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he approximately 250 mineral species found in meteorites record the

earliest stages of the birth of our solar system. Refractory minerals

that formed during the violent deaths of other stars and during conden-
sation of our own solar nebula mixed with a wide range of silicates, sulfides,
and metals to form the most primitive chondritic meteorites. Subsequent
aqueous alteration, thermal metamorphism, and shock metamorphism further
diversified the minerals found in meteorites. Asteroidal melting at first
increased and then dramatically decreased mineralogical diversity, before a
new phase of igneous differentiation that presaged the processes that would
occur in terrestrial planets.

but eventually transformed some
asteroids into molten worlds that
formed crusts, mantles, and cores
reminiscent of our own planet. It
is this history—from the earliest
beginnings to the melting of
planets—that we explore in this
article.

THE STELLAR CAULDRON
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FRAGMENTS FROM THE BEGINNING

As Earth evolved over the last 4.5 billion years, its miner-
alogy changed. As we peer back through Earth’s history, it
seems logical to think that our lens would grow increas-
ingly fogged and our light ever more dim. How do we see
beyond the oldest preserved rocks and minerals, after
billions of years of volcanism, plate tectonics, and weath-
ering? How do we see past the Moon-forming collision,
which would have melted the early Earth? Where is the
starting point for the mineralogical evolution of Earth and
the other terrestrial planets?

Scientists are fortunate that gravitational perturbations
from Jupiter prevented the formation of a planet in what
is now the asteroid belt. Asteroids, cosmic relicts of our
solar system’s formation, not only preserve this earliest
history, they also generously shed pieces that carry their
treasure trove of information to Earth. This continuing
flux of meteorites provides a clear picture of early miner-
alogical evolution.

This earliest record is more diverse and more complicated
than we might have ever imagined from the mineralogy
of Earth alone. Earth’s mineralogical evolution began long
before there were planets. The nebula from which our solar
system originated was seeded with minerals formed in the
cauldrons of dozens of dying earlier-generation stars. As
the solar nebula cooled, minerals formed, reacted with the
gas, and disappeared, but pieces were sequestered and
preserved along the way. Even these earliest-formed
minerals were reworked by chemical reactions, heating,
and alteration in the solar nebula. Once asteroids accreted,
water ice melted and alteration minerals appeared. Impacts
transformed minerals under intense heat and pressure.
Radiogenic heating produced mild metamorphism at first,
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Earth’s mineralogical evolution
began not in the heat of an early
molten planet but in the blast
furnace of stars that predated our
solar system. More than 4.6 billion years ago, presolar
grains formed when temperatures in the expanding enve-
lopes of red giants or in supernova ejecta fell sufficiently
to allow condensation. These grains entered the interstellar
medium, where many were destroyed by supernova shocks
and sputtering by stellar wind. Eventually, grains from a
diversity of stars were incorporated into the dense molec-
ular cloud from which our solar system formed, and they
accreted to form asteroids.

Although the existence of presolar grains was inferred from
hydrogen, noble gas, and oxygen isotope anomalies in
meteorites (Black and Pepin 1969), these grains were posi-
tively identified only in the late 1980s. Using chemical
dissolution and physical separation steps (akin to burning
down the haystack to find the needle), the earliest workers
identified diamond, silicon carbide, and graphite in mete-
orites (Zinner 2004; Bernatowicz et al. 2006). These grains
typically are up to only a few micrometers in size, and their
abundance ranges from parts per billion to hundreds of
parts per million. Subsequent to these discoveries, a range
of presolar grains were identified. The ion microprobe and
transmission electron microscope were used to study both
individual grains within acid residues after chemical disso-
lution of the meteorite and in situ grains, particularly in
interplanetary dust particles (IDPs). These presolar minerals
include the nitrides osbornite (TiN) and nierite (a-Si;N,);
the carbide cohenite [(Fe,Ni,Co);C]; the alloy “kamacite”
(Fe,Ni); the oxides rutile (TiO,), corundum (Al,O,), spinel
(MgAl,0,), and hibonite (CaAl,,0,y) (Fi. 1); and the sili-
cates forsterite (Mg,SiO,) and perovskite-structured MgSiO;
(Zinner 2004).

