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primitive chondritic meteorites, through igneous, metamorphic 
and sedimentary petrology, to metazoan biomineralization of 
the Phanerozoic Era. However, few attempts have been made to 
synthesize these mineralogical data into a coherent chronology 
(see, however, Wenk and Bulakh 2004, p. 594–595; Hazen 2008, 
p. 4–6). The concept of mineral evolution provides an important 
perspective on Earth’s history and a potentially useful framework 
for teaching mineralogy. Furthermore, it may prove particularly 
useful in attempts to understand chemical aspects of life’s origins, 
as well as the development of quantitative measures for compara-
tive planetology and the search for other living worlds.

Earth’s history is a continuum, yet several significant irre-
versible mineralogical events, each triggered by new physical, 
chemical and/or biological processes, have been recognized in 
the geological record and provide a chronological framework for 
this overview. These processes diversified Earth’s mineralogy in 
three ways. First, they increased the range of bulk compositions 
from which minerals form, from the original, relatively uniform 
composition of the solar nebula. Second, geological processes 
increased the range of physical and chemical conditions under 
which minerals form from a given bulk composition (e.g., P, 
T, aH2O, aCO2, aO2, etc.). Third, living organisms opened up new 
reaction pathways by which minerals formed that were not ac-
cessible in the abiotic world.

In particular, Earth has experienced three broad eras of min-
eral evolution, which can be further subdivided into 10 partially 

overlapping stages (Table 1; Fig. 1), each of which saw the 
expansion of mineralogical diversity and/or variation in rela-
tive mineral abundances. The first era began with the extreme 
mineralogical simplicity of pre-stellar “dense” molecular clouds, 
in which widely dispersed microscopic dust particles contained 
only about a dozen known refractory oxides, carbides, nitrides, 
and silicates that represent the starting point of mineral evolu-
tion. Gravitational clumping into a protoplanetary disk, star 
formation, and the resultant heating in the solar nebula produced 
the distinctive chondrules and calcium-aluminum inclusions 
that dominate chondritic meteorites, which incorporate ~60 
primary mineral phases that formed by direct condensation, 
melt solidification, or solid-state recrystallization. Subsequent 
aqueous and thermal alteration of chondrites led to dozens of 

TABLE 1.  Ten stages of mineral evolution of terrestrial planets, with possible timing on Earth, examples of minerals, and estimates of the 
cumulative number of different mineral species

Stage  Age (Ga)  Examples of minerals  ~ Cumulative no. species
The era of planetary accretion (>4.55 Ga)

1. Primary chondrite minerals  >4.56 Ga Mg-olivine/pyroxene, Fe-Ni metal, FeS, CAIs 60 
2. Planetesimal alteration/differentiation >4.56 to 4.55 Ga  250

 a) aqueous alteration  phyllosilicates, hydroxides, sulfates, carbonates, halite
 b) thermal alteration  albite, feldspathoids, biopyriboles
 c) shock phases  ringwoodite, majorite, akimotoite, wadsleyite
 d) achondrites  quartz, K-feldspar, titanite, zircon 
 e) iron meteorites  many transition metal sulfides and phosphates 

The era of crust and mantle reworking (4.55 to 2.5 Ga)
3. Igneous rock evolution 4.55 to 4.0 Ga  350 to 500

a) fractionation  feldspathoids, biopyriboles (volatile-poor planets) 350
b) volcanism, outgassing, surface hydration  hydroxides, clay minerals (volatile-rich planets) 500

4. Granite formation  4.0 to 3.5 Ga  1000
a) granitoids  quartz, alkali feldspar (perthite), hornblende, micas, zircon
b) pegmatites  beryl, tourmaline, spodumene, pollucite, many others 

5. Plate tectonics >> 3.0 Ga  1500
a) hydrothermal ores  sulfides, selenides, arsenides, antimonides, tellurides, sulfosalts
b) metamorphic minerals  kyanite, sillimanite, cordierite, chloritoid, jadeite, staurolite

6. Anoxic biological world 3.9 to 2.5 Ga  1500
a) metal precipitates  banded iron formations (Fe and Mn)
b) carbonates  ferroan carbonates, dolostones, limestones
c) sulfates  barite, gypsum
d) evaporites  halides, borates
e) carbonate skarns   diopside, tremolite, grossularite, wollastonite, scapolite

 
The era of bio-mediated mineralogy (>2.5 Ga to present)

7. Paleoproterozoic atmospheric changes 2.5 to 1.9 Ga  >2000 new oxide/hydroxide species, especially ore minerals  >4000
surface oxidation  

8. Intermediate ocean 1.9 to 1.0 Ga minimal mineralogical innovation >4000
  
9. Neoproterozoic biogeochemical changes 1.0 to 0.542 Ga  >4000

a) glaciation  extensive ice deposition, but few new minerals
b) post-glacial oxidation  extensive oxidative weathering of all surface rocks

10. Phanerozoic Era 0.542 Ga to present  4300+
a) biomineralization  extensive skeletal biomineralization of calcite, aragonite,
   dolomite, hydroxylapatite, and opal
b) bio-weathering  increased production of clay minerals, soils

Note: The timings of some of these stages overlap and several stages continue to the present.

►FIGURE 1. Geologic time scale (a), major events and milestones 
in Earth evolution (b), and the 10 stages of mineral evolution discussed 
in this paper (c). The main time intervals of the mineral stages, which 
represent significant developments in terms of mineral diversity, are 
indicated with solid vertical lines; less certain initiations of these stages, 
or gradual transitions, are indicated with dotted vertical lines; gray vertical 
lines indicate continuation to the present of key processes associated with 
some of the mineral stages. Figure adapted from Bleeker (2004); eon, 
era, and period terminology of the time scale follows Gradstein et al. 
(2004); the “Geon” scale on the left provides a convenient shorthand for 
100 million year time intervals, after Hoffman (1990).


