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Abstract
Chondrules are iconic sub-millimeter spheroids representing the most abundant high-
temperature dust formed during the evolution of the circumsolar disk. Chondrules have been
the subject of a great deal of research, but no consensus has yet emerged as to their forma-
tion conditions. In particular, the question of whether chondrules are of nebular or planetary
origin remains largely debated. Building upon decades of chondrule investigation and recent
headways in combining petrographic observations and O−Ti−Cr isotopic compositions, we
here propose a comprehensive vision of chondrule formation. This holistic approach points
toward a nebular origin of both NC and CC chondrules, with repetitive high-temperature re-
cycling processes controlling the petrographic and isotopic diversities shown by chondrules.
Chondrule precursors correspond to mixing between (i) early-formed refractory inclusions
± NC-like dust and (ii) previous generation of chondrules ± CI-like material. Chondrule for-
mation took place under open conditions with gas-melt interactions with multi-species gas
(H2O, Mg, SiO) playing a key role for establishing their characteristics. Petrographic and
isotopic systematics do not support disk-wide transport of chondrules but point toward local
formation of chondrules within their respective accretion reservoirs. Altogether, this shows
that several generations of genetically-related chondrules (i.e., deriving from each other)
co-exist in chondrites. In addition to supporting the nebular brand of chondrule-forming
scenarios, this argues for repetitive and extremely localized heating events for producing
chondrules.
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1 Introduction

Chondrules are submillimeter to millimeter-scale spheroids composed predominantly of sil-
icate minerals, Fe-Ni metal beads, sulfides and glassy mesostases. They represent the most
abundant high-temperature component in non-carbonaceous chondrites (NC, corresponding
to ordinary chondrites, enstatite chondrites, Rumuruti chondrites and Kakangari chondrites)
and carbonaceous chondrites (CC, composed of CM, CO, CV, CK, CL, CR, CH, CB chon-
drites), thus implying that both the inner (sampled by NC) and outer (sampled by CC) solar
system were affected by the chondrule formation process. Although the timing of the onset
of chondrule formation is the subject of an intense debate (Bollard et al. 2017; Fukuda et al.
2022; Piralla et al. 2023; Siron et al. 2022), all chronometers point to formation processes
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spanning several million years. Chondrules thus represent invaluable witnesses of dust pro-
duction and processing during the evolution of the solar protoplanetary disk.

Despite the relatively simple major mineralogy of chondrules, countless and disparate
models have been proposed to describe their formation. This is due to the difficulty of (i)
integrating all the chemical, petrographic, and isotopic signatures of chondrules and (ii) de-
ciphering the complex processes at play during chondrule formation: precursor heterogene-
ity, open-system gas-melt interactions, potential large-scale transport and secondary alter-
ation modifications. Another difficulty stands in the lack of astrophysical model to generate
chondrule-forming shock (Desch et al. 2012). This has led to development of a plethora
of models, either considering chondrule production in nebular environments (e.g., shock
waves, lightning discharges; Desch and Connolly 2002; Hubbard and Ebel 2018; Kaneko
et al. 2023; Morris and Boley 2018) or planetary settings (e.g., solid debris of collisions,
impact splashes; Johnson et al. 2015; Libourel and Krot 2007; Lichtenberg et al. 2018;
Sanders and Scott 2012). Models also exist where chondrules formed through the melting
of nebular dust by eccentric large planetary embryos (Morris et al. 2012). This situation
could appear unsolvable but recent years have seen important progress through revealing
new, overlooked petrographic characteristics and isotopic constraints. Here, we highlight
recently reported constraints and discuss implications regarding chondrule formation condi-
tions, building upon decades of chondrule investigation.

2 Petrographic Characteristics of Chondrules

Chondrules are described according to their mineralogy and petrographic characteristics
(e.g., Connolly and Jones 2016; Hewins et al. 2005; Zanda 2004). NC and CC chondrules
have common properties (except for CH and CB chondrites), and they are described together
in this section. They are broadly divided into two varieties, porphyritic and non-porphyritic.
Porphyritic textures are more abundant in all chondrite groups. The term porphyritic is used
to describe the texture of an igneous rock, in which larger crystals occur in a fine-grained
matrix. The terminology of igneous rocks can be applied to chondrules which have textures
produced during cooling from a molten droplet. A chondrule with a porphyritic texture typi-
cally has larger grains of olivine and/or pyroxene, both of which are Fe- and Mg-bearing sil-
icate minerals. The remaining interstitial material, which represents the final liquid present
during cooling, is either glassy or fine-grained, and is referred to as mesostasis. Mesosta-
sis has higher abundances of elements such as Ca, Al, Na, K than olivine and pyroxene:
these are elements that constitute the mineral feldspar. Feldspar may or may not be present,
so the general description of mesostasis is that it is typically feldspathic in composition.
Non-porphyritic chondrules are described further below.

There are two main types of porphyritic chondrules, designated type I and type II (Scott
and Taylor 1983). Type I chondrules are more reduced than type II chondrules. This is re-
flected in the Fe/Mg ratio of olivine and pyroxene, as well as the abundance of Fe-Ni metal
and chromite (a Cr-oxide). A second part of the description of a porphyritic chondrule de-
fines its olivine/pyroxene ratio. Chondrules with high olivine content (>90%) are designated
as A, chondrules with high pyroxene content (>90%) are designated as B, and more equal
ratios are designated as AB. For example, a type IAB chondrule is reduced and contains sim-
ilar amounts of olivine and pyroxene grains. Porphyritic chondrules are also often described
using O and P for olivine and pyroxene, i.e., PO = porphyritic olivine, POP = porphyritic
olivine and pyroxene, PP = porphyritic pyroxene, analogous to A, AB and B respectively.
However, chondrule textures are mostly studied in 2D meteorite sections and determined
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proportions of olivine and pyroxene are not always accurate, leading to misclassification of
textural types (Barosch et al. 2020).

Pristine, unaltered type I porphyritic chondrules have low FeO content: the fayalite con-
tent of olivine (Fa) and the ferrosilite content of pyroxene (Fs) (where Fa = atomic Fe/(Mg +
Fe) and Fs = atomic Fe/(Mg + Fe + Ca)) are typically < 5 mole%, although the formal def-
inition is Fa < 10 mole%. Type I porphyritic chondrules typically contain numerous small,
subhedral, olivine grains, low-Ca pyroxene (clinoenstatite), interstitial glassy or microcrys-
talline mesostasis, and variable abundances of rounded grains of Fe, Ni metal (kamacite)
(Fig. 1a-c). Low-Ca pyroxene commonly has narrow Ca-pyroxene overgrowths on individ-
ual grains and often poikilitically encloses olivine grains. Pyroxene is mostly concentrated
in the outer part of type I chondrules, forming an outer shell (Fig. 1a; e.g., Barosch et al.
2019, 2020; Friend et al. 2016; Tissandier et al. 2002). This observation, along with evidence
such as zoning in olivine identified using cathodoluminescence and X-ray maps (Fig. 2, Na-
gahara et al. 2008; Libourel and Portail 2018; Marrocchi et al. 2019a, 2018), has been used
to argue for open-system behavior of type I chondrule melts, and continuous interactions
between chondrule melt and surrounding gas during chondrule crystallization.

Unaltered type II porphyritic chondrules contain olivine and/or pyroxene with a range of
grain sizes, including larger, well-formed (euhedral) olivine and/or pyroxene grains (Fig. 1d-
f). Olivine and pyroxene are more FeO-rich than in type I chondrules and they are usually
strongly zoned, for example olivine with Fa = 10-15 mole% in the center of a grain to Fa
> 30 mole% at the edge. This zoning is a consequence of disequilibrium growth as the
chondrule cools, and it is expected to be more pronounced in more FeO-rich systems than
in type I chondrules. Type II chondrules typically have a microcrystalline mesostasis, and
low abundances of chromite as well as metal/sulfide grains, predominantly sulfides. Olivine
in type II chondrules can be skeletal in form, a texture that represents disequilibrium growth
(Fig. 1e, f). In type II POP and PP (type IIAB, IIB) chondrules, pyroxene is not typically
concentrated in the outer part, and olivine and pyroxene are intergrown (Jones 1996). For
type II chondrules, there are currently no convincing arguments for open-system behavior
and gas-melt interactions during chondrule melting and cooling.

Non-porphyritic chondrules have textures in which olivine and pyroxene grains are elon-
gate, a sign of rapid crystal growth. Rapid growth occurs when nucleation is inhibited, as
a combined result of two factors: the extent of heating above the liquidus temperature (i.e.,
the temperature at which the entire chondrule is melted) which destroys potential nucle-
ation sites, and a rapid cooling rate which results in supersaturation of the melt. In barred
olivine (BO) chondrules, single crystals of olivine grow in parallel plates which appear as
a set of bars in cross section (Weisberg 1987; Fig. 1g). Several such crystals can occur in
one chondrule. Mesostasis between the olivine bars is often glassy. Radiating pyroxene (RP)
textures consist of very thin needles of pyroxene that radiate from a single nucleation point
in a fan-like texture (Fig. 1h). Cryptocrystalline (CC) chondrules are extremely fine-grained,
and individual needles are randomly oriented (Fig. 1i).

Porphyritic chondrules commonly contain relict grains (e.g., Nagahara 1981; Rambaldi
1981; Jones 2012; Ruzicka et al. 2008). These are identifiable grains that were present in the
precursor assemblage and survived the melting event. Most relict grains are olivine, although
pyroxene relict grains can also occur. In type II chondrules, relict forsterite grains are eas-
ily identifiable in back-scattered electron images, as core regions of more FeO-rich olivine
grains that have grown around the relicts during cooling (Fig. 1d-f). Type I chondrules con-
tain “dusty” relict olivine grains which are also easily identified (Fig. 1c). These have a dark,
dusty appearance in thin sections because they contain numerous sub-micrometer blebs of
iron metal that exsolved from an originally FeO-rich relict olivine grain as a result of re-
duction, presumably during formation of the host type I chondrule. Relict grains of similar
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composition to those grown from the host chondrule melt are more difficult to detect, but
they can be observed using techniques such as cathodoluminescence and high-resolution
chemical mapping (Jones and Carey 2006; Libourel et al. 2022; Marrocchi et al. 2018).
Relict grains appear to be derived from previous generations of chondrules, or from amoe-
boid olivine aggregates (AOAs: a type of refractory inclusion, Krot et al. 2004; Grossman
and Steele 1976; Weisberg et al. 2004). They therefore attest to multiple heating events in
chondrule-forming regions. Another feature ascribed to multiple heating events is igneous
rims on chondrules. These are layers that overlay the host chondrule, interpreted as a second
melting event during which dust that was adhering to the chondrule was melted and cooled
under similar conditions to the main chondrule-forming event.

The chondrules described above are dominated by olivine and pyroxene, and can be de-
scribed as ferromagnesian chondrules. A further category of chondrules is aluminium-rich
chondrules (ARC), which includes plagioclase-rich chondrules (PRC) named after their
dominant mineral, plagioclase feldspar (Krot and Keil 2002). Aluminium-rich chondrules
have compositions intermediate between refractory inclusions and ferromagnesian chon-
drules. Bischoff and Keil (1984) defined ARCs as having bulk compositions with >10 wt%
Al2O3, but MacPherson and Huss (2005) suggested relaxing that definition in favor of in-
cluding chondrules which contain primary igneous phases with high Al/Mg ratios such as
plagioclase, Al-rich glass, spinel, and Al-diopside. ARCs include a wide variety of textures
and compositions, including porphyritic, non-porphyritic and glass-rich chondrules (Fig. 1j,
k). Non-porphyritic ARCs include barred olivine chondrules with Na-Al-rich glass between
MgO-rich olivine bars (e.g., MacPherson and Huss 2005).