To date, these dozen or so minerals are the only record of
the minerals that accreted to form our solar system, but
this is far from a complete inventory. Presolar-grain
research is perhaps the most active area in the field of
meteoritics, and new minerals are being discovered contin-
ually. Among the materials known but not yet character-
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m Secondary electron image of a presolar hibonite grain
that grew as multiple connected plates. The grain

rests on a gold foil that has been ablated around the grain, leaving
it perched on a gold pedestal. The grain is about 5 micrometers
across. IMAGE COURTESY OF LARRY NITTLER AND RHONDA STROUD

ized as minerals are Ti-, Fe-, Zr-, and Mo-carbides (Zinner
2004), a new AL, O, structure (Stroud et al. 2007), FeO (Floss
et al. 2008), and TiO, (Nittler et al. 2008). Further, much
of the presolar material observed in IDPs and primitive
chondrites is amorphous, nonstoichiometric, or partially
crystalline. While not qualifying as minerals, these mate-
rials certainly suggest that a much more robust selection
of solid matter accreted to form the early solar system. The
methods for detecting presolar grains—either harsh chem-
ical dissolution or in situ study of extremely small areas—
limit our ability to characterize fully these solid materials.
Finally, the processes in the early solar system almost
certainly destroyed many presolar materials. Thus, while
our current inventory of presolar minerals is small, our
mineralogical view of this epoch may change dramatically
over the next decade.

FROM THE NEBULA

The earliest materials formed within our own solar system
are the so-called calcium-aluminum inclusions (CAIs).
These millimeter- to centimeter-sized, rounded to irregular,
typically light-colored particles first drew significant atten-
tion after the fall of the Allende carbonaceous chondrite
meteorite in February, 1969, although they had been
described a year earlier by Christophe Michel-Lévy (1968).
The Allende meteorite provided researchers with hundreds
of kilograms of material containing centimeter-sized CAIs.
Early attention focused on the similarity between CAI
mineralogy and the first phases predicted to condense out
of a gas of solar composition (Grossman 1972). We now
recognize that nearly all CAls experienced prolonged histo-
ries of reaction with nebular gas, multiple heating and/or
melting episodes, and alteration in the nebula and/or the
asteroid parent bodies. Nonetheless, their fascinating high-
temperature mineralogy reflects their formation from high-
temperature condensates in the solar nebula.

While some two dozen mineral phases are known from
CAlIs, a few dominate, including spinel (MgAl,O,-FeAl,O,),
melilite [gehlenite (Ca,Al,SiO,) to akermanite (Ca,MgSi,0,)],
perovskite (CaTiO;), hibonite, calcic pyroxene, anorthite,
and forsterite. Less common minerals include grossite
(CaAl,0,), corundum, and rhonite [Ca,(Mg,AlLTi),,(Si,Al),,
0O,40] (MacPherson 2004; Beckett et al. 2006). Even at this
earliest stage of mineralogical evolution, all the major
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crystal systems were represented. Although the different
types of CAls vary among different classes of chondritic
meteorites, spinel-pyroxene-rich and melilite-rich CAIs are
found in virtually all chondrites (MacPherson 2004).
Further, these minerals are highly depleted in volatile trace
elements, such as alkali metals, and iron. As is the case for
presolar grains, the mineralogy of CAls is incompletely
understood. The field of nanomineralogy (e.g. Ma et al.
20009) is revealing a broad array of minerals found only at
the scale of a few to ten micrometers. Each of these minerals
testifies to unique combinations of chemical composition
and intensive variables (e.g. temperature, pressure, and
oxygen fugacity).

Although the CAIs were highly processed within the solar
nebula, the range of CAI bulk compositions and, by exten-
sion, the minerals that formed from them may largely
reflect the temperature of condensation of the CAI
precursor. Thus, the precursors to refractory Type A CAls
rich in melilite, spinel, and hibonite formed at higher
temperatures than the precursors of Type B CAls rich in
melilite, calcic pyroxene, anorthite, and spinel (MacPherson
2004). The minerals in CAls record the first appearance in
the solar system of distinct environments with different
intensive variables (e.g. temperature). This creation of
differing environments over the next 4.5 billion years
produced the mineralogical diversity observed today.

