
Nonetheless, the early appearance of eukary- 
otic attributes directs new attention to the 
immense inte~val between the divergence of 
the Eucaiya and their rise to ecological and 
taxonomic proininence 1200 to 1000 Ma 
(see diagram) (11). Explanations based on bi- 
ological innovation ("just add sex") have 
been favored in recent years, but these require 
careful rethinking, with inore attention paid 
to possible ewiro~xnental facilitation. 

In a now classic model of atmospheric 
evolution, geochemists have postulated 
that oxygen coilcentrations grew from ex- 
tremely low to nearly modern levels about 
2200 to . a 0 0  Ma (12). But molecular oxy- 
gen is rehired for sterol synthesis, and in- 
dependent isotopic evidence connects 
methanotrophic bacteria that depend on 
oxygen to late Archean ecosystems (13). 
Thus, regardless of the circuinstances of 
early Archean Earth, biogeocl~emical ob- 
servations suggest that by the late 
Archean, oxygen had begun to accumulate 
in the atmosphere, perhaps reaching levels 

sufficient for aerobic respiration by single 
cells (about 1% of present-day values), al- 
though probably not much more (12, 14). 
Recent models of Proterozoic ocean chein- 
istry also suggest that the partial pressure 
of oxygen, Po?, approached modern levels 
only near the end of the Archeail (1, IS), 
further emphasizing the need to consider a 
protracted, multistage history of atmo- 
spheric chemistry. 

Knowledge of Archean life and envi- 
ronments remains sketchy, but the discov- 
eries of Brocks ef 01, bolster confidence 
that, like the Precambrian-Cambrian 
boundary before it, the paleontological 
barrier at the Proterozcic-Archean bound- 
ary is destined to fall. This time the ad- 
vance will be driven by iilnovative biogeo- 
chemistry tied to careful field studies of 
Archean sedimentary rocks (16). 
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Mineralogy at  a Crossroads 
Russell J. Hemley 

w hen Theophrastus described 16 
minerals in his textbook "De La- 
pidibus" around 300 B.C.,  he 

laid the foundation for the science of min- 
eralogy and provided the basis for under- 
standing a panoply of natural phenomena. 
The minerals he described provided the 
raw material that led to the discovery of 
many of the chemical elements, and their 
study was essential in establishing the dis- 
ciplines of chemistry and physics. Ad- 
vances within these disciplines in this cen- 
tury brought iniilerology into the modern 
era. In particular, the use of x-ray crystal- 
lography allowed the structure of all the 
major rock-forming minerals to be deter- 
mined on an atomic scale (see the figure). 
The field has been so successful in these 
respects that mineralogy in now at a cross- 
roads. New questions cut across the histor- 
ical boundaries of the field defined in 
even the most recent textbooks. Recent 
workshops (1-3) highlighted both acceler- 
ating progress in key areas and expanding 
opportunities for the co~ning century. 

Dana's System of Mineralogy (4) of the 
last cent~~ry  led to the definition of a min- 
eral as a "naturally occurring crystalline 
element or compound having definite 

chenlical composition, and formed as a 
product of inorganic processes." This view 
is now considered too restrictive: The syn- 
thesis of new "minerals" at high pressures 
and temperatures; the discovery of new 
amorphous forms; and investigations of 
ilanoscopic to mesoscopic materials, melt 
structures and fluid-rock interactions, bio- 
logically precipitated minerals, and organ- 
ic-inorganic iilteractions relevant to the 
origin of life have considerably broadened 
the purview of this science. Materials are 
no longer co~npartinentalized according to 
whether they are found naturally in Earth, 
on other planets, or exclusively as the 
product of human endeavors. Four theines 
are emerging froin recent developments: 
an expanded domain of inaterials and pro- 
cesses, new views of coinplexity, connec- 
tions to life, and new roles in advancing 
fundamental science and technology. 

Mineralogy now encompasses a whole- 
Earth catalog of materials from the planet's 
atmosphere to its inner core. The study of 
Earth's deep interior was cast as a problem 
in mineralogy and solid-state physics by 
Birch (5) and led to the field of mineral 
physics (6, 7). An array of new techniques 
allows detailed investigatioils of Earth ina- 
terials over the complete range of pressure- 
temperature conditions that prevail within 

The author is at the Geophysical Laboratory and Cen- the ;Ilanet, 7he of [he ill- 
ter for High Pressure Research, Carnegie Institution of 
Washington, 5251 Broad Branch Rd, N.W,, Washing. terior exhibit physical and chemical prop- 
ton, DC 20015, USA. erties that can be far different from what is 

observed near the surface. For example, the 
discovery that hydrogen can be bound in 
dense silicates and metals has given rise to 
the possibility of oceans of water locked up 
within Earth's interior. Minerals and rocks 
can now be subjected to well-controlled 
stress conditions, providing critical infor- 
illation for understanding phenomena from 
deep earthquakes to the movement of coil- 
tinents, the atomic-scale underpinning of 
plate tectonics (8). With a more interdisci- 
plinary outlook, mineral physics is evolv- 
ing into the wider field of condensed-mat- 
ter geophysics. 

