andite within silicate grains (Rubin, 1992). By analogy to silicate
arkening in OC (caused by trails of small blebs of metal and sulfide)
e.g., Fig. 11), it seems plausible that darkening in CK chondrites
as due to impact melting and dispersion of metal and sulfide fol-

owed by oxidation to form magnetite and pentlandite. Also present
n some CK5 and CK6 chondrites are black glassy to microcrys-
alline shock veins several millimeters in length (Kallemeyn et al.,
991). These veins formed from impact-melted silicate and contain
ubmicrometer-size grains of magnetite and pentlandite (which
re probably post-impact oxidation products of metal and troilite).

EET 83311 (CK5; shock-stage S4) has undergone extensive
n situ melting (Scott et al., 1992). Some regions of this meteorite
ontain tiny olivine grains surrounded by a feldspathic melt; also
resent in the melt are relict, shocked- but-unmelted olivine grains.

Lunning et al. (2016) identified carbonaceous-chondrite impact-
elt clasts in two CV3 chondrites – CV3red RBT 04143 and CV3oxA

AR 06317. The clasts contain no evidence for water and have zoned
livine microphenocrysts embedded in vesicular glass; these fea-
ures show that these objects have been melted, devolatilized and
uenched.

.10.7. CR chondrites
Kimura et al. (2013) described eclogitic clasts containing

mphacite (Ca,Na) (Mg,Fe+2,Al)Si2O6) and pyrope-rich garnet
Mg3Al22(SiO4)3) in CR2 NWA  801. The clasts appear to have formed
t moderately high temperatures and pressures (940–1080 ◦C and
.8-4.2 GPa) and are either achondrites derived from a large parent

ody or impact-melt rocks presumably formed on the CR parent
steroid. In light of the existence of CR impact-melt rocks (see
elow), it seems likely that these eclogitic clasts are also impact
roducts.
Erde 77 (2017) 325–385 357

The Meteoritical Bulletin Database currently lists NWA  6921 as
a CR6 chondrite and suggests that it is paired with several spec-
imens (NWA 2994, 3250, 6901 and 7317); two  of these samples
(NWA 3250 and 6901) are individually listed as primitive achon-
drites. These rocks are generally described as having poikiloblastic
to porphyroblastic textures and containing some relict chondrules
(particularly BO types) and chondrule fragments. These descrip-
tions resemble those of OC impact-melt rocks such as PAT 91501
(Mittlefehldt and Lindstrom, 2001). It thus seems likely that NWA
6921 and its paired specimens are CR-related impact-melt rocks.

The Meteoritical Bulletin Database currently lists NWA  7531 as
a CR7 polymict breccia. It is described as a chondrule-free rock with
a poikiloblastic texture; it resembles some essentially chondrule-
free OC impact-melt rocks such as Y-74160 (Takeda et al., 1984)
and is probably a CR-related impact-melt rock, very similar to NWA
6921.

2.10.8. CH chondrites
Dmitryivanovite is a high-pressure polymorph of CaAl2O4 found

in a CAI in the NWA  470 CH3 chondrite (Mikouchi et al., 2009). These
authors proposed that CaAl2O4 condensed in the solar nebula under
local conditions that included a high dust/gas ratio and became
incorporated into the CAI; after agglomeration, an impact on the
CH3 parent asteroid transformed the phase into dmitryivanovite.

2.10.9. CB chondrites
Patches of impact melt occur between the coarser components

(chondrule-like objects and metal nodules) in several Bencubbin-
like carbonaceous chondrites (CB chondrites) (Newsom and Drake,
1979; Weisberg and Kimura, 2010). Also present within the matrix
and chondrule-like fragments of CB Gujba are high-pressure phases
(majorite, possibly majorite-pyropess, wadsleyite and coesite).
Weisberg and Kimura (2010) pointed out that the occurrence of a
majorite-wadsleyite assemblage suggests pressures of �19 GPa and
temperatures of �2000 ◦C were reached during the shock event.

2.10.10. Enstatite chondrites
Shock effects in enstatite chondrites were recently reviewed by

Rubin (2015a). References not listed here can be found in that paper.

1. Progressive deformation of the crystal structures of olivine, low-
Ca pyroxene and plagioclase are reflected in the shock-stage
classification of Stöffler et al. (1991) and Rubin et al. (1997).
Shock stage ranges from S1 (unshocked) to S6 (very strongly
shocked) and orders meteoritic samples by. In unshocked S1
materials, olivine, low-Ca pyroxene and plagioclase have no
fractures or irregular fractures and exhibit sharp optical extinc-
tion when viewed microscopically in transmitted light using
crossed polarizers. With increasing levels of shock, olivine
develops undulose extinction, planar fractures and mosaic
extinction; low-Ca pyroxene develops undulose extinction,
planar fractures, clinoenstatite lamellae on (100) and mosaic
extinction; plagioclase develops undulose extinction, becomes
partially isotropic, transforms into maskelynite, and undergoes
extensive melting.

2. Brecciation is evident in several EH (e.g., Abee, Adhi Kot, Parsa)
and EL (e.g., Hvittis, Atlanta, Blithfield) chondrites. These sam-
ples contain a variety of clast types including impact-melt
rocks, some with high sulfide/metal ratios, some with high
silica/enstatite ratios and a few with chondritic textures. The
mineral phases in all of these clast types (save the chondritic

clasts) crystallized from impact melts.

3. Petrofabrics are evident in several EH3 (e.g., ALH 81189, Y-691)
and EL3 (e.g., PCA 91020, MAC  02635, EET 90992) chondrites
and one EL6 chondrite (LEW 87119), reflecting shearing dur-
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Fig. 12. A 3 × 7-mm nodule rich in low-Ni metallic Fe in the Abee EH impact-melt
breccia containing clusters and isolated grains of coarse euhedral enstatite. The clast
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as  a rim, readily visible at the top center and bottom left of the clast, that consists
ainly of low-Ni metallic Fe (kamacite) and fine-grained euhedral enstatite. After

ubin and Scott (1997). Reflected light.

ing impact events. In general, no new mineral phases were
produced as the rocks developed foliations.

4. Opaque veins were formed by impact melting enstatite chon-
drite materials. Vein types include those rich only in metallic
Fe-Ni, those containing metallic Fe-Ni, sulfide and silicate, and
a 16-mm-long oldhamite vein in EL6 Jajh deh Kot Lalu.

5. High-pressure phases were produced during impacts. In
enstatite chondrites, only coesite has been identified (Kimura
et al., 2014, 2016). It was found in a shock vein in EH3 Asuka
10164.

6. Silicate darkening involves the in situ melting and mobilization
of metallic Fe-Ni and troilite, their dispersion through fractures
in neighboring silicate grains, and quenching.

7. Silicate-rich melt veins (formed by impacts) occur in several
enstatite chondrites: EH3 Y-791790 contains a vein similar
in composition to the whole rock, reflecting total melting of
the host; EH5 RKP A80259 contains veins of feldspathic glass,
reflecting preferential melting of phases with low impedances
to shock compression; and EH3 Asuka 10164 contains a vein
enriched in fine-grained silicate including coesite, reflecting
high transient shock pressures.

8. Silicate-rich melt pockets in EH5 RKP A80259 are rich in felds-
pathic glass flanking coarse enstatite grains. The feldspathic
glass formed by the impact melting of plagioclase due to its
high compressibility during shock loading (Schaal et al., 1979).

9. Diamonds that formed from graphite at high shock pressures
occur in the Abee EH chondrite impact melt breccia.

0. Euhedral enstatite grains in many enstatite chondrites, including
Abee (Fig. 12), Adhi Kot and RKP A80259, crystallized from local
pyroxene-normative impact melts.

1. Nucleation of enstatite on relict chondrules occurred in the
cooling impact melt in several enstatite chondrites, most par-
ticularly Abee.

2. Low-MnO enstatite, high-Mn troilite, and high-Mn oldhamite
occur in Abee, Adhi Kot and Saint-Sauveur. Rubin (2008) sug-
gested that when MnO-bearing enstatite was impact-melted
under highly reducing conditions, Mn  was preferentially par-
titioned into crystallizing sulfide phases at the expense of
crystallizing enstatite. Crystallizing troilite and oldhamite
acquired relatively high Mn  contents due in part to enrich-

ment of Mn  in the melt from the enstatite and by the melting
of pre-existing Mn-bearing niningerite.

3. Keilite – (Fe,Mn,Mg,Ca,Cr)S occurs only in enstatite chondrites
such as Abee, Adhi Kot, Saint-Sauveur and RKP A80259 that
Erde 77 (2017) 325–385

appear to have been impact melted (Keil, 2007). Quenching is
required for the retention of keilite; if these rocks had cooled
slowly or been subsequently annealed, the keilite would have
exsolved into troilite and niningerite (Keil, 2007).

14. Relatively abundant silica is present in Abee; some Abee clasts
contain up to 16 wt.% silica (Rubin and Keil, 1983). In Adhi
Kot there are 3–5-mm-size chondrule-free clasts (presum-
ably impact products) that contain up to twice as much silica
(18–28 wt. %) as enstatite (12–14 wt.%). (This is in contrast to
most enstatite chondrites which contain very little free silica.)
As a result of impact melting, reduced Si derived from kamacite
may  have reacted with FeO from melted enstatite to produce
silica and metallic Fe during crystallization; some silica may
also have been produced (along with niningerite) by sulfidation
of enstatite (Rubin, 1983a; Lehner et al., 2013) during crystal-
lization from the impact melt.

15. Euhedral graphite occurs as euhedral lath-like grains with
pyramidal terminations in enstatite-chondrite impact-melt
breccias (Rubin, 1997d). These grains most likely crystallized
from the impact melt; their precursors probably occurred as
graphite aggregates within low-Ni metallic Fe (kamacite).

16. Euhedral sinoite grains are present in many EL6 chondrites as
well as in impact-melted portions of the EL4 chondrites QUE
94368 and Grein 002 (that also contain euhedral grains of
enstatite and graphite). As discussed by Rubin (1997e, 2015a),
it seems likely that sinoite in EL4 chondrites crystallized from
a shock melt. (Nevertheless, it is likely that some sinoite grains
in primitive EL3 materials are nebular condensates; Lin et al.,
2011.)

17. Fluor-richterite and fluorphlogopite – (Na2Ca(Mg,Fe) 5Si8O22F2
and KMg3 (Si3Al)O10F2) occur in impact-melted enstatite chon-
drites: Abee contains rare 3.5-mm-long radiating acicular
grains of fluor- richterite; Saint-Sauveur contains ∼40 × 100-
�m-size subhedral grains of fluor- richterite occurs; Y-82189
contains rare subhedral, 10-30-�m-size grains of fluorphlogo-
pite. These two  phases probably crystallized from the impact
melts – it is plausible that after impact melting, most of the F
in Abee, Saint-Sauveur and Y-82189 that had not been driven
off during heating was  scavenged by the crystallizing grains of
fluor- richterite and fluorphlogopite.

18. Melt globules and spherules are present in several enstatite chon-
drite impact melt breccias: Abee contains 0.1-1-mm-diameter
globules of low-Ni metallic Fe (kamacite) as well as kamacite-
rich nodules up to 11 mm in maximum dimension; Blithfield
contains coarse, irregularly shaped nodules of low-Ni metallic
Fe; Adhi Kot contains a 110-�m-diameter stoichiometric pla-
gioclase glass spherule that is enriched in K2O. These objects
have been interpreted as having crystallized from the impact
melt (see Rubin, 2015a and references therein).

