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the shells of inarticulate brachiopods; Knoll 2003b). Microbial 
precipitation of phosphates, predominantly hydroxylapatite but 
also carbonate fluorapatite (Schulz and Schulz 2005), played 
the dominant role in the formation of what are now commercial 
phosphorite deposits (Zhao et al. 1985; Burnett and Riggs 1990; 
Cook and Shergold 1990).

The history of clay mineralization provides another im-
portant example of the increasing importance of biological 
activity through time. Phanerozoic production of clay minerals 
in soils, especially since the advent of land plants in the Siluro-
Devonian Period, is estimated to have been at least an order of 
magnitude greater than that of previous eras (Schwartzman and 
Volk 1991; Bennett et al. 1996; Paris et al. 1996; Barker et al. 
1998; Tazaki 2005). This increase, which is an extension of the 
“clay mineral factory” hypothesis and associated rise of oxygen 
(Kennedy et al. 2006), is a distinctive aspect of post-Ordovician 
mineralogy. Indeed, evidence suggests that atmospheric oxygen 
concentrations have continued to rise during the Phanerozoic 
Era, especially in the Permo-Carboniferous (Berner et al. 2000). 
Falkowski et al. (2005) exploited carbon isotope data to estimate 
that atmospheric oxygen increased from ~10 to more than 20 
mol% over the past 205 Ma. 

Phanerozoic mineralogical novelty is enhanced by more 
than a dozen organic minerals, which have been identified 
from coal, black shales, oil shales, and other carbon-rich fossil 
sources. These biologically derived minerals include the remark-
able Ni-porphyrin abelsonite (Ni2+C31H32N4), the purine uricite 
(C5H4N4O3), and several hydrocarbons ranging in size from 
kratochvilite (C13H10) to carpathite (C24H12). Perry et al. (2007) 
have also introduced the term “organomineral” to designate a 
“mineral product containing organic carbon,” but “not directly 
produced by living cells.” As examples they cite carbon-bearing 
siliceous hot-spring deposits, desert varnish, stromatolites, and 
a variety of trace fossils. 

In addition to oxygenation, microbes in the Phanerozoic Era 
are likely to have played many roles in modifying Earth’s near-
surface mineralogy, and today the geochemical cycles of most 
elements are affected by biology (Banfield and Nealson 1997; 
Banfield et al. 1998; Frankel and Bazylinski 2003). Among the 
many ways that biology influences mineralogy, airborne mi-
crobes may play a dominant role in the nucleation and growth 
of ice particles in clouds and in subsequent snowfall (Christner 
et al. 2008). Microbial colonies can also form biofilms and col-
loids with large negatively charged reactive surface areas that 
may adsorb metals and precipitate various minerals. Microbes 
that catalytically oxidize pyrite and produce acidic waters may 
increase dissolution and precipitation reaction rates by six orders 
of magnitude (Singer and Stumm 1970; Nordstrom and Southam 
1997). Even gold geochemistry may be strongly affected by bio-
logical activity; Reith et al. (2006) find that microbes can both 
solubilize gold (see also Lyalikova and Mockeicheva 1969; Ko-
robushkina et al. 1983) and trigger the precipitation of secondary 
gold grains from aqueous AuCl4

– in shallow crustal environments. 
Thus, gold deposits may be enriched by microbial activity, and 
it is possible that some gold nuggets are the ultimate weathered 
consequence of subsurface biological processing.

In addition to numerous examples of indirect biologically 
mediated mineral formation, more than 60 minerals are known 

to be formed directly by intra-, inter-, and extracellular processes 
(Table 3), including several mineralogical rarities. For example, 
Akai et al. (1999) describe direct microbial precipitation of 
alternating (possibly seasonal) layers of the distinctive iron 

TABLE 3.  Names and idealized chemical compositions of selected 
minerals produced by biological mineralization processes 
(expanded from Dove and Weiner 2003, Table 1) 

