1duosnuey Joyiny YSYN 1duosnue Joyiny SN

1duosnuel Joyiny YSYN

NASA Public Access

Author manuscript
Am Mineral. Author manuscript; available in PMC 2021 April 16.

Published in final edited form as:
Am Mineral. 2021 March ; 106(3): 325-350. doi:10.2138/am-2020-7564.

An evolutionary system of mineralogy. Part Ill: Primary
chondrule mineralogy (4566 to 4561 Ma)

Robert M. Hazenl”*, Shaunna M. Morrison?, Anirudh Prabhu?

1Earth and Planets Laboratory, Carnegie Institution for Science, 5251 Broad Branch Road NW,
Washington, D.C. 20015, U.S.A.

2Tetherless World Constellation, Department of Earth and Environmental Sciences, Rensselaer
Polytechnic Institute, Troy, New York 12180, U.S.A.

Abstract

Information-rich attributes of minerals reveal their physical, chemical, and biological modes of
origin in the context of planetary evolution, and thus they provide the basis for an evolutionary
system of mineralogy. Part 111 of this system considers the formation of 43 different primary
crystalline and amorphous phases in chondrules, which are diverse igneous droplets that formed in
environments with high dust/gas ratios during an interval of planetesimal accretion and
differentiation between 4566 and 4561 Ma. Chondrule mineralogy is complex, with several
generations of initial droplet formation via various proposed heating mechanisms, followed in
many instances by multiple episodes of reheating and partial melting. Primary chondrule
mineralogy thus reflects a dynamic stage of mineral evolution, when the diversity and distribution
of natural condensed solids expanded significantly.
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Introduction

The “evolutionary system” of mineralogy focuses on the inexorable emergence of mineral
diversity and distribution through billions of years of cosmic evolution. This data-driven
approach emphasizes the numerous information-rich aspects of minerals—attributes that
point to various physical, chemical, and ultimately biological mineral-forming processes
(Hazen et al. 2008; Hazen and Ferry 2010; Hazen 2019). The first three parts of this
evolutionary system focus on relatively unaltered components of chondrite meteorites:
presolar “stardust” grains (see Part I; Hazen and Morrison 2020); refractory inclusions [i.e.,
calcium-aluminum-rich inclusions (CAls), amoeboid olivine aggregates (AOAS), and ultra-
refractory inclusions (URISs), as described in Part I1; Morrison and Hazen 2020]; and primary
chondrule phases (Part 111, this study), all of which preserve episodes of mineral evolution
prior to their incorporation into planetesimals (the subject of Part IV of this series) and
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extensive alteration by planetesimal processing, as recorded, for example, in both highly
altered chondrite and achondrite meteorites (to be reviewed in Part V).

This system builds on classification protocols of the International Mineralogical Association
(IMA), as codified by the Commission on New Minerals, Nomenclature and Classification
(e.g., Burke 2006; Mills et al. 2009; Schertl et al. 2018). We attempt to amplify and modify
the IMA approach, which distinguishes each mineral “species” based on unique
combinations of end-member composition and idealized crystal structure, leading to >5500
approved mineral species (rruff.info/ima; accessed 7 April 2020).

The power and simplicity of the IMA classification system lie in its recognition of mineral
species based on the minimum information (measured in bits; e.g., Krivovichev 2012, 2013)
necessary to distinguish among species. By design, IMA protocols do not consider such
revelatory aspects of minerals as trace and minor elements, fractionated isotopes, structural
defects, varied electromagnetic properties, textures and morphologies, compositional zoning,
or inclusions. Neither does the IMA take into account mineral ages or petrologic contexts
when classifying mineral species. However, these and many other characteristics of minerals
and their assemblages collectively provide powerful testimony regarding each mineral’s
origins, as well as its subsequent deep-time interactions with changing chemical and
physical environments. The evolutionary system, by distinguishing minerals formed in
different paragenetic contexts from stars to nebulae to dynamic planetary surfaces and
interiors, thus provides a framework for classifying minerals in their spatial and temporal
context.

The evolutionary system employs IMA nomenclature for most natural condensed solids, but
it deviates from those protocols in three important ways. In some instances, we split IMA
species into two or more “natural kinds,” based on diagnostic combinations of attributes that
arise from distinct paragenetic modes. Thus, isotopically anomalous hibonite condensed in
the expanding, cooling atmospheres of AGB stars (labeled “AGB hibonite’) is measurably
distinct from hibonite condensed from the solar nebula to form a primary phase in a
calcium-aluminum-rich inclusion (*“ CA/ hibonite’). Many of the most common rock-
forming minerals display multiple paragenetic contexts, each of which tells a different story
about stages of planetary evolution; these species are thus split into two or more “natural
kinds” in our system (Hazen 2019). Note that we employ a binomial nomenclature, with the
first name designating the paragenetic mode and the second name the mineral species, which
in the great majority of cases is the same as the approved IMA species name.

In several cases, we lump two or more approved IMA species into one natural kind when
those multiple species satisfy two criteria: (1) the species are part of a continuous phase
region that may be bounded by several different idealized end-members, and (2) all
examples form by the same paragenetic mode. For example, CAls hold a variety of
micrometer-scale refractory metal “nuggets” that occur as alloys of Mo, Ir, Os, Ru, Rh, Re,
Pt, and W (Weber and Bischoff 1997; Berg et al. 2009; MacPherson 2014). These alloys,
which are among the earliest high-temperature condensates in the solar nebula, occur in a
range of elemental proportions, with Os, Ru, Re, or Mo as the dominant element in some
individual sub-micrometer-scale grains. IMA protocols thus would name coexisting nuggets
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as “osmium,” “ruthenium,” “rhenium,” or “molybdenum” (though the latter two native
elements have not been approved as species by the IMA). By contrast, we lump all of these
metal alloys together into platinum group element alloys (“CA/ PGE alloy”). Similar
lumping occurs in several oxide and silicate minerals in chondrules, including members of
the oxide spinel, olivine, and clinopyroxene groups.

A third deviation from IMA protocols relates to non-crystalline condensed phases, notably a
variety of low-temperature interstellar condensates (e.g., amorphous H,0), impact phases
(e.g., maskelynite), and rapidly quenched silicate glasses that are especially important in the
context of chondrules. These materials, though not generally incorporated in the current
IMA scheme (e.g., Hazen et al. 2013, Table 3; Hazen 2019), are important in discussions of
planetary evolution (e.g., Bradley 1994a, 1994b; Abreu and Brearley 2011), and they
represent distinct condensed solid phases that should be included in any comprehensive
catalog of planetary materials.

Each of these considerations—splitting, lumping, and amorphous phases—comes into play
when considering primary chondrule minerals, which provide the focus of Part I11 of this
series.

Chondrules and chondrites

Chondrite meteorites, the oldest sedimentary rocks in the solar system, hold vivid clues to
the origins and evolution of stars and planets. Here we review the nature and origin of
chondrules, the classification of chondrite meteorites in which they are found, and a
chronology of the earliest stages of mineral evolution. Chondrule types, properties, origins,
and implications have been the subject of several comprehensive reviews (King 1983;
Kerridge and Matthews 1988; Hewins et al. 1996; Brearley and Jones 1998; Hutchison 2004;
Connolly and Desch 2004; Krot et al. 2014; Scott and Krot 2014; Rubin and Ma 2017, 2021;
Russell et al. 2018). What follows, therefore, is a brief summary in the context of chondrule
mineralogy.

Classification of chondrules

Chondrules are igneous particles that were once partially to completely melted. Most
chondrules range in size from tens of micrometers to ~10 mm in diameter, though extreme
examples vary from submicrometer (Rubin et al. 1982) to several centimeters (Prinz et al.
1988) in diameter. Chondrules often occur as near-spherical solidified droplets (e.g.,
Weyrauch and Bischoff 2012; Charles et al. 2018), though other chondrules and their
fragments are preserved in irregular shapes as a consequence of incomplete melting of
precursor dust and grains, adhesion and sintering of conjoined objects, or sculpting by
dynamic nebular processes (e.g., Rubin 2006). Most chondrules are dominated by silicates,
commonly olivine, pyroxene, and feldspar, but many other phases, including metal alloys,
sulfides, nitrides, phosphides, and several varieties of glass, occur in varying proportions that
point to a formation in diverse physical and chemical environments. Indeed, chondrules span
the range from nearly pure silica to nearly pure metal, with textures from holocrystalline to
glass. Given that chondrites account for as many as 80% of observed meteorite falls, and that
chondrules are the most abundant components of most chondrites, a significant fraction of
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the material that now comprises terrestrial planets and moons may have once been stored in
the form of these small igneous droplets.

Chondrule classification is based on a combination of mineralogical, textural, and
compositional attributes. From a petrographic perspective, most common chondrules (more
than 80% in ordinary chondrites) display porphyritic textures, including types designated
porphyritic olivine (PO), porphyritic olivine + pyroxene (POP), and porphyritic pyroxene
(PP)—conventions introduced by Gooding and Keil (1981). Other textural types include
barred olivine (BO) with skeletal olivine plate-like crystals that were evidently quenched
from a peak temperature close to the liquidus of the chondrule; granular olivine pyroxene
(GOP) with small uniform grains; radial pyroxene (RP) with needlelike pyroxene crystals
radiating from a point on the chondrule periphery; cryptocrystalline chondrules with
crystallites <2 um in diameter; and rare glassy chondrules. An important component of most
chondrules is fine-grained or glassy mesostasis—solidified residual melt that surrounds
phenocrysts (Connolly et al. 1998; Hewins et al. 2005).

Chondrules are also classified by their chemical characteristics (e.g., McSween 1977a). Type
I chondrules, featuring Mg-rich olivine and pyroxene, are relatively reduced with most iron
in the form of Fe metal rather than silicates. They are further divided into types IA (Si
poorer; olivine dominant), IB (Si richer; pyroxene dominant), and IAB (intermediate, with
both olivine and pyroxene) chondrules. Type Il chondrules are more oxidized, typically with
>10 mol% of the Fe end-member in Mg silicates (Grossman and Brearley 2005). The A, B,
and AB designations for olivine- and pyroxene-bearing chondrules apply to type |1
chondrules, as well.

In addition, a suite of aluminum-rich chondrules displays a range of compositions, between
Ca-Al and Na-Al members, and Na-Al-Cr chondrules (Bischoff and Keil 1983, 1984), as
well as plagioclase-olivine inclusions or “POIs” (Sheng et al. 1991a). These objects have
mineralogical and compositional attributes intermediate between CAls and chondrules.
Unlike other chondrules, POls contain a suite of relatively refractory primary minerals (e.g.,
spinel, fassaite, and perovskite), as well as several minerals not reported as primary phases
from other types of chondrules (e.g., armalcolite, rutile, sapphirine, and zirconolite).
Additional chondrule-like objects range from silicarich, with >90 wt% SiO,, to sulfide-metal
nodules, with <10 wt% silicates and oxides (e.g., Brearley and Jones 1998; Zhang and Hsu
2009; Scott and Krot 2014; Wang et al. 2016).

At the smallest extreme, microchondrules no more than 40 um in diameter have been
recorded as decorating the rims of larger chondrules in the least altered ordinary chondrite
meteorites (Mueller 1962; Rubin et al. 1982; Rubin 1989; Krot and Rubin 1996; Krot et al.
1997a). These tiny objects, which display a range of textures analogous to their larger
counterparts, may form during rapid reheating events that melt the exterior portions of
parent chondrules (Bigolski et al. 2016) or by splattering following random collisions
(Dobriga and Brearley 2016).
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Classification of chondrite meteorites

Chondrules occur in chondritic meteorites, which contain the most refractory rock-forming
elements in ratios close to those observed in the solar photosphere. They accreted initially as
accumulations of nebular particles with four principal components (Brearley and Jones
1998, Table 3): (1) chondrules, typically the most abundant constituent, composing up to 80
vol% in many meteorites, though sometimes completely lacking; (2) refractory inclusions,
including CAls, URIs, and AOAs, representing from 0 to ~10 vol%; (3) opaque assemblages
of metallic Fe-Ni alloys and sulfides, which usually constitute <5 vol% but exceed 90 vol%
in some examples; and (4) fine-grained (10 nm to 5 um in diameter) matrix with some
combination of oxide, silicate, sulfide, metal, and organic phases, often with a small fraction
of presolar grains. While chondrules are often the dominant constituent of chondrites, the
ratios of these four components vary widely. Note that in this contribution we consider
primary chondrule mineralogy, whose formation (along with the refractory inclusions) is
assumed to predate the incorporation of chondrules into chondritic meteorites. These
primary phases are best identified and described from the most pristine chondrites, which
have experienced relatively little alteration by thermal, aqueous, and/or impact processes on
their parent asteroidal bodies. Note, however, that many chondrules experienced some
degree of alteration prior to chondrite formation through reactions with nebular gas,
secondary heating events, and/or high-velocity collisions with other particles (e.g., Ruzicka
2012; Ebel et al. 2018). Therefore, the distinction between primary and secondary processes
is sometimes difficult to discern.

Chondrite meteorites have been classified under various systems based on the ratios of
constituents, bulk composition, primary mineralogy, mineralogical textures, and isotopic
characteristics. Additional chondrite subdivisions are based on degrees of aqueous, thermal,
and/or shock alteration within their parent body (Van Schmus and Wood 1967; Stoffler et al.
1991; Weisberg et al. 2006; Krot et al. 2014), as well as through weathering at or near
Earth’s surface (Wlotzka 1993).