Chondrules in the metal-rich CB and CH chondrites have unusual non-porphyritic tex-
tures and chemistry. They are thought to have formed by condensation of liquid in an impact
plume (e.g., Campbell et al. 2002; Krot et al. 2012, 2010, 2005a; Rubin et al. 2003). These
chondrules have cryptocrystalline (CC) and skeletal olivine-pyroxene (SOP) textures, which
do not contain metal or relict grains, indicating that they formed from completely molten
droplets (Fig. 1i is from a CH chondrite; Fig. 1l is from a CBa chondrite). CH chondrites
also contain a population of porphyritic ferromagnesian chondrules, but CB chondrites only
contain CC and SOP chondrules. Chondrules in CBa chondrites are cm-sized whereas in
CBb and CH chondrites they are significantly smaller, sub-millimeter.

Several properties of chondrules can be used to infer their thermal histories, including
peak temperatures and cooling rates (Jones et al. 2018). Observed properties such as the
presence of clinoenstatite (a specific form of enstatite that is only formed during rapid cool-
ing), chemical and isotopic zoning in mineral grains, presence of plagioclase, and survival
of relict grains, can all place quantitative constraints on thermal histories. In addition, labo-
ratory experiments designed to reproduce chondrule textures, as well as chemical composi-
tions of mineral grains, play an essential role in defining formation conditions. Porphyritic
textures result when a chondrule is heated to a maximum temperature close to, but below,
its liquidus temperature (1400–1700 °C, depending on composition), and cooled at initial
rates between about 10 and 1000 °C/h. Non-porphyritic chondrules are produced when peak
temperatures exceed the liquidus slightly (for barred/dendritic textures) and significantly
(radiating textures) and chondrules cool at rates around 500 – 3000 °C/h. Aluminium-rich
chondrules formed under similar conditions to ferromagnesian chondrules, with peak tem-
peratures of 1400–1500 °C, and cooling rates of 10–500 °C/h for porphyritic chondrules and
possibly higher (1000 °C/h) for barred chondrules (Tronche et al. 2007).

As noted previously, the above description of the petrography of chondrules includes
chondrules from NC and CC isotopic groups. However, in detail there are differences among
the chondrule populations in different chondrite groups, some of which can be viewed on the
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Fig. 1 Diversity of chondrule textures. All images are back-scattered electron (BSE) images apart from (h)
which is an elemental Mg X-ray map. In a BSE image, grey level is a function of average atomic number, for
example Fe, Ni metal and iron sulfide are white, forsterite (Mg-rich olivine) is dark grey and FeO-rich olivine
is medium grey. a) Type IA porphyritic olivine (PO) chondrule; b) Type IB porphyritic pyroxene (PP) chon-
drule; c) type IA porphyritic olivine (PO) chondrule with a dusty relict olivine grain; d) type IIA porphyritic
olivine (PO) chondrule with relict forsteritic cores in some grains; e) type IIAB porphyritic olivine / pyroxene
(POP) chondrule, with skeletal relict olivine; f) type IIA porphyritic olivine (PO) chondrule with elongate,
skeletal olivine grains; g) barred olivine (BO) chondrule with two small adhering chondrules; h) radial pyrox-
ene (RP) chondrule with elongate grains of pyroxene; i) cryptocrystalline (CC) chondrule, mineral phases too
small to identify; j) plagioclase-rich chondrule (PRC); k) glassy aluminium-rich chondrule (ARC); l) skeletal
olivine (SO) chondrules in CBa chondrite, Weatherford. All chondrules are several hundred micrometres in
diameter, except (i) which is about 150 mm in diameter. Image (l) is about 1 mm across. Abbreviations: ol =
olivine, pyx = low-Ca pyroxene, cpx = Ca-rich pyroxene, mes = mesostasis, m/s = metal and/or sulfide, pl =
plagioclase, gl = glass, so = skeletal olivine
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level of the carbonaceous (C), ordinary (O) and enstatite (E) chondrite classes (Jones 2012).
While the CC isotopic group consists of only C chondrites, the NC isotopic group includes
the OC, EC, and R chondrites and the chondrule populations in these classes often differ,
most notably because of the highly reduced nature of E chondrites (Jacquet et al. 2018). As
an example, it is possible to make a general statement that NC chondrites, including OC
and EC, have a higher proportion of non-porphyritic vs. porphyritic chondrules compared
with CC. However, other properties can only sensibly be compared between CC and OC
chondrites, for example CCs have a higher ratio of type I/type II chondrules than OCs, and
relict forsterite grains in type II chondrules are more abundant in CCs than in OCs. These
types of properties most likely arise from the physical nature of the chondrule-forming en-
vironment, which could be related to differences in inner vs. outer solar system regions.
There are also chemical differences among chondrite classes, for example olivine grains in
type II PO chondrules in OCs have FeO contents and Mn/Fe ratios distinct from type II PO
chondrules in CCs (Berlin et al. 2011; Jones 2012). Such chemical differences may reflect
differences in the composition of condensed solids, and / or differences in oxygen fugacity
of the ambient gas. In addition, within each class of chondrites, some chondrule properties
vary among groups. For example, mean chondrule diameters vary among chondrite groups,
but the range in CCs overlaps the range in OCs and ECs (Rubin 2010; Jones 2012). Within
the CCs, certain groups have well-defined characteristics such as chondrule rim properties:
chondrules in CM chondrites have wide fine-grained rims (Metzler et al. 1992), chondrules
in CV chondrites have multiple igneous rims (Rubin 1984), and chondrules in CR chon-
drites have igneous rims including silica-rich rims (Hezel et al. 2003; Krot and Keil 2002;
Smith and Jones 2024). The Mn/Fe ratio in olivine in type II PO chondrules is higher in
CR chondrites than in other CC groups (Berlin et al. 2011; Jones 2012). These characteris-
tics that are unique to individual chondrite groups indicate that the chondrule population in
each group was localized, and each chondrule-forming region had slightly but identifiably
different chemical and physical properties.

3 Isotopic Characteristics of NC and CC Chondrules

3.1 Type I Chondrules

Since the pioneering works on Calcium-Aluminium-rich inclusions (CAIs) in the seven-
ties by the Chicago group (Clayton et al. 1973), oxygen isotopes are commonly used for
quantifying the physico-chemical processes that prevailed during the evolution of the solar
system. Oxygen isotope ratios are reported in delta notation, or parts-per-thousand fractiona-
tion relative to Vienna Standard Mean Ocean Water (VSMOW; Baertschi 1976): δ17,18O (�)
= [(Rsample/RVSMOW) – 1] × 1,000, where R = 17,18O/16O. Data are reported using oxygen
three-isotope plot (δ17O vs. δ18O). Data are also reported as �17O (= δ17O – 0.52 × δ18O),
approximating the difference in δ17O relative to the terrestrial fractionation line.

In early times of geochemistry, no in-situ technique was available and determining the
oxygen isotopic composition of chondrules required their mechanical separation. Although
bulk measurements of individual chondrules are likely affected by secondary alteration pro-
cesses that could have slightly modified their oxygen isotopic compositions (especially that
of the glassy mesostasis, Kita et al. 2010; Ushikubo et al. 2012), they are nevertheless inter-
esting and reveal several important features:

1- Type I CC chondrules show large mass-independent variations (Fig. 3a, Clayton and
Mayeda 1999, 1984; Jabeen et al. 2019; Jones et al. 2004; Rowe et al. 1994; Rubin et al.
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Fig. 2 X-ray map of Ti distribution in PO chondrules of the carbonaceous chondrite CV3 Mokoia (a) and
the ordinary chondrite LL3 Piancaldoli (b & c). These maps reveal internal structures and emphasizing that
chondrules are radially zoned with outer Ti-rich olivine grains and interiors dominated by smaller Ti-poor
olivine grains surrounded by mesostasis. Ti-rich overgrowths commonly armor Ti-poor olivine cores. Data
from (Piralla et al. 2021) for OC chondrules and unpublished data for Mokoia

1990; Weisberg et al. 1993). In the oxygen three-isotope diagram, these variations define a
general single array along a line of δ17O = [0.985 ± 0.029] × δ18O − [3.52 ± 0.08] that
plot in-between the primitive chondrule minerals line (PCM; Ushikubo et al. 2012; Zhang
et al. 2022) and the carbonaceous chondrite anhydrous mineral line (CCAM;, Fig. 3a, N =
119, MSWD = 4.5). Of note, all CC chondrules have �17O < 0� (Fig. 3a). We note that
they plot slightly to the right of the PCM, this position probably resulting from secondary
alteration processes.

2- Such mass-independent variations are also observed within a given CC. For example,
type I chondrules from the CV3 Allende, the most studied CC (N = 64), also show large
mass-independent variations (Clayton and Mayeda 1984; Jabeen et al. 2019; Rubin et al.
1990).

3- Type I NC chondrules show narrower isotopic variations (Fig. 3a, Bridges et al. 1999;
Clayton et al. 1991). With few exceptions (6 out of 106), all NC chondrules show �17O >
0� and cluster to the left of the PCM (Fig. 3a). They however define, within error, mass-
independent variations with δ17O = [0.837 ± 0.213] × δ18O − [1.11 ± 1.09].

4- A key observation that has largely remained below the radar screen stands in the
size-dependent oxygen isotopic compositions of chondrules in ordinary chondrites (Fig. 3b,
Clayton et al. 1991). It appears that OC chondrules with size ≤ 300 μm have statistically
distinct, 16O-rich isotopic composition compared to their larger counterparts (Fig. 3b, Clay-
ton et al. 1991).

Secondary ion mass spectrometry (SIMS) enables the determination of in-situ oxygen
isotopic compositions of chemically-characterized minerals within chondrules, as well as
isolated olivine grains in chondrite matrices (hereafter IOGs, Kita et al. 2010; Jacquet et al.
2021; Jones et al. 2004; Marrocchi et al. 2016; Ushikubo et al. 2012). With SIMS, high
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Fig. 3 (a) Oxygen three-isotope plot for bulk mechanically-separated chondrules in various carbonaceous
(CM, CV, CK, and CR) and non-carbonaceous (L, LL, H, EH and EL) chondrites. Bulk CC chondrules show
large O-isotopic variations that define a well-resolved with slope of 0.985 ± 0.029 and intercept of -3.52 ±
0.08 (2 s) plotting in-between the PCM and CCAM lines. Bulk NC chondrules show narrower O-isotopic
variations with �17O > 0� (for 100 out of 106 measurements). They define a trend with slope of 0.837 ±
0.213 and intercept of -1.11 ± 1.09 (2 s). Data from Clayton et al. 1991; Mayeda et al. 1988; Rubin et al.
1990; Rowe et al. 1994, Weisberg et al. 2003; Jones et al. 2004. (b) �17O of sized NC chondrules separated
from the H chondrite Dhajala (data from Clayton et al. 1991). This reveals that chondrules with size < 300
μm have significantly lower �17O that point in the direction of CC chondrules. Of note, the �17O value for
a given size range corresponds to pooled chondrule measurements (ranging from n = 8 for chondrules with
size > 820 μm to n = 260 for chondrules with sizes spanning from 100 to 150 μm; Clayton et al. 1991)

precision isotopic analyses of chemically-characterized minerals are possible with mini-
mal destruction, and they allow the detection of small-scale heterogeneities that would be
concealed in bulk analyses. The most targeted minerals are olivine and low-Ca pyroxene,
whereas high-Ca pyroxene, plagioclase and glassy mesostasis have been less studied due to
small sizes and/or incipient aqueous alteration. The large body of data available today makes
it possible to establish isotopic systematics.
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Fig. 4 (a) Example of SIMS interphase O-isotope data within a chondrule from the C-ung. Acfer 094 (data
from Ushikubo et al. 2012). Heterogeneous O-isotopic compositions are observed for olivine grains whereas
other mineral phases are isotopically homogeneous. (b) Representative example from the C-ung. NWA 5958
of CC chondrule olivine grains showing large, mass-independent, O-isotopic variations. Relict olivine grains
correspond to minerals with �17O values outside 3SD of averaged homogeneous chondrule phase �17O
(here only olivine, data from Marrocchi et al. 2018). Of note, this chondrule is characterized by olivine crys-
tals showing 120° triple junctions. (c) Oxygen isotopic composition of olivine grains in chondrule Ch-6 from
LL3.15 Bishunpur. All olivine grains in this chondrule correspond to host olivines, with relatively constant
�17O = 0.9 ± 0.8� but variable δ18O values from 0.9 to 6.4�. This correlation reveals mass-dependent
fractionation within this chondrule. Data from (Piralla et al. 2021). (d) Oxygen isotopic composition of olivine
grains in chondrule Ch-6 from LL3.10 Piancaldoli (Marrocchi et al. 2020). This chondrule contains seven re-
licts with variable 16O enrichments. Host grains define a good correlation with δ17O = (1.002 ± 0.111)
× δ18O − (1.72 ± 0.61) (MSWD = 2.52, r2 = 0.73, n = 50, data from Piralla et al. 2021)