While calcium-aluminum inclusions exhibit some of the
most important mineralogical diversity observed among
primitive nebular materials, they represent a volumetrically
minor component of these materials. The full range is
shown by chondritic meteorites, which are essentially
cosmic sedimentary rocks (Scott and Krot 2004). Millimeter-
sized spheres called chondrules (FiG. 2) were formed during
flash melting in the solar nebula and volumetrically domi-
nate chondritic meteorites (Lauretta et al. 2006). The fine-
grained matrix between the chondrules and CAls is largely
silicate material but contains a diversity of metals, sulfides,
oxides, and phosphates. The chondrites themselves are
diverse, particularly with respect to oxygen fugacity, and
range from the highly reduced enstatite chondrites to the
oxidized carbonaceous chondrites and R chondrites.
Metamorphism, aqueous alteration, and shock all modified

m Millimeter-sized chondrules, like this one from the
Allende meteorite, formed as molten droplets in the
solar nebula. The bands are olivine lamellae. Field of view is ~1 mm
in width.
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chondritic meteorites. To see through these later stages of
alteration, meteorite scientists focus on the least altered,
least metamorphosed chondrites, which are termed petro-
logic type 3.0. Within these least altered meteorites, the
diversity of components formed under a wide range of
oxygen fugacity and temperature conditions produced
nearly 60 minerals (Brearley and Jones 1998).

Among these minerals, Mg-rich olivine, Mg-rich pyroxene,
and plagioclase dominate the silicate mineralogy. Most of
the mineralogical diversity is observed among the minor
minerals. In the highly oxidized meteorites, minerals such
as pentlandite and magnetite are prevalent. In contrast,
the highly reduced enstatite chondrites include very
unusual carbides (cohenite), silicides [perryite,
(Ni,Fe)g(Si,P);], phosphides [schreibersite, (Fe,Ni);P], and,
especially, sulfides [oldhamite, CaS; caswellsilverite,
NaCrS,; niningerite, (Mg,Fe,Mn)S| (Keil 1989). Many of
these minerals were first described from, and some are only
known from, enstatite meteorites. Their presence testifies
to the ability of the early solar nebula to create a broad
range of chemical and physical environments, some of
which were never duplicated during the later history of
the Earth.

ASTEROIDS: BAKED AND STIRRED

Although the mineralogical evolution of minerals in mete-
orites began in the fiery cauldrons of other stars, it
progressed to a frozen snowball stage. Perhaps the most
important mineral that accreted during the formation of
chondritic asteroids is one that has never been documented
in any meteorite—ice (H,O)! Much as the Earth has a snow
line that separates ecosystems, the early solar system had
a snow line that separated the ice-free rocky planets and
asteroids from the ice-rich gas giant planets, ice-rich aster-
oids, and comets. As asteroids grew and began to experi-
ence modest heating by the decay of short-lived
radionuclides (e.g. 2°Al, whose half-life is 720,000 years),
the melting of ice and the subsequent alteration of the
asteroids at low temperatures (<100°C) produced many new
minerals (Brearley and Jones 1998; Brearley 2006). The
evidence for this alteration is most prominent in the fine-
grained matrix of carbonaceous chondrites (particularly
the CI and CM groups), but can be found in unexpected
forms in other meteorite groups. As ice melted and water
reacted with the olivine-rich matrix, many minerals
emerged for the first time. These included the phyllosili-
cates montmorillonite [(Na,Ca,)q33(A1,Mg),S1,0,0(OH),-
nH,0], chrysotile [Mg,;Si,Os(OH),], and cronstedtite [(Fe,?*,
Fe3%),(Si,Fe3+),05(OH),]; the oxides magnetite and ferrihy-
drite (5Fe,0;-9H,0); the sulfides pyrrhotite and pentlandite;
the carbonates dolomite and calcite; and the sulfates
gypsum and epsomite (MgSO,-7H,0). As in earlier eras,
some of the products of this alteration were not well crys-
tallized and thus do not qualify as minerals. An alteration
product termed PCP (poorly crystallized phase) is common
in some carbonaceous chondrites.