Traditional classification of tens of thousands of chondrite meteorite finds and falls divides
more than 99.5% of specimens into 14 groups, each represented by multiple examples (e.g.,
Scott and Krot 2014). Six of these groups, including those in the classes of ordinary,
enstatite, and R chondrites, collectively are termed non-carbonaceous chondrites (NC). The
most abundant meteorites, comprising as many as 80% of falls, and more than 90% of
chondrites (i.e., excluding achondrite, iron, and stonyiron meteorites), are ordinary
chondrites (OC), which occur in three broad groups—H, L, and LL. These three groups are
generally similar in their high percentage of chondrules (typically ~0.3 to 0.6 mm in
diameter, comprising 60 to 80 vol%; Friedrich et al. 2015), with 10 to 15 vol% matrix and
few CAls. However, they vary significantly in metal composition, as well as in the
mineralogy of Fe-bearing metal and silicate phases. H stands for high total Fe, L for low
total Fe, and LL for even lower total Fe and low metal.

Enstatite chondrites (EC), including EH and EL groups (for higher and lower total Fe-Ni
metal alloy, respectively; Sears et al. 1982), are relatively rare, comprising fewer than 2% of
falls (Weisberg and Kimura 2012). They are distinguished by an extremely reduced suite of
minerals (Brearley and Jones 1998; Jacquet et al. 2018; Weyrauch et al. 2018; Rubin and Ma
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2021), with almost all of their iron in the form of metal or sulfide, in association with near
end-member enstatite (MgSiOg) and forsterite (Mg,SiO4). These oxygen- and water-poor
rocks feature such rare minerals as oldhamite (CaS), niningerite (MgS), alabandite (MnS),
daubreéelite (FeCr,S,), caswellsilverite (NaCrS;), and perryite [(Ni,Fe)g(Si,P)3]. EH and EL
groups differ in the average size of chondrules and in the composition of Fe metal alloys, but
for the most part they have similar mineralogy.

Eight chondrite groups, abbreviated Cl, CM, CO, CV, CR, CH, CB, and CK, form the
carbonaceous chondrite class (CC), which accounts for ~4% of falls. They share several
compositional and isotopic characteristics, most notably: (1) suites of organic molecules; (2)
relatively high volatile content; (3) enrichment relative to solar average in refractory
lithophile elements such as Ca, Al, and Ti; and (4) relatively low 170/160 compared to Earth
—all characteristics that may be consistent with formation farther from the Sun than other
chondrite groups. However, the several carbonaceous chondrite groups differ significantly
from each other in their relative percentages of chondrules, refractory inclusions, metal, and
matrix, as well as chondrule size, degree of oxidation, and extent of aqueous alteration and
thermal metamorphism. Note that all known CI, CK, and CM carbonaceous chondrites
display significant thermal and/or aqueous alteration (e.g., Brearley and Jones 1998; Scott
and Krot 2014); consequently, their mineralogy will be considered in Part V of this series.

Chondrite classification is further complicated by additional rare grouped meteorites, as well
as more than a dozen ungrouped chondrites that do not fit neatly into the above scheme. A
few of these unusual meteorites are carbonaceous chondrites (e.g., Ivanova et al. 2008; Wang
and Hsu 2009; Kimura et al. 2014); others are distinguished by unusual combinations of
chemical, isotopic, and/or matrix characteristics (e.g., Pratesi et al. 2019). For example, K
chondrites (named for the Kakangari meteorite) combine aspects of both CC and NC groups,
while R chondrites (for Rumuruti) are related to ordinary chondrites, though they are highly
oxidized, unusually rich in matrix, and have an anomalously high 170/160 compared to
other NC meteorites. It should be noted that chondrite classification is likely incomplete, as
thousands of finds have yet to be fully characterized and hundreds of new specimens are
recovered every year.

An important consideration when cataloging “primary” chondrule minerals is the degree of
alteration experienced in the chondrite meteorite’s parent body. A non-intuitive numbering
system, first introduced by Van Schmus and Wood (1967) and now in general use, defines
the least altered and therefore unequilibrated chondrites as “3.0.” Increasing numbers from 3
to 7 (with higher resolution between 3.0 and 3.9 for CO, L, LL, and H chondrites) designate
increasing degrees of thermal alteration, whereas decreasing numbers below 3.0 relate to
increased degrees of aqueous alteration. Additional refinements by Grossman and Brearley
(2005) subdivide OC and CO 3.0 to 3.2 chondrites into an even higher resolution scale from
3.00 to 3.15.

Many primary chondrule minerals have been modified by progressive degrees of thermal
metamorphism and metasomatism within their parent bodies. Common changes include
gradual equilibration of silicate compositions through diffusion, as well as silicate glass
devitrification, most commonly characterized by the nucleation of feldspar and possibly Ca-

Am Mineral. Author manuscript; available in PMC 2021 April 16.



1duosnue Joyiny VSN 1duosnuey Joyiny YSYN

1duosnue Joyiny VSN

Hazen et al.

Page 7

rich clinopyroxene (Sears and Hasan 1987; Scott et al. 1994). By the time a chondrule
reaches type 3.9, corresponding to metamorphism close to 600 °C, olivine compositions
have equilibrated among a meteorite’s diverse chondrules, whereas pyroxene remains
unequilibrated. Feldspar may occur in a high-temperature Al-Si disordered state (Sears et al.
1995) and display alteration effects, including Ca-Na zoning and textural changes (Lewis
and Jones 2016, 2019). In this treatment, we focus on minerals found in the least
equilibrated chondrites (optimally those designated 3.0, though in some instances we
consider minerals in more-altered chondrites, as some meteorite groups always display some
degree of metamorphism).

Formation mechanisms of chondrules

The diversity of chondrule types points to a variety of precursor materials and formation
events at different heliocentric distances and with a range of paragenetic conditions (Krot et
al. 2005; Rubin 2000, 2010; Desch et al. 2012; Scott and Krot 2014; Ebel et al. 2018;
Hubbard and Ebel 2018). Most chondrules are thought to have formed from presolar and
protoplanetary disk dust aggregates, as well as from a combination of earlier generations of
chondrules, chondrule fragments, refractory amoeboid olivine aggregates (AOAS) that
formed as nebular condensates, and possibly debris from differentiated planetesimals
(Weinbruch et al. 2000; Libourel et al. 2006; Sanders and Scott 2012; Weyrauch and
Bischoff 2012; Ebert and Bischoff 2016; Krot et al. 2018; Marrocchi et al. 2019).

The dominant chondrule formation hypothesis for the past several decades has been rapid
heating (perhaps at rates >10°% °C/h; Tachibana and Huss 2005) and melting of dust
aggregates. Note that even to partially melt these droplets required energy comparable to the
gravitational potential energy of the nebular disk itself (King and Pringle 2010). Melting is
thought to have occurred by any one of several processes (Boss 1996; Desch et al. 2012;
Connolly and Jones 2016): FU Orionis-type flares (Bertout 1989; Bell et al. 2000; Hubbard
and Ebel 2014); direct illumination in proximity to the protosun (Shu et al. 1996; Morlok et
al. 2012); solar shock waves induced by the in-fall of gas (lida et al. 2001; Morris and Boley
2018); planetary embryo-produced bow shocks (Desch and Connolly 2002; Hood and
Weidenschilling 2012; Morris and Boley 2018), as well as associated magnetic effects
(Mann et al. 2016; Mai et al. 2018); shocks produced by density waves (Wood 1996a; Boss
and Durisen 2005); current sheet heating in partly ionized disk regions (McNally et al. 2014;
Hubbard and Ebel 2015; Zhdankin et al. 2017); and nebular lightning (Sorrell 1995; Desch
and Cuzzi 2000). Given the range and frequency of these rapid heating events in the solar
nebula, many chondrules may have experienced multiple secondary melting events (Baecker
et al. 2017).

Isotope systematics from chondrules and matrix also support the dust origins hypothesis by
pointing to chondrule formation through localized melting events of dust aggregates in the
protoplanetary disk. Kleine et al. (2018) find that ages of CV and CR chondrites are tightly
constrained at 4565.1 + 0.8 and 4563.7 + 0.6 Ma, respectively. These dates suggest that the
formation interval for each chondrite type is significantly less than 1 million years, and that
chondrule formation and chondrite accretion were temporally linked.
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Other researchers favor additional chondrule formation scenarios related to planetesimal
impacts (e.g., Krot et al. 1993; Asphaug et al. 2011; Sanders and Scott 2012). Johnson et al.
(2012, 2014, 2018) argue for the role of impact jetting, by which high-velocity impacts on
growing planetesimals generate jets of partially molten materials. Chondrules form from
cooling droplets, which are rapidly accreted to planetesimal surfaces. Sanders and Scott
(2012, 2018) posit a similar scenario for chondrule origins through impact splashing (as
opposed to the higher velocity jetting), with chondrules contaminated by mineral dust and
larger grains, thus generating a variety of relict grains and a range of chemical and isotopic
compositions (however, see Baecker et al. 2017).

Finally, a small population of CB and CH group chondrules appears to have formed by
direct condensation from a superheated silicate gas within an impact plume (Krot et al.
2001b; Campbell et al. 2002, 2005a, 2005b; Rubin et al. 2003; Campbell and Humayun
2004; Gounelle et al. 2007; Fedkin et al. 2015). Evidence for a different origin of these
chondrules includes a complete lack of relict grains, fine-grained textures, and condensation
calculations suggesting formation in a high-density impact plume environment.

Temperature, pressure, and cooling histories of chondrules

Numerous attributes of chondrules, including mineralogy, crystal growth textures,
disequilibrium partition coefficients among phases, diffusion-controlled zoning, exsolution,
the presence of glassy or cryptocrystalline phases, and olivine defect density, point to their
complex and varied thermal histories (e.g., Jones et al. 2018). All chondrules experienced
one or more episodes of rapid heating close to or above their liquidus (~1500 to 2100 K),
followed by initial cooling to solidus temperatures (~1300 to 1500 K) at rates from 100 °C/h
to thousands of °C/h, with slower rates (10 °C/h to hundreds of °C/h) below the solidus (e.g.,
Miyamoto et al. 2009; Chaumard et al. 2018; Cuvillier et al. 2018; Ebel et al. 2018).
Variations in mineralogy, texture, and other chondrule attributes point to significant
variability in formation conditions, in some cases suggesting different modes of chondrule
origin.

Adding to their complex thermal histories, many chondrules display evidence for rapid
heating events after their initial crystallization (Krot et al. 1997a, 2004a, 2018; Rubin 2010;
Ruzicka 2012; Baecker et al. 2017). At least four lines of evidence point to multiple
subsequent heating events for many, if not most, chondrules: (1) many chondrule
phenacrysts nucleate on earlier generations of olivine or pyroxene relict grains with different
chemical properties (Marrocchi et al. 2019); (2) some chondrules appear to envelop others
(Wasson et al. 1995; Hobart et al. 2015); (3) many chondrules display thin igneous rims of
re-melted material (Rubin 1984a); and (4) normal-sized chondrules are sometimes
surrounded by “microchondrules” (Krot and Rubin 1996; Krot et al. 1997a).

A significant unresolved question regards the pressures at which chondrules formed (Wood
1996b; Hewins and Zanda 2012; Connolly and Jones 2016; Ebel et al. 2018). The presumed
average pressure of the protoplanetary disk was <1073 atm. At such a low pressure and the
maximum temperatures of chondrule formation (1700 to 2000 K), even with cooling rates as
great as 1000 °C/h one would expect characteristic Rayleigh fractionation of volatile
elements and their isotopes (Hashimoto 1983; Davis et al. 1990; Richter et al. 2011; see Ebel
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et al. 2018, and references therein). However, such fractionation is not generally observed in
volatile elements such as S, Zn, Cd, or Cu (Luck et al. 2005; Tachibana and Huss 2005;
Wombacher et al. 2008; Moynier et al. 2009). In addition, careful analyses of olivine
phenocrysts indicate that Na was not completely lost, suggesting an ambient vapor pressure
significantly greater than 1073 atm (Alexander et al. 2008; Fedkin and Grossman 2013). One
possible explanation was offered by Galy et al. (2000), who proposed that the partial
pressure of hydrogen (Hs) gas in chondrule-forming regions was ~1 bar—conditions that
would inhibit volatile element loss and promote the stability of silicate melts (Ebel 2006).
However, astrophysical models of the protoplanetary nebula do not support such a high
hydrogen gas concentration. Indeed, a maximum pressure of ~1073 atm is suggested by
models of disk processes (D’Alessio et al. 2005).

An alternative explanation for the lack of volatile element fractionation relates to “high solid
densities” during chondrule formation, where solid density refers to the ratio of nebular dust
to gas relative to the solar average. Several investigators (Wood and Hashimoto 1993; Ebel
and Grossman 2000; Alexander et al. 2008; Alexander and Ebel 2012; Bischoff et al. 2017;
Ebel et al. 2018) propose that chondrule-forming regions had a chondruleto-gas ratio
sufficiently high—perhaps 108 to 10* times that of the Sun—so that stable chondrule melts
achieved equilibrium with the surrounding hot gas. High volatile partial pressures from
evaporated dust thus reduced the evaporative loss of volatiles from large melt droplets in
spite of the relatively low ambient gas pressure (Alexander et al. 2008), while leading to the
observed significant fraction of compound chondrules (Wasson et al. 2003; Cuzzi and
Alexander 2006). Note that clear evidence exists for significant chondrule-gas exchange, for
example through the reaction of forsterite plus SiO gas to form enstatite rims (Krot et al.
2004b; Libourel et al. 2006; Friend et al. 2016; Hezel et al. 2018; though see Rubin 2018).