Name Formula
Elements

α-sulfur S
γ-sulfur (Rosickyite) S

Carbonates
Amorphous calcium carbonates CaCO3

.H2O or CaCO3

(at least 5 forms)
*Aragonite CaCO3

*Calcite CaCO3

Hydrocerussite Pb3(CO3)2(OH)2

Lansfordite MgCO3·5H2O
Magnesite MgCO3

Mg-calcite (MgxCa1–x)CO3

*Monohydrocalcite CaCO3
.H2O

Nesquehonite Mg(CO3)·3H2O 
Protodolomite  CaMg(CO3)2

Rhodochrosite MnCO3

Siderite FeCO3

*Vaterite CaCO3

Phosphates
Amorphous calcium phosphate variable 
 (at least 6 forms)
Amorphous calcium pyrophosphate Ca2P2O7

.2H2O
Bakhchisaraitsevite Na2Mg5(PO4)4·7H2O
*Brushite Ca[PO3(OH)]·2H2O
*Carbonate-hydroxylapatite  Ca5(PO4,CO3)3(OH)
Chlorapatite Ca5(PO4)3Cl
*Fluorapatite Ca5(PO4)3F
*Hannayite Mg3(NH4)2H4(PO4)4·8H2O
*Hydroxylapatite Ca5(PO4)3(OH)
*Monetite Ca[PO3(OH)]
*Newberryite Mg[PO3(OH)]·3H2O
Octacalcium phosphate Ca8H2(PO4)6

*Struvite Mg(NH4)(PO4)·6H2O
Hazenite KNaMg2(PO4)2·14H2O
Vivianite Fe3

2+(PO4)2·8H2O
*Whitlockite Ca18H2(Mg,Fe)2(PO4)14

Sulfates
Aphthitalite K3Na(SO4)2

Ardealite Ca2[PO3(OH)](SO4)·4H2O
Barite  BaSO4

Celestine SrSO4

*Epsomite MgSO4·7H2O
*Gypsum CaSO4·2H2O
*Hexahydrite MgSO4·6H2O
Jarosite KFe3

3+(SO4)2(OH)6

Melanterite Fe2+SO4·7H2O
Schwertmannite Fe3+

16O16(OH)9.6(SO4)3.2·10H2O

Nitrates
Gwihabaite (NH4)NO3

Sulfides
Acanthite Ag2S
Amorphous pyrrhotite Fe1–xS (x = 0 – 0.17)
Galena PbS
Greigite Fe3S4

Hydrotroilite FeS.nH2O
Mackinawite (Fe,Ni)9S8

Marcasite FeS2

Pyrite FeS2

Pyrrhotite Fe7S8

Orpiment As2S3

Sphalerite ZnS
Wurtzite ZnS
* Minerals found in humans (after Yoder 2002).
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sulfate jarosite [KFe3
3+(SO4)2(OH)6] and goethite [FeO(OH)] at 

the Gunma iron mine in Japan. Jaws of the marine bloodworm 
Glycera dibranchiata contain the rare copper mineral atacamite 
[Cu2(OH)3Cl] (Lichtenegger et al. 2002). Microbes and multi-
cellular organisms produce intercellular magnetic grains of the 
unusual sulfide greigite (Fe3S4), as well as magnetite (Chang 
and Kirschvink 1989; Pósfai et al. 1998; Thomas-Keprta et al. 
2001; Lins et al. 2007; Coker et al. 2008). And several miner-
als, including various organic minerals, γ-sulfur, and hazenite 
[KNaMg2(PO4)2·14H2O] (Table 3), may occur exclusively as 
microbially generated minerals. 

DISCUSSION
Mineral evolution occurs on all solar system objects, but in 

particular on terrestrial planets and moons, in a variety of guises. 

The most obvious change over time, which is emphasized in 
this paper, is the increasing number of different mineral species. 
However, Earth’s mineralogy has also changed in other respects, 
including the relative abundances of near-surface minerals, the 
diversity of mineral associations, the compositional ranges of 
minerals displaying solid solution, and the grain sizes and mor-
phologies of minerals. For example, SiO2 initially appeared as 
rare micro-grains of cristobalite in chondrites, then as dispersed 
millimeter-sized grains of quartz in some achondrites, and 
eventually as common centimeter-sized crystals in granitoids 
and megacrysts in pegmatites. Various forms of SiO2 also accu-
mulated in sediments, were transformed to stishovite and coesite 
in impacts, were metamorphosed in quartzites, and became 
important in bioskeletons. Feldspar minerals display similar 
increases in associations and grain sizes, while expanding greatly 
in compositional extent from Ca-rich feldspars in chondrites, 
to the full range of Ca-Na plagioclase in achondrites, to Na-K 
alkali feldspars in the subsequent evolution of igneous rocks on 
Earth. Thus the concept of mineral evolution incorporates more 
than just the diversity of mineral species.