1- The different minerals within a single type I CC chondrule commonly show uni-
form isotopic compositions (Tenner et al. 2018). However, they occasionally define mass-
independent variations plotting along the PCM with �17O < 0� (Fig. 4a, b, Marrocchi
et al. 2018; Ushikubo et al. 2012). These mass-independent variations are mostly carried by
olivine grains that frequently show variable compositions within individual chondrules (Fig
4a, b, Chaumard et al. 2021, 2018; Hertwig et al. 2018; Jones et al. 2004; Marrocchi et al.
2022, 2021, 2019a, 2018; Marrocchi and Chaussidon 2015; Rudraswami et al. 2011; Schnei-
der et al. 2020; Tenner et al. 2019, 2015, 2013; Ushikubo et al. 2012; Ushikubo and Kimura
2021; Williams et al. 2020). Conversely, low-Ca pyroxene, high-Ca pyroxene and plagio-
clase grains are overwhelmingly isotopically uniform (Tenner et al. 2018). Olivine isotopic
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Fig. 5 (a) Positive trend between
chondrule Mg#’s and host �17O
for CR chondrules. Data from
Connolly and Huss 2010,
Schrader et al. 2013, 2014, 2017,
Tenner et al. 2015. (b) Oxygen
isotopic compositions of CR type
I chondrules as a function of their
sizes. Small CR chondrules have
�17O values similar to those
reported for CM-CV- CO
chondrules, whereas large CR
chondrules are enriched in
17,18O. Data are from Marrocchi
et al. 2022, Schrader et al. 2013,
2017, 2014, Tenner et al. 2015

variations led to the isotopic definitions of host and relict olivine grains with (i) host grains
corresponding to average O-isotope composition of minerals with similar �17O within a
single chondrule (Fig. 4b) and (ii) relict grains being those with �17O values beyond analyt-
ical uncertainties (Fig. 4b, Ushikubo et al. 2012). With few exceptions (e.g., Chaumard et al.
2021; Kita et al. 2010; Marrocchi et al. 2018), relict olivine grains are systematically 16O-
rich compared to host olivine crystals (Fig. 4). These two populations of olivine grains are
generally interpreted as reflecting (i) inheritance of mineral grains present in the chondrule
precursors (relicts) and (ii) crystallization from the final melt whose composition is buffered
by gas-melt interaction processes (hosts: Jones et al. 2004; Ushikubo et al. 2012). Of note,
type I CV chondrule silicates also show large, mass-dependent silicon isotopic variations
similar to those observed in AOAs (Marrocchi et al. 2019b; Villeneuve et al. 2020).

2- Type I chondrules in CR have a high degree of O-isotope homogeneity per chondrule
(Tenner et al. 2018). Compared to other CCs, CR chondrules show greater variations in
�17O values ranging from -6 to - 2� (Schrader et al. 2013, 2014, 2017; Tenner et al. 2015,
2018), which define a positive trend with the Mg# of chondrules (Fig. 5a; Tenner et al. 2015,
2018). It has also been noticed that two chondrule populations characterized by different
sizes and oxygen isotopic compositions co-exist in CR chondrites with the typically larger
having �17O > -3.5� whereas the smaller chondrules (i.e., with areas < 1 mm2) have �17O
< -3.5�, similar to chondrules in other CCs (Fig. 5b; Marrocchi et al. 2022).

3- Olivine grains in type I OC chondrules are predominantly isotopically uniform in
�17O (Fig. 4c), although a few rare chondrules show relict olivine grains plotting along the
mass-independent PCM line (Fig. 4d, Kita et al. 2010; Piralla et al. 2021; Schneider et al.
2020; Williams et al. 2020). Similar to CC chondrules, other phases than olivine appear
more isotopically homogeneous with relatively constant �17O (Kita et al. 2010; Tenner
et al. 2018). In agreement with bulk oxygen isotopic data, in-situ measurements reveal size-
dependent oxygen isotopic variations in chondrules of ordinary chondrites with chondrules
smaller than ∼ 300 microns having CC-like sub-TFL �17O values (Fig. 6, Marrocchi et al.
2024). Other NC chondrites (i.e., R and EC chondrites) also have olivine showing more
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Fig. 6 (a) Oxygen isotopic compositions of olivine grains in OC chondrules with average �17O < 0� (red
circles) and those with �17O > 0� (black circles). The former show mass-independent isotopic variations
whereas the latter display mass-dependent isotopic variations (Marrocchi et al. 2024). (b) Average �17O
values of chondrules as a function of their surface areas in chondrites NWA 5206, Piancaldoli, Semarkona,
Bishunpur, Chainpur, Dar al Gani 369, Dar al Gani 378 and Dar al Gani 327. Data from Marrocchi et al. 2024
and references therein

variable �17O compared to low-Ca pyroxene (Fig. S1, Greenwood et al. 2000; Miller et al.
2017; Pack et al. 2004; Regnault et al. 2022; Weisberg et al. 2021, 2011). In R chondrites,
IOGs appear more 16O-rich than chondrules (Regnault et al. 2022), thus also suggesting size-
controlled �17O variations (Marrocchi et al. 2024). Most of olivine and low-Ca pyroxene in
Kakangari (K-group) chondrules are 16O-poor and plot on or close to the TFL (Nagashima
et al. 2015). Limited mass-dependent variations of a few � plotting to the left of the PCM
appear to be a recurring characteristic of silicates in OC chondrules (Kita et al. 2010; Piralla
et al. 2021) but this is not as pronounced in EC, R and K chondrites (Greenwood et al. 2000;
Miller et al. 2017; Nagashima et al. 2015; Pack et al. 2004; Regnault et al. 2022; Weisberg
et al. 2021, 2011).

4- Considering only olivine grains, in-situ isotopic data of type I CC chondrules/IOGs
and OC chondrules show large mass-independent variations with �17O ranging by ∼27�
(from -23.0 to +3.6�; Fig. 7) whereas EC chondrule and R chondrules/IOGs show more
limited variations of ∼20 and 10�, respectively (Fig. S1). Compared to other CCs, CR
chondrites show distinct signatures with olivine grains showing smaller �17O variations that
span only ∼10� (Marrocchi et al. 2022; Schrader et al. 2014; Tenner et al. 2019, 2015).
In addition to extreme negative values, another major difference between chondrite types
lies in the abundance of relict olivine grains relative to their respective host counterparts.
Based on the threshold defined by Ushikubo et al. (2012), ∼50% of analyzed olivine grains
correspond to isotopic relicts in COs and the C-ung. chondrites Acfer 094 whereas 5 to 24%
were reported for other CCs (Fig. 7, Chaumard et al. 2018; Hertwig et al. 2018; Marrocchi
et al. 2019a, 2018; Tenner et al. 2018). Lower abundances of 3 and 7% were estimated for
OCs (Kita et al. 2010; Piralla et al. 2021) whereas isotopic relict olivine grains appear either
anecdotal or absent in the notably less studied EC and R chondrites (Fig. S1, Regnault et al.
2022; Weisberg et al. 2021, 2011).

5- Despite showing peculiar isotopic characteristics, relict olivine grains can be identi-
fied that have no clear major- and minor-element signatures and/or textural features (Jones
et al. 2004; Ushikubo et al. 2012). High-resolution X-ray mapping and high-current quan-
titative electron microprobe analyses revealed that relict olivine grains in both CC and OC
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Fig. 7 (a) Oxygen isotopic compositions of olivine grains measured in a large set of CC chondrules. They
show large and continuous O-isotopic variations spanning ∼27� in �17O. Altogether, they define a well-
resolved, mass-independent correlation with δ17O = (0.989 ± 0.005) × δ18O − (3.08 ± 0.03) (MSWD = 1.5,
r2 = 0.98, n = 1391). Data from (Chaumard et al. 2021, 2018; Hertwig et al. 2018; Jacquet et al. 2021; Jones
et al. 2004; Marrocchi et al. 2024, 2022, 2021, 2019a, 2018; Rudraswami et al. 2011; Schneider et al. 2020;
Tenner et al. 2019, 2015, 2013; Ushikubo et al. 2012; Ushikubo and Kimura 2021; Williams et al. 2020). (b)
Oxygen isotopic compositions of olivine grains measured in a large set of OC chondrules. Although some OC
chondrules display mass-dependent variations, the whole set of data a correlation close to mass-independent
variations with δ17O = (0.962 ± 0.016) × δ18O − (1.22 ± 0.07) (MSWD = 1.6, r2 = 0.92, n = 889). Data
from Kita et al. 2010; Piralla et al. 2021

chondrules are systematically Al-Ca-Ti-poor, with concentrations lower than most (but not
all) of those measured in host olivine grains (Fig. 8, Marrocchi et al. 2022, 2019a, 2018;
Piralla et al. 2021). They also tend to have higher Mg# compared to host olivine grains,
although variable Mg# was reported for relict olivine grains in different chondrules of the
same chondrite (Marrocchi et al. 2019a).

6- When considering only O-isotopic compositions of host olivine grains, a clear di-
chotomy emerges with both CC and NC chondrules showing statistically different average
�17O of -5.8 ± 1.8 and +0.7 ± 0.9�, respectively (Fig. 9a). In detail, small variations of the
average �17O are observed among both CC and NC. CO-CM-CV type I chondrules show
a �17O distribution largely dominated by a mode at -6� whereas CR chondrites display a
bimodal distribution with �17O modes of -6 and -2� and dominated by the latter (Fig. 9b).
R, EC and OC chondrites show slightly different unimodal �17O distributions (Fig. 9b).