19. A metal nodule depleted in refractory siderophiles, but not depleted
in common or volatile siderophiles in Abee was reported by Sears
et al. (1983). It seems likely that the nodule is analogous to
those formed by vaporization and fractional condensation in
OC (Widom et al., 1986; Rubin 1995b; 1999). However, the
Abee nodule formed under more-reduced conditions that did
not allow W to form volatile oxides and separate from the rest
of the vaporized metal (Rubin and Scott, 1997).

20. A vesicular impact-melt rock known as Al Haggounia 001 was
described by Rubin (2016). The sample is an incompletely
melted, EL-chondrite impact melt rock with a mass of ∼3 met-
ric tons that fell ∼23,000 years ago. The meteorite exhibits
numerous shock effects including (1) development of undulose

to weak mosaic extinction in low-Ca pyroxene, (2) dispersion
of metal-sulfide blebs within silicates causing “darkening”, (3)
incomplete impact melting wherein some relict chondrules
survived, (4) vaporization of troilite, resulting in S2 bubbles that
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infused the melt, (5) formation of immiscible silicate and metal-
sulfide melts, (6) shock-induced transportation of the metal-
sulfide melt to distances >10 cm,  (7) partial resorption of relict
chondrules and coarse silicate grains by the surrounding sili-
cate melt, (8) crystallization of enstatite in the matrix and as
overgrowths on relict silicate grains and relict chondrules, (9)
crystallization of plagioclase from the melt, and (10) quenching
of the vesicular silicate melt.

During cooling of enstatite chondrites that were impact melted,
aubréelite exsolved from troilite (e.g., in EL Blithfield; Rubin,
984b) and thin pearlitic lamellae of cohenite exsolved from low-Ni
etallic Fe (e.g., in EH Abee; Herndon and Rudee, 1978).

.10.11. Enstatite-rich impact-melt rocks
Table 3 of Rubin (2015a) lists various enstatite-rich impact-melt

ocks of EH (e.g., QUE 94204; Y-82189; Y-8414), EL (e.g., Ilafegh
009); MIL  090807; NWA  6258) and ungrouped (e.g., NWA  4301;
aklodzie) parentage. These rocks typically contain grains of pla-
ioclase, enstatite, and sulfide that crystallized from the impact
elt.

.10.12. Aubrites
As discussed in Rubin (2015a,b), Keil (1989, 2010) and refer-

nces therein, approximately half of the aubrites are monomict
ragmental breccias, most of which are moderately shocked (shock-
tage S4). The commonality of brecciation among aubrites and their
oderate degree of shock indicate an extensive collisional history.
Several aubrites (e.g., LAP 03719, Bishopville, Khor Temiki,

LH 83015) contain orthopyroxene grains that exhibit more-
ronounced shock effects than associated olivine grains, suggesting
hat these rocks were shocked and buried within warm ejecta
lankets or beneath fallback debris under the crater floor (Rubin,
015b). Entombed olivine crystal lattices healed (and became
nstrained, reaching shock-stage S1), but orthopyroxene lattices
etained their S4-level shock-damaged features.

Three aubrites have experienced at least minor amounts of
mpact melting. Norton County has an impact-comminuted matrix
nd a few clasts that appear to be impact melt breccias (Okada
t al., 1988). Cumberland Falls is a polymict breccia that contains
C clasts as well as a few clasts that are impact-melt breccias con-

aining shocked OC material (Rubin, 2010b). These clasts may  all be
art of an OC projectile that impacted the aubrite parent asteroid.
ayo Belwa is an impact-melt breccia; its enstatite grains are sur-

ounded by a melt matrix composed of 3-15-�m-size euhedral and
ubhedral enstatite grains embedded in sodic plagioclase; numer-
us vugs are present in the melt matrix. Fluor- richterite occurs as
undles of acicular grains in vugs (Bevan et al., 1977; Graham et al.,
977). Also present in some vugs are bundles of 4-10-�m-thick

aths of sodic plagioclase (Rubin, 2010b).
Keil et al. (1989) suggested that the unbrecciated aubrite

hallowater underwent a complex multi-stage history involv-
ng disruption of its progenitor (molten, enstatite-rich) asteroid,
ollowed by rapid cooling and gravitational reassembly of that
ody, and annealing, excavation and quenching of the Shallowa-
er material. They concluded that Shallowater formed on a different
steroid than most aubrites. Rubin (2015a) later modeled Shallowa-
er as having formed by (1) impact-melting of enstatite-chondrite

aterial and concomitant partial loss of a metal-sulfide melt, (2)

dmixing of cold xenoliths (causing rapid cooling of the assemblage
rom high temperatures), (3) burial beneath warm ejecta with low
hermal diffusivity (causing annealing), and (4) subsequent colli-
ional excavation (causing rapid cooling to low temperatures).
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2.10.13. Howardite-Eucrite-Diogenite samples (HEDs)
The O-isotopic compositions of these igneous rocks are sim-

ilar, indicative of a genetic relationship. Most workers believe
these samples come from 4 Vesta − the second largest asteroid
(e.g., Consolmagno and Drake, 1977; Burbine et al., 2001; Russell
et al., 2012). As discussed by Hutchison (2004), most eucrites
are monomict breccias, consisting of clasts of a single, basaltic
lithology; a few eucrites are polymict breccias, containing miner-
alogically diverse eucritic clasts and relatively few (or no) diogenitic
clasts. Many diogenites are monomict breccias, consisting of clasts
with major orthopyroxene and minor to accessory plagioclase.
Howardites are polymict regolith breccias containing both eucritic
and diogenitic materials. Some polymict eucrites, diogenites and
howardites also contain exogenous carbonaceous-chondrite clasts,
mainly with CM2, CR2 and thermally processed CI lithologies (e.g.,
Zolensky et al., 1992, 1996; Buchanan et al., 1993; Gounelle et al.,
2003). The brecciated nature of most HEDs indicates that these
rocks were pummeled by projectiles. It is to be expected that
shock metamorphism would have caused the production of mineral
phases in these rocks.

About 5% of eucrites contain maskelynite, the diaplectic glass
formed on the parent body from crystalline plagioclase at shock
pressures �20 GPa (Rubin, 2015d). One of the most shocked
eucrites is Padvarninkai; it is unusual in containing maskelynite
in the unbrecciated host of the rock (Yamaguchi et al., 1993).

Glassy and crystalline impact-melt-breccia clasts constitute
30 ± 10% of the lithic clasts in howardites (Fuhrman and Papike,
1981) and a few percent of those in polymict eucrites (Metzler,
1985). Lunning et al. (2016) reported a CM-chondrite impact-
melted clast in the GRO 95574 howardite. Pseudotachylite-like
glassy shock-melt veins occur in some eucrites (e.g., Bischoff and
Stöffler, 1992). The veins in Cachari are vesicular and vary from
pure glass to partly crystalline (Bogard et al., 1985). The latter
veins contain pyroxene grains that crystallized from the melt; these
are surrounded by feldspathic glass. Small clasts of chromite and
blebs of metallic Fe-Ni also crystallized from the shock melt. Takeda
and Mori (1985) described a few brecciated diogenites (Y-75032,
Y-791199, Y- 791200) with shock-melted matrices containing min-
eral fragments.

Also present in howardites are chondrule- like impact-melt
spherules (e.g., Brownlee and Rajan, 1973; Olsen et al., 1990), sim-
ilar to those from the Moon (e.g., Chao et al., 1972; Warner, 1972;
King et al., 1972a; King et al., 1972b; Symes et al., 1998). Some of the
spherules in the Kapoeta howardite have submicrometer-diameter
micrometeorite impact craters at their surfaces (Brownlee and
Rajan, 1973).

2.10.14. Ureilites
Ureilites are brecciated rocks; both monomict and polymict

varieties occur. The heavily shocked samples contain mosaicized
olivine grains. The myriad shock effects in ureilites include some
in which mineral phases were formed (e.g., Rubin, 1988, 2006):
(1) silicate darkening (which involved melting of metallic Fe-Ni
and accessory sulfide and crystallization of small blebs of these
phases within curvilinear trails in coarse olivine grains), (2) the
presence of the C polymorphs diamond, lonsdaleite and chaoite
(Lipschutz, 1964; Vdovykin, 1972) (which formed from indigenous
graphite at high shock pressures), (3) the common occurrence of
fine-grained interstitial silicates consisting of low-Ca pyroxene,
augite and Si-Al-alkali-rich glass (Goodrich, 1992) (which appear to
be plagiophile-rich shock products injected into the rocks; Rubin,
2006), (4) the presence of the silicide suessite – Fe3Si (which prob-

ably formed by shock-heating of low-Ni metallic Fe and silicate;
Keil et al., 1982), (5) the occurrence of Ca-, Al- and alkali-rich shock
melts located at olivine grain boundaries in LEW 86216 and ALH
81101 (Saito and Takeda, 1990), (6) the presence of orthopyrox-
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ne in MET  78008 (Goodrich, 1992), which probably formed from
igeonite during impact-induced annealing (Rubin, 2006) and (7)
he occurrence of chondrule-like crystalline spherules (which are
robably impact-melt droplets). Some of the diverse inclusions in
reilites (e.g., enstatite-granular olivine clasts, basaltic clasts, felds-
athic melt rocks) could also have been produced during impact
elting. If ureilites are impact-melt products as Rubin (1988, 2006)

uggested, then the principal phases – olivine, low-Ca pyroxene
mainly pigeonite), euhedral graphite and metallic Fe-Ni – crystal-
ized from the shock-generated melt.

In three ureilites (LAR 04315, LAP 03587, Almahata Sitta) pyrox-
ne was reduced (and in some cases melted) by impact- induced
melting, resulting in porous grains with small blebs of metallic
e-Ni, silica and felsic glass (Warren and Rubin, 2010).

.10.15. Acapulcoites and lodranites
Many workers consider acapulcoites and lodranites (which

ave been dubbed “primitive achondrites”) to have formed by
ncomplete melting of chondritic material (e.g., Palme et al., 1981;
agahara, 1992; Zipfel et al., 1995; McCoy et al., 1996, 1997;
ittlefehldt et al., 1996; Patzer et al., 2004). If this view is correct

hen the mineral phases in these rocks may  be (a) relict chondritic
rains, (b) igneous grains that crystallized from a relatively large-
cale melt, (c) phases that exsolved during cooling from igneous
emperatures, or (d) grains formed during annealing.

Some workers have taken a different view (Kallemeyn and
asson, 1985; Rubin, 2007). Rubin modeled acapulcoites and

odranites as having formed by shock-melting CR-carbonaceous-
hondrite-like precursors. If this view is correct, then some of the
hases crystallized from impact melts. In acapulcoites, such phases
ould include metallic Fe-Ni and troilite within opaque veins, fine-

rained rapidly cooled assemblages, and in assemblages consisting
f small irregular troilite grains within metallic Fe-Ni (some of
hich also contain metallic Cu). Lodranites were modeled as having

ormed in a similar manner to acapulcoites, but experienced more
xtensive heating, loss of plagioclase and loss of an Fe-Ni-S melt.
rthopyroxene in acapulcoites and lodranites could have formed

rom low-Ca clinopyroxene (produced during impact melting and
uenching) when the rocks were annealed to temperatures ≥630 ◦C
Boyd and England, 1965; Grover, 1972).

.10.16. Mesosiderites
Rubin and Mittlefehldt (1993) compiled available data on

esosiderite mineralogy, petrology, geochemistry and chronology
nd proposed a six-stage petrogenetic history: (1) accretion of the
arent asteroid 4.56 Ga ago, (2) initial melting ∼4.56 Ga ago, (3)
rustal remelting of the body ≥4.47 Ga ago, (4) localized impact
elting 4.5–3.9 Ga ago, (5) collisional disruption and gravitational

eassembly ∼3.9 Ga ago, and (6) impact excavation and ejection of
uried breccias «3.9 Ga ago. Minerals produced in Stage 2 formed
y igneous processes; those formed during stages 3 and 4 involved
hock metamorphism. There is no petrographic evidence for min-
ral species being formed during Stages 5 and 6.

