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ABSTRACT
Unanticipated discoveries of new examples of natural phenomena punctuate the history of science
with excitement and afford splendid opportunities for ground-breaking, systematic research. And so it
is with the near-simultaneous discoveries of non-mass dependent fractionation of O isotopes (Bao et
al. 2000b) and of S isotopes (Farquhar et al. 2000a) in terrestrial surface deposits. The discoveries set
the stage for members of the Mineralogical Society of America, including geochemists, mineralogists,
mineral physicists, and petrologists, to investigate a geologic record of atmospheric photochemistry
across the entire span of Earthʼs lifetime, from the Archean to the present day. The signiÞcance of
such breakthrough research to humankind is apparent in the essential role played by atmospheric
photochemistry in generating the ozone shield, so necessary for sheltering life from solar ultraviolet
radiation, and in its possible part in the origin of life itself by shaping Archean pre-biotic chemistry.

INTRODUCTION
It may come to you as something of a surprise that evidence
of stratospheric, gas-phase chemistry is preserved in minerals at
Earthʼs surface. It certainly was a surprise to me! But there is now
in hand unambiguous evidence of atmospheric photochemistry
recorded by minerals. The evidence takes the form of measured
anomalous isotope fractionations in minerals such as nitratine,
barite, gypsum, and pyrite. Gypsum and anhydrite show excess
17
O measurably larger than the amount expected for bulk Earth
(Bao et al. 2000a, 2000b, 2001a, 2001b, 2003; Bao and Reheis
2003; Bao and Thiemens 2000). Nitratine (soda niter) from
the hyper-arid Atacama Desert of northern Chile carries by far
the largest amount of excess 17O known in terrestrial minerals
(Michalski et al. 2002, 2003). Pyrite and barite from worldwide
Archean sediments contain large anomalies in 33S and 36S relative to bulk Earth (Farquhar et al. 2001a, 2002; Farquhar and
Wing 2003). Research leading to the discoveries of anomalous
isotopic fractionations was conducted in the laboratories of M.H.
Thiemens, University of California, San Diego.
The minerals nitratine, barite, gypsum, and pyrite play a vital
and crucially important role in preserving the isotopic record of
atmospheric chemistry. If anomalously fractionated O- and S-isotopes were not sequestered in minerals, if the elements were free
to react with meteoric water or other atmospheric constituents,
their isotopic anomalies would be eliminated rapidly by dilution.
Minerals thus serve to protect isotopically anomalous O and S
from obliteration. But, the minerals are important not merely
as hosts of isotopic anomalies. The minerals are important in
their own right because their occurrences provide information
on the processes and environments responsible for preserving
these remarkable isotopic records. It is no exaggeration to state
that the measured isotope anomalies cannot be understood with* E-mail: rumble@gl.ciw.edu
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out knowledge of the minerals themselves. I hope the research
discussed herein will make the importance of mineralogy and
petrology in these geochemical studies clearly manifest.

DEFINITIONS
The topic of multi-stable isotopes is not so familiar to many
Earth scientists as it has been traditionally the province of cosmochemists, but it merits study. Elements with multi-stable isotopes
are prevalent in the periodic table. Elements characterized by
three or more stable isotopes include not only O (16O-17O-18O)
and S (32S-33S-34S-36S), the topics of this review, but also such
mineralogically important elements as Mg (24Mg-25Mg-26Mg)
and Fe (54Fe-56Fe-57Fe-58Fe). But it is not merely their widespread
distribution in the periodic table that justiÞes the study of multistable isotopes. The anomalous fractionations in O and S isotopes
measured and known to occur in terrestrial surface deposits,
Earthʼs atmosphere, and meteorites make it imperative that our
understanding be deepened.
The rules governing the fractionation of stable isotopes in
chemical processes were laid down at the time of the founding
of the discipline of stable isotope geochemistry by Urey (1947)
and Bigeleisen and Mayer (1947). These rules state that the
fractionation of 17O/16O should be approximately one-half that
of 18O/16O. Sulfur isotopes, according to the theory of the founders, should show fractionations of one-half for 33S/32S relative
to 34S/32S, and of two times (2×) for 36S/32S compared to 34S/32S
(Hulston and Thode 1965). Fractionations obeying the rules are
described as “mass-dependent” (MD). The term “mass-dependent” is used because fractionations in multi-isotope systems
are proportional to differences in isotopic mass. In the case of
O, the approximate fractionation between 17O/16O and 18O/16O
is given by the ratio of the differences in masses of the three O
isotopes: e.g., (17-16)/(18-16) equals one-half.
Applying these principles to geochemical plots of δ17O vs.
18
δ O or of δ33S vs. δ34S as ordinate and abscissa, respectively,