7- Nucleosynthetic isotope anomalies have recently arisen as a powerful tool for under-
standing chondrule formation (Gerber et al. 2017; Schneider et al. 2020; Williams et al.
2020). Contrary to oxygen isotopes, nucleosynthetic isotope anomalies are not the result of
isotope fractionation, but instead arise from the heterogeneous distribution of presolar matter
derived from multiple nucleosynthetic sources. They are commonly reported in the ε-unit
notation as parts-per-ten-thousand deviations from terrestrial standard values. The ε54Cr
nucleosynthetic anomalies of type I chondrules from most CC and NC groups have been ex-
tensively studied in the last decade (N = 119, Connelly et al. 2012; van Kooten et al. 2020,
2016; Olsen et al. 2016; Schneider et al. 2020; Williams et al. 2020; Yamashita et al. 2010;
Zhu et al. 2020, 2019). Type I chondrules from all CC types show variable 54Cr excesses
that differ significantly from their respective host chondrite compositions (Fig. 10, Connelly
et al. 2012; van Kooten et al. 2020, 2016; Olsen et al. 2016; Schneider et al. 2020; Williams
et al. 2020; Yamashita et al. 2010; Zhu et al. 2019). CO-CM-CV-CK chondrules show varia-
tions spanning almost 3 ε units, despite having similar ε54Cr average 0.41 ± 0.61 (Connelly
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Fig. 8 TiO2 and CaO concentrations of relict and host olivine grains plotted against their �17O for both CC
(a&c) and OC (b&d) chondrules. This reveals that relict olivine grains are commonly depleted in refractory
elements relative to host olivine crystals, which are characterized by variable concentrations of these ele-
ments. Data from Marrocchi et al. 2019a, 2018; Piralla et al. 2021

et al. 2012; van Kooten et al. 2020; Olsen et al. 2016; Schneider et al. 2020; Williams et al.
2020; Zhu et al. 2019). Conversely, CB and CR chondrites show more uniform ε54Cr with
higher average values of 1.32 ± 0.16 and 1.42 ± 0.15, respectively (van Kooten et al. 2016;
Olsen et al. 2016; Schneider et al. 2020; Yamashita et al. 2010). Although less studied than
CC counterparts (N = 16), EC and OC type chondrules show different characteristics with
more uniform ε54Cr that are similar to the compositions of their host chondrites (with the
notable exception of two EC chondrules, Fig. 10, Schneider et al. 2020; Zhu et al. 2020).
Most studies only report chondrule ε54Cr but �17O-ε50Ti-ε54Cr compositions were also re-
ported for the same chondrules in OC, EC and CV-CK-CR chondrules (N = 37, Schneider
et al. 2020; Williams et al. 2020). The ε50Ti- ε54Cr diagram reveals a significant difference
between NC and CC chondrules, with (i) none of the NC chondrules plotting in the field
of bulk CC chondrites and (ii) CC chondrules showing a much wider spread than the field
of bulk CC chondrites, including some that overlap with the bulk NC values (Fig. 11). Of
note, potential 54Cr zoning between chondrule cores and edges was also reported in the CV3
Leoville (van Kooten et al. 2021). 54Fe nucleosynthetic excesses have been also reported in
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Fig. 9 (a) Curves showing the
probability density functions of
�17O of host olivine grains in
chondrules from CO-CM-CV,
CR, R, EC and OC chondrites.
(b) Similar plot but combining all
data for both carbonaceous and
non-carbonaceous chondrites.
This reveals an isotopic
dichotomy with NC chondrules
showing 16O-poor isotopic
compositions (with average
compared to CC chondrules
(+0.75 ± 0.94� vs. 5.83 ±
1.81, respectively). Data from
(Chaumard et al. 2021, 2018;
Hertwig et al. 2018; Jacquet et al.
2021; Jones et al. 2004;
Marrocchi et al. 2022, 2021,
2019a, 2018; Rudraswami et al.
2011; Schneider et al. 2020;
Tenner et al. 2019, 2015, 2013;
Ushikubo et al. 2012; Ushikubo
and Kimura 2021; Williams et al.
2020)

only two CR chondrules (Schiller et al. 2020) but likely represent a systematic signatures of
CC chondrules (Marrocchi et al. 2023a).

3.2 Type II Chondrules

FeO-rich olivine grains in OC type II chondrules show homogenous O-isotopic compo-
sitions with similar �17O to those in their type I counterparts (Kita et al. 2010). On the
other hand, FeO-rich olivine grains in CC type II chondrules have 16O-poor compositions
compared to Mg-rich host olivine grains in type I chondrules of the same chondrite type
(Fig. 12a, b, Chaumard et al. 2021, 2018; Hertwig et al. 2018; Rudraswami et al. 2011;
Tenner et al. 2018, 2015, 2013; Ushikubo et al. 2012). FeO-rich olivine grains in CR type
II chondrules tend to have more 16O-poor isotopic compositions than olivine grains in type
II chondrules of other CCs (Fig. 12a, b, c). Isotopic differences between FeO-rich olivine
grains and Mg-rich relicts were also reported for silicon isotopes with CV type II chondrules
silicates varying by less than 2� in δ30Si whereas type I chondrule silicates show larger vari-
ations of ∼10� (Villeneuve et al. 2020). Of note, no data are available for nucleosynthetic
anomalies in type II chondrules.

In both CO and CR chondrites, Mg-rich relict olivine grains embedded within FeO-rich
olivine phenocrysts in type II chondrules show similar �17O to host olivine grains in type I
chondrules of the same respective chondrites (Figs. 12d, e, Pinto et al. 2024). In particular,
Mg-rich relict grains in CR type II chondrules display the same bi-modal distribution as that
defined by Mg-rich host olivine grains of type I chondrules (Fig. 12e, Pinto et al. 2024).
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Fig. 10 Nucleosynthetic ε54Cr
anomalies in individual type I
chondrules from CCs (CO, CM,
CV, CK, CR, and CB chondrites)
and NCs (EC and OC
chondrites). Compositions of
respective bulk chondrites are
shown as solid black lines;
shaded areas around these lines
indicate 2 s.d. uncertainties of the
bulk values. Note that the average
ε54Cr values of CV, CO, and CM
chondrules are indistinguishable
from each other whereas the
average ε54Cr of CR chondrules
is significantly higher. Data from
Bollard et al. 2019; Connelly
et al. 2012; van Kooten et al.
2020, 2016; Schneider et al.
2020; Williams et al. 2020;
Yamashita et al. 2010; Zhu et al.
2019

Fig. 11 ε50Ti, and ε54Cr of individual chondrules in comparison to bulk NC and CC meteorites. The NC
(red) and CC (blue) fields represent the range of anomalies measured for bulk meteorites from the NC and
CC reservoir, respectively. NC chondrules display relatively homogeneous ε50Ti and ε54Cr, which are in-
distinguishable from the compositions of their respective host chondrites, while CC chondrules have more
variable ε50Ti and ε54Cr. Note that although the compositions of CC and NC chondrules may overlap for
either ε50Ti or ε54Cr, in multi-isotope space no CC chondrule (but two) plots within the NC field, and no
NC chondrule plots within the CC field. Data from Schneider et al. 2020; Williams et al. 2020

3.3 Aluminium-Rich Chondrules

CC and OC ARCs have different petrographic characteristics with the former commonly
containing CAI-AOA-like relict grains whereas as the latter are often glassy chondrules
(Nagahara et al. 2008; Ebert et al. 2022). They also show different isotopic characteristics.
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Fig. 12 Oxygen isotopic compositions of host olivine grains in both type I and type II chondrules from the
CO and C-ung. (a) and CR chondrites (b). (c) Chondrule Mg#’s and host �17O for type I and type II CR
chondrules. Data from Connolly and Huss 2010, Schrader et al. 2013, 2014, 2017, Tenner et al. 2015. Curves
showing the probability density function of �17O of type I host olivines and type II Mg-relict grains in both
CO (d) and CR chondrites (e). Data from (Fukuda et al. 2022; Kunihiro et al. 2004; Libourel et al. 2023,
2022; Pinto et al. 2024; Schrader et al. 2013; Tenner et al. 2013)
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ARC chondrule minerals in the Dar al Gani 083 CO3.1 chondrite have heterogeneous oxy-
gen isotopic compositions with �17O ranging from -24.6 to -0.3� whereas those in OC
ARCs are more homogeneous with �17O spanning from -4.5 to + 1.9� (Ebert et al. 2022;
Russell et al. 2000). ARCs also display differences in ε50Ti with (i) OC ARC having no 50Ti
excess and (ii) CC ARC displaying large 50Ti excesses with ε50Ti up to +14.5 (Ebert et al.
2018)

4 Key Questions Regarding Chondrule Formation

4.1 What Were the Local Conditions of Chondrule Formation Processes?

Chondrules contain chemical information about the local conditions in the protoplanetary
disk where chondrule heating events took place. Petrologic evidence allows us to infer pa-
rameters such as the ambient temperature and the partial pressures of various gas species,
which have a direct bearing on interpretation of local dust densities.

The ambient temperature in chondrule-forming regions can be inferred from examining
the abundances of moderately volatile elements present in chondrules. Moderately volatile
elements are those that have 50% condensation temperatures (Tc) in the range 1353–664 K,
corresponding to the range between condensation of Fe-Ni metal and FeS (Lodders 2003;
Palme et al. 2014). Of relevance to chondrules, moderately volatile elements Mn, K, Na, P,
and S are all observed at measurable levels (e.g., Jacquet et al. 2015; Jones 2012; Jones et al.
2005; Nagahara et al. 2008). If we make the assumptions that these elements were present in
chondrule precursor material at about the same concentration as in the present chondrules,
and that chondrule bulk compositions reflect precursor compositions, we can infer that the
ambient temperature was lower than the condensation temperature of the element observed.
However, chondrules were very likely open systems during the time that they were melted
(e.g., Ebel et al. 2018; Hewins and Zanda 2012), meaning that they were susceptible to (i)
evaporative loss of volatile elements and (ii) gain of volatile elements through condensa-
tion from the gas into chondrule melts. For example, evaporation of Na occurs rapidly from
chondrule melts (Wick and Jones 2012; Yu and Hewins 1998) and condensation of silica
into chondrule melts has been proposed to explain pyroxene-rich zones around the edges of
type I chondrules (Barosch et al. 2019; Friend et al. 2016; Libourel et al. 2006; Tissandier
et al. 2002). To complicate matters further, observed abundances of moderately volatile ele-
ments may have been modified from their primary compositions: there is clear evidence that
Na and K were mobilized and added to chondrules as a result of secondary alkali metaso-
matism in meteorite parent bodies, and S is highly mobile through solid state diffusion at
low metamorphic temperatures (Grossman and Brearley 2005; Rubin 2013).

Since sulfides are common primary constituents of chondrules, the ambient temperature
must have been below 664 K, i.e., around 400 °C. For instance, ∼13% of Semarkona chon-
drules could contain primary troilite embedded in mafic silicate grains (Rubin et al. 1999).
However, many type I chondrules have low S contents (e.g., Jacquet et al. 2013) so this con-
straint may not apply to all chondrules. In general, type I chondrules have lower moderately
volatile element abundances than type II chondrules (e.g., Jacquet et al. 2015). Moderately
volatile lithophile elements (i.e., those that prefer to enter silicate and oxide minerals), such
as Mn, Na, K, and P, are also demonstrably present in primary chondrule melts because
they are present in minerals including olivine, pyroxene and plagioclase that grew from the
melt (e.g., Alexander et al. 2008; Jacquet et al. 2015; Lewis and Jones 2019; Wick and
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Jones 2012). The presence of primary K and Na (50% Tc values of 1006, and 958 K re-
spectively, Lodders 2003) define ambient temperatures slightly higher than the constraint
from S. The presence of primary Cl may lower the ambient temperature constraint signif-
icantly. In particular, chondrules in enstatite chondrites have notably high Cl contents, up
to several wt% (Grossman et al. 1985; Lin 2022; Piani et al. 2016). The 50% Tc for chlo-
rine has been discussed at length, because of uncertainty about the host condensate phase. It
has recently been revised from 948 K (condensation into sodalite, Lodders 2003) to 427 K
(Lodders and Fegley 2023). In detail, Cl begins to condense as chlorapatite at 648 K, but
only a limited amount of Cl can condense into chlorapatite because of limited availability
of P. Further condensation of Cl only occurs when halite (NaCl) becomes stable at 430 K,
and Cl is 50% condensed at 427 K. Thus, significant amounts of primary Cl in chondrules
in enstatite chondrites might indicate ambient temperature below 430 K (i.e., around 150
°C). Lower amounts of Cl in chondrules in other chondrite groups could be consistent with
ambient temperatures similar to the constraint inferred from sulfur.

Moderately volatile elements can also be used to infer local gas densities during chon-
drule formation. Alexander et al. (2008) demonstrated that Na was present in chondrule
melts throughout crystallization of individual olivine grains. From this, they calculated
equilibrium vapor pressures of Na over chondrule melts (values >10−4 bar, Desch et al.
2012), and inferred solids densities >104–105 times nebula densities. In turn, this requires
chondrule-forming regions >4000 km in radius, which Alexander et al. (2008) argue would
be self-gravitating.

