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M

inerals evolve! Drawing parallels between the mineral kingdom and living organisms. Robert Hazen and his colleagues came to this startling conclusion to explain the wide variety of minerals on Earth. 

Although the evolution of minerals and biology involves totally different principles, both share a number of fundamental characteristics in common with other complex systems. These include basic selection rules, increasing complexity overtime, and extinction. Unlike biological systems, however, minerals cannot mutate nor can they pass information on to succeeding generations through a genetic-type code. Furthermore, minerals have hardly ever gone extinct on Earth. (Diamond may be a rare exception. Diamonds crystallized 

billions of years ago in the Earth's upper mantle and came to the surface much later in violent volcanic eruptions). Mineral extinction has occurred elsewhere in space, e.g.. the Moon and Mars. On the Moon, volcanism ceased several billion years ago. On Mars, deposition of clay and sulfate minerals stopped after the Red Planet grew drier and colder. These examples illustrate the close connections between mineral evolution and the geological (and biological) evolution of their home planets or moons. 

At its most basic level, evolution is simply "change over time,” and in this sense, mineral evolution has undoubtedly occurred. Furthermore, mineral assemblages on Earth have grown more diverse and complex over time, going from the handful of minerals pre-dating the origin of the Solar System to over 4.400 species known today. Thus, mineral evolution represents another example of the growth of complexity in the universe. Other examples include cosmic evolution from the Big Bang to the creation of chemical elements (other than H and lie) in stars, the formation of galaxies, the Solar System, the differentiation of the Earth into core, mantle, crust, the history of life, the development of languages, and lately, the growth of technology. 

Hazen and his colleagues propose three major eras, sub-divided into ten stages of mineral evolution, that are closely linked to major biological and geochemical transformations (summarized in Table 1). Prior to the formation of the Solar System, over 4.6 billion years ago, a mere dozen minerals had been created in the clouds of dust and gas swirling around stars. Tiny nano-grains of diamond, graphite, moissanite, spinel and other rare "ur-mineral" Stardust survive embedded in chondritic meteorites. 

Meteorites provide our only window into the first era of mineral evolution, over 4.56 to 4.55 billion years ago, during the formation of the Solar System and planetary accretion. At that time, the first iron-nickel, sulfides (e.g.. troilite), phosphides (e.g.. schreibersite). and high-melting silicates (e.g.. anorthite. forsterite) appeared, bringing the total to 60. Toward the end of the first era. additional heating, re-melting, and alteration by water expanded the list to 250 (Table 1 on next page). 

The second era (4.55-2.5 billion years -- that of Earth's differentiation into core, mantle, crust -- generated a cumulative total of 1,500 minerals. New minerals formed as a result of igneous and volcanic processes, metamorphism. and fluids chemically interacting with rocks. Plate tectonics began in this era. Starting with basalt, partial melting and crystallization led to formation of granitic rocks and pegmatites, along with their characteristic minerals quartz, microcline, muscovite. albite, tourmaline, beryl, topaz, and uranium, thorium, and rare earth minerals. Hydrothermal ore deposits also accumulated in veins, producing many sulfides, sulfarsenides, and sulfantimonides. Life originated toward the end of this era, ultimately transforming the planet profoundly. 

The third era (>2.5 billion years to the present )-- that of biologically-influenced mineralogy -- produced over half of the known minerals. Although the earliest life forms had already appeared toward the end of the second era, their influence on geology remained scant until around 2.5 billion years ago. The Great Oxidation Event,

around 2.5 to 2.4 billion years ago. marks a major bio-geochemical milestone, when atmospheric oxygen levels reached over 1 percent of modem values, irreversibly transforming the Earth's surface mineralogy. The oxygen we breathe was initially produced by photosynthesizing cyanobacteria and later by plants that converted the 

Sun's energy, water, and carbon dioxide into carbohydrates and other organic molecules. Before 2.5 billion years ago. when atmospheric oxygen levels were still quite low, detrital pyrite and uraninite grains were able to concentrate into the 2.9-2.7 billion year old gold and uranium placer deposits of the Witwatersrand, South Africa. Today, because these minerals would rapidly oxidize at the Earth's surface, they never occur as detrital grains. The abundance of banded iron formations (BIFs) culminated during the Great Oxidation Event. These deposits, our main source of iron, consist of layers of red jasper, hematite, magnetite, with lesser iron sulfides, carbonates, and other minerals. 

	Table 1. Mineral Evolution 

	Era
	Age (billion years)
	Total No. Species
	Typical Minerals 

	Pre-solar minerals
	>4.6


	12


	Nano-diamond, graphite, 

moissanite 



	I. Formation of Solar System 


	>4.55


	250


	Iron-nickel, troilite, olivine, pyroxene

	II. Planetary differentiation and 

onset of plate tectonics 


	4.55-2.5


	1,500


	Quartz, orthoclase, mica, 

tourmaline, zircon, kyanite, pyrite

	III. Biologically-influenced minerals


	>2.5 to present


	4,400+


	Hematite, calcite, aragonite, 

hydroxyapatite, abundant clays



From the perspective of mineral evolution, the rise of atmospheric oxygen probably represents the most important cause of mineral diversification. Of over 4,400 known mineral species, more than half are oxidized and hydrated minerals that are weathered or altered from others. Sedimentary phosphates and sulfates (e.g.,

gypsum, anhydrite) grew more abundant in shallow seas. Colorful secondary copper minerals such as turquoise, azurite, malachite, and brochantite could not have deposited until enough biologically- produced oxygen had accumulated in the atmosphere. The same holds true for many other elements (e.g.. uranium, vanadium, arsenic, 

antimony, boron) as well. By the end of the Great Oxidation Event, over 4,000 mineral species had formed. 

The last chapter of the third era (from 542 million years to the present) saw the great diversification of life from trilobite and ultimately to Homo sapiens. The proliferation of life resulted in extensive biomineralization. e.g., most limestones and phosphatic rocks deposited form the remains of marine organisms with calcite, aragonite, and of hydroxy apatite shells or skeletons. Microbial reduction of evaporitic gypsum produced the native sulfur deposits of the Gulf Coast. Other biominerals include whewellite and whitlockite. 

Directly or indirectly, living organisms have contributed to the formation of more than 60 minerals, but the influence of life extends way beyond these. Soil microbial activity has hastened chemical weathering. Biology affects the geochemical cycling of many elements, such as carbon, nitrogen, sulfur, and phosphorous through 

the atmosphere and in rocks. Altogether, through various geological and biological processes, the Earth now boasts a grand total of over 4,400 mineral species and new ones are still being discovered. 

This novel perspective enables us to appreciate the co-evolution of minerals and life. Life did not just evolve passively, merely adapting to changing environmental conditions, but also participated actively in shaping the geology and climate of this planet. 
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