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additional minerals in chondritic meteorites. Planetesimal ac-
cretion, melting, differentiation, and impact processes yielded 
additional mineral phases, though no more than ~250 different 
minerals have been observed in unweathered meteorites. These 
~250 species provided the mineralogical raw materials for Earth 
and other terrestrial planets.

The second era of Earth’s mineral evolution was a time when 
elements and molecules in the crust and upper mantle were first 
subjected to repeated, strictly physical and chemical processing 
by various mechanisms. Igneous fractional crystallization, crystal 
settling, partial melting, and associated fluid-rock interactions re-
sulted in radial differentiation accompanied by vertical tectonics 
and development of a variety of new hydrothermal, igneous, and 
contact metamorphic lithologies. The resulting separation and 
concentration of the elements, which in part reflected a gradual 
chemical decoupling of Earth’s crust from the more reduced 
mantle, led to a marked diversification of the terrestrial min-
eral realm. In addition, lithospheric subduction and collisional 
zones at convergent plate boundaries and hydrothermal activity 
at deep-sea vents and ridges resulted in a host of new minerals 
associated with large-scale upper mantle and crustal reworking, 
massive hydrothermal ore deposits, and surface exposure of 
high-pressure metamorphic terrains.

The third major era of Earth’s mineral evolution, which spans 
at least the last 3.5 billion years, is associated with biological 
activity and the coevolution of the geo- and biospheres. Gradual 
irreversible redox changes in ocean and atmospheric composi-
tion, in part mediated by surface weathering processes, carbon 
burial, and the episodic rise in atmospheric oxygen fostered by 
photosynthetic microorganisms, led to the precipitation of mas-
sive carbonates, banded iron formations, sulfates, evaporates, and 
other lithologies. Microbes, with their varied metabolic redox 
strategies, high surface reactivities that are able to concentrate 
metals, and ability to create and sustain chemical gradients in a 
variety of geochemical environments, precipitated minerals at 
scales from microenvironments to regional terrains. The Phanero-
zoic innovation of bioskeletons of carbonate, phosphate or silica 
resulted in new mechanisms of mineralization that continue to 
the modern era. The following sections examine in greater detail 
these evolutionary eras of mineral diversification.

TABLE 2A.  Micro- and nano-mineral phases identified from interstellar 
grains in chondritic meteorites (Brearley and Jones 1998; 
Nittler 2003; Messenger et al. 2003; Mostefaoui and Hoppe 
2004; Vollmer et al. 2007)

Name Formula 
Diamond/lonsdaleite (~2 nm) C
Graphite C
Moissanite SiC 
Nano-particles of TiC, ZrC, MoC, FeC, and Fe-Ni metal within pre-solar graphite
Osbornite TiN
Nierite α-Si3N4

Rutile TiO2

Corundum Al2O3

Spinel MgAl2O4

Hibonite CaAl12O19

Forsterite Mg2SiO4

Perovskite structure MgSiO3

GEMS (silicate glass with embedded metal and sulfides) 

TABLE 2B.  Primary mineral phases in chondrules of type 3.0 chondrites
Name Formula
Forsterite Mg2SiO4

Clinoenstatite MgSiO3

Orthopyroxene (Mg,Fe)SiO3

Pigeonite (Mg,Fe,Ca)SiO3

Augite  Ca(Mg,Fe,Al)(Si,Al)2O6

Anorthite CaAl2Si2O8 
Spinel MgAl2O4

Chromite FeCr2O4

Ilmenite FeTiO3

Kamacite α-(Fe,Ni) metal 
Taenite γ-(Ni,Fe) metal
Troilite  FeS 
Pentlandite (Ni,Fe)9S8

*Magnetite Fe3O4

*Cohenite (Fe,Ni)3C
*Haxonite (Fe,Ni)23C6

*Cristobalite/Tridymite SiO2

*Fayalite Fe2SiO4

*Merrihueite/Roedderite (K,Na)2(Fe,Mg)5Si12O30

*Pseudobrookite Fe2TiO5

†Schreibersite (Fe,Ni)3P
†Perryite (Ni,Fe)8(Si,P)3

†Oldhamite CaS
†Niningerite (Mg,Fe,Mn)S
†Daubreelite FeCr2S4

†Caswellsilverite NaCrS2

* Indicates minor minerals probably formed by solid-state reaction of other phases. 
† Indicates minor phases observed in chondrules of enstatite chondrites (Brearley 
and Jones 1998).                  (continued next page)

TABLE 2.  Five lists of names and idealized chemical compositions of primary minerals identified in type 3 chondrites (Rubin 1997a; Brearley 
and Jones 1998; Stroud et al. 2004; Ebel 2006; Messenger et al. 2006; MacPherson 2007)

THE ERA OF PLANETARY ACCRETION (>4.55 GA)
The mineral evolution of terrestrial planets begins in pre-

stellar nebulas. So called “dense molecular clouds,” which are 
the breeding grounds of stars and their associated protoplanetary 
disks, are composed of gas (primarily H and He) with widely 
dispersed dust grains. Pre-solar interstellar grains are identi-
fied by their anomalous isotopic compositions, which point 
to an origin in late-stage stellar events, such as supernovae 
and asymptotic giant branch (AGB) stars that shed their outer 
envelopes. Individual interstellar grains can be recovered from 
the matrix of chondritic meteorites and are found to incorporate 
nanometer- to micrometer-sized particles of a handful of refrac-
tory minerals, including carbides, nitrides, oxides, and silicates, 
as recorded in Table 2a (Brearley and Jones 1998; Nittler 2003; 
Messenger et al. 2003, 2006; Stroud et al. 2004; Mostefaoui and 
Hoppe 2004; Vollmer et al. 2007). Stars and their associated 
planets arise through gravitational clumping of this primitive 
nebular material. 

Stage 1. Formation of primary chondritic minerals (>4.56 Ga) 
Chondrites include a variety of stony meteorites that formed 

early in the history of the solar nebula from the accretion of fine-
grained nebular material into primitive planetesimals (Brearley 
and Jones 1998; Weisberg et al. 2006). The most striking features 
of chondritic meteorites are chondrules (Fig. 2), which are small 
spherical objects (typically ~1 mm in diameter) that represent 
molten droplets formed in space, presumably by flash heating 
and rapid cooling during the T-Tauri phase of the Sun’s forma-
tion (Rubin 2000; Desch and Connolly 2002). Chondrites also 
commonly contain calcium-aluminum-rich inclusions (CAI), 