Three processes that drive mineral evolution
The evolution of Earth’s near-surface mineralogy results 

primarily from three principal processes. First are separation and 
concentration processes, for example planetary differentiation, 
outgassing, fractional crystallization, partial melting, crystal 
settling, and leaching by aqueous fluids. These processes led to 
diversification of the initially homogeneous element distribution 
in the pre-solar nebula into a broad spectrum of bulk composi-
tions. As previously dispersed elements became selected and 
concentrated, new suites of minerals invariably emerged. Note 
that separation and concentration of an element only creates a 
new mineral when the volume of new composition exceeds some 
minimum spatial dimension. In this regard, it is likely that the 
stages and timing of mineral evolution would be somewhat dif-
ferent if one considers nano-scale minerals. Continuing studies 
of the distribution of minor and trace elements in undifferentiated 
meteorites will provide important insights on this size aspect of 
mineral evolution.

The second process that drives mineral evolution on terres-
trial planets and moons is the emergence of an increased range 
of intensive variables, including temperature, pressure, and the 
activities of volatiles such as H2O, CO2, and O2. On Earth, the 
range of these variables is reflected in the formation of such var-
ied environmental regimes as ice caps, dry lakes, high-pressure 
metamorphic terrains corresponding to exhumed subduction 
zones, deep-ocean hydrothermal ecosystems, impact sites, and 
continental climate zones. 

Finally, processes in living organisms have created and sus-
tained both local and global compositional gradients that promote 
reaction pathways leading to new minerals. Note that both prebi-
otic and biologically mediated mineral diversification represents 
minimization of Gibbs free energy under new combinations of 
temperature, pressure and composition. In biological systems, 
however, new minerals may be catalyzed by living organisms 
in highly localized volumes that are not in equilibrium with the 
surrounding geochemical milieu (e.g., the biological precipitation 
of aragonite in shallow marine environments).

TABLE 3.—CONTINUED
Name Formula 

Oxides
Amorphous iron titanate Fe2+TiO3

Amorphous iron oxide Fe2O3

Amorphous manganese oxide Mn3O4

*Anatase TiO2

Ilmenite FeTiO3

*Maghemite Fe2.67O4

*Magnetite Fe3O4

*Periclase MgO
Ice  H2O

Hydroxides and hydrous oxides
Birnessite NaMn4O8·3H2O
*Brucite Mg(OH)2 
Ferrihydrite Fe4–5(OH,O)12

Goethite α-FeO(OH)
Lepidocrocite γ-FeO(OH)
Todorokite NaMn6O12·3–4H2O

Chlorides
Atacamite Cu2Cl(OH)3

*Halite NaCl
*Sylvite KCl

Fluorides
Fluorite CaF2

Hieratite K2SiF6

Silicates
Amorphous silica SiO2·nH2O
*Quartz SiO2

Organic crystals*
Abelsonite Ni2+C31H32N4

Ca malate C4H4CaO5

Ca tartrate C4H4CaO6

Carpathite C24H12

Earlandite Ca3(C6H5O7)2·4H2O
Glushinskite MgC2O4·2H2O
Guanine C5H3(NH2)N4O
Hartite C20H34

Hoganite Cu(CH3COO)2·H2O
Idrialite C22H14

Kratochvílite C13H10

Lindbergite MnC2O4·2H2O
Moolooite CuC2O4·nH2O
Paceite CaCu(CH3COO)2·6H2O

Paraffin hydrocarbon
Sodium urate C5H3N4NaO3

*Urea CO(NH2)2

Uricite C5H4N4O3

*Weddelite CaC2O4·2H2O
*Whewellite CaC2O4·H2O
* Minerals found in humans (after Yoder 2002).