A chronology of nebular mineralization

The evolutionary system of mineralogy considers the diversity and distribution of minerals
through deep time, as novel physical, chemical, and ultimately biological processes led to
new mineral-forming environments. Developing a chronology of the earliest mineral-
forming events in the evolving protoplanetary disk is thus important for setting the stage as
planets and moons emerge from nebular dust and gas. Efforts to determine the ages of the
most ancient minerals preserved in chondrites, both through direct radiometric or other
measurements and by contextual inferences, have led to an emerging (though as yet
incomplete and at times contentious) chronology of the first few million years of nebular
history (Table 1). At least three complementary aspects of chondrite meteorites: (1)
radiometric geochronology; (2) textural relationships; and (3) the distribution of their
components among two major groups of meteorites—reveal aspects of the earliest evolution
of the protoplanetary disk.

Presolar grains.—The oldest solid objects from our solar system are refractory inclusions
with radiometric ages close to 4567 Ma (Connelly et al. 2012; Krot 2019). Presolar grains,
by definition, predate those first nebular condensates and are the most ancient known solid
objects. Heck et al. (2020) employed cosmic ray exposure ages of presolar moissanite (SiC)
grains to identify individual mineral grains as old as 7 billion years, though the majority of
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stardust preserved in chondrite meteorites is <5 billion years old and the youngest observed
stellar SiC grain formed only 3.9 £+ 1.6 million years before CAls (i.e., ~4571 million years
ago). Estimates of when the first condensed solid phase formed in the universe must remain
somewhat speculative. However, astrophysical calculations of stellar nucleosynthesis
processes (e.g., Burbidge et al. 1957; Cameron 1957; Schatz 2010; Bertulani 2013), coupled
with increasingly high-resolution imaging of the first generations of stars in galaxies at
distances >13 billion light years (Abel et al. 2002; Bond et al. 2013; Howes et al. 2015;
Robertson et al. 2015; Bowman et al. 2018), suggest that large carbon-forming stars
occurred early in cosmic history. We conclude that carbon-rich phases, including diamond,
graphite, and moissanite, formed within the first billion years of the Big Bang, perhaps >13
Ga.

Refractory inclusions.—The formation of calcium-aluminumrich inclusions at 4567.3 £
0.16 Ma (Connelly et al. 2012; see also, Amelin et al. 2002, 2010; Connelly et al. 2008;
Bouvier and Wadhwa 2010; Krot 2019) provides the benchmark date for nebular
mineralogy. Radiometric dating of CAI components, including 207Pb-206Ph (Amelin et al.
2010; Connelly et al. 2012), 182Hf-182w (Holst et al. 2013; Budde et al. 2015), and
26A1-26Mg (Kita et al. 2013; Nagashima et al. 2018) systematics, establish that CAls were
the first solids to condense in the solar nebula (Krot 2019). CAls evidently were produced
during an interval of <300 000 yrs (Kita et al. 2013; Krot et al. 2018), with the great
majority of CAls forming within the first 200 000 yrs after ~4567.3 Ma (MacPherson et al.
2010, 2012; Kita et al. 2013).

That early interval of nebular evolution must have been a dynamic time. Recent studies of
significant diversity in the size, mineralogy, textures, contexts, and chemical and isotopic
fractionation of CAls, URIs, and AOAs point to multiple generations of these refractory
objects, perhaps arising from distinct nebular reservoirs and a range of processes, including
episodic melting, evaporation, condensation, and aggregation (Krot et al. 2008; Kodp et al.
2016a, 2016b, 2018; see Krot 2019, and references therein).

Ultra-refractory inclusions, usually lumped with CAls, display extreme enrichments by
factors up to 1000 in Sc, Zr, Y, Ti, and other high field strength elements (El Goresy et al.
2002; Rubin and Ma 2017). These unusual compositions result in distinctive URI
mineralogy, including a variety of rare, micrometer-scale oxide and silicate phases such as

tistarite (Ti,Os3), kaitianite ((Ti% it t 05)), anosovite [(Ti4 Ti3*,Mg,Sc,Al)30s], lakargiite

(CazrO3), kangite [(Sc,Ti,Al,Zr,Mg,Ca)1 gO3], tazheranite [(Zr,Sc,Ca,Y,Ti)O1 75], allendeite
(ScaZr3015), eringaite [Casz(Sc,Y,Ti),Si3015], davisite [Ca(Sc, Tid*, Ti4*, Mg, Zr)AlSiOg],
warkite [Cay(Sc, Ti,Al,Mg,Zr)gAlgO5c], and thortveitite (Sc,Si»07) (Rubin and Ma 2017,
2021; Morrison and Hazen 2020). Such extreme elemental fractionation points to an early
period of condensation of the most refractory elements in the protoplanetary disk.

Amoeboid olivine aggregates display isotopic and trace element compositions that indicate
formation in a low-pressure, high-temperature environment with high gas-to-dust ratio—
conditions that prevailed within the first 300 000 yrs of the protoplanetary nebula (Krot et al.
2004a). However, the forsterite-dominated mineralogy of AOAs indicates slightly lower
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condensation temperatures compared to CAls (Ebel 2006; Ebel et al. 2012). Wasserburg et
al. (2012) suggested that AOAs are younger than the first CAls by up to 25 000 yrs, a model
supported by the observation that many AOAs incorporate small spinel-pyroxene-anorthite
CAls (Krot et al. 2004a). Note, however, that at least one group of CAls (forsterite-bearing
type B CAISs) evidently formed by melting AOAs, and thus are younger (Krot et al. 2001a;
Bullock et al. 2012). In any event, AOAs, like CAls, formed during the earliest period of the
protoplanetary disk, prior to 4567.0 Ma.

Formation of planetesimals and proto-Jupiter.—Recent models of the origin and
early evolution of the solar system underscore the important links between nebular dynamics
and mineral condensation (Warren 2011; Budde et al. 2016; Kruijer et al. 2017; Desch et al.
2018; Burkhardt et al. 2019). Nebular gas and dust within 2 AU of the protosun were
exposed at an early stage (within 100 000 yrs of the protosun’s formation) to temperatures
high enough to vaporize almost all constituents (Pollack et al. 1996; Warren 2011; Davis and
Richter 2014; Kruijer et al. 2017), though a significant fraction of presolar grains, gas, and
organic matter more remote from the Sun was not heated above a few hundred degrees
Kelvin (Mendybaev et al. 2002; Cody et al. 2011).

Important constraints on the nature and timing of refractory inclusion formation are
provided by a striking dichotomy in the isotopic characteristics of carbonaceous chondrites
(CC) vs. non-carbonaceous chondrites (NC) meteorites, notably isotopes of O, Cr, Ti, Ni,
and Mo, which reveal two distinct genetic lineages (Trinquier et al. 2007, 2009; Burkhardt et
al. 2011; Warren 2011; Kruijer et al. 2017). The bimodal compositional characteristics of
CC vs. NC meteorites is underscored by the distribution of CAls, which occur much more
frequently in CC meteorites. This concentration of CAls beyond Jupiter’s orbit contrasts
with their rarity in NC meteorites, including ordinary chondrites and enstatite chondrites.

One model posits that CC parent bodies accreted beyond Jupiter’s orbit—far from where
CAls are thought to have originated. NC parent bodies, by contrast, consolidated inside
Jupiter’s orbit (Warren 2011; Budde et al. 2016). According to this model, these two groups
of planet-forming materials remained physically separated, most plausibly by the formation
of embryonic Jupiter within the first 500 000 yrs of the protoplanetary disk (Lambrechts et
al. 2014; Morbidelli et al. 2016; Desch et al. 2018; Kruijer et al. 2017). Jupiter’s
gravitational field created a barrier for exchange between NC meteorites of the inner solar
system and CC meteorites beyond the ~3 AU orbit of Jupiter.

An early formation of embryonic Jupiter is consistent with other evidence for rapid
planetesimal formation. Isotopic studies of iron meteorites suggest that their parent bodies
must have reached diameters of 10 km to hundreds of kilometers and differentiated within
the first 300 000 yrs (Kruijer et al. 2014), with Mars-sized objects forming significantly
earlier than 1 million years, and perhaps as early as 100 000 yrs after the oldest CAls
(Chambers 2004; Chiang and Youdin 2010; Johansen et al. 2014). Note that the occurrence
of protoplanets at this early stage of solar system evolution has important implications for
the possible origins of some chondrule groups through impact-generated jetting or splashing
(Johnson et al. 2018; Sanders and Scott 2018; however, for an opposing view see Baecker et
al. 2017).
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In spite of the isotopic differences between two chondrite populations, both NC (with a
greater percentage of chondrules) and CC meteorites (with the majority of CAls and AOAS)
hold populations of highly refractory minerals that are thought to have formed within 2 AU
of the protosun. One model posits that CAls represent the earliest condensates (by ~4567.2
Ma), most of which were transported within the solar nebula’s first 100 000 yrs by strong
disk winds to beyond what would become Jupiter’s orbit (Shu et al. 1996; though see Desch
et al. 2010). This postulated dispersal and sequestration of CAls resulted in the distinctive
chemical and isotopic fractionation of solar system material, with carbonaceous meteorites
predominating beyond the orbit of Jupiter (e.g., Kruijer et al. 2017). Many chondrules,
which represent a second generation of condensates perhaps 1 to 5 million years after CAls,
formed primarily near the protosun, and the majority of these objects did not migrate from
the inner solar system (Warren 2011; Kruijer et al. 2017; Desch et al. 2018), though other
chondrules, notably those in carbonaceous chondrites, may have formed beyond the orbit of
Jupiter (Rubin 2010, 2011).

Chondrules.—Most researchers conclude that chondrules formed significantly after CAls,
AOQAs, and URIs, probably commencing ~4566 million years ago. Important evidence
comes from composite chondrule-CAl objects and bulk chondrule compositions, which
suggest that refractory inclusions were already present when chondrules formed (Rubin and
Wasson 1988; Kita and Ushikubo 2012; MacPherson et al. 2012; Kawasaki et al. 2015; Krot
etal. 2017).

Pb-Pb, Hf-W, and Al-Mg radiometric dating indicate that chondrules formed over an interval
of ~4 to 5 million years (Bizzarro et al. 2017; Johnson et al. 2018; Kleine et al. 2018;
Connelly and Bizzarro 2018). This extended chronology of chondrule formation is
complicated by multiple paragenetic modes—i.e., different mechanisms for rapid heating—
spanning several million years. According to the canonical view (however, see Krot 2019),
the oldest chondrules appear to have formed ~1.5 million years after CAls (e.g., Nagashima
et al. 2018), as revealed by 26AI-26Mg isotope systematics. The rapid decay of short-lived
26A] to 26Mg (half-life ~0.71 million years) results in measurable excess 26Mg in the most
ancient Al-rich, Mg-poor minerals formed in the protoplanetary disk, with a systematic
decrease in initial 26Al/27Al through the first few million years of solar system history.

Different groups of unequilibrated chondrules appear to have formed over relatively narrow
time windows (Table 1). For example, CO and CV chondrules have both been dated as
originating at 4565.1 + 0.8 Ma (Kurahashi et al. 2008; Budde et al. 2015; Kleine et al. 2018),
whereas CR chondrules formed more than a million years later at 4563.7 £ 0.6 Ma (Schrader
et al. 2017; Kleine et al. 2018).

The formation of CB chondrules, the youngest group identified thus far and likely
representing late-stage droplets of impact melts, is even more tightly constrained at 4562.5 +
0.2 Ma (Krot et al. 2005; Gilmour et al. 2009; Bollard et al. 2015), suggesting a single origin
event near the end of the era of chondrule formation.

The ages of chondrules in enstatite chondrites are poorly constrained, but they may have
formed closer to the end of the interval of chondrule formation. Whitby et al. (2002)
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employed iodine-xenon dating to estimate ages of EH chondrules to between 4564 and 4561
Ma, whereas Trieloff et al. (2013) dated individual presumably primary sphalerite grains to
4562.7 = 0.5 Ma. Thus, chondrules in enstatite chondrites may be among the younger known
groups.

In spite of the widespread agreement regarding a significant temporal gap of more than a
million years between the end of CAI formation and the beginning of chondrule formation,
an alternative hypothesis has recently emerged. Contrary to Al-Mg and Hf-W results, recent
Pb-Pb ages suggest that the earliest chondrules formed contemporaneously with CAls at
~4567.3 Ma (Connelly et al. 2012; Bollard et al. 2017; Connelly and Bizzarro 2018; Krot
2019). If heterogeneities existed in the protoplanetary disk’s initial 26Al/27Al, then
comparative 26A1/26Mg dating of CAls and chondrules might be invalid (Larsen et al. 2011;
Krot et al. 2012; Luu et al. 2016). Indeed, a few chondrules from unequilibrated ordinary
chondrites display 206Pb-207Ph ages that are equal to, if not slightly older than, 4567.3 Ma
(Connelly and Bizzarro 2018; see Krot 2019 for a review). If this reinterpretation is correct,
then some chondrules formed contemporaneously with CAls (Kita et al. 2015; Schrader et
al. 2017; Nagashima et al. 2018), with the majority of chondrules forming during the first 1
million years of the protoplanetary disk (Connelly and Bizzarro 2018). Resolution of these
discrepancies remains an important challenge in chondrite chronology. However, whatever
their ages relative to refractory inclusions, all primary chondrule minerals appear to have
formed within the first 6 million years of solar system history, and they are thus among the
oldest known solid phases. In the following sections we consider the primary mineralogy of
chondrules.