Mesosiderites contain large clasts, 39% of which are coarse-
rained gabbros that are highly depleted in incompatible elements
elative to chondrites (Rubin and Mittlefehldt, 1992). These clasts
ave the most extreme positive Eu anomalies known among Solar-
ystem rocks (Rubin and Mittlefehldt, 1992; Mittlefehldt et al.,
992). It seems likely that these abundant clasts formed during a
rustal remelting event (Stage 3), plausibly caused by the impact of
n iron-core projectile (with some adhering silicate mantle) from a
isrupted differentiated asteroid (Mittlefehldt et al., 1992; Rubin

nd Mittlefehldt, 1993). The phases in the gabbro clasts (major
yroxene, plagioclase and silica, and minor-to-accessory troilite,
etallic Fe-Ni, ilmenite, merrillite and chromite) thus appear to be

mpact-melt products.
Erde 77 (2017) 325–385

The most significant effect of impact melting during Stage 4 is
the creation of the four basic mesosiderite petrologic types, classi-
fied by the degree of recrystallization of their fine-grained silicate
matrices. The Type-3/4 and Type-4 rocks are impact-melt brec-
cias with igneous matrices (Powell, 1971; Floran, 1978; Floran
et al., 1978a; Hewins, 1984). Impact melting at this time pro-
duced spheroidal nodules of metallic Fe-Ni and troilite in Bondoc
and Estherville that range up to 10 cm in diameter (e.g., Wilson,
1972). Many mesosiderites contain pebble-size clasts with quench
textures that also formed by impact melting basaltic material dur-
ing Stage 4; their mineralogy is the same as that in the gabbro
clasts. Annealing associated with these impact events is proba-
bly responsible for the orthopyroxene-chromite-merrillite coronas
on millimeter-size olivine grains in the Emery and Morristown
mesosiderites (Delaney et al., 1981; Ruzicka et al., 1994); the coro-
nas formed by the reaction of olivine with silica in the matrix (e.g.,
Powell, 1971; Floran, 1978; Nehru et al., 1980).

Much of the metallic Fe-Ni in relatively unshocked Type-I
mesosiderites (e.g., Crab Orchard, Vaca Muerta) occurs as small
grains, homogeneously distributed among the silicates. It seems
likely that the large metallic clasts (up to 3 cm in diameter; Powell,
1969) in some Type-1 mesosiderites (e.g., those in Barea) are shock
products. They probably formed by impact melting of fine-grained
mesosiderite material and segregation of the molten metal. These
metallic clasts somewhat resemble the large metal nodules in ordi-
nary chondrites, which are also shock products (e.g., Widom et al.,
1986; Rubin, 1999).

2.10.17. Irons
Many iron meteorites have experienced shock metamorphism,

typically involving the production of Neumann bands in low-
Ni metallic Fe (kamacite), recrystallization of low-Ni metallic Fe,
mosaicism and twinning of troilite, shock-melting and quenching
of metallic Fe-Ni and sulfide (and in some cases daubréelite, cohen-
ite and schreibersite), development of martensite and/or plessite
from taenite during cooling, and the development of the � structure
(a high-density hexagonal close-packed structure) from low-Ni
metallic Fe at ∼13 GPa (and reversion to the � structure upon pres-
sure release) (e.g., Buchwald, 1975). In rare cases (e.g., Canyon
Diablo and ALH A77283), high shock pressure transformed graphite
into diamond (e.g., Clarke et al., 1981). For illustrative purposes, we
discuss shock-induced formation of mineral phases in iron mete-
orites from the IAB Complex, Group IIE, Group IIIE, IIIAB Haig, IVA
Social Circle, and the ungrouped irons Guin, Sombrerete, Tucson
and Willamette.

2.10.18. IAB Complex and winonaites
Wasson and Kallemeyn (2002) reevaluated analytical data on

IAB and related iron meteorites and defined a IAB Complex in
which these meteorites occupy six distinct clusters on element-
Au diagrams. In contrast to magmatic iron-meteorite groups (i.e.,
IIAB, IIIAB, IVA) that formed by fractional crystallization in slowly
cooling, well mixed magmas, the IAB Complex is designated non-
magmatic; these samples likely formed from impact-generated
melts of chondritic material (e.g., Wasson et al., 1980; Choi et al.,
1995; Wasson and Kallemeyn, 2002). Nevertheless, this view is not
universally accepted (cf. Kelly and Larimer, 1977; Kracher, 1982,
1985; McCoy et al., 1993).

Most silicate inclusions in IAB irons have basic chondritic min-
eralogy and bulk chemical composition (e.g., Ruzicka, 2014). The
major mineral phases are olivine, low-Ca pyroxene, plagioclase,

Ca-pyroxene, troilite, graphite, phosphates, metallic Fe-Ni; minor
phases include daubréelite and chromite (Mittlefehldt et al., 1998).
These phases were probably inherited from chondritic precursors;
they probably either crystallized from the shock melt (along with
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he surrounding metallic Fe-Ni) or underwent extensive metamor-
hic recrystallization.

Some of the sulfide nodules in IAB irons contain graphite. It
s likely that both the graphite and troilite crystallized from the
esidual S- and C-rich shock melt.

Winonaites are stony meteorites that were probably derived
rom the same parent body as the IAB irons – their silicates have
imilar mineralogy and near-identical bulk O-isotopic composi-
ions (McCoy et al., 1993; Yugami et al., 1997; Benedix et al., 1998;
layton and Mayeda, 1996). Whatever process produced the IAB
ilicate inclusions (presumed here to be shock related), also pro-
uced the winonaites. Most workers (e.g., Bild, 1977; Bevan and
rady, 1988; Benedix et al., 1998; Benedix et al., 2000; Choi et al.,
995) have concluded that both sets of objects were derived from
he same parent body. In fact, winonaites might be large IAB silicate
nclusions dislodged from their metallic hosts – Winona (24 kg) was
ecovered from the same Arizona county as IAB Canyon Diablo (30
T); the winonaite Mount Morris (Wisconsin) (676 g) was  recov-

red from the same Wisconsin county as IAB Pine River (3.6 kg)
Grady, 2000).

Some workers have considered winonaites and IAB silicate
nclusions to be “primitive achondrites.” However, several features
f winonaites suggest that, instead of having formed in a partially
ifferentiated asteroid, these rocks formed by incomplete impact
elting. Such features include (1) chondritic proportions of metal-

ic Fe-Ni, sulfide and silicate (Table 3 of Benedix et al., 1998), (2)
he chondritic bulk compositions of many samples (Hidaka et al.,
012; Hunt et al., 2012), (3) a component containing planetary-
ype rare gases (e.g., Benedix et al., 1998), (4) several winonaites
Pontlyfni; Mount Morris (Wisconsin); NWA  1463; Y 74063) con-
aining relict chondrules (Benedix et al., 1998, 2003; Patzer et al.,
004; Yanai and Kojima, 1991) and (5) the preservation of relict
hock features including metallic Cu, chromite veinlets, chromite-
lagioclase assemblages, and curvilinear metal veins. The variable
r-Ar and Hf-W ages of winonaites (Vogel and Renne, 2008; Schultz
t al., 2010) seem most consistent with discrete impact-heating
vents. IAB silicate inclusions also have chondritic mineralogy,
hondritic bulk compositions and contain planetary-type rare gases
e.g., Bunch et al., 1970; Bild, 1977; Choi et al., 1995).

It is difficult to reconcile the thermal histories of winonaites
nd IAB irons with an internal heating model as favored by many
orkers (e.g., Kracher, 1985; Benedix et al., 2000; Takeda et al.,

000). For example, Benedix et al. (1998) invoked “extensive heat-
ng” that caused metamorphism and partial melting, followed
y “impact brecciation during cooling,” followed by a second
pisode of “metamorphism (that) produced recrystallization, grain
rowth, and reduction of mafic silicates.” However, this hypothesis
eems untenable because models invoking the decay of short-lived
adionuclides cannot readily accommodate two separate episodes
f heating. Prolonged heating would also be expected to drive off
lanetary gases.

A couple of IAB irons (Caddo County and Ocotillo) have non-
hondritic (basaltic and troctolitic) silicate inclusions. The origin of
hese chemically evolved inclusions is unclear, but it seems plau-
ible that they were produced from larger scale impact-generated
agmas.

.10.19. IIE
Although Netschaëvo contains recrystallized chondrule-bearing

hondritic inclusions (e.g., Olsen and Jarosewich, 1971), many
IE silicate inclusions are not chondritic in composition; they
re enriched in plagiophile elements (Si, Al, Na, K) (e.g., Bunch

nd Olsen, 1968; Olsen and Jarosewich, 1970). Although there
re numerous phases that occur in one or more inclusions
orthopyroxene, clinopyroxene, olivine, albite with K-feldspar
xsolution lamellae (antiperthite), sanidine (KAlSi3O8), yagiite
Erde 77 (2017) 325–385 361

– (K,Na)2(Mg,Al)5(Si,Al)12O30, silico-feldspathic glass, tridymite,
phosphate), plagioclase and feldspathic glass are dominant in many
of the inclusions (Mittlefehldt et al., 1998).

The inclusions appear to have been shock melted (Bunch et al.,
1970; Scott and Wasson, 1976). Many inclusions are globular,
consistent with their shapes having been molded by surface ten-
sion. Plagioclase has a low impedance to shock compression and
is readily compressible (Schaal et al., 1979); during shock heat-
ing, plagioclase is preferentially melted relative to mafic silicates.
Ruzicka et al. (1999) identified glass-rich inclusions in IIE Weekeroo
Station that formed by remelting pre-existing plagioclase and
orthopyroxene, presumably as the result of collisions. As pointed
out by Rubin et al. (1986), IIE inclusions have similar bulk com-
positions to melt- pocket glasses in ordinary chondrites that were
impact melted in situ (Dodd and Jarosewich, 1979, 1982). It thus
seems likely that the alkali-rich IIE silicate inclusions also formed
by the preferential shock melting of pre-existing broadly chondritic
inclusions such as those present in some IAB irons. In addition to
the shock-melting of silicates, the opaque phases were affected by
impact heating. For example, Bevan et al. (1979) described metal-
phosphide globules with dendritic textures in Verkhne Dnieprovsk.

2.10.20. IIIE
A comprehensive study of impact effects in Group IIIE irons was

completed by Breen et al. (2016). Members of this C-rich magmatic
group can be ordered into four categories based on their degree
of shock. Then weakly shocked samples in Category 1 (Armanty,
Colonia Obrera, Coopertown, Porto Alegre, Rhine Villa, Staunton,
Tanokami Mountain) contain haxonite within plessite, unrecrys-
tallized low-Ni metallic Fe (kamacite) grains with Neumann bands
or possessing the � structure, and sulfide inclusions consisting of
polycrystalline troilite with daubréelite exsolution lamellae. Min-
eral transformations begin in the sole moderately shocked Category
2 sample (NWA 4704) wherein the haxonite is partially decom-
posed to graphite and the sulfide inclusions are partly melted. In
the strongly shocked samples of Category 3 (Cachiyuyal, Kokstad,
Paloduro) haxonite has fully decomposed to graphite, troilite has
melted and quenched and the low-Ni metallic Fe has been exten-
sively recrystallized. In the severely shocked samples of Category
4 (Aliskerovo, Willow Creek), haxonite has fully decomposed to
graphite. These meteorites contain sulfide assemblages that have
been crushed; the troilite within these assemblages has largely
vaporized, residual troilite has crystallized as spidery filaments
(e.g., Fig. 13), and low-Ni, high-Co taenite grains crystallized from
the melt and transformed into low-Ni metallic Fe at sub-solvus tem-
peratures. Breen et al. invoked one or more major collisions as being
responsible for these effects.

