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Abstract

The 53Mn-53Cr isotope systematics in ordinary chondrites constrains the accretion and thermal history of their parent bod-
ies. Mineralogical observations and olivine-spinel geothermometry suggest that chromite in ordinary chondrites formed dur-
ing prograde thermal metamorphism with the amount of chromite increasing with petrologic grades in type 3 to type 6
ordinary chondrites. Assuming a chondritic evolution of the respective parent bodies, 53Cr/52Cr model ages for chromite
range from 3:99þ0:93

�0:79 to 11:1þ6:0
�2:8 Ma after the formation of calcium-aluminium-rich inclusions (CAIs). Chromite and

silicate-metal-sulphide isochrons define an age range from 2:78þ0:55
�0:50 to 15:4þ2:4

�1:6 Ma. Both chromite model ages and isochron
ages correlate with the petrological grade of the samples, which is consistent with an onion-shell structure of the chondrite
parent bodies. The study shows that unlike the isochron ages, which are prone to impact-related disturbances or partial
re-equilibration during cooling from high temperatures, the chromite model ages are not easily affected by thermal metamor-
phism or later events and yield robust mineral growth ages. The results are consistent with a homogenous distribution of 53Mn
and an initial canonical 53Mn/55Mn = 6.28 � 10�6. The estimated closure temperatures for the Mn-Cr system in chromites
range from ~760 �C for type 6 to ~540–620 �C for type 3 ordinary chondrites. The high closure temperatures estimated for
type 3 and type 6 ordinary chondrites imply that the chromite ages correspond to the peak metamorphic temperature reached
during the thermal history of the chondrite parent bodies. The oldest chromite model age obtained for type 3 samples along
with the established Al-Mg chondrule formation ages constrain the accretion of the parent bodies to >2.1 Ma after CAI for-
mation, implying that planetesimal accretion immediately followed chondrule formation.
� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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1. INTRODUCTION

Ordinary chondrites are among the solar system’s most
primitive materials, containing early formed solids, includ-
ing chondrules, calcium-aluminium rich inclusions (CAIs),
metallic Fe-Ni grains and fine-grained matrix. The ordinary
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chondrite clan is subdivided into H, L and LL groups based
on distinct metal to silicate ratios and each of these groups
is thought to sample a distinct parent body in the Main
Asteroid Belt. The ordinary chondrites were metamor-
phosed to different degrees, but never experienced global
melting and differentiation. They are divided into petrolog-
ical types ranging from petrological type 3 (unequilibrated,
low thermal overprint) to types 4–6 (equilibrated, higher
metamorphic grades) (Van Schmus and Wood, 1967). The
degree of chemical homogeneity of various phases in rela-
tionship to the petrologic type and response to the onset
and progressive thermal metamorphism has been an
ons.org/licenses/by/4.0/).

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.gca.2021.04.029
http://creativecommons.org/licenses/by/4.0/
mailto:aryavart.anand@geo.unibe.ch
mailto:jonas.pape@uni-muenster.de
mailto:martin.wille@geo.unibe.ch
mailto:klaus.mezger@geo.unibe.ch
https://doi.org/10.1016/j.gca.2021.04.029
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gca.2021.04.029&domain=pdf


282 A. Anand et al. /Geochimica et Cosmochimica Acta 307 (2021) 281–301
important issue in numerous studies of ordinary chondrites
(e.g., Grossman and Brearley, 2005; Kimura et al., 2006;
Kessel et al., 2007). The onset of metamorphism is mani-
fested in the formation of new phases and the homogenisa-
tion in and among minerals in a given sample. Critical time
information about the accretion and metamorphism of the
parent bodies of ordinary chondrites can be acquired from
chronological studies using short-lived radionuclides (e.g.,
182Hf, 53Mn, 26Al) with half-lives of 105–108 years.

Grossman and Brearley (2005) showed that the onset of
metamorphism in ordinary chondrites leads to the exsolu-
tion of Cr from olivine as fine-grained opaque phases, prob-
ably in the form of chromite (FeCr2O4). Kimura et al.
(2006) reported an increase in the abundance and composi-
tional changes of spinel group minerals that can be
explained with progressive thermal metamorphism. Chro-
mite, together with olivine has also been used in olivine-
spinel thermometry and shows a systematic increase in
the maximum temperature correlating with the metamor-
phic type, recorded by individual chondrites (Wlotzka,
2005; Kessel et al., 2007).

The formation of chromite can potentially be dated with
the 53Mn-53Cr system thus providing time constraints on
new mineral growth on the parent body. The short-lived
radionuclide 53Mn (t1/2 = 3.7 ± 0.4 Ma, Honda and
Imamura, 1971) has long been recognized (Birck and
Allègre, 1985a) and used for high-resolution chronological
studies of chondrites to date processes and events within
the first ~20 Ma of solar system history (Lugmair and
Shukolyukov, 1998; Nyquist et al., 2001; Shukolyukov
and Lugmair, 2006; Trinquier et al., 2008a, b; Göpel
et al., 2015). One of the advantages of using the Mn-Cr
chronometer is that Mn and Cr are abundant elements in
ordinary chondrites and their components have variable
and/or high Mn/Cr ratios, which makes them suitable for
dating by constructing an isochron. Alternatively, the Cr-
isotopes can be used to obtain precise ‘‘model ages” for
minerals with a Mn/Cr ratio near zero, which is the case
for chromite, a mineral that occurs in meteorites of all ordi-
nary chondrite groups. Chromite preserves initial 53Cr/52Cr
ratios corresponding to the time of isotope closure of the
Mn-Cr system and this isotope ratio can be measured with
high precision. A model age can be obtained by comparing
the Cr-isotopic composition of the chromite with the Cr-
isotope evolution of its assumed reservoir. The Mn-Cr
chromite model ages for ordinary chondrites along with
the closure temperature estimate of Cr in spinel open up
the possibility of using the Mn-Cr system to construct well
constrained thermal evolution models or evaluating the
validity of existing ones.

In addition to the derivation of model ages, chromites in
combination with silicates in single meteorite samples can
also be used to construct isochrons. The combination of
the two types of age estimates provides temporal con-
straints on the thermal evolution of meteorite parent bod-
ies, sets time limits for the interval of their accretion and
their cooling history, which are a function of accretion time
and size of the bodies.

This study reports chromite model ages along with two-
point isochron ages from a group of type 3 (unequilibrated)
and type 6 (equilibrated) samples. The age data along with
petrographical and olivine-spinel geothermometry provides
new constraints on the accretion time and metamorphic his-
tory of the ordinary chondrite parent bodies.

2. SAMPLES AND ANALYTICAL METHODS

A total of 8 samples of H and L ordinary chondrites
were selected for 53Mn-53Cr dating. The samples are from
the Omani-Swiss meteorite search collection stored at the
Natural History Museum Bern. Four of these samples are
of low petrologic grade (type 3) and include Sayh al Uhay-
mir 246 (SaU 246, H3/4), Ramlat as Sahmah 337 (RaS 337,
H3.6), Jiddat al Harasis 596 (JaH 596, L3) and Ramlat as
Sahmah 265 (RaS 265, L3). The other four chondrites are
of petrologic type 6 and include Jiddat al Harasis 578
(JaH 578, H6), Sayh al Uhaymir 228 (SaU 228, H6), Dho-
far 1012 (Dho 1012, L6) and Al Huwaysah 017 (no official
abbreviation, henceforth AHu 017, L6). Most samples
record low shock (S1-2) except Dho 1012 (S3) and AHu
017 (S4). The samples SaU 246, RaS 337 and JaH 596 are
classified as W3 on the W0-W6 weathering classification
of Wlotzka (1993), while all the other samples are classified
as W1 or W2.

Petrographical studies were performed with an Olympus
BX51 microscope equipped with a digital camera using
plane and cross-polarized light. Thin section mosaics were
created with an MIA (multiple imaging analyzer) stage
attached to the microscope and used as a reference during
subsequent scanning electron microscope (SEM) and elec-
tron microprobe investigations at the Institute of Geologi-
cal Sciences, University of Bern.

Backscattered electron (BSE) imaging and mineral iden-
tification via energy-dispersive X-ray spectroscopy (EDS)
were conducted on a ZEISS EVO50 SEM. Spinel (sensu
lato) grains were identified in all the samples and their tex-
tural response to metamorphism in relationship to the
petrologic type was evaluated. Olivine-spinel pairs in the
chondrules of type 3 and chondrules and matrices of type
6 chondrites were selected for Fe-Mg exchange geother-
mometry. Only those pairs were selected where olivine
and spinel are in direct contact, following the approach
described in Kessel et al. (2007).

The major and minor element abundances in olivine and
spinel were measured with a JEOL JXA-8200 Superprobe.
Analyses were conducted as individual point measurements
with the beam focused to 1 mm, the acceleration voltage set
at 15 kV (all measurements) and a beam current between 15
and 20 nA. Elemental concentrations were measured using
five wavelength-dispersive spectrometers (WDS) and cali-
brated using a set of synthetic and natural reference mate-
rials. The detection limits for all elements were typically
below 100 mg/g. Automated matrix correction was done
with the built-in CITZAF package (Armstrong, 1995).