Primary mineralogy of chondrules

The evolutionary system of mineralogy focuses on mineral “natural kinds,” which we define
as types of minerals that possess distinctive suites of chemical and physical attributes that
arise from a well-defined formation process during a well-characterized interval of planetary
evolution (Hazen 2019). The defining attributes of a mineral natural kind, in addition to its
major element composition and atomic structure as employed by the IMA, can include any
diagnostic combination of physical, chemical, and/or (in the case of terrestrial minerals
younger than ~3.8 billion years) biological features of the mineral grain or its petrologic and
environmental context. Because minerals display numerous relevant attributes, including
trace and minor elements, stable and radioactive isotopes, crystal size and morphology,
exsolution, twinning, zoning, solid and fluid inclusions, age, petrologic context, and more,
this approach to classification relies on large and robust databases of mineral properties.
Thus, we embrace the development of findable, accessible, interoperable, and reusable (i.e.,
“FAIR™) mineral data resources, which provide the essential foundation for data-driven
discovery in mineralogy (Ghiorso and Sack 1995; Holland and Powell 1998; Lehnert et al.
2000, 2007; Ghiorso et al. 2002; Downs and Hall-Wallace 2003; Downs 2006; Hazen et al.
2011, 2019a, 2019b; Golden et al. 2013; Hazen 2014; Morrison et al. 2020; see also
mindat.org and rruff.info/ima, accessed 7 April 2020).

Primary chondrule minerals fit the definition of distinct natural kinds, because: (1) all of
these minerals formed in a protoplanetary disk context of high local dust-to-gas relative to
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solar average; (2) all of these minerals emerged within individual objects <5 cm diameter as
a consequence of discrete rapid heating, partial to complete melting, and rapid cooling
events; and (3) all chondrules appear to have formed within a narrow time interval between
~4567 and ~4561 million years ago. These minerals differ, therefore, from earlier stellar and
nebular condensates (i.e., presolar grains and refractory inclusions) that apparently formed in
regions of relatively low dust-to-gas ratio under sustained high temperatures. They also
differ from contemporaneous and subsequent minerals that formed in the contexts of
accreting and differentiating protoplanetary bodies.

In this context, we recognize 43 primary chondrule minerals, including clinoenstatite,
plagioclase, kamacite, and many other phases (Table 2), as distinct natural kinds (e.g.,
primary chondrule clinoenstatite, or “PC clinoenstatite”). Note that we have decided not to
further subdivide minerals according to types of chondrules, types of their host chondrite
meteorites, distinct mineral morphotypes, or other criteria.

It is true that the majority of chondrules in any one chondrite group typically have similar
properties—average size, textural type, and oxygen isotope ratios, for example—which
suggest a local, common origin for most of the chondrules in any given meteorite group
(Jones 2012; Kita and Ushikubo 2012). Nevertheless, there are also diverse chondritic
components, including CAls, AOAs, URIs, and atypical chondrules, which reveal a diversity
of spatial and temporal sources. Furthermore, the uniformity in chondrule size distribution in
any one chondrite group, coupled with the characteristic differences in average chondrule
size from one chondrite group to the next, do not necessarily reflect a common origin for
chondrules in a given group. Rather, these size characteristics may be at least in part the
result of aerodynamic sorting, for example within nebular winds, during turbulent accretion
at the surfaces of chondrule parent bodies, or in an asteroid’s loosely consolidated regolith
during outgassing (Akridge and Sears 1999; Kuebler et al. 1999; Cuzzi et al. 2001; Teitler et
al. 2010). In that case, size sorting of some chondrules could have occurred long after
chondrule formation and subsequent mixing. However, aerodynamic sorting cannot account
for all differences among chondrules in a given meteorite (Rubin 2010). Even if most
chondrules formed in proximity to each other, and if they accreted with a matrix that was
formed more or less contemporaneously (e.g., see Hezel et al. 2018, and references therein),
the emergence of chondrite bulk characteristics always postdates the origin of the primary
chondrule minerals. Therefore, in this review, we lump all primary chondrule mineral
occurrences for each mineral species.

We suggest that any attempt to subdivide primary chondrule minerals by combinations of
attributes at this time would be speculative and premature. An important advantage of the
evolutionary system of mineralogy, but one that also adds an admitted degree of arbitrariness
to its protocols, is that individual mineral experts can subdivide IMA species into natural
kinds according to their specific needs. Experts in chondrule textures, stable isotopes, or
cathodoluminescence may thus wish to add mineral subtypes based on unambiguous
differences in mineral attributes. However, lacking sufficiently robust chondrule mineral data
resources, we choose not to subdivide primary chondrule minerals at this time beyond IMA
recognized species or well-defined types of amorphous phases.
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Systematic evolutionary mineralogy—~Part Ill: Primary chondrule

mineralogy

In the following section we enumerate 43 primary chondrule minerals, which are defined as
solid condensed phases that formed during rapid heating and cooling of chondrule
precursors to temperatures close to the liquidus (at <102 atm ambient pressure; i.e., not
shock-induced phases), as well as phases formed during subsequent chondrule cooling.
Primary chondrule minerals must have formed prior to sedimentation onto larger bodies and
incorporation into chondrites. Most primary chondrule minerals formed by melt
crystallization in partially to fully molten droplets, but we also include: (1) minerals formed
by reactions between condensed phases and hot nebular gas (Krot et al. 2004b; Libourel et
al. 2006), and (2) varied solid-state reactions during initial cooling, including silicate glass
devitrification, polymorphic transformations, exsolution, and cation ordering (e.g., Rubin
and Ma 2021).

In Table 2 we tabulate 43 primary chondrule minerals, encompassing 40 IMA-approved
species, the unapproved species ferropseudobrookite, and two amorphous phases. These
primary chondrule minerals incorporate 15 structurally essential chemical elements, as well
as three significant minor elements (Fig. 1).

Each mineral natural kind is given a binomial designation: the first name, in this case “PC’
for all examples, indicates primary chondrule minerals, whereas the second name for the
most part conforms to the name of an approved IMA mineral species. However, in several
instances we deviate from IMA nomenclature:

. Schreibersite [(Fe,Ni)3P] and nickelphosphide [(Ni,Fe)3P]: We lump these
two IMA-approved phosphide species into PC schreibersite because they
represent a continuous solid-solution series, almost always with Fe > Ni, and
they form by the same primary mechanisms.

. Armalcolite and ferropseudobrookite: Fujimaki et al. (1981a, 1981b) used
“ferropseudobrookite” (Fe2*Ti,Os) as the name for the Mg-absent end-member
related to armalcolite [(Mg,Fe2*)Ti,Os]. Though not an approved IMA mineral
species, we refer to this occurrence as PC ferropseudobrookite.

. Chromite: Chromite (Fe2*Cr,0,4) and other Cr-bearing oxide spinel group
minerals are common primary phases in chondrules. Many occurrences conform
to the IMA definition of chromite, but a few Cr-rich grains are closer to hercynite
(Fe2*Al,0,) or magnesiochromite (MgCr,0,4) end-members, at times with
significant spinel (MgAl,0,4) and tilvospinel (Fe2*Ti,O,4) content. We lump all of
these Cr-bearing oxide spinel minerals together into PC chromite.

. Roedderite and merrihueite: Roedderite and merrihueite,
[(Na,K)2MgsSi12030] and [(K,Na)»(Fe,MQg)5Si12030], respectively, form a
continuous solid-solution of phases formed by the same primary process, and
thus represent a single natural kind in our evolutionary system. Because most
examples fall within the roedderite field, we lump occurrences together and
assign the name PC roedderite.
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. Orthoenstatite: Unlike in most terrestrial igneous rocks, the monoclinic (space
group £24/¢) form of MgSiOg, clinoenstatite, is the most common polymorph.
Therefore, for clarity we employ the common name “orthoenstatite” for
orthorhombic MgSiO3 (space group Pbca) instead of the IMA-approved name,
“enstatite.”

. Silica glass and silicate glass: Glassy phases are important components of
rapidly quenched chondrules, with some chondrules approaching 100 vol% solid
amorphous silicate. These condensed phases are not approved by the IMA, but
we recognize PC silica glass (i.e., close to end-member SiO,) and PC silicate
glass.

Native elements and alloys

Several alloys of iron and nickel, as well as the carbon allotrope graphite, occur as primary
chondrule minerals. Iron-nickel alloys are among the most common of these phases,
comprising several vol% of most chondrules and more than 90 vol% of some metal-rich
examples (Brearley and Jones 1998; Scott and Krot 2014; Rubin and Ma 2021). Fe-Ni
alloys, which typically incorporate Co, Cr, Cu, and other siderophile elements, condensed
from the solar nebula at temperatures estimated between 1350 and 1450 K (Ebel and
Grossman 2000; Campbell et al. 2005b). They occur as the IMA-approved minerals iron
(though usually cited as “kamacite” in the meteoritics literature), taenite, tetrataenite, and
awaruite, as well as the distinctive exsolved mixture of kamacite and taenite known as
“plessite.” Fe-Ni alloys commonly hold significant amounts of other elements; high C, P, or
Si contents, for example, may lead to exsolution of new minerals, such as graphite, carbides,
schreibersite, perryite, or silica glass (see below). Note that alloys dominant in copper and in
cobalt have been reported from chondrites, but they appear to be secondary phases and will
be considered in Parts IV and V (Rubin 1990, 1994a; Brearley and Jones 1998; Rubin and
Ma 2021).

Iron (a-Fe).—Body-centered cubic (/m3m) iron, commonly referred to as kamacite in the
meteoritics literature, is the most stable low-Ni iron alloy and is among the most common
primary chondrule minerals. We designate this phase “PC jron” (see Table 2). PC iron is
found with up to ~8 wt% Ni, though typical Ni contents are 3 to 7 wt%. Kamacite occurs in
a range of textures (e.g., Brearley and Jones 1998; Rubin and Ma 2021), for example, as
blebs to 50 pm diameter in mesostasis of type | chondrules, often in association with
sulfides; in ordinary chondrites as polycrystalline intergrowths with taenite and troilite; as
spheroidal grains, often concentrated near the chondrule edge; as globules up to 1 mm
diameter in enstatite chondrites; in irregular masses, often in association with sulfides and/or
carbides; and as irregular grains that are likely fragments from previous generations of
chondrules. PC iron grains are sometimes zoned, with cores typically more Ni-rich than rims
(Nagahara 1982).

While most PC iron crystallized as an igneous phase from the metal-rich fraction of
immiscible metal-silicate chondrule melts, kamacite in CB group chondrules may have
formed by condensation directly from a vapor plume generated by an impact on a
differentiated body (Rubin et al. 2003; Oulton et al. 2016; Rubin and Ma 2021). Kamacite in
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these CB metal-rich chondrules occurs in a distinctive morphology, as globules up to a
centimeter in diameter.

Taenite [y-(Fe,Ni)].—The primitive cubic (Pm3m) alloy of iron and nickel, referred to as
“austenite” in the metallurgical literature, typically has ~25 to 35 wt% Ni. PC taenite
commonly occurs with PC iron, sulfides, and other opaque phases in rounded grains; as
crystals that are isolated or associated with kamacite; or as polycrystalline aggregates
(Afiattalab and Wasson 1980; Bevan and Axon 1980; Scott and Rajan 1981; Nagahara 1982;
Brearley and Jones 1998). Taenite crystals, which are most abundant in Ni-rich LL ordinary
chondrites, are commonly zoned from cores with 25 to 35 wt% Ni to rims that may exceed
50 wt% Ni (Wood 1967).

Taenite can incorporate significant amounts of P or C, which may exsolve as phosphides or
carbides on cooling (e.g., Brearley and Jones 1998). In addition, under conditions of
relatively slow cooling, taenite may exsolve thin (<2 pm thick) lamellae of kamacite to
produce the distinctive mixed phase known as “plessite” (Massalski et al. 1966; Buchwald
1975; Brearley and Jones 1998; Goldstein and Michael 2006).

Tetrataenite (FeNi).—Tetrataenite, a low-temperature ordered Fe-Ni alloy (tetragonal, P4/
mmm;, Clarke and Scott 1980), is a widely distributed, though volumetrically minor, phase in
type 3 (unequilibrated) ordinary chondrites (Bevan and Axon 1980; Scott and Rajan 1981;
Nagahara 1982; Rubin 1994b; Rubin and Ma 2021). PC tetrataenite occurs as 10 to 60 pm
diameter grains or as rims up to 5 um thick on taenite (Taylor and Heymann 1971; Scott and
Clarke 1979), forming through cooling and/or annealing of taenite below 350 °C (Clarke and
Scott 1980). As such, tetrataenite is one of several chondrule minerals that spans a
continuous paragenetic range from primary to secondary. Though ideally a 50:50 mixture of
Fe and Ni, the observed range of Ni in chondritic tetrataenite grains is 48 to 57 wt%, with
minor Co and Cu. Metal grains in carbonaceous chondrites may significantly exceed 50 wt%
Ni, resulting in fine-grained mixtures of tetrataenite and awaruite (Kimura and Ikeda 1992).

Awaruite (NiyFe to NigFe).—The Ni-dominant alloy awaruite, with face-centered cubic
structure (Fm3m), is rare as a primary phase in chondrules (Taylor et al. 1981; Smith et al.
1993), and it is possible that all such occurrences are of secondary origin through aqueous
alteration (Rubin, personal communication, 4 June 2020). PC awaruite typically occurs with
65 to 75 wt% Ni and forms as small anhedral grains in association with sulfides and
carbides. Rubin (1991) described euhedral zoned crystals of presumably PC awaruite from a
low-Fe olivine chondrule in the Allende CV chondrite. PC awaruite is thought to form in
oxidizing nebular environments, in which oxidation of kamacite results in a Ni-enriched
metal, crystallization of Ni-rich taenite, and subsequent transformation of taenite into
tetrataenite and awaruite at temperatures below ~500 °C. Awaruite also forms via secondary
processes in chondrules and chondrite matrices (Pederson 1999; Rubin and Ma 2021).

