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Highlights and Breakthroughs

(invited Commentary for American Mineralogist)

Mineral Evolution and Earth History

Dwight C. Bradley

U.S. Geological Survey, 4210 University Drive, Anchorage, AK 99508, U.S.A.

Abstract

The field of mineral evolution—a merger of mineralogy and Earth history—
coalesced in 2008 with the first of several global syntheses by Robert Hazen and
coworkers in the American Mineralogist. They showed that the cumulative
abundance of mineral species has a stepwise trend with first appearances tied to
various transitions in Earth history such as the end of planetary accretion at ca. 4.55
Ga and the onset of bio-mediated mineralogy at ca. >2.5 Ga. A global age distribution
is best established for zircon. Observed abundance of zircon fluctuates through
more than an order of magnitude during successive supercontinent cycles. The
pulse of the Earth is also recorded, albeit imperfectly, by the 87Sr/86Sr composition
of marine biogenic calcite; the Sr-isotopic ratio of this mineral reflects the balance of
inputs of primitive strontium at mid-ocean ridges and evolved strontium that drains
off the continents. A global mineral evolution database, currently in the works, will

greatly facilitate the compilation and analysis of extant data and the expansion of
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research in mineralogy outside its traditional bounds and into more
interdisciplinary realms.

Keywords. Mineral evolution, Earth history, detrital zircon geochronology

Mineral Evolution and Earth History

The study of Earth history lends itself to two complementary big-picture
approaches: plate reconstructions and analysis of global secular trends. Plate
reconstructions have a geographic focus. Each reconstruction must be pieced
together from worldwide information about rocks of appropriate age that bear on
tectonic setting or paleogeographic position. Deeper in the past, reconstructions get
more difficult, and less likely to be correct, because the ancient rock record is sparse
and fewer research tools are available. But another problem is that even a perfectly
accurate set of plate reconstructions wouldn't necessarily reveal much about the
evolution of the Earth System. This is where the second, time-based approach comes
in: analysis of global secular trends. Geologic data that can be tracked through time
include numerical model results (Pollack 1997—global heat production; Korenaga
2006—mantle rheology), isotopic trends (Veizer and Mackenzie 2003—seawater
87Sr/86Sr; Valley et al. 2005—6&180 in zircon), geochemical trends (Golden et al.
2013—Re in molybdenite); quantities of mineral resources (Meyer 1988; Goldfarb
et al. 2010), age distributions of rock types (Condie et al. 2009—granite), and
censuses of tectonic settings (Bradley 2008—passive margins). A recent review of

geologic secular trends was published by Bradley (2011).
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This note celebrates a succession of papers on geologic secular trends under
the recently named banner mineral evolution. The seminal work was a 2008
overview by Robert Hazen and coworkers in The American Mineralogist. They
found that the cumulative abundance of all mineral species has a stepwise trend
with first appearances tied to major transitions in Earth history. Three main
intervals can be recognized (Hazen et al. 2008): the era of planetary accretion (pre-
4.55 Ga), the era of crust and mantle reworking (4.55 to 2.5 Ga), and the era of bio-
mediated mineralogy (>2.5 Ga to present). Superimposed on this broad framework,
Hazen et al. (2008) highlighted ten shorter intervals such as the Great Oxidation
Event and Snowball Earth, some of which overlap and (or) have uncertain age limits.
Exactly where the initiation of modern-style plate tectonics fits into this scheme is
still debated, with interpretations ranging from as early as 4.4 to 4.5 Ga (Harrison
2009) to as recently as ca. 1.0 Ga (Stern 2005). Since their 2008 paper, Hazen and
his colleagues have focused on the minerals of uranium and thorium (Hazen et al.
2009), mercury (Hazen et al. 2012), carbon (Hazen et al. 2013a), beryllium (Grew
and Hazen, 2014), and the clay minerals (Hazen et al. 2013b). Each of these groups
of minerals yields insights into different aspects of Earth's evolution, for example U
and Th as heat producers, U and C as redox indicators.

First appearances of minerals are only part of the story; each mineral species
has its own age distribution through Earth history. With single-crystal U-Pb or Pb-
Pb ages now numbering in the millions, zircon already holds a special place in this
sphere of research. Global age distributions of zircon ages from igneous rocks,

detrital zircon ages from sedimentary or metasedimentary rocks, and detrital zircon
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aegs from modern river sands are remarkably similar (Bradley 2011). The river-
sand compilation in Figure 1 shows a remarkable, semi-periodic fluctuation in the
abundance of zircon ages. The highs and lows have been linked to the
supercontinent cycle, although their particular significance is controversial. Two
possibilities are that zircon age populations record variations in preservation of
rocks (Cawood et al. 2013), or changes in the global subduction flux (Bradley 2011).
Robust compilations of the age distributions of tectonically or paleogeographically
sensitive minerals such as halite, ikaite, scapolite, nepheline, glaucophane, and ruby
would be of particular interest to researchers who develop and test plate
reconstructions. It remains to be seen if the global age distributions of minerals such
as these can be accurately predicted.

Another long-established thread in mineral evolution involves the isotopic
composition of particular minerals as a function of age. One of the most informative
isotopic records, so far, is the 87Sr/86Sr composition of marine biogenic calcite, a
mineral that is precipitated from coeval seawater. The Sr isotopic ratio reflects the
balance of inputs of primitive strontium at mid-ocean ridges and of evolved
strontium that drains off the continents (Veizer and Mackenzie 2003). Seawater
strontium may hold the key to the zircon conundrum noted above because ratios
are not subject to the same uncertainties as censuses.

Other aspects of mineral evolution are outlined in a white paper titled "Needs
and opportunities in mineral evolution research” by Hazen et al. (2011). One the
most energizing ideas is a plan for a Mineral Evolution Database, tied to

www.mindat.org and designed to serve the entire geology community. The database
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already has 3000 dated localities, with plans for expansion. As more research
focuses on tracking geologic features and variables through time, we can expect

many new breakthroughs regarding evolution of the Earth System.
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Figure 1. Global age distribution of detrital zircons from the sands of major rivers,
from Bradley (2011) after Campbell and Allen (2008). The maxima correponds to

times of supercontinent assembly, the minima to times of supercontinent tenure.
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Figure 1, highlight & breakthrough on Mineral Evolution
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