Stable isotope measurements provide additional support for a model in which chondrules
were molten within high surrounding dust densities. Alexander and Wang (2001) showed
that olivine phenocrysts in chondrules have iron isotope compositions that are indistinguish-
able from bulk measurements. Later, more precise whole-chondrule measurements showed
that there is some variation in iron isotope compositions, but that this variation is much
less than expected for free evaporation, suggesting that the iron may have back-reacted into
the chondrule under high pressure conditions (Hezel et al. 2010). Sulfur could also experi-
ence back-reaction and reach a concentration limit, the sulfur content at sulfide saturation,
at which an immiscible iron sulfide liquid separates from the silicate melt (Marrocchi et al.
2016; Marrocchi and Libourel 2013; Piani et al. 2016). Similarly, Mg isotope compositions
of chondrules show only very small fractionation effects ruling out widespread open system
evaporation during chondrule formation (Young and Galy 2004), as do K and Si isotope
compositions (Hezel et al. 2010; Yu et al. 2003). Ebel et al. (2018) showed that the sup-
pression of isotopic fractionation in several elements is likely due to equilibration with the
surrounding hot gas, requiring either a very high partial pressure (∼1 bar) of hydrogen in
the surrounding gas, or greatly enhanced dust concentrations. This enables the evaporated
chondrule material to back-react and re-equilibrate with the chondrule, suppressing isotopic
fractionation. Models of chondrule heating and gas-solid exchange suggest that to reduce
isotopic fractionation to the levels observed would require dust enrichments 1000x canoni-
cal at pressures of 10−3 bar (Ebel et al. 2018; Fedkin and Grossman 2013) and chondrule-
forming regions 150 to 6000 km in radius (Cuzzi and Alexander 2006).

Several other properties of chondrules point to high dust/gas ratios in chondrule-forming
regions, where “dust” refers to solids of CI composition (Ebel et al. 2018). High FeO con-
tents in type II chondrules require high total pressure (Ptot) and high dust enrichments at
temperatures where dust and gas could be expected to equilibrate, ≥ 1200 K (Ebel and
Grossman 2000). Solids in the chondrule formation regions must have been enriched in dust
by factors of 15–100 (by numbers of atoms), relative to solar, at a total pressure of Ptot =
10−3 bars, and even higher enrichments are required for lower Ptot (Ebel 2006; Ebel and
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Grossman 2000). For type II chondrules to retain their bulk FeO contents, and for metal
melts to be stable in type I chondrules, enrichments >1,000 times solar even at 10−3 bars are
needed (Alexander 2004; Alexander and Ebel 2012; Ebel and Grossman 2000; Tenner et al.
2015).

Chondrule cooling rates also require elevated dust/gas ratios. An individual chondrule
heated to 2000 K in free space will radiate away its internal heat energy in less than a
second, and for a solar solids/gas ratio, it will radiate its heat in ∼103 seconds (Desch et al.
2012). Chondrule-formation in regions of higher opacity is therefore required, although the
control on cooling rates is complicated. For example, in the shock wave model the main
control on slowing chondrule cooling rates is the fact that the gas is also hot, and chondrule
cooling rate is inversely correlated with gas density (Desch et al. 2012; Desch and Connolly
2002; Morris and Desch 2010).

4.2 Were Conditions the Same for Forming NC and CC Type I Chondrules?

At first order this could appear as a weird question since type I chondrules from differ-
ent chondrite groups show specific properties, including varying abundances of chondrule
textural types, chondrule sizes and bulk compositions, oxygen isotopic compositions and nu-
cleosynthetic anomaly signatures (Fig. 13, Jones 2012; Schneider et al. 2020; Tenner et al.
2018). In addition, the fundamental isotopic dichotomy of the solar system revealed by nu-
cleosynthetic isotopic anomalies (e.g.,48Ca, 50Ti, 54Cr, and Mo and Ni isotopes, Burkhardt
et al. 2021) imply that the protoplanetary disk was already separated in two different reser-
voirs at the start of chondrule formation (Fukuda et al. 2022; Piralla et al. 2023). It would
therefore appear possible that NC and CC type I chondrules formed under different con-
ditions and/or from different precursors. However, the essential petrographic properties of
NC and CC porphyritic olivine-rich type I chondrules are very similar. In particular, the
recent applications of high-resolution cathodoluminescence (CL) and X-ray mapping tech-
niques have revealed that most of NC and CC porphyritic type I chondrules show similar
textures characterized by chemically-zoned trace and minor element contents and asym-
metric growth of outer chondrule crystals (Fig. 2; Libourel et al. 2023, 2022; Libourel and
Portail 2018; Marrocchi et al. 2022, 2019a, 2018; Piralla et al. 2021; Regnault et al. 2022;
Schnuriger et al. 2022). These features are interpreted as evidence for gas-melt interactions,
hence open-system conditions, during chondrule formation (Libourel and Portail 2018; Mar-
rocchi et al. 2018), and the similarity between NC and CC reveals that type I chondrules
formed by a near similar process throughout the disk over several millions of years.

However, different scenarios have been proposed to explain the nature and origin of por-
phyritic type I chondrule precursors, which are proposed to correspond to:

(i) solid debris generated by collisional impacts between differentiated planetesimals
(Faure et al. 2012; Libourel and Krot 2007).

(ii) fully molten droplets consisting of silicate melts and liquid Fe-Ni metal blebs. Such
droplets would correspond to impact splashes produced by energetic collisions between
early-formed planetesimals (Libourel et al. 2023, 2022; Lichtenberg et al. 2018; Sanders
and Scott 2012).

(iii) partial melting of calcium-aluminum-rich inclusions (CAIs) and ameboid olivine
aggregates (AOAs) previously condensed early in disk history (Ebert et al. 2018; Marrocchi
et al. 2019a; Russell et al. 2005; Ruzicka et al. 2012, Whattam et al. 2008, 2022, Whattam
and Hewins 2009).

(iv) fine-grained dust of similar bulk composition to the final chondrule composition,
with a limited number of large precursor grains that are preserved as relicts in the final
chondrule.
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Fig. 13 Interpretation of chondrule formation regions in the protoplanetary disk, and a summary of chon-
drule properties in individual chondrite groups. Two isotopic reservoirs are defined based on nucleosynthetic
isotope anomalies: the carbonaceous chondrite (CC) reservoir, thought to represent the outer disk, beyond
Jupiter, and the non-carbonaceous (NC) reservoir, thought to represent the inner disk. The NC reservoir in-
cludes the enstatite chondrites (EC), ordinary chondrites (OC), Rumuruti-like (R) chondrites, and Kakangari-
like (K) chondrites. There are multiple groups of EC, OC and CC. Chondrule abundance, size and frequency
are from Jones (2012) and Scott and Krot (2014), and references therein. Mean isotope compositions are
based on references given in this paper, plus Weisberg et al. (1996), and Zhu et al. (2023) for K chondrites.
Footnotes: a) CI and CM are highly altered by aqueous fluids, destroying chondrules. b) % of porphyritic
chondrules. c) A range of values exists for CM chondrites, 10-40%; CO and CV are < 10%. d) This corre-
sponds to the �17O value of homogeneous impact-generated chondrules. Porphyritic chondrules show more
scattered values (ranging from -6 to + 4�)

Recent works have made some progress in deciding which of the above is the most likely,
by combining petrographic observations and O, Ti and/or Cr isotopic compositions of type
I chondrules. It is generally stated that the majority of type I NC and CC chondrules are
characterized by olivine grains having homogeneous O-isotope compositions (Tenner et al.
2018). However, this (at least partially) results from an analytical bias as only few in-situ
measurements are generally performed within a single chondrule (i.e., usually n < 10, Chau-
mard et al. 2018; Kunihiro et al. 2005, 2004; Rudraswami et al. 2011; Schrader et al. 2014),
leading to a possible underestimation of isotopically heterogeneous chondrules. Recent mul-
tiple measurements (n > 30 in individual chondrules) revealed that CC type I chondrules
(and to a lesser extent NC type I chondrules) are characterized by a more common pres-
ence of (i) intra-chondrule mass-independent oxygen isotopic variations (Fig. 4b, d) and
(ii) 16O-rich relict olivine grains with chemical characteristics different from those of host
olivine grains (Fig. 8, Kita et al. 2010; Tenner et al. 2018; Marrocchi et al. 2019a, 2018;
Piralla et al. 2021). Such isotopic features are inconsistent with derivation of type I NC and
CC chondrule precursors from differentiated planetesimals as previously argued from 120°
triple junctions between olivine crystals (Faure et al. 2012; Libourel and Krot 2007), as it
would result in very limited and mass-dependent O-isotopic variations (Eiler 2001; Richet
et al. 1977). Rather, this evidence points toward 16O-rich precursors that subsequently ex-
perienced interactions with a gas enriched in 17,18O during the high-temperature chondrule-
forming event(s). Relict olivine grains are however more abundant in type I CC chondrules
than their NC counterparts, the latter commonly showing homogeneous �17O and small
mass-dependent variations (Fig. 4c,7, Kita et al. 2010; Piralla et al. 2021). This attests that
type I NC chondrules were affected by more complex evaporation/recondensation processes
during gas-melt interactions and likely formed in more dynamic regions characterized by
higher temperatures and repetitive melting events (Alexander 1994; Piralla et al. 2021).
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Although their existence has long been attested (Jones et al. 2004; Nagahara 1981; Ram-
baldi 1981), relict olivine grains in type I chondrules have long appeared to have no clear
major-element signatures and/or textural features that could reveal their origin (Jones et al.
2004; Ushikubo et al. 2012). On the basis of trace element data, it was however proposed that
type I chondrule olivine could have formed by melting AOAs and subsequent olivine-melt
fractionation during chondrule crystallization (Ruzicka et al. 2012). More recently, high-
current electron microprobe quantitative measurements showed that 16O-rich relict grains
are systematically Ca-Al-Ti-poor relative to host olivine crystals in both NC and CC type
I porphyritic chondrules (Fig. 8, Marrocchi et al. 2019a, 2018; Piralla et al. 2021). These
characteristics are similar to those reported in AOAs (Jacquet and Marrocchi 2017; Ko-
matsu et al. 2015; Krot et al. 2004; Ruzicka et al. 2012; Weisberg et al. 2004), thus making
these early condensates plausible candidates as chondrule precursors. In theory, such fea-
tures can also be accommodated in the framework of the impact splash model with olivine
crystallization occurring from chemically and isotopically evolving magma droplets via gas-
melt interactions. However, this would require producing initial magma droplets with �17O
< -20� whereas no known chondrites or achondrites with bulk �17O < -6� have been
reported (Greenwood et al. 2020).

Furthermore, bulk chondrule compositions, rare earth elemental patterns and nucleosyn-
thetic anomalies also suggest that Al-rich chondrules in CC likely derive from CAIs (Ebert
and Bischoff 2016; Huss et al. 2001; Rubin 2004; Russell et al. 2005; Williams et al.
2020). Altogether, this suggests that most refractory inclusions likely experienced recycling
through type I chondrules in both NC and CC reservoirs, thus making CAIs and AOAs cur-
rently observed in chondrites lucky survivors of the disk evolution (Dunham et al. 2023; Krot
2019; Itoh et al. 2007). Notably, some of the observed relict olivine grains in both NC and
CC type I chondrules have more 16O-poor compositions than AOA olivine grains (Fig. 8).
They could result from an analytical bias (i.e., relict grain might have a small domain com-
pared to SIMS pit size) or correspond to earlier generations of chondrules (Marrocchi et al.
2019a; Piralla et al. 2021; Ruzicka et al. 2007; Schrader et al. 2018). Chondrule production
and recycling in later-formed chondrules appears to have been more enhanced in the inner
disk as attested by the (i) lower abundance of AOA-like relict olivine grains in NC chon-
drules (Kita et al. 2010; Piralla et al. 2021) and (ii) the higher modal abundances of matrix
and refractory inclusions in CCs (Fig. 13, Scott and Krot 2014).