2.10.21. Haig (IIIAB)
Haig, a member of the magmatic IIIAB group, has a spectac-

ular regmaglypt pattern (Plate 10 of McCall, 1973). Bevan et al.
(1981) reported a small troilite- daubréelite-cohenite nodule that
was sheared by an impact in Haig. Finely dendritic globular masses
consisting of troilite, metallic Fe-Ni, daubréelite and cohenite asso-
ciated with the nodule formed by impact melting and very rapid
quenching.

2.10.22. Social Circle (IVA)
As discussed in Isa et al. (2016), a late-stage shock event caused

wide-spread heating of Social Circle, recrystallizing the low-Ni
metallic Fe (kamacite), partially obliterating previously formed
Neumann lines, partly decomposing taenite and plessite fields, and

forming troilite-metal eutectic shock melts. These workers sug-
gested that impact melting of the sulfide assemblages (possibly
involving Mn-bearing daubréelite, FeCr2S4) could have increased
the Mn  concentration in portions of the S-rich melts, leading to
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Fig. 13. Sulfide-rich inclusion in the severely shocked Aliskerovo IIIE iron. The
inclusion consists of euhedral, subhedral and fragmental grains of daubréelite
(black), semi-equant grains of low-Ni metallic Fe (medium gray), rare tiny grains
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f  tetrataenite (white specks) and spidery, filamentary troilite (dark gray), partially
urrounded by schreibersite (light gray). The metallic host is composed mainly of
ow-Ni metallic Fe (kamacite). BSE image.

rystallization of the rare (and newly described) phase joegold-
teinite (MnCr2S4). The shock event that affected Social Circle
s unrelated to the major impact-melting event inferred to have
ormed the IVA magma  initially from pre-existing L-LL- chondritic

aterials (Wasson et al., 2006).

.10.23. Guin
Rubin et al. (1986) described the Guin ungrouped iron as a

oarse octahedrite containing an unusually high bulk Ni content
92.5 mg/g). The meteorite contains ∼6 vol.% silicate inclusions
etrologically and compositionally similar to those in many IIE

rons. The largest inclusion (2 × 4 cm)  is an ovoid mass consisting
ainly of a shock-melted-and-quenched fine-grained plagioclase
atrix surrounding coarse partly melted augite grains. The bulk

hemical composition of this inclusion is similar to that of some
elt pocket glasses in OC (Dodd and Jarosewich, 1982) that were

roduced by the in situ preferential shock-melting of plagioclase.
hock veins within the inclusion consist of fine-grained-to-glassy
ilicate mesostasis containing small blebs of troilite.

.10.24. Sombrerete
This ungrouped iron (Malvin et al., 1984) contains ∼7 vol.% sili-

ate inclusions similar to those in the Weekeroo Station and Miles
IE irons (Prinz et al., 1982). The Sombrerete inclusions consist
rimarily of sodic-plagioclase glass containing acicular chlorap-
tite and orthopyroxene; also present are accessory kaersutite,
ridymite, chromite, ilmenite and rutile. These phases formed by
mpact melting and quenching a pre-existing silicate-rich assem-
lage.

.10.25. Tucson
The metal phase of this ungrouped iron is very reduced; it con-
ains 0.8 wt.% Si (Nehru et al., 1982a; Nehru et al., 1982b). Troilite,
aubréelite, chromite, graphite and carbides appear to be absent.
he meteorite contains ∼8 vol.% millimeter- and submillimeter-
ize elongated silicate inclusions arrayed in curvy subparallel
Erde 77 (2017) 325–385

rows (Buchwald, 1975); the inclusions consist of major forsterite
and enstatite, minor Al-rich diopside and calcic plagioclase (or
plagioclase-composition glass) and accessory spinel and brezinaite
(Cr3S4). They appear to have formed by impact melting and quench-
ing of pre-existing silicate inclusions and impact-induced shearing
of the host. The presence of brezinaite rather than troilite was
ascribed by Buchwald (1975) to the relatively high concentration of
Cr in solid solution in the metal. Nehru et al. suggested that the sil-
icate was derived from the projectile, but survival of such material
after a major impact is unlikely; it is more plausible that all these
phases were derived from the target.

2.10.26. Willamette
Although Willamette was  previously designated IIIAB (Scott

et al., 1973), new data show it is compositionally anomalous and
should be considered an ungrouped iron (Rubin et al., 2015b).
Shock effects in Willamette were described by Rubin et al. (2015b).
Willamette contains elongated troilite nodules that were crushed
and penetrated by wedges of crushed metal during a collisional
event. The troilite nodules formed during initial crystallization
of the iron core magma  from trapped melt. A major impact
caused melting of metal-sulfide assemblages to form lobate taenite
masses. Ensuing mechanical damage included impact crushing of
the nodules, the jamming of metal wedges into the nodules, and the
crushing of metal grains adjacent to sulfide throughout the mete-
orite. This was  followed by post-shock annealing and late-stage
shock production of Neumann bands in low-Ni metallic Fe.

2.10.27. Lunar meteorites
Shock effects in lunar meteorites were reviewed by Bischoff

and Stöffler (1992) . Phases formed by shock processes include
chondrule-like glassy-to- microcrystalline spherules, agglutinate
glasses, irregularly shaped glassy clumps, maskelynite formed at
high shock pressure from crystalline plagioclase (probably during
launch off the Moon; Rubin, 2015d), and polysynthetically twinned
low-Ca clinopyroxene formed from orthopyroxene.

As discussed by Taylor et al. (1991), lunar crystalline melt brec-
cias formed as impact melts that acquired cold clastic debris (older
igneously formed mineral grains and rocks) and cooled quickly.
During cooling, fine-grained minerals (mainly plagioclase and Ca-
pyroxene) crystallized to form the groundmass. Minor phases
include low-Ca pyroxene, olivine, silica, ilmenite, spinel, ulvöspinel
(Fe2TiO4), metallic Fe-Ni, troilite, phosphate and glass. Clast-poor
melt breccias crystallized from impact-generated silicate liquids
that had been heated above the liquidus (∼1200–1300 ◦C) (Taylor
et al., 1991). The major minerals in these breccias that crystal-
lized from the shock melt are plagioclase and Ca- pyroxene; minor
phases include low-Ca pyroxene, olivine, silica, ilmenite, spinel,
ulvöspinel, metallic Fe-Ni, troilite, phosphate and glass; accessory
phases include schreibersite, armalcolite ((Mg,Fe) Ti2O5), tran-
quillitite (Fe +2

8Ti3Zr2Si3O24), K-Ba feldspar and akaganéite. The
occurrence of these phases in Apollo samples suggests that they
are also probably present in lunar meteorites.

2.10.28. Martian meteorites
Shock effects in martian meteorites are confined largely to sher-

gottites (as reviewed by Stöffler et al., 1986; Bischoff and Stöffler,
1992; and McSween and Treiman, 1998). The principal phase pro-
duced by shock metamorphism is maskelynite, generated during
launch off Mars (e.g., Rubin, 2015d). Rubin found that ∼93% of
martian basaltic meteorites contain maskelynite; among the five
individual shergottites in his compilation that lacked maskelynite,

four of them instead have vesicular plagioclase glass, produced at
shock pressures higher than that required to form maskelynite (i.e.,
>45 GPa; Stöffler et al., 1986). The fifth maskelynite-free shergot-
tite in Rubin’s compilation is NWA  7034 and its paired specimens,
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ubbed “Black Beauty” by collectors. This rock is a monomict brec-
iated porphyritic basalt, probably a volcanic breccia that contains
rystalline plagioclase (Agee et al., 2013). Rubin (2015d) sug-
ested that this sample experienced relatively low shock pressure
<29 GPa) during launch off Mars, perhaps as the result of a rare
blique impact. [Shock pressures decrease with decreasing impact
ngle (e.g., Pierazzo and Melosh, 2000).]

Shock melts in EET A79001 consist of vesicular glass contain-
ng relict grains as well as skeletal olivine and pyroxene grains that
rystallized from the melt (McSween and Treiman, 1998). Some
herzolitic shergottites (e.g., ALH A77005) contain melt pockets
onsisting of impact- produced glass with small skeletal olivine
rystals and dendritic or clustered chromite grains (McSween and
reiman, 1998).

Basu Sarbadhikari et al. (2016) described P-rich recrystallization
ims on olivine grains in the Tissint shergottite that formed during
mpact melting and deformation of host materials.

High-pressure minerals identified in Tissint include ahrensite
the high-pressure polymorph of ferroan olivine; Ma et al., 2016c;
ig. 14), ringwoodite (the high-pressure polymorph of magne-
ian olivine), bridgmanite (MgSiO3-perovskite) (Fig. 14), wüstite

 FeO, tissintite – (Ca,Na,�) AlSi2O6, and xieite – FeCr2O4 (Ma
t al., 2015b; Ma  et al., 2016c). Tissintite is a new shock-induced
linopyroxene with a plagioclase composition (Fig. 15); it is the
ost vacancy-rich pyroxene known (Ma  et al., 2015b). Three high-

ressure polymorphs of silica are present in many shergottites:
tishovite (tetragonal), seifertite (orthorhombic) and an unnamed
onoclinic phase with the �-ZrO2-type structure (El Goresy et al.,

013). Ringwoodite (the high-pressure polymorph of magnesian
livine) occurs in Dar al Gani 670. Zagami contains black shock veins
ith a high-pressure assemblage consisting of omphacite, a new

Na,Ca)- hexaluminosilicate phase (Beck et al., 2004), stishovite and
iebermannite (KAlSi3O8- hollandite) surrounded by silicate glass
Langenhorst and Poirier, 2000; Ma  et al., 2015c). Steele and Smith
1982) tentatively identified ringwoodite and majorite (the high-
ressure polymorph of orthopyroxene) inside shock veins in EET
79001.

.11. Condensation within impact plumes

The Bencubbin-like carbonaceous chondrites (CB chondrites)
ave been divided into two groups: CBa chondrites such as Ben-
ubbin, Gujba and Weatherford contain 40–60 vol.% metal and
ave barred olivine (BO) and cryptocrystalline (C) chondrule-like
pherules and large metallic-Fe-Ni-rich globules (and deformed
lobules); CBb chondrites such as Hammadah al Hamra 237 and
UE 94411 contain ∼70 vol.% metal, smaller BO and C chondrules
nd a few CAIs (Weisberg et al., 1990; Krot et al., 2002).

Rubin et al. (2003) found that the large metal globules in Gujba
xhibit metal- troilite quench textures and vary in their modal
bundances of troilite and concentrations of volatile siderophile
lements. Campbell et al. (2002) analyzed metal nodules in
ujba, Bencubbin and Weatherford and found that the less-

efractory siderophile elements were fractionated from refractory
iderophiles. Rubin et al. (2003) modeled the metal globules as hav-
ng formed as liquid droplets either via condensation in an impact-
enerated vapor plume on an asteroid or by evaporation of pre-
xisting metal particles in such a plume. They also suggested that
he large silicate chondrule-like objects formed in the plume at
igh temperatures, leading to a significant loss in volatile elements.
ampbell et al. (2002) proposed that a large impact event involv-

ng a metal-rich body generated a high-density metal-enriched gas

rom which the CB metal nodules condensed.