While carbonaceous chondrites most dramatically illus-
trate aqueous alteration, other types of meteorites contain
spectacular evidence for the melting of ice. Aqueous alter-
ation of ordinary chondrites formed smectite, maghemite,
Ni-rich pyrrhotite, and calcite in the matrix of the type
3.0 chondrite Semarkona. While evidence of such alteration
was thought to be confined to the least metamorphosed
ordinary chondrites, Zolensky et al. (1999) demonstrated
that the Monahans ordinary chondrite contained fluid
inclusion-bearing halite crystals in the matrix (Fic. 3).
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m Halite crystals in the Monahans ordinary chondrite
contain trains of fluid inclusions filled with trapped
ancient water. Field of view is ~0.15 mm. PHOTO COURTESY OF

MIKE ZOLENSKY

Emerging from their frozen state, many asteroids continued
to warm. While heating of ice-bearing carbonaceous chon-
drites produced extensive aqueous alteration, heating of
largely anhydrous ordinary and enstatite chondrites
produced new minerals as a result of thermal metamor-
phism at temperatures up to the FeNi-FeS cotectic tempera-
ture of ~950°C (Brearley and Jones 1998; Huss et al. 2006).
As sodium-rich chondrule glass recrystallized, albitic
plagioclase appeared in metamorphosed ordinary chon-
drites. Oxidation of phosphorus may have been largely
responsible for the formation of the phosphates apatite and
merrillite. Nepheline, rutile, and cristobalite have all been
observed in metamorphosed ordinary chondrites. In the
highly reduced enstatite chondrites, cristobalite was joined
by tridymite and quartz. Other minerals apparently formed
during metamorphism of enstatite chondrites include the
nitride sinoite (Si,N,0), the amphibole richterite [Na(CaNa)
MgsSigO,,(OH),], and roedderite [KNaMg,(Mg;Si;,)O;].
While relatively few new minerals formed during meta-
morphism of the water-poor chondrites, collectively they
suggest that recrystallization of glass and other poorly crys-
talline phases in type 3.0 chondrites, coupled with oxida-
tion and reactions during metamorphism, provided new
environments for the formation of minerals.

Even while this aqueous alteration and thermal metamor-
phism were occurring in asteroids, an era of intense
bombardment began, and impacts would continue for the
entire 4.5 billion years of solar system history. Impact frag-
mentation would reshape asteroids to what we observe
today, form the Earth’s moon, and scar the inner rocky
planets. Not surprisingly, these impacts formed new
minerals as chondritic asteroids were subjected to intense
heat and pressure (Brearley and Jones 1998; Sharp and
DeCarli 2006). The dominant mafic silicate olivine
[(Mg,Fe),SiO,] was transformed into the high-pressure
spinel polymorph ringwoodite (Fic. 4) and the high-pres-
sure orthorhombic polymorph wadsleyite. Ringwoodite is
a particularly important mineral and is thought to be a
major component of Earth’s mantle. Pyroxene in these
heavily shocked rocks was transformed into the high-pres-
sure garnet structure majorite, the ilmenite structure
akimotoite, and the perovskite structure. SiO, was trans-
formed into the coesite and stishovite forms. Rubin and
Scott (1996) suggested that submicron-sized diamonds
discovered in the impact melt breccias of the Abee enstatite
chondrite were formed by shock.
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m Impacts on asteroidal bodies produced high-pressure
minerals, such as purple (in plane polarized light)

ringwoodite in the Coorara chondrite. Field of view is ~2 mm.

MELTING BEGINS

As heating continued in some asteroids, the solidus temper-
ature of ~950°C was exceeded and melting began. The
earliest partial melts formed from FeNi metal and the iron
sulfide troilite, but they also incorporated minerals like
chromite and phosphates. Under the low-pressure condi-
tions of asteroidal bodies, these melts could move effi-
ciently by forming veins. Thus, these early partial melts
migrated through the essentially undifferentiated silicates,
eventually forming meteorites like the acapulcoites,
winonaites, and IAB irons (Fic. 5). As the temperature
continued to increase, silicate melting ensued, forming
pyroxene-plagioclase-rich melts. The residual rocks
remaining after silicate melting are represented by mete-
orite groups like the ureilites and lodranites, while the
pyroxene-plagioclase-rich melts could have formed basalts,
but we have not found meteorites with such compositions
(McCoy et al. 2006). At first glance, it would seem that
such melting would decrease mineralogical diversity, as
many minerals are incorporated into these melts. In fact,
the melts sequestered a range of incompatible elements,
including phosphorus, sulfur, and carbon. Through reac-
tions with unmelted silicates and crystallization of the
metallic melts, many new minerals emerged (Buchwald
1975, 1984; Mittlefehldt et al. 1998; Mittlefehldt 2004;
Haack and McCoy 2004). Most prominent among these
are a host of phosphates, including the Na-Ca-Mg phos-
phates chladniite, panethite, brianite, and johnsomervil-
leite, and the carbides cohenite and haxonite [(Fe,Ni),;Cg4].