Graphite (C).—PC graphite is a common, if minor, primary chondrule mineral in enstatite
chondrites, where it occurs as irregular to euhedral crystal inclusions up to 50 pm diameter
in kamacite (Leitch and Smith 1980). Graphite probably formed by exsolution from a C-rich
Fe-Ni alloy on cooling (Keil 1968). Keil (1968) noted that the amount of exsolved graphite
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increases with metamorphism; therefore, graphite is likely one of several chondrule minerals
(e.g., troilite, olivine, and plagioclase) that occurs in a continuum as both a primary and
secondary phase. Furthermore, other occurrences of less well-ordered graphite in chondrules
have been ascribed to impact processes and are considered in Part IV of this series (Rubin
1997a; Rubin and Scott 1997).

The iron carbides, cohenite and haxonite, are common primary chondrule phases (Brearley
and Jones 1998; Rubin and Ma 2021). The rare iron carbide edscottite (Fe5C5) has been
reported as a matrix phase in the Semarkona LL3.0 ordinary chondrite, but it has not yet
been observed as a primary chondrule phase (Ma and Rubin 2019).

Cohenite [(Fe,Ni)3C].—PC cohenite occurs in association with other opaque phases in
some type 3 ordinary chondrites (Taylor et al. 1981; Scott et al. 1982; Scott and Jones 1990;
Krot et al. 1997b), as well as in enstatite chondrites (Mason 1966; Herndon and Rudee 1978;
Rubin 1983; Shibata 1996). In unequilibrated ordinary chondrites, it is found as
polycrystalline masses with magnetite and sulfides in carbide-magnetite assemblages, which
may have formed by reactions of kamacite and troilite with nebular gas (Taylor et al. 1981),
though Krot et al. (1997b) and Rubin (personal communication; 27 March 2020) suggest a
later origin by reaction with C-H-O fluids. In the CO3 chondrite Allan Hills 77307, cohenite
occurs as grains <30 um in kamacite (Shibata 1996). PC cohenite contains up to ~4 wt% Ni
(Scott and Jones 1990).

Haxonite [(Fe,Ni)»3Cg].—PC haxonite containing up to ~5 wt% Ni occurs with PC
cohenite in the carbide-magnetite assemblages of unequilibrated (type 3) ordinary
chondrites, as well as in CO3 and EH3 chondrites (Scott and Jones 1990; Rubin 1983;
Shibata 1996; Rubin and Ma 2021). An alternative view posits that carbide-magnetite
assemblages are of secondary origin through parent-body aqueous alteration (Rubin,
personal communication, 4 June 2020). If so, then all haxonite occurrences in chondrules
may be secondary, as well.

Nitrides and oxynitrides

Osbornite (TiN) and nierite (SigN4) have been reported from chondrites, but their presence
has been ascribed to parent body metamorphism, shock alteration, or (in the case of some
isotopically anomalous nierite grains) presolar origins (Buseck and Holdsworth 1972;
Grossman et al. 1988; Scott 1988; Weisberg et al. 1988; Alexander et al. 1994; Russell et al.
1995; Rubin 1997b; Hazen and Morrison 2020; Rubin and Ma 2021).

Sinoite (SioN>0).—Sinoite (SioN,O) is known as both a primary chondrule mineral and as
an impact product in enstatite chondrites (El Goresy et al. 2011; Lin et al. 2011; see also Part
IV). Micrometer-scale PC sinoite needles, possibly condensed from nebular gas, occur in
metal nodules from an EL3 clast from the Alhamata Sitta breccia (EI Goresy et al. 2011; Lin
et al. 2011). Associated minerals include graphite, oldhamite, enstatite, and Ca-rich
clinopyroxene.
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Phosphides

With the exception of primary chondrule schreibersite, phosphide minerals are not known
from the most unequilibrated chondrites. Occurrences of andreyivanovite (FeCrP) and
florenskyite (FeTiP) are also reported from chondrite meteorites, but their origins have been
ascribed to impact processes (Ivanov et al. 2000; Zolensky et al. 2008).

Schreibersite [(Fe,Ni)3P].—FPC schreibersite exsolves on cooling from P-rich Fe-Ni
alloys in type 3 ordinary chondrites and enstatite chondrites, where it is closely associated
with kamacite (Brearley and Jones 1998; Rubin and Ma 2021). It typically occurs as rims
on, or inclusions in, kamacite, with individual grains as large as 300 um in diameter.
Schreibersite can contain up to ~50 wt% Ni, and often incorporates more than 1 wt% Co and
Cr, as well (Wasson and Wai 1970; Rambaldi and Wasson 1984; Zanda et al. 1994; see
Brearley and Jones 1998, Table A3.32). Lehner et al. (2010) investigated trace and minor
elements in schreibersite associated with kamacite and perryite and concluded that some
schreibersite first formed by condensation from a reduced gas.

Ni-dominant grains of schreibersite have been recognized by the IMA as the mineral
“nickelphosphide”—ideally Ni3P, but originally described as (Ni,Fe)3P (Britvin et al. 1999).
However, because this phase is evidently part of a continuous solid-solution series, and a
single paragenetic mode by exsolution from an Fe-Ni alloy on cooling is invoked, we lump
nickelphosphide with the much more common schreibersite.

Silicides
Meteorites hold at least eight different Fe-, Ni-, and Mnbearing silicides (Rubin and Ma
2021), but perryite is the only example thought to be a primary chondrule mineral.

Perryite [(Ni,Fe)g(Si,P)3].—PC perryite is found as a widespread, if volumetrically minor,
phase in type 3 unequilibrated enstatite chondrites (Keil 1968; Reed 1968; Lehner et al.
2010). It occurs in association with kamacite, schreibersite, sulfides, and other rare phases in
the reduced enstatite chondrule mineral suite (Rubin and Ma 2021). The composition of PC
perryite generally has >60 mol% Si in the Si-P site and >90 mol% Ni in the Ni-Fe site
(Wasson and Wai 1970; EI Goresy et al. 1988; see Brearley and Jones 1998, Table A3.33).
Lehner et al. (2010) suggest that perryite formed initially by condensation from a reduced
gas and was then incorporated as inclusions in kamacite, while additional perryite
precipitated from Si- and P-saturated Fe-Ni alloy on cooling.

Sulfides

More than 50 sulfide minerals have been identified in meteorites (Rubin and Ma 2021), at
least nine of which are thought to occur as primary chondrule minerals. However, the
enumeration of primary vs. secondary sulfide phases in chondrules (as well as in the matrix,
refractory inclusions, and metal-rich portions of chondrites) is challenging (e.g., Weisberg
and Kimura 2012; Singerling and Brearley 2018). Sulfide minerals arise from a continuum
of processes involving direct condensation from a hot gas phase, reactions between S-rich
gas and condensed phases, crystallization from a melt, exsolution from metal, and a variety
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of alteration processes associated with impacts, metamorphism, and aqueous/hydrothermal
interactions.

Troilite is by far the most common primary chondrule sulfide; it is the only sulfide to occur
widely in CC, OC, and EC chondrules. The sulfides of chondrules in enstatite chondrites are
of special interest, as these low-silica rocks contain unusual sulfides of elements such as Na,
K, Mg, Ca, Mn, Cr, and Ti that more typically form oxides and silicates (Brearley and Jones
1998; Awril et al. 2013; Weyrauch et al. 2018; Rubin and Ma 2021). Thus, alabandite,
caswellsilverite, daubréelite, niningerite, oldhamite, and wassonite are confirmed primary
phases. However, other sulfides from enstatite chondrites, including bornite, chalcopyrite,
covellite, djerfisherite, idaite, pyrite, and pyrrhotite, are almost certainly secondary minerals
that formed by impact and/or parent body processing (e.g., EI Goresy et al. 1988; Weisberg
and Kimura 2012; Ebel and Sack 2013). For representative analyses of chondrule sulfides
see Brearley and Jones (1998), Tables A3.24 to A3.31.

Troilite (FeS).—PC troilite is one of the most abundant primary phases in chondrules
(Brearley and Jones 1998, and references therein, Table A3.24). In unequilibrated ordinary
chondrites it occurs as rounded grains with Fe-Ni alloys (Jones and Scott 1989; Jones 1990,
1996; Rubin et al. 1999), as a constituent of carbide-magnetite assemblages (Krot et al.
1997b), as an accessory phase in silica-rich chondrules (Brigham et al. 1986), and in metal-
troilite rims surrounding chondrules (Lauretta et al. 1996). In carbonaceous chondrites, PC
troilite occurs, for example, in the chondrules of CO and CK chondrites as spherical or
irregular metal-sulfide assemblages (Rubin et al. 1985, 1988; Shibata 1996; Singerling and
Brearley 2018). And troilite comprises up to 10 vol% of chondrules in some enstatite
chondrites (El Goresy et al. 1988; Ikeda 1989a). lkeda (1989a) recognized several different
types of troilite-bearing EC nodules, including kamacite-troilite, niningerite-troilite, and
djerfisherite-troilite nodules, as well as clasts in association with daubréelite (El Goresy et
al. 1988).

Pentlandite [(Fe,Ni)gSg].—PC pentlandite likely occurs as a primary chondrule mineral
in unequilibrated ordinary chondrites (Jones and Scott 1989; Jones 1990, 1996), often
intergrown with troilite in metal-sulfide or carbide-magnetite aggregates (Krot et al. 1997h).
Barth et al. (2018) report pentlandite in association with magnetite and troilite in a high-
temperature association from the Acfer 094 unequilibrated carbonaceous chondrite—an
occurrence that suggests formation by reaction of Fe-Ni metal with hot S-rich nebular gas
prior to parent body accretion. Chondrules in carbonaceous chondrites also contain
accessory pentlandite in association with Fe-Ni metal, troilite, and/or magnetite (Scott and
Jones 1990). Note, however, that Rubin (personal communications, 27 March 2020) suggests
that pentlandite occurrences in chondrules, as well as the carbide-magnetite assemblages in
which they are found, are almost always secondary.

Alabandite (MnS).—PC alabandite is one of several unusual sulfides found in the highly
reduced assemblages within chondrules of enstatite chondrites (Mason 1966; Buseck and
Holdsworth 1972; Fogel 1997; Avril et al. 2013; Weyrauch et al. 2018). PC alabandite
[(Mn,Fe)S] is found exclusively in EL chondrites, in which it typically incorporates 10 to 30
mol% FeS, and is sometimes given the name “ferroan alabandite” (e.g., Brearley and Jones
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1998; Weisbherg and Kimura 2012). Alabandite also forms a solid solution with niningerite
(MgS), with compositions up to ~10 mol% MgS (Rubin 1984b; Weyrauch et al. 2018; see
Brearley and Jones 1998, Table A3.25 and A3.26).

Caswellsilverite (NaCrS,).—PC caswellsilverite is a rare accessory phase in chondrules
of enstatite chondrites, found in association with alabandite, daubréelite, oldhamite, and
other unusual sulfides (Mason 1966; El Goresy et al. 1988; lkeda 1989a; Rubin and Ma
2021).

Daubreéelite (FeCroS,).—PC daubréelite occurs as one of several unusual sulfides in
reduced chondrule assemblages in enstatite chondrites (Mason 1966; Buseck and
Holdsworth 1972; lkeda 1989a; Izawa et al. 2010; Avril et al. 2013). It often occurs in
association with troilite, from which it may have exsolved on cooling (El Goresy et al.
1988).

Niningerite (MgS).—Keil and Snetsinger (1967) described the rare magnesium sulfide
niningerite from reduced mineral assemblages in EH enstatite chondrites, in which it may
constitute the most abundant chondrule sulfide mineral. PC niningerite has been described
from several EH3 enstatite chondrites in association with other rare sulfides, notably
oldhamite, and in nodules with Fe-Ni metal, troilite, and silicate (El Goresy et al. 1988;
Ikeda 1989a; Izawa et al. 2010; Avril et al. 2013; Weyrauch et al. 2018). Niningerite
invariably incorporates iron (up to ~30 mol% FeS in EH3, with greater FeS contents in
equilibrated chondrules) and manganese (<20 mol% MnS); it typically displays Mg-Fe-Mn
zoning (Ehlers and EI Goresy 1988; see Brearley and Jones 1998, Table A3.25). The Fe-
dominant phase, named keilite, is only known from enstatite chondrites that have been shock
melted (Shimizu et al. 2002).

Oldhamite (CaS).—~PC oldhamite is a common accessory primary chondrule phase in
enstatite chondrites, where it occurs as small grains in metal-sulfide nodules with other
reduced phases, including alabandite, caswellsilverite, daubréelite, and niningerite (Mason
1966; Crozaz and Lundberg 1995; Fogel 1997; Nakamura-Messenger et al. 2012; Weyrauch
et al. 2018). Calcium sulfide has also been reported as crystals up to 200 um diameter within
a metal matrix in the ungrouped, highly reduced meteorite Acfer 370 (Pratesi et al. 2019).
Oldhamite in EH3 chondrites is close to end-member composition, with minor Mg, Cr, and
Fe (El Goresy et al. 1988; Ikeda 1989a).

Sphalerite (ZnS).—PC sphalerite occurs as large unzoned primary crystals in EH3
enstatite chondrite Y-691, though it is more commonly encountered in chondrites as a
secondary phase that occurs as “porous grains” associated with the breakdown of
djerfisherite (El Goresy and Ehlers 1989).