Krot et al. (2005) reported 207Pb- 206Pb ages of the chondrule-
ike objects in Gujba and Hammadah al Hamra 237; all the

easured objects have the same, relatively young age of ∼4563
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Ma,  inconsistent with formation in the solar nebula. They pointed
out that these ages are similar to those of the 182Hf–182W ages of
the fractionation between metal and silicates recorded by metal
condensates in CBa and CBb chondrites (Kleine et al., 2005). How-
ever, Weisberg and Kimura (2010) cautioned that CB chondrites
may  have been shocked to ∼19 GPa and experienced shock tem-
peratures of ∼2000 ◦C; this may  have reset the chondrule ages due
to Pb loss.

Krot et al. (2005) concluded that the chondrule-like objects
and the metallic Fe-Ni grains in CB meteorites formed in a vapor-
melt plume created by a giant impact event involving planetary
embryos. Similar scenarios were offered by Kallemeyn et al. (1978),
Campbell et al. (2002) and Rubin et al. (2003). If these scenarios are
correct, then the principal minerals in these rocks – low-Ni metallic
Fe, troilite, olivine, low-Ca pyroxene – formed by condensation in
a vapor plume.

2.12. Crystallization from melts in differentiated or partially
differentiated bodies

The minerals in asteroidal achondrites (HED samples, angrites,
aubrites), magmatic iron meteorites, most martian meteorites and
large portions of lunar meteorites crystallized from magmas inside
differentiated bodies. Many workers maintain that acapulcoites,
lodranites, brachinites and ureilites formed in partially differen-
tiated bodies and should not be considered shock products (cf.
Section 2.10).

2.12.1. Eucrites
Eucrites typically contain major orthopyroxene or pigeonite and

calcic plagioclase and minor to accessory silica, chromite, phos-
phate, ilmenite, low-Ni metallic Fe and troilite. Olivine is rare. Most
eucrites are monomict breccias; most of the clasts that compose
them have ophitic, subophitic, variolitic or intersertal textures, con-
sistent with igneous crystallization. Plagioclase crystals tend to be
normally zoned wit  calcic cores and more sodic rims. Pyroxene
exhibits a variety of compositions and textures. Temperatures of
the parent basaltic melt probably exceeded 1100 ◦C (Stolper, 1977).

When eucrites are plotted on a diagram of bulk Ti vs. bulk
Mg/(Mg + Fe) ratio (e.g., Fig. 1.2.8.7 of BVSP, 1981; Fig. 1 of Warren
and Jerde, 1987), two compositional trends are evident – the Neuvo
Laredo Trend (rocks such as Nuevo Laredo and Lakangaon that
underwent fractional crystallization, most likely as partial cumu-
lates) and the Stannern Trend (rocks such as Stannern and Bouvante
that formed by partial melting) (Warren and Jerde, 1987). The
main-group eucrites probably belong to the Neuvo Laredo Trend.
Cumulate eucrites are coarse-grained gabbros; their crystals grew
slowly and settled to the bottom of a magma  chamber on the eucrite
parent body. They do not plot along the trends of the non- cumulate
eucrites.

2.12.2. Diogenites
The diogenites are coarse-grained rocks consisting mainly of

orthopyroxene; minor phases include olivine, chromite, Ca- pyrox-
ene, plagioclase, silica, low-Ni metallic Fe and troilite. Phosphates
are rare. Most diogenites are monomict breccias; some appear
unbrecciated. These rocks crystallized from a Ca-poor, pyroxene-
normative melt, leading to a more- feldspathic (more-basaltic)
residual liquid that gave rise to the eucrites.

2.12.3. Howardites
Howardites are polymict breccias that are mechanical mixtures

mainly of eucritic (cumulate and non-cumulate) and diogenitic

materials (e.g., Duke and Silver, 1967). The minerals in the
howardites formed in the same way as those in eucrites and diogen-
ites. In addition to these components, some diogenites contain melt
rocks and glass particles formed by impact-melting of eucritic and
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ig. 14. Ahrensite (�-Fe2SiO4), bridgmanite (MgSiO3-perovskite) and wüstite next 

iogenitic precursors. Although some howardites contain carbona-
eous chondrite clasts (Zolensky et al., 1996), these are fragments
f projectiles that impacted the surface of the HED parent body at
ow relative velocity.

.12.4. Angrites
Mittlefehldt et al. (1998) described the prototypical angrite,

ngra dos Reis, as a medium-to-coarse grained igneous rock com-
osed mainly of Al-Ti-diopside with minor olivine, spinel and
roilite and accessory magnesian kirschsteinite, celsian. merrillite,
itanomagnetite, baddeleyite and metallic Fe-Ni. Other angrites
ave hypidiomorphic-granular or porphyritic textures and, in addi-
ion to the phases in Angra dos Reis, some contain plagioclase,
ercynite – (Fe,Mg)Al2O4, ulvöspinel, Ca phosphate and silico-
hosphate (Mittlefehldt et al., 1998, 2002; Keil, 2012).

The angrites are basically basaltic in bulk composition and it
s clear that they formed as igneous rocks. LEW 86010 formed by
artial melting of a carbonaceous-chondrite-like precursor at an
xygen fugacity of about 1 log unit above the iron-wüstite buffer
Jurewicz et al., 1993). Asuka 881371 and LEW 87051 could be
ither contaminated partial melts (Mittlefehldt and Lindstrom,
990) or impact melts of pre-existing igneous rocks (Jurewicz
t al., 1993). Angra dos Reis could have formed as a cumulate
ith substantial trapped melt (Jones, 1982). The magmas from
hich D’Orbigny and Sahara 99555 crystallized could have been

ontaminated with batches of more-primitive melt (Mittlefehldt
t al., 2002).
.12.5. Aubrites
The aubrites (enstatite achondrites) are highly reduced igneous

ocks related to the enstatite chondrites. They are composed prin-
ock melt pocket from the Tissint martian meteorite (Ma  et al., 2016c). BSE image.

cipally of enstatite with minor-to-accessory forsterite, diopside,
albite, Si-bearing low-Ni metallic Fe, troilite and schreibersite,
with trace amounts of sulfide (oldhamite, alabandite, niningerite,
daubréelite, caswellsilverite, heideite – (Fe,Cr) 1+x(Ti,Fe)2S4, djer-
fisherite, brezinaite – Cr3S4), perryite, osbornite – TiN, graphite,
roedderite – (K,Na) 2Mg5Si12O30, metallic Cu, perovskite and
geikielite – MgTiO3 (Hutchison, 2004; Keil, 2010).

Most of the clasts in Norton County are plutonic orthopy-
roxenites; also present are dunites, plutonic pyroxenites and
plagioclase-silica rocks (Okada et al., 1988). Keil (2010) modeled
the aubrites as having formed from enstatite-chondrite-like mate-
rial by melting and crystallization, possibly from a magma ocean.
Separation of a metal-sulfide melt from the silicate melt would
account for the low modal abundances of metallic Fe-Ni (averag-
ing ∼0.2 vol.%) and sulfide (averaging ∼0.5 vol.%) in the aubrites.
The negative Eu anomalies of most aubrites (Keil, 2010) may  reflect
separation and loss of oldhamite grains with positive Eu anomalies
(Rubin, 2015b).

The unusual unbrecciated Shallowater and Mount Egerton
aubrites were modeled by Rubin (2015a), not as primary igneous
rocks, but as impact-melt rocks derived from large cratering events
on the same porous enstatite-chondrite-like asteroid.

2.12.6. Magmatic iron meteorites
The magmatic iron meteorite groups IC, IIAB, IIC, IID, IIF,

IIIAB, IIIE, IIIF, IVA and IVB formed by fractional crystallization in
the molten metallic cores of differentiated asteroids. Each group

formed within a different asteroid inside cores of different bulk
chemical and isotopic compositions.

During initial cooling, taenite (fcc – face-centered cubic �-iron)
crystallized from the melt in these cores at high temperatures.
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Fig. 15. Tissintite, (Ca,Na,�)AlSi2O6, formed from maskelynite in a me

ventually the two-phase field was reached and low-Ni metallic Fe
kamacite, bcc – body-centered cubic �-iron) nucleated and began
o crystallize (Section 2.14).

The sulfide nodules within several magmatic groups probably
ormed from trapped S-rich liquid. As discussed by Olsen et al.
1999), non-siderophile trace elements (e.g., O, Na, K, Ca, Mg,  Mn,
b) in the crystallizing metallic core of the parent asteroid were
oncentrated in the late-stage residual S-rich liquids. As the partial
ressure of O increased, P and Fe from the metal host was oxidized
nd phosphate precipitated from the residual S-rich melt. The prin-
ipal phosphate phase that crystallized directly from the residual
iquid in many of the IIIAB irons was sarcopside. In IIIAB Cape York
Figs. 189 and 511 of Buchwald, 1975), there are five distinct phos-
hates including buchwaldite, maricite and three incompletely
haracterized phases – phase I – Na4Ca3Fe(PO4) 4; phase III – Na4
Mn,Fe)(PO4)2; and phase IV – Na4CaCr(PO4) 3.

.12.7. Mesosiderites
Mesosiderites are fragmental breccias composed of roughly

0 vol.% silicate clasts (mainly basalts, gabbros, orthopyroxen-
tes, dunites, quench-textured impact-melt rocks and breccias) and
oughly 50 vol.% metallic Fe-Ni. As discussed in Section 2.10 and
n Rubin and Mittlefehldt (1992), 76% of the silicate clasts (gab-
ros, polygenic basalts and quench-textured rocks) appear to have
ormed by impact-melting processes.

On the other hand, about 11% of the large silicate clasts are
onogenic basalts (Rubin and Mittlefehldt, 1992) that are nearly
ndistinguishable from eucrites in texture, mineralogy, mineral
hemistry and bulk composition. These rocks may  be fragments of
asalt flows on the mesosiderite parent body (MPB), their major
hases (pyroxene and plagioclase) having crystallized from the
et within the Tissint martian meteorite (Ma  et al., 2015b). BSE image.

cooling melt. They plot along the eucrites’ Neuvo Laredo Trend
and thus probably formed by fractional crystallization (Rubin and
Mittlefehldt, 1992).

Ultramafic rocks constitute 13% of the silicate clasts. There are
two varieties – (1) dunites (exemplified by 10-cm olivine crystals
in Mount Padbury; McCall, 1966) are igneous cumulates formed
either in the mantle of the MPB  or the projectile that brought metal
to the MPB  surface, and (2) orthopyroxenites which resemble dio-
genites and probably crystallized within the lower crust or mantle
of the MPB  (Rubin and Mittlefehldt, 1992).

The metallic Fe-Ni in the Type-1 mesosiderites (the rocks least
affected by later-stage impact melting) was likely derived from the
impacting metal-rich projectile (see Section 2.10). Hassanzadeh
et al. (1990) found that large metallic clasts from mesosiderites
have a narrow range of compositions (with near-chondritic
siderophile element ratios), suggesting that the impacting core was
≥95% molten. This is consistent with the electrical interconnected-
ness of the metal (indicating that it flowed through pre-existing
fractures; Powell, 1971). If this scenario is correct, the metal grains
in the mesosiderites should be considered shock products rather
than minerals formed by crystallization within a differentiated
body.