For each sample, 1–1.5 g of whole-rock meteorite was
hand crushed using a pre-cleaned agate mortar and trans-
ferred into a separate 15 ml Savillex� beaker. The material
was partially dissolved in conc. aqua regia on a hot plate set
to 90 �C for 48 hrs. The dissolved metal-sulfide fraction was
transferred into a separate 60 ml Savillex� beaker. The
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remaining undissolved solid was rinsed with high-purity
(18.2 MX) MilliQ� water twice and the supernatant was
added to the metal-sulfide fraction. To dissolve the silicate
fraction, 4 ml of a 3:1 mixture of conc. HF and HNO3 were
added and heated up to 90 �C for 48 hrs. After cooling, the
sample was dried, 4 ml 6.4 M HCl was added and put on a
hot plate at 140 �C for 24 hrs to break down fluorides.
Afterwards, the dissolved silicate fraction was recombined
with the metal-sulfide fraction. From visual inspection,
two undissolved residual phases could be identified in the
beaker: chromite (spinel) and organic matter. The residual
chromite grains together with the undissolved organic mat-
ter were transferred into a 15 ml centrifuge vial, gravitation-
ally separated from each other, and siphoned into a
separate beaker. The complete sample digestion process
resulted in three distinct sample splits: (1) residual material
consisting of pure chromite (2) dissolved material that is
mostly derived from silicates, metal, and sulfides and (3)
organic residue. The refractory chromite grains were hand-
picked into 200 lL Savillex� vials and digested in PTFE-
lined stainless-steel pressure bombs (Parr� bombs) with
10 ml conc. inverse aqua regia and placed in an oven for
96 hrs. at 190 �C. With this procedure, the chromite could
be brought into solution. Hereafter, both chromite and
silicate-metal-sulfide fractions were analyzed separately.
The term ‘silicate’ is used to refer to the silicate-metal-
sulfide fraction. All beakers, jars and centrifuge tubes used
in the sample processing were pre-cleaned and all acids were
cleaned by sub-boiling distillation.

The dissolved chromite and silicate fractions from each
sample were divided into two aliquots. The first aliquot
was used for the determination of Mn/Cr ratios. The sec-
ond aliquot was used for chemical separation of Cr and
measurement of Cr isotopes on TritonTM Plus thermal ion-
ization mass spectrometer (TIMS) in the isotope laboratory
at the University of Bern. Whenever possible, Cr isotopes
of a sample were measured multiple times to obtain higher
precision. The long term (9 months) reproducibility (2SD)
for e53Cr and e54Cr including the temporal drift was 0.07
and 0.28 respectively (n = 53). The details of Mn/Cr ratio
determination, chemical separation of Cr and TIMS mea-
surement protocol are provided in the Supplementary
Material.

2.1. Model for e53Cr evolution in chondrites

The model for e53Cr evolution in chondrites assumes
that they represent an isotopically homogeneous reservoir
in Cr and Mn space that evolved with a distinct Mn/Cr
ratio after primordial nebular Mn/Cr fractionation and iso-
lation of the precursor material of chondrites, terrestrial
planets and differentiated planetesimals (Trinquier et al.,
2008b). The evolution of the 53Cr/52Cr isotopic composi-
tion of the chondrite reservoir through time can be
expressed as:

53Cr=52Cr
� �

p
¼ 53Cr=52Cr

� �
i
þ kð Þ 53Mn=55Mn

� �
i

� 1� e�kt
� � ð1Þ
where p refers to the present values, i refers to the initial val-
ues and k denotes the 53Mn decay constant. The 55Mn/52Cr
of the reservoir is denoted by k; and t represents the time
elapsed since the start of the solar system, which is equated
with the time of CAI formation. Eq. (1) describes the evo-
lution of 53Cr/52Cr with time for the chondritic reservoir
with a pre-determined Mn/Cr ratio and can be used to
derive a model age for a chondrite sample by measuring
the Cr isotopic composition of its chromite fraction only.
Due to its very low Mn/Cr ratio, chromite preserves the
Cr isotopic composition of its growth environment because
the in-growth of radiogenic 53Cr in chromite from in-situ
decay of 53Mn is negligible. For instance, a Mn/Cr ratio
of 0.01 in typical chromite would result in an in-situ radio-
genic e53Cr contribution of 0.006 within 10 Myr after CAI
formation, which is insignificant, compared to the e53Cr
evolution of 0.33 in the chondritic reservoir during this
period.

Using the Cr isotopic composition of chromites to
obtain model ages of their formation relies on the following
assumptions: (i) homogenous distribution of 53Mn in the
solar system, (ii) known abundance of 53Mn and 53Cr at
the beginning of the solar system or any point in time there-
after, and (iii) an estimate for the Mn/Cr in the relevant
reservoir.

It can be assumed that the solar system had a homoge-
neous distribution of 53Cr and 53Mn at or shortly after its
formation. This is evident from the identical ages of mete-
orites or their components derived from the Mn-Cr system
and other short-lived isotope systems (e.g., Hf-W) as shown
in several studies (Trinquier et al., 2008b; Nyquist et al.,
2009; Kleine et al., 2012). These comparisons also give con-
fidence in the definitions of (53Mn/55Mn)i and e53Cri (Göpel
et al., 2015).

The abundances of 53Mn and 53Cr/52Cr at the beginning
of the solar system has been determined in several studies
with distinct approaches:

(i) Shukolyukov and Lugmair (2006), Moynier et al.
(2007) and Göpel et al. (2015) determined the 53Mn/55Mni
and e53Cri by evaluating the Mn/Cr data for bulk rock car-
bonaceous chondrites (CC) on a 55Mn/52Cr versus e53Cr
diagram. Shukolyukov and Lugmair (2006) reported that
the correlation line yields a 53Mn/55Mn of 8.5 ± 1.5 � 10�6

and initial e53Cr = �0.21 ± 0.09 at the time of Mn/Cr frac-
tionation. Göpel et al. (2015) obtained a canonical 53Mn/55-
Mni = 6.8 � 10�6 and e53Cri corresponding to �0.177 from
the bulk rock CC isochron with respect to the age of the
solar system. It should be noted that the whole rock CC iso-
chrons depend strongly on the choice of which samples to
include in or exclude from the linear regression (Qin
et al., 2010).

(ii) Trinquier et al. (2008b) constrained 53Mn/55Mni = 6.
28 ± 0.66 � 10�6 using an isochron based on 54Cr-poor
fractions of CI Orgueil and reported it as the best estimate
for the initial solar system 53Mn abundance. The authors
back-calculated e53Cri for a wide range of chondritic reser-
voirs using present-day 53Cr/52Cr and Mn/Cr ratios to the
time of CAI formation and reported the average of all
e53Cri as solar system initial e53Cri = -0.23 ± 0.09.
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They additionally determined 53Mn/55Mni = 6.38 ± 1.2 �
10�6 at the time of CAI formation by anchoring the 53-
Mn/55Mn value obtained for H4 chondrite Ste. Marguerite
with its predetermined 207Pb-206Pb phosphates age of 4562.
7 ± 0.6 Ma (Göpel et al., 1994). However, Blackburn et al.
(2017) reported an updated U-corrected 207Pb-206Pb phos-
phate age (=4561.7 Ma after CAIs) for Ste. Marguerite
with which the 53Mn/55Mni derived using Ste. Marguerite
systematics can be recalculated as 7.68 � 10�6, at the time
of CAI formation (4567.18 ± 0.50 Ma, Amelin et al., 2010).

For the model ages, it is assumed that the Cr isotopic
evolution of the reservoir from which the chromites formed
was governed by a Mn/Cr elemental ratio identical to CI
chondrites (Birck et al., 1999). This approach is supported
by the observation that all chondrites (except enstatites
chondrites) plot on a single Mn-Cr isotopic evolution line
within error starting from CI and with Mn/Cr indistin-
guishable from the CI reservoir (Birck et al., 1999). Bulk
analyses of ordinary chondrites also indicate that their
Mn/Cr is similar to the ratio in CI chondrites (Wasson
and Allemeyn, 1988, Trinquier et al., 2008b; Qin et al.,
2010; Pedersen et al., 2019). Moreover, bulk analyses of sin-
gle chondrules from ordinary chondrites also show close to
chondritic Mn/Cr ratios (e.g. Mahan et al., 2018). Hence,
the Mn/Cr ratio of the CI chondrites can be used as a rep-
resentative for the Mn/Cr value of the chondritic reservoir
in the e53Cr chondritic evolution model.

3. RESULTS

3.1. Mineral compositions

Average compositions, end-member mole percentage
and corresponding standard deviations measured for oli-
vine and spinel pairs in each sample are given in Tables 1
and 2. End member mole % for spinel (Table 2) were calcu-
lated using End Member Generator (EMG) (Ferracutti
et al., 2015).
Table 1
Olivine compositions (wt%) determined by EPMA and end member clas

Sample SaU 228 JaH 578 Dho 1012 AHu 0
Class/Type H6 H6 L6
#a 13 27 22

Al2O3 0.01 ± 0.02b 0.02 ± 0.04 0.02 ± 0.06 0.01 ± 0.
CaO 0.02 ± 0.03 0.03 ± 0.03 0.02 ± 0.04 0.02 ± 0.
FeO 17.20 ± 0.80 18.4 ± 1.2 22.9 ± 1.5 21.1 ± 2.
SiO2 40.25 ± 0.46 39.55 ± 0.74 38.4 ± 1.2 39.61 ± 0
MgO 43.37 ± 0.66 42.0 ± 1.1 38.6 ± 1.4 39.8 ± 1.
MnO 0.49 ± 0.03 0.50 ± 0.03 0.49 ± 0.03 0.48 ± 0.
Cr2O3 0.18 ± 0.32 0.08 ± 0.23 0.21 ± 0.49 0.17 ± 0.
TiO2 0.01 ± 0.02 0.01 ± 0.04 0.01 ± 0.03 0.02 ± 0.
Total 101.53 100.6 100.62 101
Fac 18.1 ± 0.9 19.6 ± 1.4 24.8 ± 1.8 22.9 ± 2.
Lit Fad 18.7 19.6 24.8 2

a Refers to the total number of olivine grains analyzed in each sample.
b 2SD of the distribution of average grain composition.
c Mole % of fayalite (Fa).
d Source: Meteoritical Bulletin Database (https://www.lpi.usra.edu/met
Olivine in all the samples is Mg-rich with Fayalite (Fa)
ranging from 18.1 to 24.8 mole %. Olivine crystals in type
6 chondrites are equilibrated as indicated by smaller stan-
dard deviations in Fa mole % as compared to type 3 sam-
ples, RaS 265 (L3) and JaH 596 (L3), that show
unequilibrated olivine compositions with larger standard
deviations (Table 1). However, type 3 samples of higher
petrologic subtype, SaU 246 (H3/4) and RaS 337 (H3.6),
also have small standard deviations in Fa mole % similar
to those of type 6 samples (see Table 1). Overall, the olivine
compositions determined in this study agree with the sam-
ple classification (Table 1).