Wassonite (TiS).—Nakamura-Messenger et al. (2012) described PC wassonite as a

primary chondrule phase from the Yamato 691 EH3 enstatite chondrite, where it was found
as 12 sub-pm grains in a barred olivine chondrule crystallized from a melt.
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Nine oxide phases, incorporating Mg, Ca, Fe2*, Al, Cr, Fe3*, Ti, and Zr as essential
elements, have been described as primary chondrule minerals (Brearley and Jones 1998;
Rubin and Ma 2017, 2021). Of these phases, only three (spinel, chromite, and magnetite) are
widespread as primary minerals in chondrules, while four (armalcolite, perovskite, rutile,
and zirconolite) are known only as minor phases in plagioclase-olivine inclusions from
carbonaceous chondrites (Sheng et al. 1991a). A single occurrence of micrometer-scale
corundum grains with high dislocation density from a chondrule in the Allende CV
chondrite appears to be a shock phase (Miller et al. 1995) and is considered in Part IV.

Spinel Group Oxides [(Mg, Fe2*)(Al,Cr,Fe3*),0,]

Three members of the spinel group of oxides—spinel (ideally MgAl,Oy), chromite
(Fe2*Cr,04), and magnetite (Fe2 + Fe% + 04)—are the most common primary oxide phases in

chondrules. Significant solid solution among other end-members, including hercynite
(Fe2*Al,0,4), magnesiochromite (MgCr,0,), and tilvospinel (F62 * eyt 04), is observed

(e.g., Brearley and Jones 1998, see Table A3.6). However, almost all primary chondrule
spinel group minerals appear to fall well within the compositional fields of three end-
members—APC spinel, PC chromite, and PC magnetite. Note that spinel crystals in the
chromite-hercynite-magnesiochromite compositional field have been described from
chondrules in CV carbonaceous chondrites (Weinbruch et al. 1990; Muller et al. 1995), but
we lump these examples together as PC chromite because they form a continuous solid
solution with other Cr-rich oxide spinels and they arise by the same paragenetic processes.
Note that we employ the names “PC spinel,” “PC chromite,” and “PC magnetite” to
designate three distinct complex phase regions—not the end-member compositions.

Spinel (MgAIl,O,4).—Spinel, ranging in composition from near end-member MgAl,O4 to
examples with significant Fe2*, Cr3*, and/or Ti**, is one of the most common primary oxide
phases in chondrules. We use the name PC spinelto designate this complex phase space,
which is found in unequilibrated ordinary chondrites (Ikeda 1980), notably in their Ca-Al-
rich chondrules in association with fassaite and plagioclase (Bischoff and Keil 1983, 1984;
McCoy et al. 1991a; Wang et al. 2016). PC spinel is an occasional minor phase in CO3
carbonaceous chondrites, typically in association with olivine in type I and 1l chondrules
(McSween 1977b; Ikeda 1982). In CM chondrites, PC spinel occurs in association with
fassaite (Simon et al. 1994), and as inclusions in forsterite (Fuchs et al. 1973) with variable
Fe2* and Cr contents to several wt%. Near end-member spinel grains are associated with
fassaite, forsterite, and plagioclase in plagioclase-olivine inclusions in CV chondrites (Sheng
et al. 1991a). Finally, PC spinel has been identified from barred olivine-pyroxene chondrules
in the Yamato-691 enstatite chondrite, where it occurs in association with fassaite and/or
plagioclase (Ikeda 1988a, 1989b).

Chromite (Fe2*Cr,0,4).—Oxide spinel phases with significant Cr content are common

primary and secondary accessory phases in various chondrules and their associated opaque
assemblages. Most of these occurrences conform to the IMA definition of chromite, as they
are closer in composition to Fe2*Cr,0, than to other spinel end-members. Other examples,
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either on average or in zoned regions, may lie closer to the spinel (MgAl,Qy), hercynite
(Fe2*Al,04), or magnesiochromite (MgCr,0,4) end-members, at times with significant
iilvospinel (Fe2*Ti,0,) content, as well (for representative analyses see Brearley and Jones
1998, Table A3.6). For the purposes of primary chondrule mineralogy, we lump these
compositionally varied Cr-bearing phases together as PC chromite.

PC chromite is known from relatively unequilibrated ordinary chondrites as euhedral
crystals in mesostasis (Jones 1990; Johnson and Prinz 1991), as inclusions in olivine
(Ruzicka 1990), and in Na-Al- and Na-Cr-rich chondrules associated with Na-rich glass and
olivine (McCoy et al. 1991a). Chromite crystals commonly incorporate inclusions of
primary silicates, notably forsterite, Ca-poor pyroxene, and calcic pyroxene (Alwmark et al.
2011). Rare chromium-rich chondrules <300 pm in diameter feature chromite grains in
mesostasis with plagioclase (Ramdohr 1967; Krot et al. 1993). OC chromite is variable in
composition, at times extending into the spinel compositional field, and grains are often
zoned (Bunch et al. 1967; Ikeda 1980; Krot et al. 1993).

In type 3 carbonaceous chondrites, chromite occurs as a primary chondrule phase in type 1A
chondrules (relatively oxidized and olivine-dominant) in the Allende CV3, Renazzo CR, in
CO chondrites within olivine phenocrysts, and Adelaide (ungrouped) meteorites (Davy et al.
1978; Johnson and Prinz 1991; Weinbruch et al. 1994; Murakami and Ikeda 1994; Ikeda and
Kimura 1995; Wasson and Rubin 2003), though it is more commonly observed in
assemblages that have been thermally altered (Tomeoka and Buseck 1990; Weinbruch et al.
1990; Miller et al. 1995).

Magnetite (Fe2 + Fe% + 04).—PC magnetite is found in a variety of contexts in chondrules,

some of which may be primary in origin (though Rubin, personal communication, 4 June
2020, suggests that all chondrule magnetite occurrences are secondary). Barth et al. (2018)
reported magnetite in association with pentlandite and troilite in a high-temperature
association from the Acfer 094 unequilibrated carbonaceous chondrite; they suggested that
magnetite formed by reaction of Fe-Ni metal with hot O-rich nebular gas. In CO, CV, and
other relatively unequilibrated carbonaceous chondrites, magnetite is often found in
aggregates in association with kamacite and troilite (Haggerty and McMahon 1979;
Nagahara and Kushiro 1982; Ikeda 1983; Scott and Jones 1990). Note that magnetite is also
often found as a secondary phase in ordinary and carbonaceous chondrites (Brearley and
Jones 1998), for example, by the oxidation of troilite (Herndon et al. 1975).

Rutile (TiO,).—Rutile is known as a primary chondrule phase only as a minor accessory
mineral from plagioclase-olivine inclusions (Sheng et al. 1991a). PC rutile occurs in grains
up to 50 um in diameter associated with armalcolite, ilmenite, perovskite, and fassaite.

IImenite (FeTiO3).—~PC ilmeniteis a minor primary accessory phase in Na-Al-rich
chondrules in type 3 ordinary chondrites (Bischoff and Keil 1984). PC ilmenite also occurs
as a minor accessory phase in plagioclase-olivine inclusions, where it is found as grains up
to 50 um in diameter with armalcolite, perovskite, and rutile (Sheng et al. 1991a).
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Armalcolite [(Mg,Fe2*)Ti»Os].—Sheng et al. (1991a) report AC armalcolite as a rare
accessory primary phase in plagioclaseolivine inclusions from carbonaceous chondrites, in
which armalcolite is accompanied by several Ti-bearing oxides, including ilmenite,
perovskite, rutile, and zirconolite. PC armalcolite’s Mg/Fe ratio ranges from 1.2 to 4.3.

Ferropseudobrookite (Fe2*Ti,Os).—Fujimaki et al. (1981a, 1981b) described two
euhedral crystals of “ferropseudobrookite” from an EL3 chondrite, Allan Hills 77015, in a
unique Mg-poor chondrule with albite, a silica mineral, and glass. Note that
ferropseudobrookite (ideally Fe2*Ti,Os, though here it contains significant Ca, Ti, and Cr in
the Fe2* site) is not an approved IMA species. Nevertheless, we recognize PC
ferropseudobrookite, as this Fe2*-dominant, Mg-absent mineral differs from both

armalcolite and pseudobrookite (Fe3 * TiOs).

Perovskite (CaTiO3).—PC perovskite is one of several minor accessory phases found as
primary chondrule minerals only in plagioclase-olivine inclusions (Sheng et al. 1991a). It
occurs as 10 to 50 pm diameter grains in association with armalcolite, ilmenite, and rutile.

Zirconolite (CaZrTioO7).—PC zirconolite occurs as micrometer-scale irregular blebs
surrounding perovskite in plagioclaseolivine inclusions (POIs) from unequilibrated
carbonaceous chondrites (Sheng et al. 1991a). Zirconolite grains from POIs feature
significant Fe2* substitution for Ca, while they hold as much as 10 wt% Y,03 plus REE
oxides.

Most chondritic phosphate minerals appear to be secondary phases, formed through aqueous
and thermal alteration of prior P-bearing phases, notably as fine-grained constituents of
matrices (e.g., Rubin and Grossman 1985; Jones et al. 2014; Lewis and Jones 2016; Rubin
and Ma 2017). However, merrillite has been found in unusual glass-rich, Si-rich, or Cr-rich
chondrules from unequilibrated ordinary chondrites—occurrences that probably represent
primary chondrule mineralization.

Merrillite [CagNaMg(PO4)7].—Krot and Rubin (1994) report two occurrences of
merrillite from glass-rich chondrules in ordinary chondrites, which we provisionally classify
as PC merrillite. Two anhedral merrillite crystals (~150 um maximum dimension) are
associated with olivine in a glass chondrule in the Hedjaz (L3.7) ordinary chondrite, while a
spinel grain in a glass chondrule from Allan Hills 77043 (L3.5) holds a 10 pm diameter
euhedral merrillite inclusion. Brigham et al. (1986) describe merrillite from a silica-
pyroxene chondrule in the Bremervorde (H3) ordinary chondrite, while Krot et al. (1993)
record merrillite as a relatively common accessory mineral in unusual Cr-rich chondrules,
for example, in Raguli (H3.8). As with merrillite occurrences in glass-rich chondrules, it is
not certain whether these grains formed during initial cooling of a P-rich precursor, most
likely a P-rich Fe-Ni alloy (i.e., primary origin), or during a subsequent alteration process
(Jones et al. 2014; Lewis and Jones 2016).
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Silicate minerals, most notably Mg-Fe olivine, Ca-rich and Ca-poor pyroxenes, and
plagioclase, are the dominant phases in most chondrules. Relatively few other silicates have
been reported as primary phases in chondrules—a reflection of their igneous origins from
nebular precursors.

Silica group minerals (SiOy)

Silica-rich chondrules constitute an important, if volumetrically minor, compositional
extreme in unequilibrated chondrite meteorites (Brearley and Jones 1998; Krot et al. 2004b;
Scott and Krot 2014; Rubin and Ma 2021). In addition, silica forms rims around Mg-rich
chondrules from CR chondrites (Krot et al. 2004b). Three phases—cristobalite, tridymite,
and silica glass—have been reported as primary chondrule minerals (Brearley and Jones
1998; Kimura et al. 2005; Hezel et al. 2006). Additionally, quartz occurs as a secondary
phase in metamorphosed enstatite chondrites that were re-equilibrated at 7< 867 °C
(Kimura et al. 2005), while coesite, seifertite, and stishovite have been identified as silica
polymorphs formed during shock events to £> 0.6 GPa (Rubin and Ma 2021).

Cristobalite (SiOy).—PC cristobalite has been reported from silica-rich chondrules in
many type 3 and type 4 ordinary and enstatite chondrites, where it occurs in association with
low-Ca pyroxene and may approach 30 vol% of some chondrules (Rubin 1983; Bridges et
al. 1995; Brigham et al. 1986; Brearley and Jones 1998; Kimura et al. 2005; Hezel et al.
2006; Rubin and Ma 2021). Textures and associations suggest that cristobalite is the liquidus
phase in some SiO,-dominant chondrules, so it crystallized from the original chondrule melt
(Kimura et al. 2005).

Tridymite (SiO,).—PC tridymite occurs in many silica-rich chondrules in type 3 and type
4 ordinary and enstatite chondrites (Ikeda 1989b; Schulze et al. 1994; Bridges et al. 1995;
Newton et al. 1995; Brearley and Jones 1998; Kimura et al. 2005; Hezel et al. 2006; Rubin
and Ma 2021). At low-Mg, high-Si compositions, tridymite is the liquidus phase rather than
cristobalite; therefore, tridymite is assumed to be a primary chondrule mineral that
crystallized from melt (Kimura et al. 2005).

Silica Glass (SiO,).—PC silica glass (SiO, > 90 mol%), in association with primary low-
Ca pyroxene and secondary fayalitic olivine, is an important constituent of silica-rich
chondrules, which represent <2 vol% of ordinary chondrites (Brigham et al. 1986; Wasson
and Krot 1994; Brearley and Jones 1998). Silica-glass-rich chondrules have also been
described from carbonaceous chondrites (Olsen 1983; Kimura et al. 2005) and from an
enstatite chondrite as isolated <5 pm diameter inclusions in Fe-Ni alloys, presumably
exsolved from the Si-rich metal on cooling (lvanov et al. 1996). Kimura et al. (2005) suggest
that some occurrences of silica glass represent the final product from rapid cooling of a Si-
rich chondrule melt.

Olivine [(Mg,Fe)2Si04].—Ferromagnesian olivine group minerals are found in all
chondrite groups and are among the most abundant chondrule primary phases. Hundreds of
references in work spanning the past half century document occurrences of olivine, which
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occurs in numerous different textures and contexts within chondrules (as well as in CAls,
AOAs, and other primary meteoritic constituents). This diversity reflects a variety of primary
mineralization processes, including crystallization from a chondrule melt, condensation from
nebular gas, and condensation within an impact plume, as well as subsequent modification
via reaction with hot nebular gases (Brearley and Jones 1998; Scott and Krot 2014; Rubin
and Ma 2021).