2.12.8. Pallasites
The main-group pallasites are mixtures of 65 ± 20 vol.% sili-

cate (mostly olivine with minor-to-accessory low-Ca pyroxene),
35 ± 20 vol.% metallic Fe-Ni, and 0.3–1.0 vol.% each of schreiber-

site, chromite, troilite and phosphate (mainly farringtonite –
Mg3(PO4)2, stanfieldite – Ca4(Mg,Fe) 5(PO4)6 and merrillite –
Ca9MgNa(PO4)7) (Ulff-Møller et al., 1998; Mittlefehldt et al., 1998).
These phases all crystallized deep within a differentiated aster-



3 ie der 

o
f
f
b
p
c
h
m
l
u
l

P
(
f
t
t
w
(

S
h
e
b
i

2

m
r
e
i
r
m
t
A
c
(
m
n
c
c
t

p
M
m
p
2
l
e

c
A
t
l
m
a
t
n
d
t
h
c
f

66 A.E. Rubin, C. Ma / Chem

id. Ulff-Møller et al. (1998) proposed that main-group pallasites
ormed by the following process: (1) Olivine grains crystallized
rom the molten silicate mantle at ∼1680 ◦C and settled to the
ottom, atop the molten metal core. At lower temperatures, rare
yroxene grains also crystallized and settled. (2) The metal core
rystallized from its center toward its edge. (3) After temperatures
ad cooled to ∼1480 ◦C, the late-stage, moderately low- viscosity,
etallic magma  invaded the silicate mantle, crystallized around

arge olivine-rich mantle fragments and penetrated some individ-
al olivine grains. Chromite and troilite probably crystallized very

ate from residual S-rich liquids.
A few pallasites contain phosphoran olivine (with ∼4–5 wt.%

2O5) (Buseck, 1977); Brenham olivines range up to 7.4 wt.% P2O5
Wasson et al., 1999). In the olivine crystal structure, P+5 substitutes
or Si+4 in the tetrahedral sites; charge balance is maintained by
he presence of some vacant octahedral sites. Dynamic crystalliza-
ion and isothermal experiments show that the phosphoran olivine
as likely produced as a metastable phase from a P- enriched melt

Boesenberg and Hewins, 2010).
Some olivine grains from pallasites are of gemstone quality (e.g.,

inkankas et al., 1992) and can be faceted to make jewelry; they
ave been labeled as peridot (Kunz, 1890) and chrysolite (Brown
t al., 1953). A few display chatoyancy (cat’s eye), apparently caused
y light reflected at right angles to subparallel, tube-like hollow

nclusions in the grains (Overlin, 2008).

.12.9. Lunar meteorites
The major types of primary rocks returned from the Moon are

are basalts and three varieties of pristine highland rocks – fer-
oan anorthosites, Mg-rich rocks and KREEP rocks (e.g., Taylor
t al., 1991). The latter samples are rich in incompatible elements
ncluding K, REE and P. Additional rock types identified among
eturned lunar samples are polymict breccias (formed by impact
ixing and melting of the primary rocks) and lunar soil (con-

aining fragments of primary rocks and impact-melted materials).
s discussed by Korotev (2005), lunar meteorites include unbrec-
iated basalts, olivine cumulates, and various types of breccias
basaltic, feldspathic, and mixed basaltic-feldspathic). One impact-

elt breccia (Sayh al Uhaymir 169) contains a KREEP compo-
ent. Also present among lunar meteorites are regolith breccias
ontaining glass spherules (produced by impacts or by pyro-
lastic processes), agglutinates, and fragments of common rock
ypes.

Lunar meteorites do not contain unmelted lunar soil sam-
les; there are few or no clasts of ferroan anorthosites and
g-  rich rocks. It appears that KREEP samples and mafic,
agnesium-suite rocks (which are abundant among Apollo sam-

les) formed only in restricted locales on the Moon (Korotev,
005). Because lunar meteorites were derived from the entire

unar globe, the rarity of geographically limited samples is to be
xpected.

The principal minerals in lunar meteorites are anorthitic plagio-
lase, pyroxene, olivine and minor ilmenite (e.g., Frondel, 1975).
lso abundant is impact- generated glass derived from melting

he principal mineral phases. Mare basalts formed from cooling
ava flows; their constituent mineral phases crystallized from the

elt. The feldspathic lunar meteorite breccias have clasts of noritic
northosites, troctolitic anorthosites, anorthitic norites and anor-
hitic troctolites (Korotev, 2005); their label is a function of their
ormative mineral abundances. These rock fragments are likely
erived from the lunar highlands; their constituent phases crys-

allized from the melt during cooling of the anorthositic crust. The
igh plagioclase contents of these rocks suggest that the rocks are
umulates, wherein newly formed plagioclase crystals separated
rom the residual melt.
Erde 77 (2017) 325–385

2.12.10. Martian meteorites
Martian meteorites are all igneous rocks; the principal types

include nakhlites (olivine clinopyroxenites), chassignites (dunites),
the ALH 84001 orthopyroxenite, and basaltic shergottites and
related rocks (including those classified as lherzolites, basaltic brec-
cias, gabbros, microgabbros, diabases, olivine-phyric shergottites,
and augite basalt).

As discussed by Treiman (2005), nakhlites are igneous augite-
rich cumulate rocks formed in thick lava flows or shallow intru-
sions, plausibly near the large volcanoes in the Tharsis, Elysium
or Syrtis Major regions. Augite and olivine crystallized from the
magma  and settled to the bottom of the magma  chamber. Later-
stage igneous processes included crystallization of the residual
magma, flow of the melt relative to the crystals, and elemental dif-
fusion and chemical reactions among the minerals and the magma.

Chassignites are igneous olivine-chromite cumulate rocks.
Major olivine and minor pyroxene crystals formed within a magma,
in some cases enveloping previously crystallized chromite grains.
The crystals settled to the bottom of the magma  chamber and con-
tinued to grow; grains impinged on one another, squeezing out
most of the intercumulus liquid (Hutchison, 2004). The last phases
to crystallize were alkali feldspars – plagioclase (ranging from albite
to andesine) and K-feldspar.

A simplified petrogenetic history of the ALH 84001 orthopyrox-
enite would include the rock’s formation within a magma chamber
in which orthopyroxene and euhedral chromite grains crystallized
and settled.

The major original phases in the basaltic shergottites were
pyroxene, plagioclase and, in some cases, olivine. (Plagioclase was
later transformed into maskelynite during launch off Mars.) The
major phase in the lherzolitic shergottites is olivine, accompanied
by minor Ca-poor pyroxene. Minerals in the basaltic shergottites
crystallized within lava flows; the lherzolitic shergottites formed
as olivine cumulates at the base of a magma chamber. In each
case, minor phases crystallized from the residual melt: titanomag-
netite, ilmenite, ulvöspinel, magnetite, chromite and hercynite in
the basaltic shergottites; pyroxene, plagioclase and chromite in the
lherzolitic shergottites.

2.12.11. Acapulcoites and lodranites
Many workers consider acapulcoites and lodranites to be “prim-

itive achondrites” and have modeled them as having formed by
different degrees of partial melting of primary chondritic rocks (e.g.,
Palme et al., 1981; Nagahara, 1992; Zipfel et al., 1995; McCoy et al.,
1996, 1997; Mittlefehldt et al., 1996; Patzer et al., 2004). If these
models are correct, then the phases in acapulcoites and lodran-
ites that are not chondritic relicts would have crystallized from the
endogenic melt; this would include some of the olivine, pyroxene,
plagioclase, metal and sulfide grains.

The alternative view of the origin of these meteorites is that they
are impact melt products, as discussed in Section 2.10.

2.12.12. Ureilites
Ureilites are C-rich ultramafic rocks whose origins remain

poorly understood. In Section 2.10, we  present the arguments of
Rubin (1988, 2006) who suggested that the major phases in ureilites
crystallized from shock-generated melts. However, some work-
ers have considered ureilites to be “primitive achondrites.” Among
the more-popular alternative models are those that have ureilites
forming as: (1) partial melt residues that were infused with carbon
(e.g., Boynton et al., 1976; Wasson et al., 1976), (2) intrusive igneous

cumulates formed from C-rich magmas (e.g., Berkley et al., 1976,
1980; Berkley and Jones, 1982; Berkley, 1986; Goodrich et al., 1987)
and (3) paracumulates derived from disrupted partially molten
asteroids (Warren and Kallemeyn, 1988).
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The shortcomings of these models were discussed by Rubin
1988). Nevertheless, if any of them are correct, then the principal
rimary phases in ureilites (olivine, pyroxene, graphite, metallic Fe-
i, sulfide) and, perhaps, the minor to accessory phases in related

ocks (e.g., plagioclase and chlorapatite; e.g., Goodrich et al., 2006)
rystallized from endogenic melts on the parent asteroid(s).

.12.13. Brachinites
As discussed by Mittlefehldt et al. (1998), brachinites are dunitic

ehrlites, consisting dominantly (roughly 80–95%) of olivine with
inor augite, chromite, sulfide, phosphate, metallic Fe-Ni, and, in

ome cases, plagioclase and orthopyroxene. They have been labeled
primitive achondrites” by Nehru et al. (1983, 1992, 1996) and
onsidered to be either highly metamorphosed chondritic rocks or
hondrites that have undergone very low degrees of partial melt-
ng. If these scenarios are correct, then the constituent minerals of
rachinites are mainly chondritic relicts. Keil (2014) modeled them
s partial melt residues from an FeO-rich asteroid. Alternatively,
arren and Kallemeyn (1989) compared their textures to those of

reilites and modeled the brachinites as cumulates. If that model
s correct, then the minerals in brachinites formed igneously; some
hases accumulated at the bottom of a magma  chamber, others
rystallized from the residual liquid.

.13. Condensation from late-stage vapors in differentiated
odies

Tabular grains of tridymite, up to ∼1 cm in maximum dimension
nd containing very low concentrations of Al and Ti, occur in the IVA
rons Gibeon (e.g., Berwerth, 1902; Schaudy et al., 1972; Ulff-Møller
t al., 1995) and Bishop Canyon (Scott et al., 1996). Wasson et al.
2006) suggested that these tridymite occurrences formed by late-
tage condensation from a cooling SiO-rich vapor within fissures in
olid metal in the IVA core. The SiO(g) itself may  have formed by
eduction of SiO2 or FeSiO3 from the asteroid mantle; the reducing
gent could have been C dissolved in the metallic magma. Alterna-
ively, SiO(g) could have formed by oxidation of minute amounts
f Si dissolved in the metallic melt; the oxidizing agent could have
een O dissolved in the melt or CO, CO2 or H2O vapors derived from
he mantle (Ulff-Møller et al., 1995). The fissures containing the
ridymite platelets may  have been thinner initially, but widened
fter the cooling metal contracted. The platelet morphology may
hen have arisen as tridymite minimized its surface energy (Wasson
t al., 2006).

.14. Exsolution, inversion and subsolidus redox effects within
ooling igneous materials

Minerals in all the igneous meteorites cooled from high tem-
eratures to below the solidus and were subject to exsolution. In
ome cases, particularly, in pyroxene, cooling causes the inversion
f a high-temperature crystal structure to a low-temperature struc-
ure; this inversion is commonly attended by exsolution.

.14.1. Eucrites
Basaltic eucrites originally contained pigeonite, which, upon

ooling below the solidus, exsolved lamellae of augite. In cumulate
ucrites, primary pigeonite also underwent subsolidus exsolution
f augite; in some rocks, the pigeonite inverted to orthopy-
oxene and subsequently exsolved augite. Studies illustrating
ore-complicated exsolution in eucritic pyroxenes are discussed

y Mittlefehldt et al. (1998).
.14.2. Diogenites
Diogenites contain minor-to-accessory amounts of diopside

0–2 vol.%) mainly as ∼3-�m-thick exsolution lamellae within
Erde 77 (2017) 325–385 367

orthopyroxene or low-Ca pigeonite. Mori and Takeda (1981) iden-
tified much thinner augite exsolution lamellae in Ibbenbüren
(0.077 �m)  and Johnstown (0.006 �m).

2.14.3. Angrites
Millimeter-size olivine grains in the LEW 86010 angrite contain

kirschsteinite exsolution lamellae up to 20 �m thick (e.g., Delaney
and Sutton, 1988; Goodrich, 1988; McKay et al., 1988; Mikouchi
et al., 1995).