The average chromite (FeCr2O4) component of spinel in
all samples is 71.5 mole %. Type 3 samples show much
higher standard deviations in chromite mole % compared
to type 6 samples (Table 2), which agrees with the previ-
ously reported spinel data for unequilibrated and equili-
brated chondrites (Bunch et al., 1967; Keil et al., 1978a,b;
Johnson and Prinz, 1991; Yanai and Kojima, 1991;
Ruzicka et al., 1998).

3.2. Olivine-spinel thermometry

The olivine-spinel thermometer provides a semi-
quantitative tool to relate thermal metamorphic conditions
to primary indicators of the petrologic types (i.e. texture
and phase homogeneity) (Kessel et al., 2007). Olivine-
spinel temperatures were determined using an online ver-
sion of the olivine-spinel thermometer (http://melts.ofm-
research.org/CORBA_CTserver/Olv_Spn_Opx/index.php)
based on thermodynamic models developed in Sack and
Ghiorso (1989, 1991a,b) assuming a pressure of 1 bar.
The uncertainty associated with the model is
approximately ± 50 �C (1r) (e.g., Benedix et al., 2005)
which is much larger than any contribution due to analyti-
cal uncertainties and is considered as uncertainty on indi-
vidual temperatures. Table 3 reports the average
temperature and range of temperatures derived from all
sification.

17 SaU 246 RaS 337 RaS 265 JaH 596
L6 H3/4 H3.6 L3 L3
9 5 25 29 90

03 0.03 ± 0.06 0.02 ± 0.02 0.03 ± 0.06 0.04 ± 0.14
02 0.07 ± 0.09 0.03 ± 0.03 0.06 ± 0.07 0.10 ± 0.18
6 17.9 ± 1.3 17.30 ± 0.98 23.1 ± 4.4 20.4 ± 11.5
.44 39.94 ± 0.75 39.81 ± 0.88 38.29 ± 0.94 38.6 ± 2.2
9 42.33 ± 0.79 42.77 ± 0.89 39.0 ± 3.9 41.0 ± 9.2
04 0.47 ± 0.06 0.47 ± 0.07 0.46 ± 0.09 0.41 ± 0.21
27 0.12 ± 0.05 0.03 ± 0.04 0.06 ± 0.13 0.15 ± 0.40
02 0.03 ± 0.02 0.03 ± 0.07 0.03 ± 0.08 0.01 ± 0.04
.22 100.89 100.46 100.99 100.84
9 19.0 ± 1.4 18.4 ± 1.1 24.8 ± 5.4 21.9 ± 13.2
2.9 18.2–23.2 18.1 ± 0.5 11.9–26.3 25.7 ± 6.7

eor/metbull.php).

http://melts.ofm-research.org/CORBA_CTserver/Olv_Spn_Opx/index.php
http://melts.ofm-research.org/CORBA_CTserver/Olv_Spn_Opx/index.php
https://www.lpi.usra.edu/meteor/metbull.php


Table 2
Spinel composition (wt%) determined by EPMA and end member classification.

Sample SaU 228 JaH 578 Dho 1012 AHu 017 SaU 246 RaS 337 RaS 265 JaH 596
Class/Type H6 H6 L6 L6 H3/4 H3.6 L3 L3
#a 31 26 22 22 19 6 35 17

Al2O3 5.89 ± 0.51b 5.43 ± 0.34 5.70 ± 0.53 4.66 ± 0.38 6.2 ± 3.2 4.4 ± 1.6 4.7 ± 3.6 7.7 ± 10.3
CaO 0.01 ± 0.01 0.01 ± 0.01 0.02 ± 0.05 0.03 ± 0.03 0.12 ± 0.21 0.10 ± 0.24 0.04 ± 0.05 0.06 ± 0.08
FeOc 28.96 ± 0.41 27.6 ± 2.0 31.0 ± 1.6 30.8 ± 1.5 28.4 ± 2.3 28.5 ± 1.2 31.0 ± 2.0 29.8 ± 2.4
MgO 3.18 ± 0.31 4.64 ± 0.65 2.44 ± 0.45 2.43 ± 0.51 2.9 ± 1.8 2.63 ± 0.55 2.2 ± 1.7 3.0 ± 1.7
MnO 1.22 ± 0.23 1.18 ± 0.07 1.07 ± 0.10 0.82 ± 0.10 1.25 ± 0.19 1.28 ± 0.08 0.96 ± 0.32 0.95 ± 0.19
Cr2O3 57.90 ± 0.83 58.7 ± 1.3 56.9 ± 2.2 57.4 ± 1.7 58.3 ± 3.4 58.6 ± 1.1 57.7 ± 7.4 55.4 ± 9.1
TiO2 2.34 ± 0.33 2.88 ± 0.20 2.94 ± 0.80 2.86 ± 0.52 1.46 ± 0.84 1.80 ± 0.83 2.6 ± 2.2 2.1 ± 1.9
Total 99.5 100.41 100.02 99.04 98.75 97.44 99.27 99.04
MgAl2O4 (spinel) 2.1 ± 0.2 2.7 ± 0.4 1.5 ± 0.3 1.3 ± 0.6 2.0 ± 2.5 1.4 ± 0.7 1.3 ± 1.1 2.9 ± 5.7
FeAl2O4 (hercynite) 11.0 ± 1.0 8.9 ± 0.4 11.0 ± 1.0 9.0 ± 1.0 11.4 ± 4.5 8.4 ± 2.7 9.1 ± 6.8 13.0 ± 14.0
FeCr2O4 (chromite) 70.1 ± 1.2 64.6 ± 2.6 72.8 ± 1.6 74.1 ± 5.1 70.7 ± 12.2 74.9 ± 5.1 76.1 ± 16.5 68.4 ± 19.9
MgCr2O4

(picrochromite)
13.8 ± 1.3 19.6 ± 2.7 10.0 ± 2.0 11.0 ± 4.0 13.3 ± 6.7 12.4 ± 1.9 9.3 ± 7.1 12.0 ± 3.4

Fe2TiO4 (ulvöspinel) 2.7 ± 0.4 3.0 ± 0.2 4.0 ± 1.0 3.5 ± 0.6 1.7 ± 0.9 2.2 ± 0.9 3.3 ± 2.7 2.5 ± 2.5
Mg2TiO4 (qandelite) 0.5 ± 0.1 0.9 ± 0.1 0.5 ± 0.2 0.5 ± 0.2 0.3 ± 0.3 0.4 ± 0.2 0.5 ± 0.4 0.4 ± 0.3
Fe3O4 (magnetite) 0.2 ± 0.6 0.4 ± 1.6 0.3 ± 1.7 0.5 ± 1.6 0.3 ± 0.8 0.3 ± 0.8 0.5 ± 0.9 0.4 ± 1.1

Mole % of spinel group end members: spinel, hercynite, chromite, picrochromite, ulvöspinel, qandilite and magnetite are calculated using End
Member Generator (EMG) (Ferracutti et al., 2015).
a Refers to the total number of olivine grains analyzed in each sample.
b 2SD of the distribution of average grain compositions.
c All Fe expressed as FeO.

Table 3
Average temperature and range of temperatures derived from olivine-spinel thermometry.

Sample Average temperature (�C) Range of temperatures (�C) No. of pairs

SaU 228 (H6) 704 ± 10 (15) 690–724 11
JaH 578 (H6) 865 ± 32 (10) 798–902 26
Dho 1012 (L6) 712 ± 35 (10) 635–767 23
AHu 017 (L6) 694 ± 23 (17) 648–719 9
SaU 246 (H3/4) 750 ± 88 (19) 660–895 7
RaS 337 (H3.6) 688 ± 27 (22) 679–715 5
RaS 265 (L3) 693 ± 51 (13) 617–811 14
JaH 596 (L3) 779 ± 64 (16) 658–834 10

Average temperature refers to the mean of the individual temperatures determined in each sample. The associated uncertainties shown in
parenthesis are given in 2SD of the distribution of the average temperature.
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the olivine-spinel pairs selected for thermometric calcula-
tions in each sample. Fig. 2 shows individual temperature
values determined from each pair in each sample. Type 6
samples SaU 288, Dho 1012 and AHu 017 yield an average
temperature of ~700 �C, which is in perfect agreement with
previous temperature estimates for L6 and H6 samples
(Sack and Ghiorso 1991b; Kessel et al., 2007; Wlotzka,
2005). However, a significantly higher average temperature
of 865 ± 32 �C (2SD uncertainty based on multiple mea-
surements in a single sample) is derived for sample JaH
578 (H6). In type 3 samples, RaS 337 (H3.6) gives an aver-
age temperature of 688 ± 27 �C. All the other type 3 sam-
ples, RaS 265 (L3), JaH 596 (L3) and SaU 246 (H3/4), give
a relatively wider scatter of temperatures which reflects the
unequilibrated nature of the olivine and spinel composi-
tions in these samples, additionally supporting their low-
metamorphic grade formation.
3.3. Mn/Cr ratio in chromite and silicate fractions

The Mn/Cr ratios of chromite and silicate fractions for
all samples are listed in Table 4. The Mn/Cr ratios of sili-
cate fractions range from 1.12 ± 0.02 to 4.13 ± 0.13 and
show a bifurcation into unequilibrated (1.12 ± 0.02 to
2.18 ± 0.06) and equilibrated (2.13 ± 0.08 to 4.13 ± 0.13)
chondrites (Fig. 3). Mn/Cr ratios of chromite fractions
range from 0.0064 ± 0.0002 to 0.0108 ± 0.0002 with sys-
tematically higher Mn/Cr ratios in chromites from H chon-
drites (0.0093 ± 0.0002 to 0.0108 ± 0.0002) as compared to
chromites in L chondrites (0.0064 ± 0.0002 to 0.0075 ± 0.
0001) (Fig. 3). The Mn/Cr ratios of chromite fractions in
the H chondrites are in good agreement with previously
reported Mn/Cr ratios of chromite components in Dimmitt
(H3/4) (Mn/Cr = 0.009 ± 5%) and Plainview (H5) (Mn/
Cr = 0.011 ± 5%) chondrites (Lugmair and Shukolyukov,



Fig. 1. Backscattered electron (BSE) images showing typical occurrences of spinel grains/aggregates in type 3 and type 6 ordinary chondrites
(a) Cr-rich grains within olivine or between the grain boundaries of olivine and adjacent phases in a chondrule of sample JaH 596 (L3); (b)
Spinel grains aggregating along the rim around a chondrule in sample RaS 337 (H3.6), inset shows an enlarged image of the spinel aggregate;
(c, d) Spinel in close association with Fe-Ni metal, mafic silicates and troilite in the matrices of samples Dho 1012 (L6) and JaH 578 (H6).
Chr = chromite; FeS = troilite; Ol = Olivine, Meso = mesostasis, Fe-Ni = Fe-Ni metal.