An important question in the context of the evolutionary system of mineralogy is whether
there are multiple natural kinds of primary chondrule olivine (as well as other major silicate
phases, including primary chondrule pyroxene and plagioclase, for example). Numerous
attributes of an olivine occurrence provide insight on its paragenesis and subsequent history,
including major, minor, and trace element composition; stable isotope composition; grain
morphology and zoning; chondrule texture; dislocation density; solid inclusions; and
petrographic context. If sufficiently comprehensive data resources become available, then
cluster analysis might reveal several different kinds of primary chondrule olivine with
idiosyncratic combinations of attributes. However, until such time as those data resources
are developed, we recognize PC olivine as the only primary chondrule olivine. Note that in a
few instances, the most FeO-rich zoned regions of some primary olivine grains may extend
into the fayalite field, with Fe > Mg. Therefore, we lump all of these examples into PC
olivine, which represents a wide range of [(Mg,Fe),SiO4] compositions.

A few instances of the Fe-dominant olivine, fayalite, occur: (1) in rare silica-bearing
chondrules with cristobalite and Ca-free pyroxene (Brigham et al. 1986; Wasson and Krot
1994); (2) as rims around forsterite in type | chondrules (Hua et al. 1988;Murakami and
Ikeda 1994; Krot et al. 1995); and (3) as Fagg_gg grains to 100 um diameter in association
with magnetite, troilite, and pentlandite (Hua and Buseck 1995). These occurrences have all
been ascribed to secondary processes in chondrites (Krot et al. 1997b; Brearley and Jones
1998; Brearley 2014), though a few earlier researchers suggested that fayalite rims could be
primary as a consequence of condensation from an oxidized nebular gas (e.g., Hua et al.
1988; Weinbruch et al. 1990, 1994; Krot and Rubin 1996; Krot et al. 1997b).

In the most unequilibrated ordinary chondrites, olivine phenocrysts, often nucleated on prior
generations of relict olivine (Rubin 2006; Rubin and Ma 2021), are invariably Mg-rich
(Fogs_g9) With minor Mg-Fe zoning—attributes that reflect crystallization from the melt
(Rubin and Wasson 1987; Jones 1990; Weinbruch et al. 1990, 1994; Brearley and Jones
1998, see Table A3.1). Olivine of similar composition occurs as inclusions in clinoenstatite
(Jones 1994), while more Fe-rich (Fogg_70) micrometerscale crystallites may occur in the
mesostasis (Topel-Schadt and Miiller 1985). Within a given unequilibrated meteorite, olivine
compositions in adjacent chondrules may differ significantly; however, olivine chemistry re-
equilibrates by inter-chondrule diffusion as a consequence of parent-body alteration.
Therefore, for meteorites of grade 3.6 and higher, the olivine phenocrysts in adjacent
chondrules typically attain uniform compositions in major and minor elements (McCoy et al.
1991b; Sears et al. 1992).

Carbonaceous chondrites display a wider range of both averaged and zoned olivine
compositions, with phenocrysts in CO3, CM2, and CV3 chondrites covering the range from
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near end-member forsterite in type | chondrules to Fos7_sq in the rims of zoned olivine in
type Il chondrules (McSween 1977a; Desnoyers 1980; Cohen et al. 1983; Scott and Taylor
1983; Sheng et al. 1991b; Murakami and lkeda 1994; Simon et al. 1995; Brearley and Jones
1998, and references therein).

Primary olivine in the ferromagnesian chondrules of type 3 enstatite chondrites is uniformly
forsteritic, with most samples Fogy_gg (Grossman et al. 1985; Ikeda 1988b), though rare
zoned examples display more fayalitic rims to Fozs (Lusby et al. 1987).

Low-calcium pyroxenes [(Mg,Fe,Ca)SiOs]

Low-Ca pyroxene group minerals, ideally (Mg, Fe2*,Ca),Si,Og, but often with significant
Al and/or Ti and most commonly with <40 mol% of the Fe end-member, are extremely
common primary constituents of chondrules (Ikeda 1982; Noguchi 1989; Brearley and Jones
1998, Table A3-2; Rubin and Ma 2021). Almost all primary chondrule pyroxenes are either
low-Ca varieties (orthoenstatite, clinoenstatite, and pigeonite) or high-Ca varieties (diopside,
augite, and “fassaite™). Note that iron-rich pyroxenes, including those with >50 mol%
hedenbergite [(Ca,Fe)SiO3; Sheng et al. 1991] and ferrosilite (FeSiO3z; Rubin and Ma 2021)
components, are invariably of secondary origin. Indeed, many primary chondrule pyroxenes
lie relatively close to the MgSiO3-CaMgSi,Og join.

Orthopyroxene is the most common low-Ca pyroxene in terrestrial igneous rocks; however,
orthoenstatite (officially named “enstatite” by the IMA) is relatively uncommon as a primary
chondrule phase compared to clinoenstatite and pigeonite, which are both monoclinic (P2;/
¢) pyroxenes with similar unit-cell dimensions. Clinoenstatite is defined by IMA protocols
as end-member MgSiO3, whereas pigeonite is ostensibly a more Ca- and Fe-rich variant,
with up to 15 mol% CaSiOs3. A continuous solid solution exists among clinoenstatite,
clinoferrosilite (FeSiO3), and pigeonite. However, Ca-poor chondrule clinoenstatite is often
found as phenocrysts surrounded by a significantly more Ca-rich pigeonite layer. We
therefore recognize PC clinoenstatite and PC pigeonite, along with PC orthoenstatite, as
distinct natural kinds in the Mg-Fe-(Ca) pyroxene solid solution, each spanning a significant
range of Mg-Fe-Ca phase space. Note, however, that in the absence of coexisting phases
with contrasting Ca contents, the distinction between “clinoenstatite” and “pigeonite” may
be arbitrary.

Orthoenstatite [(Mg,Fe)SiO3].—Orthorhombic enstatite (space group Pbca) is the stable
low-temperature form of (Mg,Fe)SiO3, and is thus the low-Ca pyroxene phase most
commonly found in gradually cooled terrestrial igneous rocks (e.g., Deer et al. 1966).
Nevertheless, it is significantly less common than clinoenstatite as a primary phase in
rapidly cooled chondrules and may, in some instances, point to a secondary process from
thermal metamorphism and consequent inversion of clinoenstatite.

In ordinary and carbonaceous chondrites orthoenstatite occurs as rare phenocrysts in
association with clinoenstatite and forsterite (Ikeda 1982; Watanabe et al. 1986; Noguchi
1989; Jones 1996). Orthoenstatite is also found as layers surrounding clinoenstatite in some
chondrules in the Allende CV3 carbonaceous chondrite (Noguchi 1989), while in EH3
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enstatite chondrites orthoenstatite has been reported as the dominant pyroxene in barred
olivine-pyroxene chondrules (Zhang et al. 1996).

Clinoenstatite [(Mg,Fe)SiO3].—PC clinoenstatite is the most common pyroxene in
ferromagnesian chondrules, occurring prominently as phenocrysts in unequilibrated ordinary
chondrites. The widespread occurrence of this high-temperature polymorph of MgSiOg,
rather than orthoenstatite, points to its formation from a melt at >985 °C (Boyd and Schairer
1964), with subsequent rapid cooling of chondrules. Examples from numerous meteorites
show FeSiO3z contents ranging from <1 to ~35 mol% (Brearley and Jones 1998, see Figs. 10,
14, 23, 24, 29, 33, 38, 41, 47, 49, 53, 55, 56, 58, 59, 62, 65, and 66; Table A3.2).
Clinoenstatite is often polysynthetically twinned (e.g., Mller et al. 1995) and is commonly
encased in more calcic pyroxenes, either augite or by a layer of pigeonite surrounded by
augite (Noguchi 1989).

Pigeonite [(Mg,Fe,Ca)SiO3].—Pigeonite with 5 to 15 mol% CaSiO3 component occurs
in the chondrules of type 3 ordinary chondrites, both as individual crystals and as a thin
layer between clinoenstatite cores and augitic mantles (Noguchi 1989). Pigeonite often
displays exsolution lamellae of calcic clinopyroxene (space group C2/c) or anti-phase
domains (a consequence of high-temperature inversion)—both of which may point to
multiple heating and cooling events (Ashworth and Barber 1977). In carbonaceous
chondrites, low-Fe pigeonite (Fs<g) also occurs in close association with augite, for
example, as intergrowths in the Cochabamba CM2 chondrite (Mller et al. 1979), or as an
intermediate layer between a clinoenstatite core and augite overgrowth in the Allende CV3
chondrite (Noguchi 1989). In addition, the plagioclase-olivine inclusions of CV chondrites
sometimes hold Fe-poor (Fs<p1), Al-rich (to several mol%) pigeonite (Sheng et al. 1991a).
Finally, EH3 enstatite chondrites hold various pyroxenes, including pigeonite (Kitamura et
al. 1987; Ikeda 1989b), some of which hold >10 mol% CaSiO3 components (Ikeda 1988b;
Kitamura et al. 1988).

High-calcium clinopyroxenes [(Ca,Mg,Fe)(Mg,Fe,Al, Ti3*) (Al Ti**,Si)SiOg]

Clinopyroxenes with Ca ~ (Mg + Fe) are common primary phases in chondrules. The
nomenclature of these monoclinic pyroxenes (space group C21/¢) is complicated by the
frequent use of two approved IMA names, diopside (CaMgSi»,Og) and augite
[(Ca,Mg,Fe),SioOg], in concert with unapproved or discredited terminology, including
“fassaite,” “Al-Ti-diopside,” and “aluminous diopside” (Morimoto et al. 1988; Sack and
Ghiorso 2017; Rubin and Ma 2017, 2021; see rruff.info/ima, accessed 7 April 2020). In
extreme instances, clinopyroxene compositions may approach such end-members as
kushiroite (CaAl,SiOg; Kimura et al. 2009), grossmanite (CaTi3*AlSiOg; Ma and Rossman
2009), or the as yet unnamed end-member (CaMgTi#*SiOg), all of which extend the
continuous clinopyroxene compositional range to [(Ca,Mg,Fe)(Mg,Fe, Al Ti3*)

(Al Ti**,Si)SiOg]. Specific instances of compositional extremes, for example Al- and Ti-rich
clinopyroxenes, reflect the idiosyncratic average compositions of their host chondrules.
However, inasmuch as these calcic clinopyroxenes all form in similar ways within a molten
droplet, we recognize only one kind of primary chondrule calcic clinopyroxene, PC augite.
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Augite [(Ca,Mg,Fe)(Mg,Fe,+Al +Ti3*)(+Al £Ti%*,Si)SiOg].—PC augite occurs
commonly in chondrules in type 3 ordinary chondrites, carbonaceous chondrites, and
enstatite chondrites, both as phenocrysts and as overgrowths (<20 um thick) on
clinoenstatite, at times with a thin intermediate pigeonite layer. Augite also is found as
exsolution lamellae in low-Ca pyroxene. While compositions vary significantly, most PC
augite have CaSiO3 from 30 to 45 mol% and FeSiO3 from ~0 to 15 mol% (Brearley and
Jones 1998; see Figs. 10, 17, 23, 25, 29, 34, 38, 42, 47, 49, 60, 65, and 67; Table A3.3).
Examples of PC augite that are close to diopside in composition (i.e., with MgSiO3 > 35 mol
%, CaSiO3 > 45 mol%, and correspondingly low Fe, Al, and Ti) have been reported by
Noguchi (1989) as crystals (Wo4g_g0) in glass in a single chondrule from the ALH-77003
CO chondrite. Additional reports of chondrule “fassaite” crystals in glassy mesostasis with a
wide range of compositions rich in Al and Ti have been reported from Al-rich and Ca-Al-
rich chondrules in type 3 ordinary chondrites (Bischoff and Keil 1984; Wang et al. 2016).
Al-Ti-rich clinopyroxenes are also recorded from low-Fe chondrules and plagioclase-olivine
inclusions in Allende and other CV3 meteorites (Noguchi 1989; Sheng et al. 1991a), as well
as in CR chondrites (Noguchi 1995).

Plagioclase feldspar group (CaAl,Si>Og to NaAISi3Og)

Plagioclase feldspar is a common phase in typical ferromagnesian chondrules of ordinary
chondrites, especially in devitrified mesostasis, where it may represent both a primary phase
formed on initial chondrule cooling and a secondary phase crystallized during subsequent
metamorphism in the parent body (Brearley and Jones 1998; Lewis and Jones 2016, 2019).
This continuum from primary to secondary feldspar is reflected as increases in the average
size of plagioclase crystallites, the volume ratio of mesostasis crystals to glass, and the
degree of plagioclase Al-Si disorder. The range of chondrule plagioclase compositions in
ordinary chondrites, though usually well within the anorthite field (Angg_go; lkeda 1982;
Midra and Tomisaka 1984), occasionally extends to Ang, within the albite field in
unequilibrated ordinary chondrites (Brearley and Jones 1998, see Table A3.5; Lewis and
Jones 2019, and references therein). In addition, a near end-member albite occurrence is
associated with silica in a single chondrule (Fujimaki et al. 1981a, 1981b).