This new scope extends outward to the 
solar system and beyond with the discov- 
ery of extrasolar system planets. New ma- 
terials, from fullerenes to dense silicates 
originally synthesized only in the laborato- 
ry, are now documented in extraterrestrial 
samples, demonstrating the need for labo- 
ratory studies and the cross fertilization of 
chemistry and physics with conrreiltional 
mineralogy. Future space missions will re- 
turn samples from other planets, comets, 
and asteroids; as with the lunar sai~lples of 
the Apollo era, this presents new opporhl- 
nities for detailed materials characteriza- 
tion and improved understailding of the 
processes responsible for planet forination 
and differentiation. Advances in high pres- 
sure temperature experiments provide the 
prospect for a new experimental mineralo- 
gy of ultradense environments at the ex- 
treme conditions approaching those found 
within brow11 dwarfs and a connection to 
atmospheric science (8) .  

A distinguishing feature of natural sys- 
tems is their complexity. Mineral thermo- 

1026 13 AUGUST 1999 VOL 285 SCIENCE www.sciencemag.org 



dynamics—its basis developed essentially 
over a century ago—must now concern it­
self with surface and interfacial phenome­
na and thus the "di­
mensionality" of min­
eral-containing sys­
tems. In situ probes in 
chemically complex 
environments reveal 
the role of surfaces and 
interfaces in control­
ling physical and chem­
ical behavior at the 
nanoscale and the 
mesoscale (8). More­
over, the geologic con­
text requires considera­
tion of the additional 
coordinate of t ime, 
from the time scale of 
electronic transitions 
(for example, associated with light absorp­
tion at planetary surfaces) to the age of the 
solar system, spanning no less than 30 or­
ders of magnitude. 

Issues of complexity are leading 
directly to the boundary with biology. 
It is now recognized that microbes 
control many geological processes, 
such as ore deposition and crucial 
biogeochemical cycles, echoing the 
connection between biology and geol­
ogy advanced by Vernadsky (9). The 
implications range from agricultural 
productivity to climate change and 
environmental quality (3). Indeed, the 
very existence of life may ultimately be 
tied to characteristic features of key miner­
al systems, including the role of mineral 
catalysis in the origin of life (see the fig­
ure). In the prebiotic world, naturally oc­
curring transition metal sulfide minerals 
may have served as the initiators for the 
genesis of biochemistry (8). Extraterrestri­
al materials studies may lead to further un­
derstanding of fossilization, which is nec­
essary to resolve the current heated discus­
sions about extraterrestrial life. 

The continuing role of minerals in sci­
ence and technology forms a backdrop to 
these developments. Since Agricola (10), 
the science of mineralogy has been central 
to both natural resource utilization and 
materials fabrication. High-pressure ex­
periments have been used to further under­
stand the origin and utilization of potential 
new energy reserves, such as the large 
sub-ocean floor deposits of methane 
clathrates. Minerals provide the raw mate­
rials from which silicon chips and lasers 
are made and for many other materials that 
humans consume. Mineral studies are also 
directed at solving fundamental problems 
in physics and chemistry. Investigations of 
minerals and mineral analogs are revealing 
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new physics, including high-temperature 
superconductivity in the perovskite-based 
cuprates; novel electronic properties in 

Mott-insulators, giant 
ferroelectricity, and 
colossal magnetoresis-

From alchemy to accelerators. (Top left) The 
Alchemist, by Stradano. (Top right) Apparatus 
with which W. Friedrich, P. Knipping, and Max 
von Laue discovered the diffraction of x-rays 
by crystals on ZnS in 1912. (Bottom center) 
The Advanced Photon Source, a 7-GeV syn-
chroton x-ray facility at Argonne National Lab­
oratory. (Center) Atomic framework of the ze­
olite silicalite/ZSM-5 with amino acids encap­
sulated in energetically favorable positions. 

tance in oxides; and photonic band gaps in 
artificial opals. Theoretical advances help 
understand phase transitions in complex 
materials- Computer visualization tech­
niques reveal information on mineral dy­
namics and transformations not evident 
from static conventional two-dimensional 
views. And the principles and techniques 
of mineralogy continue to be central to the 
discovery and creation of new technologi­
cally important materials, from zeolites to 
superhard materials (8). 

Finally, recent developments have re­
sulted in a sea change in the way this sci­
ence is done. The discovery and applica­
tion of new radiation probes brought 
"modern" physics to fin-de-siecle 19th-
century mineralogy (11); at the turn of this 

century, mineral sciences have taken the 
lead in advancing techniques such as high-
pressure methods and approaches for ex­
amining complex materials, for example, 
at third-generation synchrotron radiation 
sources (see the figure). Parallel develop­

ments in neutron tech­
niques will allow new 
classes of experiments 
at intense spallation 
neutron sources. A new 
generation of electron 
beam instruments per­
mits atomic structure 
determination with sub-
angstrom resolution 
and analytical exami­
nation of natural mate­
rials at the single-atom 

limit. Both ultrafast and ultrahigh pres­
sure-temperature phenomena are being in­
vestigated with new laser methods, and 
new computer architectures allow model­
ing of increasingly complex systems (8) 

over many length scales. 
In view of these developments, 

this multidisciplinary field of Earth 
and planetary materials studies re­
quires long-range planning and in­
vestment to reach its full potential. 
The consensus of the recent work­
shops {1-3) indicates funding needs 
especially for new instruments, scien­
tific manpower, and international 
training over the next 5 years. Prog­
ress both in understanding our corner 

of the solar system and in maintaining its 
habitability depends on it. 
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