Fig. 2. Individual temperature values estimated with the olivine-spinel thermometer. Type 3 samples show a wider scatter of temperatures
compared to type 6 samples due to incomplete equilibration of the phases. Significantly higher temperatures are derived for sample JaH 578
(H6) among all type 6 samples. Uncertainties associated with each temperature estimate are approximately ±50 �C (1r) (Benedix et al., 2005)
and are not shown for the sake of clarity.
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1998). They also agree with the Mn/Cr = 0.01 ± 1% in the
chromite component from meteorite sample Ste. Mar-
guerite (H4) (Trinquier et al., 2008b). However, the Mn/C
r = 0.025 ± 5% for chromite in the L chondrite Finney
(L5) reported in Lugmair and Shukolyukov (1998) is signif-
icantly higher than the range of Mn/Cr ratios in chromites
from L chondrites analyzed in the present study. The range
of Mn/Cr ratios for silicate fractions in the unequilibrated
chondrites analyzed in the present study agrees within
uncertainties with the Mn/Cr ratios for silicate components
in Dimmitt (H3/4) (Mn/Cr = 1.73 ± 5%), Plainview (H5)
(Mn/Cr = 2.45 ± 5%) and Finney (L5) (Mn/Cr = 2.45 ± 5
%) meteorites (Lugmair and Shukolyukov, 1998).

3.4. Cr isotope compositions

The e53Cr of chromite and silicate fractions determined
in all samples are listed in Table 4. The e53Cr of chromite



Table 4
Mn/Cr, Fe/Cr and Cr isotopic compositions of studied samples.

Sample Fraction Mn/Cr 2SEa Fe/Cr 2SEa e53Cr 2SE (na) e54Cr 2SE

SaU 246 (H3/4) Chromite 0.0098 0.0001 0.44 0.01 0.06 0.05(4) �0.43 0.20
Silicate 1.39 0.04 172.6 3.6 0.35 0.02(5) �0.14 0.12

RaS 337 (H3.6) Chromite 0.0095 0.0004 0.41 0.01 �0.02 0.03(2) �0.40 0.01
Silicate 1.69 0.03 215.6 2.0 0.43 0.02(4) �0.10 0.14

JaH 578 (H6) Chromite 0.0093 0.0002 0.43 0.01 0.11 0.03(8) �0.41 0.07
Silicate (UC) 3.24 0.15 399.2 17.3 0.77 0.03(4) 0.44 0.07
Silicate (C) – – – – 0.50 0.03(4) �0.41 0.08

SaU 228 (H6) Chromite 0.0108 0.0002 0.44 0.02 0.09 0.05(4) �0.62 0.22
Silicate 4.13 0.13 556.5 17.5 0.43 0.03(5) �0.24 0.04

JaH 596 (L3) Chromite 0.0075 0.0001 0.46 0.01 �0.03 0.03(6) �0.57 0.17
Silicate 1.12 0.02 91.7 1.1 0.36 0.02(5) �0.41 0.09

RaS 265 (L3) Chromite 0.0064 0.0002 0.43 0.01 �0.01 0.03(5) �0.49 0.07
Silicate (UC) 2.18 0.06 209.4 4.6 0.58 0.02(5) 0.14 0.18
Silicate (C) – – – – 0.38 0.02(3) �0.49 0.18

Dho 1012 (L6) Chromite 0.0074 0.0001 0.46 0.01 0.09 0.02(5) �0.45 0.16
Silicate 3.03 0.06 298.3 3.3 0.19 0.03(5) �0.22 0.04

AHu 017 (L6) Chromite 0.0073 0.0002 0.44 0.01 0.05 0.04(4) �0.59 0.16
Silicate 2.13 0.08 203.7 6.3 0.25 0.03(5) �0.28 0.08

The uncertainties associated with Mn/Cr, Fe/Cr, and Cr isotopic compositions are given in 2SE of the replicate measurements. See Sup-
plementary Table S2 for Cr isotopic compositions of the individual runs. Cr isotopic compositions in the silicate fractions of samples RaS 265
and JaH 578 are reported after correction for spallogenic reactions. (C): corrected, (UC): uncorrected.
a Number of replicates measured for each sample.
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fractions range from �0.02 ± 0.03 to 0.11 ± 0.03. The chro-
mite fractions from L3 samples JaH 596 and RaS 265
record an average e53Cr of �0.02 ± 0.02 (2SD). In case
of H3 samples, RaS 337 gives an e53Cr = -0.02 ± 0.03 in
agreement with that of L3 samples. Chromite fraction in
sample SaU 246 (H3/4) has a higher e53Cr (=0.06 ± 0.05)
than chromite fractions from all the other type 3 samples.
It agrees within uncertainties with the average e53Cr (0.09
± 0.04, 2SD) determined in chromite fractions from type
6 samples. The e53Cr in silicate fractions range from
0.19 ± 0.03 to 0.77 ± 0.03 and agree within uncertainties
with previously reported e53Cr for silicate fractions in ordi-
nary chondrites, such as e53Cr = 0.59 ± 0.10, 0.65 ± 0.13
and 0.52 ± 0.10 for samples Dimmitt (H3,4), Plainview
(H5) and Finney (L5), respectively (Lugmair and
Shukolyukov, 1998).

3.5. Correction for spallogenic Cr

Spallation reactions induced by cosmic-ray exposure
(CRE) can alter 53Cr/52Cr ratios in solar system objects.
This alteration depends on the duration of cosmic ray expo-
sure, its intensity, Fe/Cr ratio and shielding condition for
any given sample and requires a correction before the Cr
isotope systematics can be used as a dating tool (Liu
et al., 2019). Fig. 4 shows an e54Cr vs e53Cr diagram for
the chromite and silicate fractions of all samples. Due to
significantly high radiogenic e53Cr and low Fe/Cr ratios
in the chromite fractions, cosmogenic contributions are
negligible and hence no correction is needed. However, sil-
icate fractions with higher Fe/Cr ratios may require correc-
tion for spallogenic Cr (Table 4). Since chromite and silicate
fractions formed from the same reservoir and the correla-
tion between e53Cr and e54Cr is unaffected by the spallo-
genic reactions (Liu et al., 2019), e54Cr of the chromite
fractions can be used to internally correct the Cr isotopic
composition of the silicate fractions. From Fig. 4 such cor-
rection appears necessary in samples RaS 265 and JaH 578
that show e54Cr values remarkably higher than the mean
e54Cr found in ordinary chondrites (whole rock and compo-
nents), compiled from the literature (Trinquier et al., 2007,
2008b; Qin et al., 2010; Schneider et al., 2020). To reconcile
the e54Cr values of the silicate fractions of samples RaS 265
and JaH 578 with their chromite fractions, the Cr isotopic
compositions are corrected using the equation given in
Table 2 in Trinquier et al. (2007) and a 53Cr and 54Cr pro-
duction rate of 2.9 � 1011 atoms/Ma in Fe targets (Birck
and Allègre, 1985b). The correction estimates a CRE age
of 237 Ma for RaS 265 and 169 Ma for JaH 578. The cor-
rected e53Cr and e54Cr are reported in Table 4.

3.6. Chromite model ages

The evolution of e53Cr in a chondritic reservoir as
expressed by Eq. (1) is used to derive model ages from
the chromite fractions. The model ages are calculated rela-
tive to the CAI formation age of 4567.18 ± 0.50 Ma
(Amelin et al., 2010) assuming solar system initial
e53Cr = �0.23, CI chondritic 55Mn/52Cr = 0.71 and a
canonical 53Mn/55Mn = 6.28 � 10�6 (Trinquier et al.,
2008b). These ages are reported in Table 5 and plotted on
the chondritic e53Cr evolution diagram (Fig. 5).



Fig. 3. (a) Mn/Cr ratios in chromite fractions. The ratios are
systematically higher in H chondrites than L chondrites (b) Mn/Cr
ratios in silicate fractions. The dashed line highlights the dichotomy
between lower Mn/Cr ratios in type 3 samples and higher Mn/Cr
ratios in type 6 samples. Uncertainties associated with the Mn/Cr
ratios determined by replicate measurements are shown as 2SE.
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The chromite model ages correlate with the petrologic
grade of the samples and yield two distinct ‘‘clusters”
(Fig. 5). The first cluster comprises samples RaS 337
(H3.6), JaH 596 (L3) and RaS 265 (L3), all of which are

of petrologic type 3 and yield model ages from 3:99þ0:93
�0:79

Ma to 4:51þ1:10
�0:91 Ma after CAI formation. The chromite frac-

tion from sample SaU 246 (H3/4) displays a younger age

(7:4þ3:4
�2:1 Ma) than the chromites from other type 3 samples.

It lies closer to the second cluster that comprises all the type
6 samples. The model ages for the second cluster range

from 6:9þ2:1
�1:5 Ma to11:1þ6:0

�2:8 Ma. There is no systematic differ-
ence in model ages for both H and L chondrites, therefore
they are discussed together assuming similar structures,
sizes, accretion time and high-temperature cooling histories
of their parent bodies.