Although CAIs and AOAs appear as appealing precursors, their distinct chemical and iso-
topic compositions compared to chondrules requires additional precursors and/or processes
for generating the final NC and CC chondrules. Hence, the distinct O-isotope compositions
of refractory inclusions and chondrules require addition of ferromagnesian dust and open-
system gas-melt interactions (Kita et al. 2010; Marrocchi et al. 2019a, 2018; Piralla et al.
2021; Ruzicka et al. 2012; Tenner et al. 2018). Along similar lines, the Si-poor compositions
of refractory inclusions compared to chondrules means addition of dust and interactions
with a SiO-rich gas are required to produce pyroxene-dominated chondrule compositions
(Krot et al. 2004; Ruzicka et al. 2012; Tissandier et al. 2002). Furthermore, the fact that
mechanically-separated type I porphyritic CC chondrules have varying ε50Ti and ε54Cr plot-
ting in-between CAIs/AOAs and NC chondrites implies that they cannot only derive from
AOAs without adding NC material (Fig. 11, Schneider et al. 2020). The presence of NC-like
dust in the CC reservoir is generally interpreted as either resulting from (i) outward migra-
tion of NC chondrule fragments (Hertwig et al. 2019; Schrader et al. 2020; Williams et al.
2020; Zhang et al. 2022) or (ii) change in the isotopic composition of latter infalling material
from the solar system’s parental molecular cloud (Nanne et al. 2019; Schneider et al. 2020).
Importantly, these isotopic constraints are also extremely difficult to accommodate in the
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impact splash model as it would require (i) small-scale heterogeneity in the colliding plan-
etesimals or (ii) the ingestion of unmelted and unvaporized refractory inclusions by each
melt droplet. Compared to CC chondrules, separated NC chondrules have homogeneous
ε50Ti and ε54Cr similar to the compositions of their respective host chondrites (Fig. 11,
Schneider et al. 2020). If NC chondrules derive from AOA-like precursors, their particular
ε50Ti and ε54Cr imply that AOAs condensed after the isotopic composition of the inner disk
had changed toward NC values (Nanne et al. 2019). Interestingly, this change is recorded
in CAIs whose Mo isotopic compositions range from CC to NC values (Brennecka et al.
2020). Furthermore, a few rare NC CAIs show no enrichment in 50Ti relative to their host
chondrites (Ebert et al. 2018). NC refractory inclusions can thus represent a fraction of NC
chondrule precursors in addition to the NC-like dust inherited from late infalling material
(Nanne et al. 2019).

Taken together, this suggests that both NC and CC porphyritic type I chondrules were
formed through the melting of a mix of early condensates and NC-like dust followed by
subsequent gas-melt interactions. Recent mass balance calculations using tellurium isotopes
and different nucleosynthetic anomalies (i.e., 54Cr and 54Fe) suggest that the CC chondrule-
forming regions were characterized by a homogeneous refractory inclusions/NC-dust ratio
(Hellmann et al. 2020; Marrocchi et al. 2023a). The nature of the gas chondrules interacted
with likely corresponds to a mixture of different oxygen-bearing molecules, already present
in the gas phase (i.e., CO) and/or originating from solid evaporation (i.e., H2O, SiO, Mg,
S) induced by the formation of chondrule in dust-enriched regions of the disk (Friend et al.
2016; Hezel et al. 2006; Libourel et al. 2006; Marrocchi and Chaussidon 2015; Tenner et al.
2018; Thomassin et al. 2023). Oxygen isotopic data point toward an enhanced chondrule-
forming rate in the inner disk after its composition was dominantly modified by late infall-
material from the molecular cloud. This is consistent with the expected thermal stratification
of the disk (e.g., Yang et al. 2013) and implies that both NC and CC porphyritic type I chon-
drules result from the melting of previously-formed nebular dust. This requires a protracted
heating mechanism, efficient in both the inner and outer disk. This could be achieved un-
der different conditions such as bow shocks (Morris et al. 2012), lightning (Kaneko et al.
2023), local (potentially impact-generated) shock waves (Hood et al. 2009) or current sheets
(Lebreuilly et al. 2023).

4.3 Did Chondrules Produce Chondrules?

Absolute lead-lead (Pb–Pb) ages and aluminum-magnesium (26Al–26Mg) ages relative to
CAIs point toward protracted chondrule formation, even within a single chondrite group
(Bollard et al. 2019, 2017; Fukuda et al. 2022; Hertwig et al. 2019, Nagashima et al. 2014,
2018, Pape et al. 2019; Piralla et al. 2023; Schrader et al. 2017; Siron et al. 2022, 2021;
Tenner et al. 2019; Ushikubo et al. 2013; Villeneuve et al. 2009). This implies that early-
formed chondrules resided > 100 kyr to Myr embedded in the disk before they accreted to
larger bodies. During this time, early-formed chondrules could have suffered (i) collisions
with other chondrules resulting in compound objects (Jacquet 2021; Krot et al. 2017) and/or
(ii) repeated high-temperature thermal event(s). This implies that some of the current chon-
drules could have been formed from previous generations of chondrules that were recycled
during disk evolution.

On the basis of chemical evidence, relict grains in type II chondrules are likely derived
from type I chondrules, and dusty relict olivine in type I chondrules is plausibly derived
from type II chondrules (Jones 2012, 1996). Oxygen isotopic compositions support this
view, at least for relict forsterite in type II chondrules (Fig. 12). A few 16O-rich relict olivine
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grains, mostly in NC chondrules, show �17O values higher than those commonly measured
in AOAs (Jones et al. 2004; Krot 2019; Marrocchi et al. 2019a, 2018; Piralla et al. 2021;
Tenner et al. 2018). This could result from isotopic re-equilibration between AOA-like relict
grains and chondrule melts that are evolving via gas-melt interactions. An alternative inter-
pretation lies in some early chondrules having been recycled to form new generations of
chondrules (Alexander 1994). This last assumption is strongly support by the recent finding
of size-dependent oxygen isotopic variations in chondrules of ordinary chondrites (Fig. 6),
with chondrules smaller than ∼ 300 microns having chemically-similar olivine grains than
relict grains measured in larger OC chondrules (Marrocchi et al. 2024).

This recycling process can be quantitatively estimated by considering that (i) the differ-
ent chondrule-forming events were independent and rare and (ii) the chondrule/matrix ratio
of a given chondrite is representative of the chondrule/dust ratio of the reservoir from which
it formed. Then, the number n of chondrule-forming events obeys a Poisson distribution
(Jacquet et al. 2015) and the fraction of chondrule-hosted particles that have undergone at
least two chondrule-forming events can be estimated (see Marrocchi et al. 2019a for further
details). Different estimates of the fraction of recycled chondrules (f recycled) were obtained
with f recycled of (i) 12 to 22� for CC chondrules (Marrocchi et al. 2019a) and (ii) ∼82%
for OC chondrules (Piralla et al. 2021). Consequently, debris of earlier chondrules appear to
represent a minority among CC relict grains, and other precursors such as CAIs and AOAs
must be considered. This is in good agreement with (i) independent mass balance calcula-
tions based on oxygen isotopic compositions of CC chondrules (Hezel and Palme 2007),
(ii) trace and minor element systematics of CC chondrule silicates (Ruzicka et al. 2007) and
(iii) nucleosynthetic anomaly signatures of CC chondrules (see previous section, Schneider
et al. 2020; Williams et al. 2020). Notably, the OC chondrule-forming region was more dy-
namic, resulting in more recycling processes of early formed chondrules (Alexander 1994).
This does not in itself constitute a surprise considering the dominant modal abundance of
chondrules in this specific type of chondrite (Jones 2012, Fig. 13). Also, type II chondrules
in OCs have lower FeO contents than those in CCs, and lower abundances of clearly identi-
fiable relict forsterite grains: both of these observations are consistent with more extensive
recycling. Altogether, this implies that chondrules can form from chondrules, thus blurring
the identification of the initial chondrule precursors.

Compared to other CC chondrules, CR chondrules are characterized by abundant Fe-Ni
metal beads, multiple igneous rims including metal-rich rims and silica-rich rims, a Mn/Fe
ratio in olivine in type II PO chondrules intermediate between OC chondrules and chon-
drules in other CC groups (Berlin et al. 2011; Jones 2012), and rarer 16O-rich olivine grains
in type I chondrules (Jones 2012; Charles et al. 2018; Marrocchi et al. 2022; Smith and
Jones 2024; Tenner et al. 2015; Weisberg et al. 1995, 1993). In addition, CR chondrules (i)
become depleted in 16O as their Mg#’s increase (Fig. 5a; Tenner et al. 2015, 2018), (ii) have
host olivine grains with more 16O-poor isotopic compositions (�17O ∼ -2� vs. -6� for
other CCs, Fig. 9b) and (iii) show higher and less variable ε54Cr than in other CC groups
(van Kooten et al. 2016; Olsen et al. 2016; Schneider et al. 2020, Fig. 10). This is gener-
ally ascribed to a formation of CR chondrules from different precursor material than other
CC chondrules, either because they formed at larger heliocentric distance (van Kooten et al.
2020, 2016) and/or at later times (Budde et al. 2018; Schrader et al. 2017; Tenner et al.
2019). The monotonic increase of host chondrule �17O as chondrule Mg#’s decrease (for
Mg# ∼99.2 to ∼94, Fig. 5a, Tenner et al. 2018) was modeled assuming it could be produced
by variable H2O ice proportions and dust-to-gas ratio in chondrule precursors (Tenner et al.
2015, 2018). The mass balance predicts that most type I CR chondrules could form (i) at
dust-to-gas ratios between 100 and 200 and (ii) H2O ice abundances within chondrule pre-
cursors ranging from anhydrous to ∼75% of the atomic abundance within CI dust (Tenner
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et al. 2018). Although this approach successfully reproduces the �17O-Mg# trend, it does
not address the peculiar 54Cr isotopic compositions of CR chondrules compared to other
CCs (Fig. 10, Schneider et al. 2020).

Recent CL and isotopic characterization of type I CR porphyritic chondrules show that
small chondrules have textural features and �17O values similar to those of other CCs (i.e.,
�17O ∼ -6�) whereas larger chondrules display more complex textures and higher �17O
values around -2� (Marrocchi et al. 2022). Furthermore, large CR chondrules are character-
ized by relict olivine grains with O-isotopic signatures characteristic of small CR and other
CC chondrules (Marrocchi et al. 2023b, 2022; Schrader et al. 2017; Tenner et al. 2015). This
indicates that large CR chondrules formed late out of a CR reservoir already populated by
smaller CC chondrules (Marrocchi et al. 2022). This is borne out by Al-Mg dating as large
CR chondrules with �17O ∼-2% formed ∼1–2 Myr after smaller CR chondrules whose for-
mation timing was estimated to be 2 to 3 Myr after CAIs (Tenner et al. 2019). Taken together,
these observations point toward multiple chondrule-forming events in the CR reservoir with
small chondrules acting as precursors for the formation of large metal-rich CR chondrules
(Marrocchi et al. 2022). Mass balance calculations based on O, Te and 54Cr isotopic compo-
sitions indicates that ∼70-80 wt% of CI-like matrix was added to small CC-like chondrules
for producing their late larger counterparts (Bryson and Brennecka 2021; Hellmann et al.
2023; Marrocchi et al. 2022). This thus attests that the precursors of the majority of CR
chondrules included pre-existing chondrules, illustrating the complex history of chondrule
formation during disk evolution.

Compared to type I, type II chondrules are characterized by FeO-rich silicates and more
chondritic abundances of moderately volatile elements (Jones 1990). This attests to their
formation under oxidizing conditions that could be produced (i) in regions with (enhanced
dust/gas ratios, Schrader et al. 2013) or (ii) from precursors with low carbon contents (Con-
nolly et al. 1994). Similar modelling than for type I CR chondrules (Tenner et al. 2015)
predicts formation of type II chondrules at significantly higher dust enrichments (∼2,500),
from dusts with CI chondritic H2O abundances (Tenner et al. 2015). Of note, such high dust
enrichments are difficult to achieve by dynamic models of the protoplanetary disk.