Plagioclase-rich chondrules are found in some type 3 CO chondrites, in which primary
calcic plagioclase laths (An;g_gg) occur in association with augite and orthopyroxene
(Greshake 1997; Jones 1997; Brearley and Jones 1998). Plagioclase also plays a significant
role in varied, less common Al-(Ca)-rich chondrules in ordinary chondrites, in which calcic
plagioclase occurs as a fine-grained mineral in both the groundmass and mesostasis (Wang
et al. 2016). Note, however, that albitic plagioclase is not a primary phase in Na-Al-rich
chondrules, in which Na-rich glass is the dominant sodium phase.

Plagioclase occurs occasionally as a primary phase in the chondrules of carbonaceous
chondrites. Ansgg is found as a primary phase in a small fraction of Allende (CV3)
ferromagnesian chondrules, at times in association with low-calcium pyroxenes (Simon and
Haggerty 1980; Noguchi 1989; Brearley and Jones 1998, see Table A3.5). CV chondrites
also hold plagioclase-olivine inclusions, in which calcic plagioclase (commonly An_g5) and
forsteritic olivine phenocrysts are the dominant phases (Sheng et al. 1991a). Plagioclase
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(~Angg) was also reported in association with augite in a single silica-bearing chondrule
from the Murchison CM chondrite (Olsen 1983). In addition, plagioclase is not uncommon
as a phase in the mesostasis of carbonaceous chondrites (Murakami and lkeda 1994; lkeda
and Kimura 1995). Plagioclase (Ansg_gg) has also been reported as a primary phase in
enstatite chondrites, occurring as laths in mesostasis (Ikeda 1988b, 1989b), as well as in Al-
rich chondrules (Bischoff et al. 1985; Wang et al. 2016).

Most reports of primary plagioclase feldspar, especially in type | chondrules, lie in the
calcium-dominant field, if not close to anorthite (Ansgg). By contrast, most albitic
plagioclase (and all K-bearing feldspars) are described as secondary in origin (e.g., Ikeda
1989b; Rubin and Kallemeyn 1989, 1994; Schulze et al. 1994; Lewis and Jones 2016, 2019).
We recognize two primary chondrite feldspar group minerals. Most occurrences of primary
chondrule plagioclase lie well within the anorthite range, though a few outliers may display
sodium content greater than calcium as part of a continuous solid solution. We name all such
phases as PC anorthite. In addition, the common occurrences of Na-rich plagioclase (Ang; to
Angy) in FeO-rich chondrules in the unequilibrated Semarkona (LL3.00) chondrite (Lewis
and Jones 2019), as well as the rare occurrence of albite with silica reported by Fujimaki et
al. (1981a), are designated PC albite.

Anorthite [(Ca,Na)(Al,Si),Si,Og).—PC anorthite is a common phase as phenocrysts or
as crystallites in mesostasis in both ordinary and carbonaceous chondrites.

Albite (NaAlSi3Og).—Fujimaki et al. (1981a, 1981b) report a rare occurrence of PC albite
(Absgg) associated with silica and ferropseudobrookite in a single chondrule from the L3
ordinary chondrite ALH77015.

Nepheline [NazK(Al4Si4O16)].—Most chondrules are too silicarich to form feldspathoids
as stable primary phases. However, nepheline has been reported as both a primary and (more
commonly) secondary phase (Ikeda 1988b; Sheng et al. 1991a). PC nepheline is found as
epitaxially oriented intergrowths with anorthite in unequilibrated ordinary chondrites (lkeda
1982), including in some plagioclase-rich chondrules (Jones 1997). It also occurs in
association with Na-bearing plagioclase in Al-Ca-Na-rich chondrules in ordinary chondrites
(Brearley and Jones 1998; Rubin and Ma 2021). Note, however, that some experts suggest
that all nepheline occurrences in chondrules are of secondary origin (R. Jones, personal
communication, 4 June 2020).

Sapphirine [Mg4(Mg3Alg)O4(SizAlgO36)].—PC sapphirine is one of several minor
accessory phases found as primary chondrule minerals only in plagioclase-olivine inclusions
(POIs) from the Allende CV carbonaceous chondrite (Sheng et al. 1991a). Sapphirine occurs
as widely distributed 5 x 25 pm crystal prisms in a Na- and Cl-rich mesostasis. Sapphirine
from POls incorporates excess Mg+Si at the expense of Al, as well as significant Cr and Ti,
in accord with experimental studies of sapphirine crystallization from a melt (Sheng et al.
1991b).

Merrihueite[(K,Na),(Fe,Mg)sSi12030] and roedderite[(Na,K)>MgsSi12030].—
Silica-rich chondrules in several unequilibrated ordinary and enstatite chondrites have been
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reported to hold minerals of the merrihueite-roedderite solid-solution series (Dodd et al.
1965; Rambaldi et al. 1986; Krot and Wasson 1994). Wood and Holmberg (1994) proposed
that these unusual silicates formed by the reaction of silica-rich phases with alkali-rich
nebular gas. The compositions of these occurrences span the range from 0.1 < Na/(Na+K) <
0.8, and with 0 < Fe/(Fe+Mg) < 0.8 (Wood and Holmberg 1994). IMA protocols could thus
assign as many as four different mineral names to the Na-Mg (roedderite), K-Fe
(merrihueite), Na-Fe, and K-Mg compositional variants, all of which are observed in these
meteorites. However, these minerals form a continuous solid-solution of phases formed by
the same primary process and thus represent a single natural kind in our evolutionary
system. Because most examples fall within the roedderite field, we assign the name PC
roedderite to these examples. Note, however, that some experts ascribe all such occurrences
to secondary process (R. Jones, personal communications, June 4, 2020).

Silicate Glass (Ca,Mg,Al,Si,0).—~PC silicate glass is an important constituent of many
chondrules. In extreme cases, chondrules can be >99 vol% silicate glass, with a significant
population having 55 to 85 vol% glass (Krot and Rubin 1994). Silicate glass as a primary
phase in chondrules spans a wide range of compositions (Brearley and Jones 1998, and
references therein). As with other common silicate phases in chondrules, cluster analysis of
large databases of silicate glass might reveal distinctive natural kinds that could warrant a
splitting of PC silicate glass.

Network graph of stellar and primary nebular minerals

The evolutionary system of mineralogy can be illustrated using bipartite mineral network
graphs, which display relationships among mineral phases and their attributes, in this
instance their paragenetic modes and chemical groups (Morrison et al. 2017, 2020; Hazen et
al. 2019b; Hazen and Morrison 2020; Morrison and Hazen 2020). Figure 2 displays a
bipartite force-directed network graph of primary stellar, interstellar, and nebular minerals
formed prior to ~4561 Ma, in which 96 different phases, including 10 amorphous condensed
phases, are represented by diamond-shaped nodes. Each of these mineral nodes is linked to
one or more nodes representing a paragenetic mode of formation. Three different star-shaped
nodes (AGB, SN-II, and CNova) represent stellar environments that impart distinctive
isotopic signatures to minerals. A cloud-shaped node indicates interstellar dense molecular
clouds (DMC), whereas five flattened disk icons represent different primary mineral-
forming nebular environments (Circumstellar, CAl, AOA, URI, and PC).

Information about mineral compositions is indicated by the color of diamond-shaped
mineral nodes: black (C-bearing), green (lacking C or O), blue (contains O, but not C or Si),
and red (contains Si and O). The sizes of the star-, cloud-, and disk-shaped symbols indicate
the numbers of different minerals to which they are associated.

Note that while most mineral nodes are members of a well-connected network, eight low-
temperature interstellar and nebular condensed molecular phases that all formed at 7< 100
K delineate a separate network from 88 high-temperature stellar and nebular condensates (7
>> 300 K). In future contributions to this series, which will consider phases formed at
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intermediate temperatures in planetary surface environments, new links will occur between
these two mineral-forming environments.

This bipartite network of mineral evolution is a visual representation of all confirmed stellar,
interstellar, and primary nebular minerals described in Parts I, I, and 111 of the evolutionary
system of mineralogy. Of the 96 species in Figure 2, spinel is the most ubiquitous, occurring
in 7 of the 9 different paragenetic modes considered thus far; consequently, spinel assumes a
highly centralized position in this network graph. Iron, corundum, and forsterite, each linked
to 5 modes of formation, were the next most widespread minerals prior to the formation of
planetesimals. On the other hand, more than two-thirds of these minerals—68 of 96 species
—are thus far only recorded from a single paragenetic mode.

Of the 43 primary chondrule mineral species considered in Part 111, 27 occur here for the
first time. This significant increase in mineral diversity associated with chondrule formation
in part reflects chemical fractionation within the solar nebula and the consequent increasing
importance of such key elements as Na, K, Cr, Mn, and S, all of which are moderately
volatile and thus were incorporated into solid phases as the nebular disk cooled.

The topology of this network graph reflects important aspects of mineral evolution. Nodes
for a few of the commonest minerals (fewer than 20 species) are centrally located; those
diamond-shaped icons are surrounded by several nodes for paragenetic modes. But the
majority of minerals are represented by starbursts of nodes that decorate the periphery of the
graph, each diamond representing a species that at this stage of mineral evolution is only
linked to a single paragenetic mode. In future contributions, as we add new paragenetic
modes, many new mineral species formed by different processes at new combinations of
temperature, pressure, and composition will enhance this pattern. New starbursts will appear,
while a greater number of minerals will have multiple links to paragenetic modes and thus
shift to the network’s crowded interior. In this way, as new modes of mineral paragenesis are
considered, this informationrich graphical approach will provide a dynamic, interactive view
of the entire sweep of mineral evolution.

Implications

Part 111 of the evolutionary system of mineralogy represents a vital transition between the
genesis of dust and gas in stars and the solid condensed phases that would become planets
and moons. Dynamic electromagnetic, shock front, and impact processes provided the
principal high-temperature sources required to form igneous droplets—the chondrules that
accreted to become the first macroscopic rocks of our solar system. However, soon thereafter
gravity took control as planetesimals began to form and collide, and new suites of minerals
emerged.

The catalog of 43 phases is misleading in at least two ways regarding the diversity and
distribution of primary chondrule minerals. First, the primary origins of eight of these phases
(awaruite, graphite, haxonite, pentlandite, magnetite, merrillite, nepheline, and roedderite)
have been questioned. For each of these minerals, some experts assert that all chondrule
occurrences formed by secondary processes. Of the remaining 35 minerals, an additional 15
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(sinoite, perryite, alabandite, caswellsilverite, daubréelite, niningerite, oldhamite, sphalerite,
wassonite, rutile, armacolite, ferropseudobrookite, perovskite, zirconolite, and sapphirine)
are extremely rare and of restricted occurrence, while seven more (tetrataenite, cohenite,
schreibersite, magnetite, ilmenite, cristobalite, and silica glass) are more widespread but
volumetrically minor. Thus, only a dozen phases probably account for more than 99 vol% of
primary chondrule mineralogy. This distribution reflects the mineralogical parsimony of
high-temperature assemblages of the nebula’s major rock-forming elements—in essence, a
nebular manifestation of J. Willard Gibbs’ “phase rule” (Gibbs 1876-1878). We will
discover a similar restricted mineral diversity among the primary phases that arise from
planetesimal differentiation into mantle and core (the subject of Part IVA). However, a
dramatic rise in mineral diversity occurred as a consequence of pervasive alteration of these
equilibrium phases—reworking by impact processes (Part 1VB), as well as aqueous,
hydrothermal, and metamorphic alteration that resulted in hundreds of new minerals before
the assembly of today’s planets and moons (Part V).

This study of primary meteorite phases reveals an intriguing sociological aspect to the
science of meteorite mineralogy. The bold outlines of primary chondrule mineralogy, on
which our contribution is grounded, were made in the 1960s and 1970s. Thousands of
publications expanded and refined that knowledge base in the 1980s and 1990s. By 1998,
Adrian Brearley and Rhian Jones could summarize chondrite mineralogy and petrology in a
398-page treatise with more than 1000 references by almost as many coauthors. Our review
of chondrule mineralogy would not have been possible without that immense body of
research and the summary of Brearley and Jones (1998).

Mineralogical fashion, and funding, has changed. While many dedicated workers continue to
probe these most ancient rocks and make important discoveries, the study of meteorite
mineralogy and petrology appears to be less of a priority than in decades past. New
discoveries, particularly related to scarce isotopes and to submicrometer-scale phases
discovered by microbeam techniques, are breathtaking. Nevertheless, one comes away from
this vast literature feeling that much more remains to be discovered about chondrites and
their ancient mineralogy. Thousands of meteorites have been collected but remain to be
investigated. Numerous trace elements and stable isotope systems are yet to be explored.
Undiscovered nanoscale minerals and poorly characterized non-crystalline solid phases
beckon. We suspect that another golden age of meteorite mineralogy, perhaps including the
promise of data-driven discovery using large and growing planetary materials data resources,
lies before us.
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Figure 1.

Primary chondrule minerals form principally from 15 structurally essential elements, with
important additional contributions from 3 additional minor elements.
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Figure 2.
Bipartite force-directed network graph (Morrison et al. 2017) of primary stellar, interstellar,

and nebular minerals linked to their modes of paragenesis. Diamond-shaped nodes represent
condensed crystalline and amorphous phases [black (C-bearing), green (not C or O), blue
(contains O, but not C or Si), and red (contains Si + O)]. Star-shaped nodes represent three
types of host stars: asymptotic giant branch stars (AGB), Type Il supernovae (SN-I1), and
classical novae (CNova); the cloud-shaped node represents dense molecular clouds (DMC);
and five disk-shaped nodes indicate circumstellar environments, CAl, AOA, URI, and PC
minerals. The sizes of paragenetic mode nodes correspond to the numbers of links to mineral
nodes. Note that 8 low-temperature phases of the interstellar medium are not linked to 88
high-temperature primary phases of stellar and nebular environments.
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