3.7. Isochron ages

In addition to the chromite model ages, two-point iso-
chron ages are obtained from pairs consisting of chromite
and corresponding silicate fractions from each sample.
Fig. 6(a)–(h) illustrates the data from Table 4 for each
chondrite sample. The e53Cr and 55Mn/52Cr data are used
to construct two-point isochrons by regression in IsoplotR
(Vermeesch, 2018) taking the maximum likelihood regres-
sion model. The use of two-point isochrons is justified for
these samples because the chromites formed from their sur-
rounding matrix and thus both components had the same
initial Cr-isotope composition when the chromite grew.
This is similar to the approach commonly used in meteorite
studies where only two components can be used to obtain a
significant spread in isotope space (e.g., Birck and Allègre,
1988). The slope of the isochron then yields the initial 53-
Mn/55Mn ratio of the sample at the time of Mn-Cr fraction-
ation. Comparison of this isotope ratio with 53Mn/55Mn =
2.59 ± 0.34 � 10�6 at the time of isotopic closure in the car-
bonaceous achondrite NWA 6704 (Sanborn et al., 2019)
yields the age of thermal metamorphism of the sample
relative to NWA 6704. The inferred initial 26Al/27Al0 = 3.
15 ± 0.38 � 10�7 of NWA 6704 (Sanborn et al., 2019)
and corresponding 26Al-26Mg age of 5.2 ± 0.2 Ma relative
to the canonical 26Al/27Al0 value of CAIs (Jacobsen et al.
2008; Larsen et al., 2011), is used to calculate the Mn-Cr
age of the samples relative to the CAI formation. The 53-
Mn/55Mn ratios and two-point isochron ages for each sam-
ple are reported along with the chromite model ages in
Table 5. The table also includes reported isochron ages
for equilibrated ordinary chondrites.

4. DISCUSSION

4.1. The onset and progression of metamorphism in ordinary

chondrites

Spinel group minerals have widely been used to study
the onset and progressive thermal metamorphism in ordi-
nary chondrites (e.g., Johnson and Prinz, 1991; Grossman
and Brearley, 2005, Kimura et al., 2006). Kimura et al.
(2006) studied LL3.0-LL6 chondrites and reported multiple
origins and formation mechanisms of spinel group miner-
als, especially in type 3.0–3.9 ordinary chondrites. The
authors showed that the occurrence of nearly pure chromite
and a wide compositional variation can distinguish spinel
group minerals in types 3.0–3.3 from those in the other
types. Spinel group minerals in types 3.5–3.9 show a nar-
rower range of compositions, and those in types 4–6 are
homogeneous. Most of the spinel group minerals in chon-
drules of type 3.0–3.3 crystallized from the chondrule melt
and give olivine-spinel temperatures of �1000 �C, reflecting
chondrule crystallization conditions (Johnson and Prinz,
1991). The two L3 samples, JaH 596 and RaS 265, investi-
gated in the present study show olivine-spinel temperatures
within the range of 620–830 �C which is typical of type
3.5–3.9 samples. Such low temperatures reflect either reset
or formation during progressive thermal metamorphism.

Thermal metamorphism can produce chromite grains by
exsolution of Cr incorporated into olivine at higher temper-
ature. The onset of thermal metamorphism in ordinary
chondrites leads to the chemical homogenization of olivine
and eventually a decrease in its Cr-content (Grossman and
Brearley, 2005). This equilibration can be observed starting
as early as in petrologic type 3.0–3.3. (McCoy et al., 1991,
DeHart et al., 1992). Grossman and Brearley (2005) found
a Cr-rich phase, <1 mm large, exsolving from olivine in type
L3.10 chondrites. Similar sub-mm Cr-rich grains within oli-



Fig. 4. e53Cr vs e54Cr diagram for the chromite and silicate fractions from the studied samples. The shaded region represents the mean and 1
standard deviation (=�0.24 ± 0.26) of the e54Cr in ordinary chondrites (whole rock and components), compiled from the literature (Trinquier
et al., 2007, 2008b; Qin et al., 2010; Schneider et al., 2020). The dashed arrows show the correction applied for spallogenic Cr in samples RaS
265 and JaH 578 (see text).

Table 5
Chromite model ages and two-point isochron ages determined for the studied chondrites.

Sample Chromite model age (Ma after CAIs) isochron ages

53Mn/55Mn 2r Age (Ma after CAIs)

This study

SaU 246 (H3/4) 7:4þ3:4
�2:1 2.35 � 10�6 0.43 � 10�6 5:60þ1:08

�0:90

RaS 337 (H3.6) 4:10þ0:89
�0:76 3.03 � 10�6 0.24 � 10�6 4:24þ0:44

�0:41

JaH 578 (H6) 11:1þ6:0
�2:8 1.34 � 10�6 0.16 � 10�6 8:62þ0:70

�0:62

SaU 228 (H6) 9:2þ5:4
�2:6 9.41 � 10�7 1.48 � 10�7 10:54þ0:92

�0:79

JaH 596 (L3) 3:99þ0:93
�0:79 3.96 � 10�6 0.39 � 10�6 2:78þ0:55

�0:50

RaS 265 (L3) 4:51þ1:10
�0:91 2.02 � 10�6 0.21 � 10�6 6:43þ0:61

�0:55

Dho 1012 (L6) 9:3þ1:6
�1:3 3.80 � 10�7 1.35 � 10�7 15:4þ2:4

�1:6

AHu 017 (L6) 6:9þ2:1
�1:5 1.04 � 10�6 0.24 � 10�6 10:0þ1:4

�1:1

Literature

Finney (L5)a – 2.70 � 10�7 – ~17.20
Ste. Marguerite (H4)b – 2.78 � 10�6 0.46 � 10�6 4.7 ± 1.0

Uncertainties on the model ages are determined using uncertainties on e53Cr values of the samples. 53Mn/55Mn ratio refers to the slope of the
two-point isochron. Associated error on slope is given at 2r level. Uncertainties on two-point isochron ages are determined using uncertainties
on 53Mn/55Mn ratios. Sources for literature data: (a) 53Mn/55Mn and corresponding isochron age for Finney (L5) is determined by regression
in IsoplotR (Vermeesch, 2018) using e53Cr of silicate, whole rock and chromite fractions reported in Lugmair and Shukolyukov (1998) and
anchored to achondrite NWA 6704 (b) 53Mn/55Mn for Ste. Marguerite (H4) is taken from Trinquier et al. (2008b) and corresponding isochron
age is determined by anchoring to NWA 6704 (see text).
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vine or between the grain boundaries of olivine and adja-
cent phases are also observed in chondrules of sample
JaH 596 (L3) and RaS 265 (L3) (Fig. 1a) and inferred to
be chromite. With increasing metamorphic grade, such
small grains coalescence to form larger chromite grains,
first aggregating along the rim around chondrules as seen
in SaU 246 (H3/4) and RaS 337 (H3.6) (Fig. 1b), and then
becoming equant phases in the matrix of type 6 samples
(Fig. 1c, d). In addition to the crystallization from the chon-
drule melt or formation due to thermal metamorphism,
relic origin of spinel in chondrule is also identified
(Kimura et al., 2006). These 5–35 mm spherical to irregular



Fig. 5. The model ages are plotted on a curve representing the e53Cr evolution of the chondritic reservoir through time. Uncertainties on the
model ages are determined using uncertainties on the e53Cr values of the samples. The model ages correlate with the petrologic grade of the
samples and yield two distinct ‘‘clusters”. The first cluster comprises type 3 samples except sample SaU 246 (H3/4) that lies closer to the
second cluster that comprises type 6 samples.
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gains that survived the melting of the chondrule precursor
materials were described in LL3.15-LL3.3 chondrites
(Kimura et al., 2006), however, not observed in type 3 sam-
ples investigated in the present study; indicating the possi-
bility of their higher petrologic subgrade.

The chemical equilibration of olivine and newly formed
chromite commenced with the exsolution of chromite
grains at the onset of thermal metamorphism and contin-
ued with the inter-and intragrain homogenization of the oli-
vine crystals. Chemical equilibration is evident in the
studied samples when comparing the abundance and
chemistry of chromite grains in type 3 and type 6 samples.
The gradual equilibration of spinel and its reactivity during
prograde metamorphism is also reflected in the result of the
olivine-spinel thermometry. Type 3 samples yield a rela-
tively wider range of temperature estimate in individual
samples (Fig. 2) as compared to type 6 samples. The
olivine-spinel temperatures in type 6 samples show chemical
homogenization and equilibration of the phases acquired at
higher metamorphic temperature. Kessel et al. (2007) stud-
ied equilibrated type 4–6 chondrites from H, L and LL
classes applying olivine-spinel thermometry and showed
that the maximum temperatures (interpreted as equilibra-
tion temperatures) recorded by individual chondrites
increase subtly, but systematically with the metamorphic
type and are tightly clustered. They observed a correlation
between the spinel grain sizes and the determined tempera-
tures: larger spinel grains are resistant and preserve the
peak temperature above the closure temperature of the
Fe-Mg diffusion in olivine-spinel pairs, while smaller spinel
grains continued to re-equilibrate during retrograde
metamorphism, recording a range of lower closure temper-
atures. Wlotzka (2005) incorporated ‘‘unequilibrated’’ type
3.7 and 3.8 chondrites and for the first-time calculated tem-
peratures, that can be interpreted as ‘‘equilibrium tempera-
tures’’ for these samples. Wlotzka (2005) argued that
subtypes 3.7–3.9 are already partially equilibrated by a
Fe-Mg exchange between Fe-Mg silicates and Cr-spinel
and thus temperatures derived from the olivine-Cr-spinel
pairs represent equilibrium temperatures. Sample RaS 337
(H3.6) gives an average temperature value of 688 �C which
is within the temperature range of 619–699 �C (Fig. 2)
reported by Wlotzka (2005) for type H3.7–3.8 samples.