2.14.4. Aubrites
Diopside in aubrites is present as primary grains that crystal-

lized from the melt as well as exsolution lamellae within enstatite
(Reid and Cohen, 1967; Watters and Prinz, 1979; Okada et al., 1988).
Schreibersite exsolved from metallic Fe-Ni during cooling when the
P concentration within the metal became oversaturated.

2.14.5. Magmatic irons
After taenite crystallized in the cores of the differentiated aster-

oids that produced the magmatic irons, the cores continued to cool
until the two-phase Fe-Ni field was reached; the temperature of
this boundary (between 800◦ and 500 ◦C) depends upon the bulk
Ni content of the taenite. Low-Ni metallic Fe nucleated and began
to crystallize along the {111} planes of the taenite. Upon further
cooling, both low-Ni metallic Fe and taenite grains grew richer in
Ni as the low-Ni metallic Fe formed at the expense of taenite (see
Figs. IV-2 and IV-4 of Wasson, 1985). The intergrowth of low-Ni
metallic Fe lamellae and Ni-rich lamellae forms the Widmanstät-
ten pattern in most iron meteorites; because the low-Ni metallic Fe
lamellae are oriented along the planes of an octahedron, the mete-
orites with this pattern are known as octahedrites. [The general
thermal history may  actually be more complicated than this. Yang
et al. (1997a,b) suggested that taenite undergoes decomposition
<400 ◦C, producing tetrataenite, martensite and awaruite.]

In many irons, schreibersite (in many cases occurring in the pris-
matic form of rhabdite) exsolved from the cooling taenite when the
face-centered-cubic crystal structure could no longer accommo-
date appreciable amounts of P. In IIIE irons, the carbide haxonite
exsolved from taenite as C became oversaturated; in some mem-
bers of groups IIAB and IIIAB, cohenite formed in a similar fashion.
Cliftonite is a form of graphite that displays a cubic morphol-
ogy; it exsolved from the metallic Fe-Ni during cooling. In some
iron groups, oriented platelets of 1–5 �m-thick chromite lamellae
flanked by secondary troilite (collectively known as Reichenbach
lamellae) also exsolved from taenite during cooling (Buchwald,
1975). Daubréelite commonly occurs as exsolution lamellae within
troilite in magmatic groups IIAB, IIIAB and IVA.

In troilite nodules in IIIAB irons, the phosphate john-
somervilleite (Na2Ca(Fe,Mg,Mn)7 (PO4)6) occurs inside sarcopside
((Fe,Mn)3 (PO4)2) and probably exsolved from it during cooling
(Olsen et al., 1999). Some occurrences of galileiite (NaFe4(PO4)3)
also seem to have exsolved from primary graftonite ((Fe,Mn)3(PO4)
2) or sarcopside during cooling.

2.14.6. Mesosiderites
The ultramafic and mafic silicate clasts in mesosiderites contain

pyroxene grains that have undergone exsolution and inver-
sion, i.e., orthopyroxene inverting from pigeonite and pigeonite
exsolving augite lamellae. Perryite within metallic Fe-Ni in some
mesosiderites apparently exsolved from taenite during cooling
from high temperatures.
2.14.7. Pallasites
Schreibersite is an accessory phase occurring within the metal

of pallasites. It formed by exsolution from taenite at high subsolidus
temperatures when the P concentration in the �-iron exceeded the
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ccommodation capacity of the face-centered-cubic crystal struc-
ure.

.14.8. Lunar meteorites
Some pyroxene grains in Apollo samples have undergone exso-

ution, producing thin pigeonite lamellae within augite and augite
amellae within pigeonite. Subsolidus reduction reactions (Papike
t al., 1998) include ulvöspinel breaking down into different prod-
cts – (a) ilmenite and metallic Fe, (b) rutile and metallic Fe, or (c)
hromite, rutile and metallic Fe. In some samples, Ti-rich ulvöspinel
as broken down into Ti-poor spinel, titanian chromite, ilmenite
nd metallic Fe. Although not all these features have been observed
n lunar meteorites, they are likely to be present.

.14.9. Martian meteorites
As reviewed by McSween and Treiman (1998), two sets of augite

amellae exsolved from pigeonite in the shergottites – one set
arallel to (001), the other parallel to (100). Primary ulvöspinel
rains in QUE 94201 underwent exsolution and oxidation to pro-
uce titanomagnetite and ilmenite. In the nakhlites, kirschsteinite

amellae within olivine appear to have undergone oxidation to pro-
uce augite and magnetite (Yamada et al., 1997a; Yamada et al.,
997b). Symplectic intergrowths of augite and magnetite formed
y exsolution in olivine from two nakhlites (Nakhla and Governador
aladares) under oxidizing conditions at temperatures >900 ◦C dur-

ng cooling (Mikouchi et al., 2000). Titanomagnetite has exsolution
amellae of ilmenite and (perhaps) ulvöspinel. The chassignites con-
ain orthopyroxene with thin augite exsolution lamellae that were
nferred to have formed from primary pigeonite (Wadhwa and
rozaz, 1995). Chassigny also contains symplectic intergrowths of
ugite and magnetite within olivine grains that are similar to those
n nakhlites (Greshake et al., 1998). The orthopyroxene grains in the
LH 84001 orthopyroxenite appear to be free of augite exsolution

amellae (McSween and Treiman, 1998).

.14.10. Ureilites
Although most pyroxene grains in ureilites lack exsolution

amellae, there are a few exceptions: (a) LEW 85440 contains very
hin (∼0.01 �m)  orthopyroxene and clinopyroxene lamellae within
rthopyroxene parallel to (100) (Takeda et al., 1992). (b) ALH 82130
ontains pigeonite with irregular augite lamellae. (c) LEW 88774
ontains pyroxene crystals consisting of ∼50-�m-thick lamellae
f orthopyroxene and augite in similar proportions (Warren and
allemeyn, 1994; Chikami et al., 1997).

.15. Solar heating near perihelion

Buchwald (1975) pointed out that asteroids or meteoroids with
lliptical orbits and small perihelion distances can be periodically
eated by solar radiation. Many near-Earth objects (NEOs) undergo
rbital evolution that bring them close to the Sun, leading to appre-
iable heating (e.g., Marchi et al., 2009). For example, asteroid 1566
carus (with a perihelion distance of 0.187 AU) can experience
emperatures up to ∼365 ◦C every 409 days. [Mercury’s perihelion
s at 0.313 AU.] Although meteorites that strike the Earth spent
ime in NEO-like orbits, they are likely to have experienced less
un-driven heating than the NEOs themselves. This is due to the
eteorites’ generally shorter collisional lifetimes, much smaller

izes, and greater perihelion distances; furthermore, it is likely that
he regions of the meteoroids that were most strongly heated by
he Sun (i.e., those regions close to the subsolar point of the parent
EO) are ablated and lost during atmospheric entry (Marchi et al.,

009). Nevertheless, solar heating of meteorites remains a viable,
lbeit minor, mechanism.

The IVA iron Social Circle is a fine octahedrite containing recrys-
allized low-Ni metallic Fe grains that partially overprint lamellae
Erde 77 (2017) 325–385

with Neumann lines (Buchwald, 1975). Buchwald suggested that
prolonged temperatures of ∼500 ◦C could have produced the
recrystallization of low-Ni metallic Fe. He also described “rhythmic
growth lines” throughout the meteorite and concluded that Social
Circle was  “reheated several times” to about the same tempera-
ture. He suggested that the meteorite could have been heat-treated
by periodic close approaches to the Sun (an idea first proposed by
Henderson and Furcron, 1957).

The IIAB Indian Valley hexahedrite contains recrystallized
low-Ni metallic Fe grains with concentric growth rings, possi-
bly consistent with cyclic reheating (Buchwald, 1975). Buchwald
described graphite plumes associated with rhabdite plates within
certain regions of the low-Ni metallic Fe in this meteorite. He sug-
gested that these plumes formed from cohenite that had nucleated
on rhabdite and subsequently decomposed; the cause was  ascribed
to the same cyclic reheating events that caused the low-Ni metallic
Fe to recrystallize. If these features actually formed during cyclic
heating events as Buchwald (1975) suggested, then it is plausible
they were caused by close passages to the Sun.

Some CM carbonaceous chondrites may  also have experienced
minor thermal metamorphism caused by solar heating. For exam-
ple, Sutter’s Mill is a regolith breccia containing some components
that have been heated sufficiently to destroy carbonates, transform
phyllosilicates into fine-grained olivine, break down tochilinite to
form troilite, and eliminate indigenous amino acids (Zolensky et al.,
2014b; Burton et al., 2014). The meteorite contains solar-cosmic-
ray-produced nuclides produced when the meteoroid’s orbit was
<1 AU from the Sun (Nishiizumi et al., 2014). It seems possible that
solar heating of some CM chondrites could be partly responsible
for low-temperature thermal metamorphism in these rocks. Alter-
natively, most or all of the heating could be due to impacts, the
effects of which are evident in the petrofabrics of CM chondrites
(e.g., Rubin, 2012b; Lindgren et al., 2015).

2.16. Atmospheric passage

A typical meteoroid enters the Earth’s atmosphere at ∼18 km s−1

(Shoemaker et al., 1990). During the traverse, the surface of a chon-
dritic meteoroid reaches temperatures of 1180–1410 ◦C (Wood,
1963; Ivanova et al., 1968) and melts to depths of ∼0.3–1.0 mm due
to friction with the surrounding air (Ramdohr, 1967). The surface
of the meteoroid ablates, exposing a new surface that also melts
and ablates; this process can be repeated several times.

Most meteoroids break into fragments as aerodynamic stresses
increase during their descent. For objects travelling at 20 km s−1,
stresses rise from 10 MPa  at an altitude of 30 km to 100 MPa  at
15 km (Melosh, 1989). This exceeds the crushing strengths of many
stony meteorites (which range from ∼6 to ∼500 MPa  and average
∼200 MPa; Petrovic, 2001). The crushing strengths of carbonaceous
chondrites are on the order of 1 MPa  (Melosh, 1989), consistent
with the small median size of carbonaceous chondrites listed in
the Meteoritical Bulletin Database (∼34 g). The median size of CM
chondrites (which are matrix-rich friable samples) is ∼10 g.

An individual stony meteoroid that does not break into frag-
ments, could lose >95% of its original mass by the time it reaches the
Earth’s surface. Its final fusion crust would typically consist of three
zones: an outer zone consisting of vesicular black opaque glass and
containing submicrometer magnetite, an intermediate zone con-
taining partly melted silicate grains, and an inner zone containing
unmelted silicate and rapidly solidified metal-troilite intergrowths
(Sears, 1978). The zones in the fusion crusts of enstatite chondrites
are less developed (Genge and Grady, 1999).
As pointed out by Rubin (1997a), minerals that form in the
fusion crusts of chondritic meteorites include eskolaite (formed
by the reduction and breakdown of chromite), pseudobrookite –
Fe2TiO5 (formed by the breakdown of ilmenite), magnetite and
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üstite (formed by the oxidation of metallic Fe; Ramdohr, 1967,
973), and intergrowths of metallic Fe-Ni and troilite (formed by
he melting and quenching of these phases). In some cases, phases
roduced during atmospheric passage flow a few hundred microm-
ters toward the meteorite interior through fractures: e.g., wüstite
n CO3 DOM 03238 (Kim et al., 2009) and metal-sulfide veins in EL6
OM 10088 (Rubin, 2015a).

Heating caused by atmospheric passage can produce back trans-
ormations of high-pressure phases to low-pressure ones. The
usion crust of the H6 chondrite Y-75267 transects a shock vein
ontaining ringwoodite, majorite-pyropess and NaAlSi3O8 hollan-
ite (Kimura et al., 2003). However, portions of the vein near the
usion crust (where temperatures of ∼1400 ◦C were reached) con-
ain no high-pressure phases – only olivine, low-Ca pyroxene and
lagioclase glass.

