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Abstract
Part VI of the evolutionary system of mineralogy catalogs 262 kinds of minerals, formed by 18 

different processes, that we suggest represent the earliest solid phases in Earth’s crust. All of these min-
erals likely formed during the first tens of millions of years following the global-scale disruption of the 
Moon-forming impact prior to ~4.4 Ga, though no samples of terrestrial minerals older than ~4.37 Ga 
are known to have survived on Earth today. Our catalog of the earliest Hadean species includes 80 
primary phases associated with ultramafic and mafic igneous rocks, as well as more than 80 minerals 
deposited from immiscible S-rich fluids and late-stage Si-rich residual melts. Earth’s earliest crustal 
minerals also included more than 200 secondary phases of these primary minerals that were generated 
by thermal metamorphism, aqueous alteration, impacts, and other processes. In particular, secondary 
mineralization related to pervasive near-surface aqueous fluids may have included serpentinization 
of mafic and ultramafic rocks, hot springs and submarine volcanic vent mineralization, hydrothermal 
sulfide deposits, zeolite and associated mineral formation in basaltic cavities, marine authigenesis, and 
hydration of subaerial lithologies. Additional Hadean minerals may have formed by thermal metamor-
phism of lava xenoliths, sublimation at volcanic fumaroles, impact processes, and volcanic lightning. 
These minerals would have occurred along with more than 180 additional phases found in the variety 
of meteorites that continuously fell to Earth’s surface during the early Hadean Eon.
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Introduction
The evolutionary system of mineralogy is an effort to place the 

>5700 mineral species approved by the International Mineralogi-
cal Association’s Commission on New Minerals, Nomenclature 
and Classification (IMA-CNMNC; https://rruff.info/ima, ac-
cessed 17 September 2021) into their historical and paragenetic 
contexts (Hazen 2019; Cleland et al. 2021; Hazen and Morrison 
2022; Hazen et al. 2022). Parts I through V of the system detailed 
almost 300 species that occur as primary and secondary phases 
in meteorites (Hazen and Morrison 2020, 2021a; Morrison and 
Hazen 2020, 2021; Hazen et al. 2021). Thanks to decades of 
intensive mineralogical investigations, these earliest stages of 
mineral evolution are well documented. 

An important aspiration of the evolutionary system of min-
eralogy has been to enumerate “historical natural kinds,” which 
ideally represent “genuine divisions of nature” that arose through 
well-defined historical processes (Boyd 1991, 1999; Hawley and 
Bird 2011; Magnus 2012; Khalidi 2013; Ereshefsky 2014; God-
man 2021; Cleland et al. 2021). In most instances, we attempt 
to classify mineral natural kinds on the basis of the distinctive 
combinations of chemical and physical attributes of natural 
specimens—properties that arose as a consequence of numerous 
different paragenetic modes (Hazen and Morrison 2022). Thus, for 
example, the trace elements, isotopes, fluid and solid inclusions, 
morphologies, petrologic contexts, and other attributes of pyrite 

(FeS2) from hydrothermal vein deposits are strikingly different 
from pyrite formed by authigenesis or biogenic processes (Gregory 
et al. 2019)—characteristics that point to more than 20 natural 
kinds of pyrite (Hazen and Morrison 2022). The evolutionary 
system is based on those diagnostic, information-rich aspects of 
mineral specimens, thus complementing standard protocols of the 
IMA-CNMNC, which define mineral “species” based on unique 
combinations of major element chemical composition and ideal-
ized atomic structure (e.g., Burke 2006; Mills et al. 2009; Schertl 
et al. 2018; Hatert et al. 2021; Hazen 2021; Hawthorne et al. 2021).

Because the evolutionary system focuses on the changing 
diversity and distribution of minerals through space and time, it 
considers any solid phases that likely occurred during the forma-
tion and evolution of Earth’s near-surface environment. While 
many of the most ancient minerals are preserved in meteorites, 
others, including nebular ices and the earliest phases that composed 
the terrestrial crust, are not. Here we focus on those hypothetical 
first solid phases formed at or near Earth’s surface after its initial 
accretion and differentiation (>~4.56 Ga), as well as the earli-
est minerals to condense following the postulated catastrophic 
Moon-forming event at >4.4 Ga and its dynamic aftermath. No 
known terrestrial minerals survive from Earth’s first 190 million 
years; the oldest reported sample is a detrital zircon grain from 
4.374 ± 0.006 Ga (Valley et al. 2014). Consequently, this part of 
the evolutionary system will remain the most speculative stage 
of our planet’s mineral evolution. Barring the discovery of mete-
orites ejected from Earth’s surface during the >100-million-year 
window before the Moon-forming impact or from the period of 
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