4.2. Closure temperature of the Mn-Cr system in spinel

The interpretation of Mn-Cr isochron and chromite
model ages requires estimates for the diffusivity of Cr in dif-
ferent minerals as a function of temperatures. Chromium
diffusion data are available for olivine (Ito and Ganguly,
2006), orthopyroxene (Ganguly et al., 2007) and chromite
(Posner et al., 2016). The Mn-Cr isochron ages for several
H and L chondrites have been investigated in previous stud-
ies (e.g., Lugmair and Shukolyukov, 1998) and mostly rely
on whole rock, chromite and silicate fractions. However,
the silicates with high Mn/Cr ratios dominate the slope
and the resulting age. Due to uncertainties concerning
which phase dominates the Mn budget and, hence, which
closure temperature should be applied, the Mn-Cr chon-
drite cooling ages are generally ignored in the thermal his-
tory models to constrain the metamorphic evolution of
ordinary chondrite parent bodies (Henke et al., 2013).
Unlike the Mn-Cr isochron, the chromite model ages
require a Cr closure temperature estimate in chromite only
and this information is crucial for a meaningful interpreta-
tion of chromite model ages, i.e., whether they date the time
of mineral growth or some time along the cooling path.

For any mineral, the closure temperature depends on the
diffusion behavior as a function of temperature, cooling
rate, and effective diffusion radius; the latter can be related



Fig. 6. (a-h) e53Cr vs 55Mn/52Cr diagrams for the studied sample. The e53Cr and 55Mn/52Cr data points for the chromite and silicate fractions
in each sample are used to construct a two-point isochron. DtCAI refers to formation interval relative to CAIs.
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to the grain size (Dodson, 1973). Sugiura and Hoshino
(2003) investigated Mn-Cr systematics in phosphates
(sarcopside, graftonite, beusite, galileiite and john-
somervilleite) by secondary ion mass spectrometry (SIMS)
in the slowly cooled IIIAB iron meteorites. They observed
that the different phosphate phases yield different ‘‘ages’’
due to different Mn-Cr diffusion rates, and thus different
closure temperatures. Only in rapidly cooled systems, where
parent and daughter elements do not diffuse significantly,
does the age correspond to the time of mineral formation
and approximates the growth age of the phase. Since IIIAB
iron meteorites cooled slowly at a rate of ca. 60–200 �C/Ma
(e.g., Matthes et al., 2020), the Mn-Cr chronometer does
not provide the time of formation of minerals in IIIAB iron
meteorites but the time of ‘‘closure” (i.e. the time at which
the Mn-Cr system was frozen, Sugiura and Hoshino 2003),
which can be different for different minerals.

Recently, Sievwright et al. (2020) reported that the diffu-
sion coefficients of a wide range of cations in magnetite
increase in the order: Cr < Mo � Ta < V < Ti



Fig. 6 (continued)
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<Al<Hf�Nb<Sc�Zr�Ga<In<Lu�Y<Ni<U�Zn<Mn�-
Mg < Co < Li < Cu. Isostructural with magnetite, the order
should also hold for chromite. The assumed relatively low
diffusion coefficient of Cr in chromite implies that the orig-
inal content of Cr should be well preserved.

Posner et al. (2016) carried out a tracer diffusion exper-
iment of Cr in natural spinels at 1 bar and 950–1200 �C
under controlled f(O2) conditions to determine the depen-
dence of the Cr diffusion coefficient D(Cr) and closure tem-
perature on f(O2) and Cr# (i.e., Cr/(Cr + Al)). They used
the closure temperature calculator developed by Ganguly
and Tirone (2009) as an extension of the classic work of
Dodson (1973) to calculate closure the temperature of Cr
in spinel as a function of (i) peak temperature, (ii) grain
size, (iii) cooling rate and (iv) f(O2). This calculator is used
in the present study to constrain the closure temperature of
Cr in spinel from type 3 and 6 ordinary chondrites. The
results are shown in Fig. 7.

For type 6 ordinary chondrites, a temperature of ca.
1000 �C provides an upper limit for the possible peak tem-
perature since the beginning of melting in chondritic mate-
rial would be the eutectic melting in the FeNi-FeS system at
~1000 �C, but ordinary chondrites lack any indications for
partial melting (Gail and Trieloff, 2019). Two-pyroxene
thermometry (Lindsley and Andersen, 1983) provides peak
temperature estimates of 865–926 �C for H6 and 812–934 �
C for L6 chondrites (Slater-Reynolds and McSween, 2005).
Schrader et al. (2016) investigated the compositional and
textural evolution of sulfides within a wide range of ther-
mally metamorphosed LL chondrites and reported peak
temperatures of ~900 �C. The peak metamorphic tempera-
tures in type 3 chondrites are poorly constrained because of
the unequilibrated composition of phases which negates the
rigorous application of commonly used geothermometers.
Dodd (1981) estimated a peak temperature range of 400–
600 �C for type 3 chondrites. Further work on type 3 mete-
orites determined a wider range of peak temperatures from
260 to 600 �C (e.g., Huss et al., 2006, Busemann et al.,
2007). Wlotzka (2005) used the olivine-spinel thermometer
and derived an ‘‘equilibrium temperature’’ of 619–699 �C
for H3.7–3.8 chondrites. Subtypes within type 3 s were
found to correlate well with the estimated peak tempera-
tures. Wlotzka (2005) furthermore argued that the equilib-
rium temperature may not necessarily be the peak
temperature experienced by chondrites, but for type 3.7–
3.8, it was not exceeded by more than 100 �C for a long
time. Otherwise, they would have been equilibrated to type
4. A comparison between the thermal model of H (Henke
et al., 2012b, 2013) and L (Gail and Trieloff, 2019) chon-
drite parent bodies shows that the peak temperature
reached at the burial depths of H6 meteorites is ~50 �C
higher than that in L6 meteorites. Nevertheless, considering
the maximum temperature of ~930 �C (Slater-Reynolds and
McSween, 2005) deduced from two-pyroxene thermometry
in type 6 meteorites of both H and L meteorites, it is rea-
sonable to assume a maximum temperature of ~1000 �C
for the calculation of Cr closure temperature in spinel of
type 6 meteorites (H/L). In case of type 3 meteorites, a peak
temperature of ~600 �C at the burial depth of type 3–4
transition derived from the thermal models is assumed to
be the peak temperature for type 3 meteorites (H/L). How-
ever, it could be higher for type 3.7–3.8, but to what extent
is unknown.

Fig. 7 shows the calculated closure temperatures of Cr in
spinels as a function of cooling rate, grain size (=taken as
effective diffusion radius) and maximum temperature of
class H and L ordinary chondrites. For the model it is
assumed that the peak temperature was 1000 �C,
Cr# = 0.85 and grain sizes range from 2.5 to 300 mm.
Posner et al. (2016) calculated D(Cr) and closure tempera-
ture at Cr# = 0 and 1 using a linear variation in logD(Cr)
with Cr# (dlog D(Cr)/dCr# = 0.08) as shown by Suzuki
et al. (2008). This linear variation in logD(Cr) and Cr# is
used in the present study to calculate D(Cr) at
Cr# = 0.85 which has been reported as the mean Cr# in
H, L and LL chondrites (e.g., Wlotzka, 2005). The grain
sizes of spinel in type 6 samples are reported to range from
50 to 150 mm (Kimura et al., 2006, Kessel et al., 2007).
Much smaller spinel grains are observed in type 3 samples,
ranging from ~1 to 10 mm (Kimura et al., 2006).

The cooling rates of ordinary chondrites are the subject
of an ongoing debate. Ganguly et al. (2013, 2016) devel-



Fig. 7. Closure temperature of the Mn-Cr system in spinel grains. The dashed lines represent the closure temperature curves as a function of
initial temperature (=1000 �C) at the onset of cooling and grain size (effective diffusion radius). The metamorphic peak temperature ranges for
type 3 and 6 ordinary chondrites are constrained by the closure temperature curves and respective typical cooling rates (coloured boxes).
Details regarding the calculations are given in the text. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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oped a multistage cooling model for H, L and LL chon-
drites. They measured the composition of coexisting min-
eral phases in several type 4 to 6 chondrites and derived
high-temperature cooling rates of ~25–100 �C/ka at high
temperatures, commencing from 750-850 �C. At lower tran-
sitional temperatures (500–450 �C), an average cooling rate
of ~15 �C/Ma was estimated from the Fe-Mg ordering
states of orthopyroxenes. Hellmann et al. (2019) estimated
the cooling rates in type 5 and 6 chondrites by Hf-W
chronology of coarse-grained metals that plot below the
isochrons defined by silicate-dominated fractions. These
samples yield cooling rates between 2 and 28 �C/Ma. For
those type 5 and 6 samples where metal and
silicate-dominated fractions define a single Hf-W isochron,
a lower limit on the cooling rate of 30–54 �C/Ma was deter-
mined. Cooling rates for type 3 chondrites are poorly con-
strained. Kleine et al. (2008) obtained cooling rates from
the slopes of cooling curves for type 4–6H chondrites.
Assuming an onion shell model for the chondrite parent
bodies which predicts an inverse correlation of cooling rates
with petrologic type, a cooling rate of ~100 �C/Ma for type
4 meteorites, can thus be considered a lower limit for the
cooling rate of type 3 samples.

From Fig. 7, a Cr closure temperature of ~760 �C is
deduced for spinel from type 6 chondrites assuming
Cr# = 0.85, grain size = 150 mm and a cooling rate of
~30 �C/Ma. A closure temperature ~760 �C in type 6 sam-
ples is likely a lower limit since, at higher transitional tem-
peratures, the cooling rate would be higher which in turn,
would result in higher closure temperatures. In type 3 chon-
drites, Cr closure temperature is estimated to be ~540–620 �
C, for a spinel grain size between 5 and 10 mm and a cooling
rate of 100–150 �C/Ma.