Alternatively, it has also been proposed that type II chondrules are derived from their
type I counterparts through nebular oxidation shocks (Villeneuve et al. 2020, 2015) or within
impact-generated vapor plumes (Libourel et al. 2023). As detailed above, the latter process
appears difficult to reconcile with the presence of olivine grains with �17O < − 15� and
variable 50Ti and 54Cr nucleosynthetic anomalies in chondrule from the same chondrites
(Schneider et al. 2020). Furthermore, Mg-rich relict olivine grains in type II chondrules show
similar oxygen and silicon isotopic compositions to forsteritic grains in type I chondrules
(Fig. 9, Tenner et al. 2018; Villeneuve et al. 2020). This indicates that at least some type II
chondrules derived from their type I counterparts. Overall, this shows that (i) recycling was
common during the evolution of the protoplanetary disk and (ii) chondrules were in some
cases their own precursors.

4.4 Did Chondrules Accrete Locally or Experience Large-Scale Transport?

Dust transport is an important process during disk history as attested by the distribution of re-
fractory inclusions, which are thought to have formed close to the Sun. Two key observations
relevant to considering transport of refractory inclusions are: (i) refractory inclusions are
predominantly found in CCs and have low abundances in OCs and ECs (Hezel et al. 2008;
Dunham et al. 2023) and (ii) there are occasional observations of CAI-AOA-chondrule-like
objects in CI chondrites and cometary samples (Defouilloy et al. 2017; Frank et al. 2023;
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Joswiak et al. 2012; Leshin et al. 1997; Morin et al. 2022; Nakamura et al. 2008; Nakashima
et al. 2012; Piralla et al. 2020; Zolensky et al. 2006). Considering constraints on chondrule
formation discussed above, several petrologic and isotopic observations weaken models im-
plying disk-wide transport, in favour of local formation and agglomeration processes.

Each chondrite group is characterized by chondrules showing specific petrographic char-
acteristics (Jones 2012) and the different chondrite groups define positive correlation be-
tween different properties such as chondrule size, the percentage chondrule with igneous
rims, the thickness of these rims or the percentage of enveloping compound chondrules
(Rubin 2010). These observations suggest that each chondrite group sampled separated
chondrule reservoirs. These observations represent strong constraints suggesting multiple
separate reservoirs in the disk. A similar conclusion was reached based on (i) the positive
correlation observed among CCs between the evaluated percentages of rimmed chondrules
and the modal abundance of matrix material (Pinto et al. 2022) and (ii) statistical analyses
of bulk chondrule compositions (Hezel and Parteli 2018). The range of chondrule ages in
individual chondrite groups suggests that separate reservoirs were maintained over millions
of years (Bollard et al. 2017; Fukuda et al. 2022; Piralla et al. 2023; Siron et al. 2021).
Another major constraint on localised chondrule formation relates to deciphering whether
chondrules formed (i) together with matrix in a single reservoir or (ii) separately from ma-
trix, with later admixing of a matrix unrelated to the chondrule formation processes. This
“complementarity” question has been debated for a long time, with no agreement so far
(e.g., Hezel et al. 2018; Zanda et al. 2018). Average compositions of chondrules and matrix
in individual chondrite groups have different chemical compositions, but if considered to-
gether, a number of elements have overall bulk chondrite average compositions close to the
CI bulk composition. This has been used as an argument for the formation of chondrules and
matrix in the same location (e.g., Hezel and Palme 2010; Palme et al. 2015). A similar argu-
ment has been made for complementary isotope ratios between chondrules and matrix (e.g.,
Budde et al. 2016). However, alternative models propose that bulk chondrite compositions
are better reproduced by considering that a unique CI-composition matrix was added to var-
ious amounts of chondrules (e.g., Anders 1964; Zanda et al. 2018) The latter model implies
that chondrules and chondrite matrices are not genetically related, but formed in different
reservoirs (Zanda et al. 2018). Recent observations of Te-54Cr and Te-54Fe isotopic correla-
tions suggests that all carbonaceous chondrites contain a portion of CI-like matrix, and that
chondrules and this CI-like matrix formed from isotopically distinct material originating
from different regions of the disk (Hellmann et al. 2020; Marrocchi et al. 2023a). Similar
arguments have been made from chemical evidence (Braukmüller et al. 2018; Jacquet et al.
2016) Solving the question of complementarity has the potential to strongly support astro-
physical models that require either of these two scenarios, thereby providing constraints for
the formation conditions, and ultimately mechanism of chondrules.

The question of whether chondrule experienced transport during disk evolution or ac-
creted locally can also be addressed using bulk and in-situ isotopic compositions of NC and
CC chondrules. Based on the presence in CC chondrules of olivine grains with typical OC
�17O values, it has been proposed that some OC chondrule fragments migrated from the
inner disk outwards to the CC chondrule-forming regions (Schrader et al. 2020). Similarly,
the presence in the CV and CK carbonaceous chondrites of chondrules with negative and
positive ε54Cr, with oxygen isotopic compositions respectively plotting above and below
the PMC line, has been interpreted as evidence of the presence of NC chondrules (Williams
et al. 2020; Zhang et al. 2022). Furthermore, the fact that variable ε54Cr values observed
among CO-CM-CV chondrules (Fig. 10) cover the range measured among bulk NC and
CC meteorites has been argued that chondrules’ ε54Cr reflect their specific formation lo-
cation within the disk, followed by subsequent disk-wide transport to the accretion region
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of their respective host chondrites (Olsen et al. 2016). It should also be noted that the 54Cr
systematics of CV chondrules has also recently been interpreted as the result of chemical
equilibration between chondrules and fine-grained matrix during secondary alteration (van
Kooten et al. 2021). In such a model, CV chondrule precursors correspond to 54Cr-poor OC-
like chondrules formed in the inner disk and that subsequently experienced massive outward
chondrule transport.

However, other considerations of isotopic compositions are more consistent with limited
transport. If we put the question of the formation of chondrules into the global context of
the isotopic dichotomy of the solar system, the presence of NC-like dust in the outer CC
reservoir does not represent an irrefutable proof of outward chondrule migration. Impor-
tantly, the isotopic dichotomy exists for lithophile (Ti, Cr) and siderophile (Ni, Mo) as well
as refractory (Ti, Mo) and non-refractory (Ni, Cr, Zn) elements (Burkhardt et al. 2021).
In addition, the CC/NC isotopic offset is seen for all elements showing anomalies, includ-
ing those not enriched in CAIs. Another key constraint is that for all elements displaying
the NC-CC dichotomy, the CC meteorites always plot between the isotopic compositions
of CAIs/AOAs and NC meteorites (Nanne et al. 2019; Burkhardt et al. 2021; Jansen et al.
2024). Altogether, these observations indicate that the isotopic variations neither reflects
thermal processing of presolar carriers in the disk, nor the heterogeneous distribution of iso-
topically anomalous CAIs/AOAs (Jansen et al. 2024). These isotopic variations rather reflect
the distinct isotopic composition of later infalling material from the solar system’s parental
molecular cloud, which affected the inner and outer regions of the disk differently. In such
scenario, the isotopic composition of the CC reservoir is the result of mixing between early-
formed CAIs/AOAs and late-infalling material with NC-like isotopic compositions (Nanne
et al. 2019). As the isotopic composition changed early in disk’s history (< 0.5 Myr, Nanne
et al. 2019), the 50Ti-54Cr isotopic variations among CC chondrules likely reflect local pre-
cursor heterogeneities, resulting from mixing between AOAs and NC-like dust, the latter
corresponding to late infall material (Schneider et al. 2020) rather than material transported
from the internal disk (Williams et al. 2020).

The formation of CV chondrules (from the CV3 Leoville) from OC precursors trans-
ported (formed in the inner disk, van Kooten et al. 2021) followed by subsequent chon-
drule/matrix equilibration is also not by Cr mass-balance calculations. Taking into account
the modal abundance, Cr concentration and ε54Cr values of refractory inclusions, chon-
drules, fine-grained rims and matrix in Leoville, the calculated bulk ε54Cr is at odds with
that measured for the bulk sample of Leoville (0 vs. +0.8, van Kooten et al. 2021; Qin et al.
2010). Contrary to the statement of van Kooten et al. (2021), invoking Cr transfer from fine-
grained rims to chondrules cannot help as it would require that all the Leoville matrix would
be composed of fine-grained rims. Conversely, the measured bulk ε54Cr value can only be
reproduced considering chondrules with an average ε54Cr of ∼0.6, which is similar to those
measured in other CM, CO and more altered CV chondrites (van Kooten et al. 2020; Olsen
et al. 2016; Schneider et al. 2020; Williams et al. 2020; Zhu et al. 2019).

Altogether, this shows that the question of disk-wide transport cannot be tied to isotopic
data for a single element but requires multi-isotopic approaches combining O-Ti-Cr systems.
For example, although it would be tempting to attribute an outer solar system origin to the
small OCs chondrules showing CC-like �17O values (Fig. 6b, Marrocchi et al. 2024), the
measurement of their nucleosynthetic signatures is absolutely fundamental to determine in
which reservoir they formed. Indeed, nucleosynthetic anomalies have revealed drastic differ-
ences between NC and CC chondrules: NC chondrules have homogeneous ε50Ti and ε54Cr
values similar to those of their host chondrites, whereas CC chondrules have more variable
values that sometimes greatly differ from those of their host chondrites (Schneider et al.
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2020). In addition, considering multi-isotopic space (ε50Ti, ε54Cr and �17O), none (but two)
of the CC chondrules plot in the NC chondrite isotopic field and vice versa (Schneider et al.
2020). Although this does not totally rule out occasional transport of NC chondrules into
the CC reservoir (Williams et al. 2020; Zhang et al. 2022), the multi-isotope constraints on
the NC/CC isotopic dichotomy do not suggest large-scale transport of chondrules. Instead,
this support local formation of CC chondrules from isotopically heterogenous precursors
composed of early-formed refractory inclusions and NC-like dust corresponding to late in-
fall material incorporated before the CC chondrule formation processes (Nanne et al. 2019;
Schneider et al. 2020). To reconcile this with the idea that refractory inclusions have under-
gone significant radial transport, it is possible that refractory inclusions are transported by a
different mechanism, such as disk winds originating close to the Sun, rather than throughout
the disk midplane which might be the only transport mechanism available for chondrules.

4.5 How to Deal with the Different Models?

Due to the relatively short heating and cooling timescales inferred, chondrule formation is
likely a non-steady state process in which a large amount of energy is dissipated thermally
before cooling back down to an ambient equilibrium temperature. Proposed mechanisms
for chondrule formation have been focused on investigating physical mechanisms by which
large amounts of kinetic energy (collisions, shocks) or magnetic energy (e.g., lightning dis-
charge) can be dissipated locally. The viability of proposed models has been discussed ex-
tensively in the literature (see Desch et al. 2012 for a review), in which proofs of concept
of specific mechanisms are evaluated by their ability to produce the requisite amount and
approximate duration of heating and cooling under some assumed ambient “nebular condi-
tions”.

However, the ability to satisfy the inferred thermochemical constraints is dependent not
only on the heating mechanism but on the local nebular conditions: the gas density, the solid
density (for both larger grain chondrule precursors and the smaller grain constituents of the
matrix), and the equilibrium temperature. This dependence is in large part due to the fact
that protoplanetary disk environments cool radiatively and are thus dependent on the local
opacity, a function of the density, temperature, and composition of the nebular material. For
example, Desch et al. (2005) found that the local density of chondrule precursors directly
affects the efficiency with which a thin shocked zone of nebular material can cool. From
an astrophysical perspective, physically self-consistent models for protoplanetary disks are
radially and temporally varying in gas density, solid density, and equilibrium temperature.
Given the diversity of chondrule compositions and the range of chondrule ages, chondrule
formation mechanisms likely operate across a broad extent of the disk, representing a variety
of ambient equilibrium conditions.