If melting and differentiation had continued to the
extreme, mineralogical diversity may have decreased to
essentially nil. At greater than 60% melting, perhaps only
the mafic silicate olivine and a solid metallic phase would
have persisted. But such extensive melting ultimately led
to a rebirth of mineralogical diversity. For the first time,
volumetrically significant melt pools formed, and the
differentiation that occurred sequestered the siderophile
(metal-loving) elements from the lithophile (silicate-loving)
elements (McCoy et al. 2006; Chabot and Haack 2006). As
the siderophile and lithophile components crystallized
separately to form the core and crust, respectively, of the
parent body, incompatible elements were concentrated for
the first time. Within the crust, minerals like potassium
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m The Youndegin IAB meteorite formed from a metallic
melt rich in phosphorus, carbon, and sulfur, which

cooled and crystallized to form a host of new minerals. The orthog-
onal texture was formed during slow cooling of the metal, when
low-Ni kamacite exsolved from high-Ni taenite. The elongated

kamacite lamellae contain cohenite. The dark-colored inclusions
are rich in troilite (FeS) and graphite. The specimen is ~40 cm long.

feldspar (KAISi;Oy), titanite (CaTiSiOs), zircon (ZrSiO,4), and
baddeleyite (ZrO,) formed. For the first time, crystallization
produced a host of new minerals rich in incompatible
elements. This process repeated itself throughout the
history of our planet, providing a powerful driving force
for mineralogical diversification. In the core, mineralogical
diversity was controlled both by fractional crystallization
and solid-state transformations during cooling. In this
environment, minerals that are rare in chondrites became
common, such as the phosphide schreibersite and the
metallic phase tetrataenite (FeNi). Other minerals, such as
the nitride carlsbergite (CrN), the sulfide brezinaite (Cr;S,),
and the phosphates sarcopside and graftonite
[(Fe,Mn),(PO,),] appeared for the first time (Buchwald 1975,
1984; Mittlefehldt et al. 1998; Mittlefehldt 2004; Haack
and McCoy 2004).

CONCLUSIONS (OR BEGINNINGS?)

In meteorites, we see the earliest stages of the mineralogical
evolution of our planet. Many meteoritic minerals are
unknown on Earth. The solar system records ranges of
temperature, chemistry, and oxygen fugacity never dupli-
cated on Earth. In some cases, the very processes that
formed these minerals can never be repeated, processes
such as the condensation of the nebular gas that produced
many of the minerals in calcium-aluminum inclusions. In
other cases, like impacts, the record exists on Earth but is
obscured by billions of years of weathering, volcanism,
and plate tectonics. While these exceptional minerals
attract much of the attention, the more remarkable feature
of meteorites is that they record a range of processes—
aqueous alteration, metamorphism, igneous differentia-
tion—that formed and continue to form many of the
diverse minerals found on Earth. Long after asteroids
stopped falling—save for the occasional impact—Earth
continued to evolve, creating new combinations of the
same chemicals delivered by meteorites but combined into
the myriad of minerals we know today.
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MINERAL MATTERS

THE IMA-CNMNC DOMINANT-CONSTITUENT RULE
REVISITED AND EXTENDED

The criteria for the definition of a new mineral species currently used
by the Commission on New Minerals, Nomenclature and Classification
(CNMNC) of the International Mineralogical Association (IMA) involve
what should now be called the rule of the dominant constituent.
The term ‘constituent’ may designate atoms (cations or anions), molec-
ular groups, or vacancies. According to the rule, a mineral is a distinct
species if the set of dominant constituents at the sites in the crystal
structure is distinct from that of any other mineral with the same
structural arrangement. Nickel (1992) called this rule for the sake of
brevity the §0% rule, a name which unfortunately is a source of confu-
sion as this name can of course only be applied in binary systems.