The Mn-Cr model ages and closure temperature esti-
mates can be compared with the Hf-W and 207Pb-206Pb ages
and corresponding closure temperatures for respective
petrological types of ordinary chondrites to constrain the
thermal evolution of the respective parent bodies. The
lower limit on Mn-Cr closure temperature of ~760 �C for
type 6 ordinary chondrites is ~100 �C lower than the esti-
mated Hf-W closure temperature (875 ± 75 �C) for H6
chondrites (Kleine et al., 2008). However, the Hf-W ages
for type 5 and 6 chondrites (9.3 ± 1.3 Ma, 2SE, n = 11)
determined by Hellmann et al. (2019) are in good agree-
ment with Cr model ages obtained for type 6 chondrites
(9.1 ± 1.5 Ma) in the present study. The agreement in the
ages calculated by both the chronometers argues for a sim-
ilar closure temperature for both systems, at least in type 6
samples. 207Pb-206Pb ages provide an additional check for
the accuracy and significance of Mn-Cr ages and closure
temperatures. The 207Pb-206Pb phosphate ages for type 5
chondrites range up to ~60 Ma after CAI formation
(Blackburn et al., 2017). The closure temperature for Pb
diffusion in phosphates is estimated to be ~530 �C
(Cherniak et al., 1991) which is significantly lower than
the closure temperature estimates for both Hf-W and Mn-
Cr in type 6 chondrites. The younger ages and lower closure
temperature for the 207Pb-206Pb system support the inter-
pretation of the older ages and higher closure temperature
for the Mn-Cr system determined in the present study.
The Hf-W ages for type 4 chondrites range from
3.4 ± 0.7 to 4.3 ± 0.9 Ma (Hellmann et al., 2019) and are

in good agreement with the Mn-Cr model ages (3:99þ0:93
�0:79

Ma to 4:51þ1:10
�0:91 Ma) for type 3 chondrites determined in

the present study. The closure temperature of the Hf-W sys-
tem in H4 chondrites is ~800 ± 50 �C (Kleine et al., 2008),
which is higher than the peak metamorphic temperature in
type 4 chondrites. The Mn-Cr closure temperature is similar
to the peak temperatures determined for type 3 chondrites.
Consequently, Hf-W and Mn-Cr should both date the time
of peak metamorphism in type 3–4 chondrites. The agree-
ment in the ages determined by both the system provides
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strong confidence in the chromite model ages calculated in
the present study which are interpreted to date chromite
formation.

4.3. Significance of initial 53Cr/52Cr and 53Mn abundances

for chromite model ages

To derive chromite model ages using Eq. (1), the solar
system initial 53Cr/52Cr and canonical 55Mn/52Cr at a given
time have to be known and assumed to be homogenous. The
model ages reported in the present study are determined
using initial e53Cr = -0.23 and a canonical 53Mn/55Mn = 6
.28 � 10�6 (Trinquier et al., 2008b) (Table 5). Using
53Mn/55Mni = 7.68 � 10�6 as recalculated from Ste.
Marguerite systematics with the updated U-corrected
207Pb-206Pb phosphate age (Trinquier et al. 2008b;
Blackburn et al. 2017), yields a mean age of ~4.5Ma for type
3 samples and ~8.4Ma (after CAIs) for type 6 samples, how-
ever, with much lower e53Cri = -0.29. Different studies have
reported resolvable variations in the solar system initial
e53Cr and 53Mn/55Mn values as summarized in Section 2.1.
Since the chromite model ages are strongly affected by the
model parameters, clearly, more high-precision Cr isotope
data to tightly constrain the initial e53Cr and 53Mn/55Mn
are needed. Using the solar system initial e53Cr = �0.177
and canonical 53Mn/55Mn = 6.8 � 10�6 determined by
Göpel et al. (2015) results in chromite model ages for type

3–6 chondrites ranging from, 2:39þ0:62
�0:56 Ma to 6:2þ1:5

�1:2 Ma
after CAI formation (See Supplementary Fig. SF2). These

ages predate the model ages of 3:99þ0:93
�0:79 Ma to 11:1þ6:0

�2:8 Ma
determined using initial 53Cr and 53Mn abundances as
reported in Trinquier et al. (2008b). The older model ages
determined using the initial e53Cr and 53Mn/55Mn values
fromGöpel et al. (2015) do not agree with the two-point iso-
chron ages for type 3 and type 6 samples (Fig. 6). Moreover,
the older model ages for type 3 samples predate the youngest
chondrule formation ages in ordinary chondrites which are
as late as ~2.9 Ma (Pape et al., 2019) after CAI formation.
Since type 3 samples represent the last aggregating material
on the ordinary chondrite parent bodies and have Cr closure
temperatures similar to the peak metamorphic temperature,
the model ages cannot be older than the youngest chondrule
formation ages. Kleine et al. (2008) reported a Hf-W iso-
chron age of 1.7 ± 0.7 Ma for the H4 chondrite Ste. Mar-
guerite, which is older than the youngest chondrule
formation age of ~2.9 Ma (Pape et al., 2019). The age was
interpreted as the timing of chondrule formation and not
attributed to the thermal processes on the parent body.
The Hf-W isochron age for Ste. Marguerite was later
updated to 3.8 ± 0.6 Ma after CAI formation (Hellmann
et al. 2019), which postdates the chondrule formation
interval.

Altogether, the initial e53Cr (=�0.23) and 53Mn
(=6.28 � 10�6) abundances reported in Trinquier et al.
(2008b) produce a consistent data set for the chromite
model ages that match with the Mn-Cr isochron ages in
early solar system materials.

The Mn-Cr model ages reported in Table 5 are calcu-
lated assuming that chondrites represent an isotopically
homogeneous reservoir that evolved with a distinct Mn/
Cr ratio which is identical to CI chondrites (Birck et al.,
1999). The assumption of CI-like compositional reservoir
has proved to be valid, as the chromite model ages deter-
mined using a CI-like Mn/Cr = 0.71 are within uncertain-
ties of the two-point isochron ages in the studied samples
that did not reach thermal conditions above the closure
temperature. A compilation of the Mn/Cr ratios (Wasson
and Allemeyn, 1988; Trinquier et al., 2008b; Qin et al.,
2010; Pedersen et al., 2019) reported for ordinary chon-
drites gives Mn/Cr = 0.73 for H chondrites and 0.77 for
L chondrites. Using Mn/Cr = 0.73 results in slightly
younger model ages compared to those calculated for a
CI-like Mn/Cr. For instance, the model age for type 3 sam-
ple JaH 596 and type 6 sample AHu 017 would become

3:83þ0:87
�0:75 Ma and 6:5þ1:8

�1:4 Ma instead of 3:99þ0:93
�0:79 Ma and

6:9þ2:1
�1:5 Ma, respectively. These shifts are within the overall

uncertainty of the model ages.

4.4. Chromite model ages vs. two-point isochron ages

Unlike chromite model ages, which are derived from
chromite solely, two-point isochrons calculated in the
present study involve chromite as well as the remaining
silicate-metal bulk fraction of the same whole-rock mete-
orite. Isochrons based on analyses of different phases or
components in a sample are prone to disturbances due to
differences in the closure temperature of multiple phases.
Particularly in the slowly cooled type 6 ordinary chondrites,
the closure of individual minerals during different stages of
the cooling history can result in a scatter of individual data
point around the isochron because some phases may stay
open while some of the others have already closed.

Two-point isochrons, however, are constructed from
chromite and a fraction of the same sample that constitutes
all of the remaining material. The two fractions represent
two reservoirs where internal dis-equilibrium in one reser-
voir (silicates, metal), due to difference in the closure tem-
perature of different phases will not affect the isochron.
However, the isochron would be (partially) reset if chromite
and the silicate fraction reservoir re-equilibrated during
cooling. The type 3 samples investigated in the present
study display a good agreement between the two-point iso-
chron and chromite model ages (Fig. 8). In case of type 6
chondrites, the ages calculated by both methods agree
within analytical uncertainties in samples SaU 228 (H6)
and JaH 578 (H6) but show a mismatch in samples AHu
017 (L6) and Dho 1012 (L6). Apart from the re-
equilibration between chromites and silicate fractions dur-
ing cooling, impact disruption could be another reason
for a disturbed isochron in samples AHu 017 (L6) and
Dho 1012 (L6) leading to a mismatch between model ages
and isochron ages in these two samples.

The Hf-W chronology data of ordinary chondrites indi-
cate the possibility of impact disruptions of the ordinary
chondrite parent bodies at ~10 Ma after CAI formation
(Hellmann et al., 2019). According to the study, impacts
of sufficient size and energy excavated material from the
deep interior of the parent bodies of H, L and LL chon-



Fig. 8. A comparison between chromite model ages and two-point
isochron ages determined for the studied samples. Type 3 samples
show a good correlation in the two-point isochron and chromite
model ages. The discrepancy between the two-point isochron and
chromite model ages in the type 6 sample, AHu 017 (L6) and Dho
1012 (L6) is interpreted to be the result of their probable origin
from an impact disturbed region on the parent bodies or partial re-
equilibration during cooling from high temperatures.
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drites, which is apparently the source of type 6 chondrite
samples. Since only a few type 6 samples recorded distur-
bances in cooling history, an impact most likely disturbed
only a limited part of the parent bodies of the ordinary
chondrites. Any manifestation of the impact disrupted cool-
ing histories in the Hf-W ages would also be recorded in
Mn-Cr ages since the Hf-W ages record the cooling history
at a closure temperature (~875 �C) higher than the Mn-Cr
system (~760 �C).

The comparative study of two-point isochron and chro-
mite model ages shows that two-point isochrons correlate
well with the model ages in type 3 samples, but they remain
prone to the impact-related disturbances or partial re-
equilibration during cooling from high temperatures in type
6 samples. The results also demonstrate that the model ages
derived from chromite constrain the time of mineral
formation.

