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GEOLOGY

Evolution

~y ROBERT M. HAZEN

Looking at the mineral kingdom through the lens
of deep time leads to a startling conclusion:

most mineral speciesowe their existence to life

KEY CONCEPTS.Onlya dozenminerals(crystal-
line compounds)are knownto
haveexisted amongthe ingre-
dients that formed the solar

system4.6 billion yearsago,
but today Earth hasmorethan
4,400 mineralspecies..Earth'sdiversemineralogyde-
velopedover the eons,asnew
mineral-generatingprocesses
cameinto play.

. Remarkably,more than half of
the mineral specieson Earth
owe their existenceto life,

which begantransforming the
planet's geology more than
two billion yearsago.

-The Editors
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O
nce upon a time there were no minerals
anywhere in the cosmos. No solids of
any kind could have formed, much less

survived, in the superheated maelstrom follow-
ing the big bang. It took half a million years be-
fore the first atoms-hydrogen, helium and a bit
of lithium-emerged from the cauldron of cre-

ation. Millions more years passed while gravity
coaxed these primordial gases into the first neb-
ulas and then collapsed the nebulas into the first
hot, dense, incandescent stars.

Only then, when some giant stars exploded
to become the first supernovas, were all the oth-
er chemical elements synthesized and blasted
into space. Only then, in the expanding, cooling
gaseous stellar envelopes, could the first solid
pieces of minerals have formed. But even then,
most of the elements and their compounds were
too rare and dispersed, or too volatile, to exist as
anything but sporadic atoms and molecules
among the newly minted gas and dust. By not
forming crystals, with distinct chemical compo-
sitions and atoms organized in an orderly array
of repeating units, such disordered material fails
to qualify as minerals.

Microscopic crystals of diamond and graph-

ite, both pure forms of the abundant element

carbon, were likely the first minerals. They were
soon joined by a dozen or so other hardy micro-
crystals, including moissanite (silicon carbide),
osbornite (titanium nitride), and some oxides
and silicates. For perhaps tens of millions of
years, these earliest few species-"ur-minerals"-
were the only crystals in the universe.

Earth today, in contrast, boasts more than

4,400 known mineral species, with many more
yet to be discovered. What caused that remark-
able diversification, from a mere dozen to thou-

sands of crystalline forms? Seven colleagues and
I recently presented a new framework of "min-
eral evolution" for answering that question.
Mineral evolution differs from the more tradi-

tional, centuries-old approach to mineralogy,
which treats minerals as valued objects with dis-
tinctive chemical and physical properties, but
curiously unrelated to time-the critical fourth

dimension of geology. Instead our approach uses
Earth's history as a frame for understanding
minerals and the processes that created them.

We quickly realized that the story of mineral
evolution began with the emergence of rocky
planets, because planets are the engines of min-
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eral formation. We saw that over the past four
and a half billion years Earth has passed through
a series of stages, with novel phenomena emerg-
ing at each stage to dramatically alter and enrich
the mineralogy of our planet's surface.

Some details of this story are matters of in-
tense debate and will doubtless change with fu-
tUre discoveries, but the overall sweep of mineral
evolution is well-established science. My col-
leagues and I are not presenting controversial new
data or radical new theories about what occurred

at each stage of Earth's history. We are, rather,
recasting the larger story of that history in the
light of mineral evolution as a guiding concept.

I do, however, want to emphasize one intrigu-
ing insight: most of Earth's thousands of miner-

als owe their existence to the development of life
on the planet. If you think of all the nonliving
world as a stage on which life plays out its evo-
lutionary drama, think again. The actors reno-
vated their theater along the way. This observa-
tion also has implications for the quest to find
signs of life on other worlds. Sturdy minerals
rather than fragile organic remains may provide
the most robust and lasting signs of biology.

Making Earth
Planets form in stellar nebulas that have been

seeded with matter from supernovas. Most of a
nebula's mass rapidly falls inward, producing
the central star, but remnant material forms a

vast rotating disk around the star. These left-
overs progressively clump into larger and
larger bits: sand-, pebble- and fist-size
fluff balls of primordial dust harboring
a limited repertoire of a dozen or so ur-
minerals, along with other miscella-
neous atoms and molecules.

Dramatic changes occur when
the nascent star ignites and bathes the nearby
concentrations of dust and gas with a refining
fire. In our own solar system, stellar ignition oc-
curred almost 4.6 billion years ago. Pulses of heat'
coming from the infant sun melted and remixed

elements and produced crystals representing
scores of new minerals. Among the crystalline
novelties of this earliest stage of mineral evolu-
tion were the first iron-nickel alloys, sulfides,
phosphides, and a host of oxides and silicates.
Many of these minerals are found in the most
primitive meteorites as "chondrules": chilled
droplets of once molten rock. (These ancient
chondri tic meteorites also provide the evidence
for the ur-minerals that predated chondrules.
Mineralogists find the ur-minerals in the form of
nanoscopic and microscopic grains in the
meteorites.)

In the ancient solar nebula, chondrules quick-
ly clumped into planetesimals, some of which
grew to more than 100 miles in diameter-large
enough to partially melt and differentiate into
onionlike layers of distinctive minerals, includ-
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