Because achondrites and oxidized carbonaceous chondrites
ave little metallic Fe, their fusion crusts are less likely to contain
apidly cooled metal-sulfide intergrowths. Achondritic minerals
elt over a relatively narrow temperature range and are likely to

orm a smooth glossy fusion crust (Sears, 1978).
Iron meteorite fusion crusts typically contain magnetite and

üstite (Buchwald, 1977; Sears, 1978). Veins of wüstite can pene-
rate the interior of the meteorite (e.g., Breen et al., 2016).

Micrometeorites (10–2000 �m in size) and interplanetary dust
articles (<10–100 �m)  are also heated and partly melted dur-

ng atmospheric passage. Secondary minerals formed within these
mall objects include magnetite, maghemite, poorly characterized
e oxides, laihunite and skeletal olivine grains surrounded by sil-
cate glass (e.g., Keller et al., 1996; Rietmeijer, 1996; Genge and
rady, 1998).

.17. Terrestrial weathering

The phenomenon of meteorites “rusting” in museum cabinets
at least those cabinets not filled with inert gas) is well known
o curators (e.g., Bagnall, 1991). In many cases, slabs of fresh falls
evelop thin red coatings (possibly goethite – �FeO(OH)) due to
xidation of metallic Fe from atmospheric water.

Meteorite finds are more extensively altered; numerous color
mages of weathered finds appear in Yanai (1981), Yanai and Kojima
1987), Killgore and Killgore (2002) and Stinchcomb (2011). Metal-
ic Fe-Ni and sulfide, in particular, show progressive alteration with
ime; this is reflected by the weathering index for ordinary chon-
rites devised by Wlotzka (1993) and refined by Zurfluh et al.
2016). Rubin and Huber (2005) proposed a weathering index for
K and R chondrites (oxidized meteorites that contain little metal-

ic Fe-Ni). The index is based on the percentage of brown-stained
ilicates, reflecting the degree of mobilization of oxidized iron
roduced by terrestrial weathering of Ni-bearing sulfide (mainly
entlandite and pyrrhotite).

Although Buddhue (1957) found that the most important miner-
ls formed in meteorites by terrestrial weathering are goethite and
agnetite, there are more than 60 such species (Table 7 of Rubin,

997a; Rubin, 2016 and references therein).
As discussed by Rubin (1997a), minerals produced by weather-

ng in iron meteorites include: (1) oxides and hydroxides formed
irectly from metallic Fe-Ni by oxidation and the incorporation of
2O, Cl−1 and CO3

−2 (Cl-bearing akaganéite, bunsenite, goethite,
errihydrite, hematite, hibbingite, lepidocrocite, maghemite, mag-
etite, trevorite, and possibly zaratite), (2) graphite and low-Ni
etallic Fe formed by the decomposition of iron carbide, (3) phos-

hates formed by the oxidation of schreibersite (apatite, arupite,

assidyite, collinsite, lipscombite, vivianite) and (4) sulfates formed
rom troilite (honessite, jarosite). Additional phases formed in irons
y terrestrial weathering include metallic Cu, opal, various sulfides
pentlandite, bornite, chalcopyrite, heazlewoodite, isocubanite),
Erde 77 (2017) 325–385 369

carbonates (reevesite, siderite), phyllosilicate (pecoraite) and ele-
mental S (White et al., 1967; Buchwald, 1975, 1977, 1989, 1990;
Faust et al., 1973; Buchwald and Clarke, 1988, 1989; Saini-Eidukat
et al., 1994; Rubin, 1997a).

In enstatite meteorites, the unusual sulfides rich in cations
that are found only in silicate or oxide minerals under less-
reducing conditions (e.g., Na, Mg,  K, Ca, Ti, Cr, Mn)  are unstable
at the Earth’s surface. They break down to produce an assortment
of weathering products: (a) Schöllhornite forms from caswell-
silverite (Okada et al., 1981). (b) Bassanite, vaterite, calcite and
portlandite form from oldhamite (CaS) (Okada et al., 1981). (c)
Nakamura-Messenger et al. (2012) examined a small BO chon-
drule in the Y-691 EH3 chondrite and found a tiny grain of an
unknown Ti-rich layer phase associated with wassonite (TiS); they
also found a few small patches of an unknown S-rich layer phase
associated with schöllhornite. These two  new uncharacterized
phases are probably terrestrial weathering products of wassonite
or of additional as-yet-undescribed titanium-sulfide phases that
Nakamura-Messenger et al. (2012) also found in the chondrule.

The ≥3-metric-ton fossil EL chondrite impact-melt rock Al
Haggounia 001 (Rubin, 2016) contains a plethora of terrestrial
alteration phases including calcite, barite, jarosite, gypsum, halite,
sylvite, melanterite, native S and clay (Kuehner et al., 2006;
Irving et al., 2010; Bunch et al., 2014). Al Haggounia 001 has
a 14C age of 23,000 ± 2000 years (Chennaoui-Aoudjehane et al.,
2009) and has been called a fossil meteorite. Some specimens are
cemented together with terrestrial limestone clasts and rhyolite
pebbles within conglomerates (Kuehner et al., 2006; Chennaoui-
Aoudjehane et al., 2007; Chennaoui-Aoudjehane et al., 2009).

Evaporite deposits on the surfaces of Antarctic meteorites
include carbonates (nesquehonite, hydromagnesite, amorphous
Mg-carbonate) and sulfates (epsomite, starkeyite, gypsum, hydro-
nium jarosite, poorly characterized K-Fe sulfate) (e.g., Zolensky and
Gooding, 1986; Velbel, 1988). The fusion crusts of Antarctic mete-
orites contain poorly ordered clay minerals similar in composition
to smectite and mica formed by terrestrial weathering (Gooding,
1986a).

Sulfate veins within CI chondrites and sulfate patches at the
surfaces of these meteorites include epsomite, bloedite, gypsum,
and poorly characterized Fe-, Mg-, Na- and Ca-sulfates (some con-
taining Ni). These veins are not indigenous to the meteorites, but
instead formed on Earth in museum cabinets via reactions with
atmospheric water (Zolensky, 1999; Gounelle and Zolensky, 2001).
The terrestrial sulfates in these rocks formed mainly by the dissolu-
tion and remobilization of indigenous sulfate grains (Gounelle and
Zolensky, 2001) as well as by weathering of indigenous pyrrhotite
(Bass, 1970).

A major impact appears to have disrupted the L-chondrite
parent body 470 ± 6 Ma  ago and sent fragments to Earth
(e.g., Heymann, 1967; Bogard, 1995; Bogard et al., 1976, 1995;
McConville et al., 1988; Turner, 1988; Britt and Pieters, 1994; Keil
et al., 1994; Haack et al., 1996; Schmitz et al., 2003; Korochantseva
et al., 2007; Nesvorný et al., 2007; Swindle et al., 2013). The Lockne-
Målingen (7.5 km,  0.7 km)  doublet crater in Central Sweden formed
458 Ma  ago (Ormö et al., 2014) and may  be a product of the L-
chondrite break-up event (Schmitz et al., 2001).

Dozens of highly altered L chondrites from this event have been
recovered as fossil meteorites in a quarry of Ordovician limestone
in Sweden (e.g., Schmitz et al., 2001). One of these fossil meteorites
is Brunflo (Thorslund and Wickman, 1981; Thorslund et al., 1984).
Except for relict chromite grains, all the primary minerals in this
meteorite have been replaced. The secondary phases, formed by

extensive terrestrial alteration, include carbonate (major calcite),
sulfate (barite), a disordered illite-type phyllosilicate, rare grains
of elemental Ni, sulfarsenides (cobaltite, gersdorffite), arsenides
(rammelsbergite, safflorite, nickeline, maucherite, orcelite), sul-
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des (chalcopyrite, sphalerite, galena, pyrite, and several poorly
haracterized Cu sulfides), TiO2 (probably anatase or brookite),
uartz, and carbonate-fluorapatite (francolite). Alteration phases

n a different fossil L chondrite found in this limestone (Österplana)
nclude calcite, Cr-bearing layered silicate, barite, apatite and TiO2
Nyström et al., 1988). Numerous additional highly altered fossil

 chondrites have been found in the last few decades; the list of
econdary phases will undoubtedly increase.

Kyte (1998) reported a ∼2.5-mm-size fossil carbonaceous chon-
rite from a deep-sea drill core at the Cretaceous-Paleogene (K-Pg)
oundary (formerly the Cretaceous/Tertiary, KT boundary). The
bject is probably a fragment of the asteroid that produced the
hicxulub impact structure in the Yucatán 65.5 Ma  ago and trig-
ered a mass extinction (e.g., Alvarez, 1997). Terrestrial alteration
hases in this fossil meteorite include hematite, clay (saponite and

nterlayered glauconite and smectite), Ni-Fe sulfide, and a Ni-rich
etal grain (Ni87Fe13). Also present are ≤50-�m-size phosphate

rains probably derived from fish scales and fish bones (Kyte, 1998).

. Conclusions

Meteorites are delivered to Earth from at least 100 different
steroids as well as from the Moon and Mars. Some of the meteorite
arent bodies melted and differentiated; they developed metal
ores and basaltic crusts. Other bodies never melted, preserv-
ng materials formed in the solar nebula. Some unmelted bodies

ere thermally metamorphosed; many were aqueously altered.
eteorites suffered shock damage on their parent bodies, ranging

rom fracturing and brecciation to impact melting and devolatiliza-
ion. After their formation, many samples experienced thermal

etamorphism, aqueous alteration and shock metamorphism to
ifferent extents; some were altered or shocked more than once.

Martian meteorites were subjected to high shock pressures
hen they were launched off Mars; in contrast, meteorites ejected

rom small asteroids typically experienced little shock during
aunch. Some samples were probably in highly elliptical orbits and
ad relatively small perihelion distances; they may  have been sub-

ect to periodic heating from solar radiation.
All the meteorites in our collections (except for a couple of

mall meteorite specimens brought back from the Moon along with
pollo samples) traversed the Earth’s atmosphere and developed

usion crusts. The meteorites that were not immediately collected
fter falling experienced some degree of terrestrial weathering. All
eteoritic samples, even witnessed falls stored in museum cabi-

ets, have reacted with atmospheric water.
About 435 minerals have been identified in meteorites, about

% of the total number of well-characterized mineral phases. Mete-
rite mineral species include native elements, metals and metallic
lloys, carbides, nitrides and oxynitrides, phosphides, silicides, sul-
des and hydroxysulfides, tellurides, arsenides and sulfarsenides,
alides, oxides, hydroxides, carbonates, sulfates, molybdates,
ungstates, phosphates and silico phosphates, oxalates, and sili-
ates from all six structural groups.

The minerals in meteorites formed by numerous processes
hat are not all mutually distinct: (1) condensation in gaseous
nvelopes around evolved stars, (2) condensation in the solar neb-
la, (3) crystallization in CAI and AOI melts, (4) crystallization in
hondrule melts, (5) exsolution during the cooling of CAIs, (6) exso-
ution during the cooling of chondrules and opaque assemblages,
7) annealing of amorphous material, (8) thermal metamorphism
nd exsolution, (9) aqueous alteration, hydrothermal alteration

nd metasomatism, (10) shock metamorphism, (11) condensation
ithin impact plumes, (12) crystallization from melts in differen-

iated or partially differentiated bodies, (13) condensation from
ate- stage vapors in differentiated bodies, (14) exsolution, inver-
Erde 77 (2017) 325–385

sion and subsolidus redox effects within cooling igneous materials,
(15) solar heating near perihelion, (16) atmospheric passage, and
(17) terrestrial weathering.
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