So far, no proposed model of chondrule formation satisfies the numerous physical, chem-
ical, isotopic, and chronological constraints. However, the entire set of constraints does not
universally apply to all chondrule populations. Although different populations share many
key characteristics and must have formed by a similar process, there is no clear evidence that
they were formed by only one heating mechanism. While such a “simpler” assumption may
have been preferred in the past (e.g., Rubin 2000), the possibility that there was more than
one chondrule forming mechanism is increasingly being explored (e.g., Krot et al. 2022).
Important support for this hypothesis comes from the study of CB-CH chondrules (Krot
et al. 2005a). CB-CH chondrites contain a population of magnesian, non-porphyritic chon-
drules with unique chemical and mineralogical characteristics. They formed contemporane-
ously during a brief energetic event postdating CAIs by ∼5 Ma (Bollard et al. 2015; Krot
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et al. 2005b; Pravdivtseva et al. 2017; Wölfer et al. 2023). The origin of these chondrites
and their chondrules is best explained in an impact scenario: They probably formed from
a vapor-melt impact plume generated by the collision of planetesimals (Krot et al. 2005a;
Wasson and Kallemeyn 1990).

While this single-stage heating mechanism best produces the unique characteristics of
CB-CH chondrules, it is unable to explain chondrule formation in other chondrite groups.
For example, the mechanism cannot account for chondrules that were heated more than once
such as those with relict grains, igneous rims, and enveloping compound chondrules often
found in CV, CK and CR chondrites (Rubin 2010; Jacquet 2021). Formation of these chon-
drules requires a repeatable heating mechanism like shock waves or lightning in a nebular
setting. As it becomes increasingly evident that chondrules formed in very different loca-
tions, astrophysical environments, and over large timescales in a dynamic, evolving pro-
toplanetary disk, it will be important to define which heating mechanism best explains a
(sub)set of constraints.

For nebular mechanisms, considering that chondrule formation occurs in both the inner
and outer disk, we can broadly identify the disk regimes in which viable mechanisms operate
by examining the range and variation of physical conditions spanning the inner and outer
disk. For a steady-state viscous disk, the expected range of physical conditions across the
spatial extent of the protosolar nebula can be largely understood in terms of the expected
radial variation of the temperature and surface density profile of the dust and that of the
gas. The equilibrium temperature of passively irradiated disks goes as T ∝ r−1/2, which
means that ambient temperatures for chondrules forming in the inner disk at (r ∼ 0.5 au) vs.
those in the outer disk (r ∼ 10 au) will vary by a factor of 5. For sufficiently high accretion
rates, relevant early on in the disk evolution, T(r=0.5)/T(r=10) could be as high as 10 due to
viscous heat dissipation preferentially heating the midplane of the inner disk (Harsono et al.
2015).

Surface density variation for power-law self-similar profiles of viscously evolving disks
(Lynden-Bell and Pringle 1974) of the form �(r) = �c(r/rc)

−γ exp(−r/rc)
2−γ where

standard assumptions for the power-law exponent range between 1 and 2, similarly implies
the ambient gas density should vary by factors of 20 - 400 between the inner and outer disk.
Taken together, the ambient nebular pressure between the outer and inner disk should vary
by at least a factor of 100 - 4000.

Additionally, the dynamics of chondrule precursors (assuming ∼ millimeter-sized par-
ticles) will also strongly vary as a function of radius, related to the aerodynamic coupling
of solids, parameterized by the Stokes number St. St is inversely proportional to the lo-
cal gas surface density and the expected radial drift velocity ud = ηvk/(St + 1/St) or
η ∝ (H/R)2dlnP/dlnr are strong functions of the density and pressure gradients and thus
depend on the radial location in the disk. The result of such a drift dominated regime is
strong differential transport between the solids and the gas, an effect observed in the sys-
tematic differences of the dust radii vs. molecular gas radii (where Rgas/Rdust ∼ 2-3) in
millimeter surveys of protoplanetary disks in nearby star-forming regions (Ansdell et al.
2018). Drift-dominated evolution in some cases can be expected to enhance the dust-to-gas
ratio in the inner disk relative to the outer disk by nearly an order of magnitude (Birnstiel
et al. 2012). In addition, millimeter-sized grains can be expected to vertically settle to 20-
30% of the gas scale height, depending on the amount of turbulent stirring (Dullemond and
Dominik 2004), contributing to enhancements of the midplane dust-to-gas ratio by a factor
of 3-5. Further enhancement of the dust-to-gas ratio above this background during chondrule
formation in the nebular scenario would require local perturbations beyond the steady-state.

Given the range of ambient conditions across the disk, in addition to providing a source
for rapid heating, an additional constraint on chondrule formation mechanisms may be that
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such mechanisms must operate efficiently in the physical regimes of a steady-state disk or
themselves accompany (or even cause) perturbations to the steady-state that meet the re-
quired thermochemical constraints. Proposed heating mechanisms operate in distinct phys-
ical regimes, directly or indirectly tied to location in the disk by virtue of the assumed disk
model and physical origin. Mechanisms that rely on the dissipation of magnetic energy, for
instance, are generally restricted to regions in the disk in which the magnetic resonance in-
stability (MRI) can operate, generally the hot inner disk where material can be thermally
ionized (T> 800 K) as in the short circuit instability (Hubbard et al. 2012) or in the hot
diffuse regions in the upper layers of the outer disk atmosphere where heating by current
sheets or ohmic dissipation could provide a source of heating (McNally et al. 2014; Mu-
ranushi et al. 2012).

The efficiency of heating and cooling in nebular shocks on the other hand depends on a
more complicated relationship of the proposed driving mechanism and the disk properties
and local conditions. Models of chondrule formation investigating the heating of chondrule
precursors by their passage through nebular shocks at ambient conditions corresponding
roughly to heliocentric distances of about r ∼ 1 au find that fairly strong shocks (Mach
numbers of 7-9) can reach chondrule melting temperatures and require enhanced chondrule
densities (enhancements of about an order of magnitude above solar metallicities) to cool ef-
ficiently (Morris and Desch 2010; Boley et al. 2013). There is a broad range of shock driving
mechanisms that can operate in protoplanetary disk environments, either from waves driven
by perturbers in the disk or as a result of waves from disk mechanisms such as gravita-
tional instability (originally suggested as the physical mechanism behind the nebular shock
scenario; Ciesla and Hood 2002). There is a wide diversity of candidate perturbers, from
smaller bodies such as planetesimals or planetary embryos on eccentric orbits which could
drive bow shocks (Hood and Weidenschilling 2012; Morris et al. 2012; Nagasawa et al.
2019) to giant planets driving spiral waves that steepen into shocks near their Lindblad reso-
nances (Lyra et al. 2016, Bodenan et al. 2020). The viability of nebular chondrule formation
scenarios, especially that of the nebular shock scenario, is strongly dependent on where and
when in the disk’s lifetime the proposed physical driving mechanisms can operate.

Untangling the local conditions of chondrule formation is further complicated by results
from recent astrophysical studies which suggest that even smooth steady-state assumptions
may not be representative of observed planet-forming disks. High-resolution observations
of the millimeter emission from nearby protoplanetary sources with ALMA have revealed
millimeter grains concentrated into annular and spiral structures (Andrews et al. 2018) and
often differentially distributed when compared to the molecular gas (Law et al. 2021). Mod-
els have shown that such structure formation is a natural consequence of many disk dynami-
cal processes −planetary perturbers, giant planet gap opening, envelope infall, vertical shear
instability or MHD zonal flows (see Bae et al. 2023 for a review)− by virtue of perturbing
the local disk pressure gradient creating local regions of rarefaction and concentration due
to the differential aerodynamic drift of solids relative to the gas (Pinilla et al. 2012).

Substructures and their driving mechanisms may play an important role in the transport
and distribution of the reservoir of larger grains such as chondrule precursors. Dust trap-
ping by pressure bumps to produce rings can serve to separate and store solids in reservoirs
resistant to inward drift, as well as locally increasing the dust-to-gas ratio and creating pref-
erential conditions for rapid dust growth and planetesimal formation through the streaming
instability or direct gravitational collapse (Drążkowska and Dullemond 2014; Carrera and
Simon 2022). Robust pressure bumps at the edges of gaps opened by massive planets have
been shown to lead to the rapid formation of planetary cores (Lau et al. 2022), though gap-
opening generally requires the presence of Neptune to Jupiter mass perturbers (Dong and
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Fung 2017) and is a strong function of the assumed disk viscosity. However, planetary mass
perturbers can drive disk structure formation through spiral waves at even lower masses;
where a thermal mass, Mth = (H/R)3M∗, is defined as the point at which perturbers drive
spiral waves that develop into shocks close to the planet. Linear analyses and numerical sim-
ulations have shown that multiple rings and gaps can form from spiral wakes even down to
subthermal (0.1 Mth) masses (Bae et al. 2017 Miranda and Rafikov 2019), though the exact
mass threshold is likely dependent on the details of the disk model, particularly the thermo-
dynamics (Miranda and Rafikov 2020). Taking 0.1 Mth as a nominal threshold at which to
consider the effect of planets on the structure and dynamics of the disk material, for a typi-
cal protosolar disk temperature profile, the range of relevant perturber masses would extend
down to 1 - 10 Earth masses from 0.1 AU to 50 AU, respectively.

Meteorites cannot be assumed to uniformly sample the original reservoir of solids in
the early protosolar disk. Thus, we cannot assume that chondrites reflect the entire range of
conditions in the disk nor can we assume that chondrules record representative thermochem-
ical conditions of solid protosolar material. If we consider the protosolar disk as a dynamic
system with differential transport and trapping of solids, chondrites may be rapidly assem-
bled from material stored in reservoirs, subject to highly local thermochemical processing
events. Many of the heating mechanisms explored require the presence of larger bodies, im-
plying that chondrule formation is contemporaneous with ongoing planet formation in the
disk. Chondrules may serve as a record of dynamic disk processes at work during planet
formation or even could be considered a direct by-product of planet formation.

5 Conclusions

Thanks to decades of investigation and recent breakthroughs in petrographic and isotopic
constraints, the conditions of chondrule formation appear at last emerging from the fog.
All these data cannot be used individually (e.g., the cooling rate) but require a holistic ap-
proach, which is the only way to provide a comprehensive model of chondrule formation. In
this review, we combined mineralogical, petrographic, chemical and multi-element isotopic
constraints from which we propose the following inferences:

1- Recycling processes appear to be a key mechanism at the origin of type I porphyritic
chondrules. Al-rich and porphyritic chondrules commonly show 16O-rich relict olivine
grains whose chemical characteristics suggest CAIs and AOAs as likely precursors. This
inference is consistent with the varying 50Ti-54Cr excesses reported in individual CC chon-
drules. CC chondrules cannot only derive from refractory precursors but also require the
addition of NC-like dust followed by gas-melt interactions with multi-species gas (H2O,
Mg, SiO) during the chondrule-forming events.

2- Chondrules do not only derive from refractory precursors but represent in some cases
their own precursors. CR and NC type I chondrules have chemical and isotopic character-
istics pointing toward multiple recycling processes involving previous generation of chon-
drules and punctual addition of CI-like matrix. Similar evidence suggests that type II chon-
drules could also derive from previously-formed type I chondrules.

3- Altogether, the current data strongly support that both NC and CC chondrules derive
from nebular dust (excluding some CH-CB chondrules, which formed in an impact envi-
ronment). They also do not support important disk-wide transport of chondrules across the
NC and CC reservoirs, and indicate that no significant transport occurred during disk evo-
lution. Within the NC and the CC reservoirs, chondrules in different chondrite groups have
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different characteristics. Chondrules thus experienced local formation from isotopically het-
erogeneous precursors within their respective accretion reservoirs.

4- The presence of several generations of genetically-related populations of chondrules
in chondrites requires repetitive and extremely localized formation processes that only affect
a fraction of the available dust. These high-temperature episodes were more efficient in the
inner disk although they also occurred late in the outer disk history.

5- The chondrule heating mechanism has long been the subject of debate. Although there
has been much emphasis on satisfying thermochemical constraints on chondrule formation,
it is equally important for a viable heating mechanism to satisfy constraints on local nebular
conditions including gas density, solid density, and the equilibrium temperature, as well
as the extent of dust transport possible in different disk environments. Recent advances in
understanding the temporal and spatial evolution of disk structures help to establish disk
locations where conditions are appropriate for different chondrule-forming mechanisms to
operate.
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