The current dominant-constituent rule is applied in most approved
new-mineral proposals. On the one hand, this rule has sometimes been
applied rigorously, thus leading to some proliferation of new mineral
species as, for example, in the complex labuntsovite and eudialyte
groups. On the other hand, besides the well-known problems in the
nomenclature system in the complex amphibole group, new nomen-
clature systems for minerals of the arrojadite and epidote groups have
recently been approved by the CNMNC, but these systems do not follow
the current definition of the dominant-constituent rule. For this reason,
Hatert and Burke (2008) submitted a proposal to clarify, revise and
extend the dominant-constituent rule, taking into account the recent
problems encumbering or prohibiting a strict application of the rule.

The Dominant-Constituent Rule

In solid-solution series which involve mutual substitution of only two
kinds of atoms, two different mineral names are required for each
compositional range from the end members to the 50 mol% mark. When
more than two kinds of homovalent atoms occur on a single crystal-
lographic site, the predominant atom has to be considered for defining
the mineral species. Consequently, the 50% mark is not applicable any
more, and instead the limits become 33.3% (3 atoms), 25% (4 atoms)
or 20% (5 atoms) in the dominant-constituent rule.

Valency-Imposed Double-Site Occupancy

Single-site heterovalent substitutions lead to end members with (disor-
dered) sites occupied by two constituents, imposed by the differences
in valency of the two constituents: this is valency-imposed double-
site occupancy. An example is given by the substitution Fe** — 0.5
Li'* + 0.5 AI’* on the Y sites of the tourmaline mineral schorl,
NaFe2+,Al1,(Siz0,5)(BO5);(OH),, which leads to the end member elbaite,
Na(Li, sAlL 5)Als(SisO1) (BO3)3(OH)..

Coupled heterovalent substitutions on two sites also lead to end
members with valency-imposed double-site occupancy when there
is a disparity in the multiplicity of these two sites. For example, the
substitution [, + Ca®*; — Nal*, + Na'*; in the amphibole mineral tremo-
lite, JCa,Mgs(SisO,,)(OH),, leads to a valency-imposed double occupancy
of the B site in the end member richterite, Na(CaNa)Mgs(SigO,,)(OH),,
because there are two atoms on the B site, but only one on the A site.

The Dominant-Valency Rule

Coupled heterovalent substitutions, on a single site or on two sites,
become more complex when an additional homovalent substitution
takes place. This nomenclatural problem can be solved by considering
the elements of the homovalent substitution as a whole, so that the
group of cations with the same valency are still dominant. Consequently,
species with such coupled heterovalent/homovalent substitutions must
be defined by the most abundant amongst the cations with the same
valency state. This rule is called the dominant-valency rule, and is
necessary to preserve charge balance in any end member formula. This
rule is thus an extension of the current dominant-constituent
rule, by considering a group of atoms with the same valency
state as a single constituent.
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Ternary diagram showing the boundaries between mineral species
when coupled heterovalent/homovalent substitutions are involved.
These boundaries result from an application of the dominant-valency rule.

An important implication of this valency rule becomes evident when
analyses of such minerals are plotted in a ternary diagram. As shown
in Ficure 1, the usual boundaries crossing at the centre of the diagram
(33.3% of each component) are significantly displaced, and atom C
needs dominance over the group (D + E) on the N site to allow the
definition of a new species. More complex examples of minerals for
which this dominant-valency rule has to be applied have recently been
provided by Céamara et al. (2006) and Chopin et al. (2006) in the arro-
jadite group and by Armbruster et al. (2006) in the epidote group.

Grouping of Crystallographic Sites

It is frequently observed that a group of similar cations or anions can
occupy more than one crystallographically distinct site. Such sites, with
similar crystal-chemical roles, may be considered as a whole for nomen-
clature proposals. For example, the olivine structure has two octahedral
sites, M1 and M2, which in the forsterite—fayalite series are occupied
by Mg and Fe?*, in a not completely disordered way. However, recogni-
tion of only two species is deemed to be appropriate as the two inter-
mediate compositions and their implied arrangements are not
approached in nature.
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