4.5. Time of accretion and cooling history for chondrite

parent bodies

The earliest accretion of the ordinary chondrite parent
bodies is constrained by the onset of chondrule formation.
Hf-W data for ordinary chondrites show that metal-silicate
fractionation among H, L and LL chondrites occurred
between ~2 and ~2.7 Ma after CAIs which was coeval with
the chondrule formation interval and prior to the accretion
of chondrite parent bodies (Hellmann et al. 2019). Common
isotope systems applied to determine chondrule ages are the
long-lived, absolute 207Pb-206Pb (e.g., Bollard et al., 2017,
2019; Connelly et al., 2017; and references therein) and
the short-lived 26Al-26Mg (e.g., Kita et al., 2000;
Rudraswami and Goswami, 2007; Villeneuve et al., 2009;
Kita and Ushikubo, 2012, Pape et al., 2019, Siron et al.,
2020) chronometers. The 26Al-26Mg chronometer relies on
the assumption of initial homogeneous distribution of the
parent radionuclide throughout the inner protoplanetary
disk. Pape et al. (2019) presented 26Al-26Mg ages for the
formation of melt in individual chondrules from a wide
range of chondrule types and mesostasis compositions

and determined ages between 1:76þ0:36
�0:27 Ma and 2:92þ0:51

�0:34

Ma after CAI formation with a peak in chondrule forma-
tion at 2.0 and 2.3 Ma. A narrower interval of chondrule
formation from ~1.80 to ~2.16 Ma after CAIs has been
reported by Siron et al. (2020), however, the investigated
chondrules are limited to anorthite-bearing chondrule type.
Siron et al. (2020) noted that the youngest formation ages
for anorthite-bearing chondrules are similar to the time of
accretion for the ordinary chondrite parent bodies at
~2.1 Ma after CAIs, suggested in thermal evolution mod-
elling studies (Sugiura and Fujiya, 2014; Blackburn et al.,
2017). The two youngest chondrules from unequilibrated
ordinary chondrites reported by Pape et al. (2019) record
an age of ~2.92 Ma, of which one sample has been inter-
preted to date the time of partial remelting after primary
formation in the protoplanetary disk (Pape et al., 2021).
The melting and remelting events must have occurred
before incorporation of chondrules into the chondrite par-
ent body since the investigated samples are of low petro-
graphic type and did not exceed temperatures in excess of
~300 �C after accretion. Moreover, since the ages are
mostly defined by the Al-Mg systematics of pristine glass,
they are interpreted to record the time of chondrule forma-
tion rather than a later thermal overprint. If main accretion
of the chondrite parent bodies started at or shortly after
~2.1 Ma, it must have continued until ~3 Ma after CAI
in order to account for the large number of chondrules
recording younger melting and remelting ages.

Type 3 sample JaH 596 (L3) investigated in the present

study records the oldest chromite model age of 3:99þ0:93
�0:79 and

a two-point isochron age of 2:78þ0:55
�0:50 Ma after CAI forma-

tion. Neither the isochron nor the chromite model ages
directly relate to the process of accretion. They date the for-
mation of new mineral phases on their parent body which
requires a thermal overprint after completion of accretion.
Since type 3 chondrites represent the last accreted material
on the chondrite parent bodies, the type 3 chromite model/
isochron ages provide a limit for the latest time of accre-
tion. Combined with the 26Al-26Mg chondrule formation
ages, the final accretion of the ordinary chondrite parent
bodies can be constrained after ~2.1 Ma but before ~3.4
Ma.

Whether the accretion of the chondrite parent bodies
was instantaneous (~0.1 Myr) or protracted (�1 Myr) has
been a subject of a number of studies (e.g., Ghosh et al.,
2003; Sahijpal et al., 2007; Neumann et al., 2012, Henke
et al., 2013). Theoretical models for planetesimal formation
and growth imply that the main period of acquisition of
matter by large bodies in a planetesimal swarm was as short
as 0.1 Ma (e.g., Nagasawa et al., 2007; Weidenschilling and
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Cuzzi, 2006; Weidenschilling, 2011). In a recent study, Roth
et al. (2016) investigated the cosmic-ray exposure ages of
chondrules from L and LL ordinary chondrites and
reported absence of detectable pre compaction exposure,
suggesting rapid accretion (and/or efficient shielding from
galactic cosmic ray and solar cosmic ray in the solar neb-
ula). Chondrules from CR chondrites are reported to show
some late irradiation effects consistent with the later accre-
tion of their parent body as compared to the parent bodies
of other chondrites (Beyersdorf-Kuis et al. 2015). An incre-
mental or protracted accretion of the chondrite parent bod-
ies would likely result in chemical fractionation that would
appear as chemical differences between early accreting type
6 and late accreting type 3 chondrites. The lack of system-
atic chemical and nucleosynthetic isotopic variations
between type 3 and type 6 meteorites implies that the accre-
tion was rather instantaneous and not protracted.

Post accretion, type 3 material being farthest away from
the centre of the parent bodies would have to reach peak
metamorphic temperature of ~600 �C necessary to alter or
produce chromites investigated in the present study. The
nearly ubiquitous signs of thermal alteration of ordinary
chondrites indicate that such temperatures were attained
soon after accretion (Weidenschilling, 2019).

The processes leading to the accretion of parent bodies
are highly debated (e.g., Weidenschilling, 2019). The key
challenge is to reconcile the early formation of the differen-
tiated parent bodies of the oldest iron meteorites with the
delayed accretion of the chondrite parent bodies.
207Pb-206Pb and Hf-W dating of most achondrites suggest
that their parent body differentiation predates the forma-
tion of chondrules and the accretion of the chondrite parent
bodies (Baker et al., 2005; Bizzarro et al., 2005, Kleine
et al., 2005). The radioactive decay of short-lived 26Al
(t1/2 ~ 0.73 Ma) is considered to be the primary source of
energy for asteroidal melting (e.g., Bizzarro et al., 2005).
Since chondrites escaped melting but were heated enough
to experience thermal metamorphism, it is generally
assumed that they began accreting when a substantial frac-
tion of 26Al had decayed before the accretion was complete
(e.g., Hevey and Sanders, 2006; Weidenschilling, 2019).
Rubin (2010, 2011) proposed that in accordance with the
petrographic properties, chemical and isotopic composi-
tions, and volatile contents, different chondrite groups
formed in regions at increasing heliocentric distance in the
order of EH-El, OC, R, CR, CV-CK, CM-CO and CI.
Based on Mn-Cr ages of secondary carbonates, the accre-
tion ages are proposed to be at ~3.5 Ma for CM (Fujiya
et al., 2012) and up to 3.9 Ma (Fujiya et al., 2013) for CI
parent bodies (de Leuw et al., 2009; Visser et al., 2020).
Jogo et al. (2017) studied the chemical compositions of
CV3 fayalite and its Mn-Cr isotope systematics and pro-
posed that the CV parent body accreted at about 3.2–
3.3 Ma after CAI formation and is slightly younger than
the ordinary chondrites parent bodies. Younger accretion
ages (>3 Ma after CAIs) of the parent bodies of carbona-
ceous chondrites compared to ordinary chondrite parent
bodies suggest an even lower fraction of short-lived 26Al,
as the primary source of energy at the time of their accre-
tion. This is evident in the low thermal metamorphism
recorded in carbonaceous chondrites. However, both car-
bonaceous and ordinary chondrites yield coeval (L and
LL OCs and CO and CV meteorites, Pape et al., 2019)
chondrule formation intervals. This suggests that the accre-
tion of CC parent bodies was protracted and contemporary
with the later stages of the chondrule formation event(s).
Such a scenario buttresses the models that suggest a causal
relationship between chondrule production and chondrite
parent bodies accretion (Budde et al., 2016; Alexander
et al., 2008; Edwards and Blackburn, 2020).

Metamorphism of the H and L chondrite parent bodies
following the accretion of the planetesimals can be evalu-
ated employing thermal evolution models that are con-
structed using increasingly complex physical input
parameters (e.g., Trieloff et al., 2003; Hevey and Sanders,
2006; Sahijpal et al., 2007; Sahijpal and Gupta, 2011;
Kleine et al., 2008; Harrison and Grimm, 2010; Henke
et al., 2012a,b, 2013; Gail et al., 2015; Gail and Trieloff,
2018). To ensure model optimization, those meteorites are
generally selected for which three or more cooling ages,
reflecting different steps in the thermal history of the parent
bodies (i.e., closure temperatures), are available. This con-
strains the slope as well as the curvature of individual cool-
ing paths at their depths within the parent bodies. Although
the chondrite samples investigated in the present study have
not been dated with other chronometers, their determined
chromite model ages and estimated closure temperatures
can be used to test the validity of existing thermal models.

For the H and L chondrite parent bodies, thermal mod-
els show that the observed properties of chondrites are con-
sistent with an ‘‘onion shell” model and a radius of about
100 km (Benoit et al., 2002; Trieloff et al., 2003; Hevey
and Sanders, 2006; Bouvier et al., 2007; Sahijpal et al.,
2007; Sahijpal and Gupta, 2011; Kleine et al., 2008;
Harrison and Grimm, 2010; Henke et al., 2012a,b, 2013;
Mare et al., 2014; Gail et al., 2015; Blackburn et al.,
2017; Gail and Trieloff, 2018, Gail and Trieloff, 2019).
The ‘‘onion shell’’ model predicts that higher temperatures
are achieved at greater depths and slightly different times
during the evolution of the chondrites parent bodies (e.g.,
Pellas, 1981; Trieloff et al., 2003). The chondrite samples
investigated here display similar ranges in both two-point
isochron and chromite model ages and the absolute ages
correlate with the petrological grade for both H and L
chondrites (Fig. 8) indicating similar structures, sizes, accre-
tion time and high-temperature cooling histories for the
parent bodies of both H and L classes. A narrow range in

the chromite model ages for type 3 samples from 3:99þ0:93
�0:79

to 4:51þ1:10
�0:91 Ma suggests that the unmetamorphosed mate-

rial surrounding the metamorphic core corresponds to a
significantly narrower depth-range than the high-grade
material i.e., type 6 samples that show wider timespan of

chromite model ages from 6:9þ2:1
�1:5 to11:1

þ6:0
�2:8 Ma. The differ-

ence in the mean chromite model ages from type 3 and 6
samples is ~5 Myr which agrees with the difference of
~5.5 Myr as determined by Hf-W (Hellmann et al., 2019),
but is much shorter than the interval of ~50 Myr derived
from 207Pb-206Pb phosphate ages (Blackburn et al., 2017).
The shorter intervals defined by the Mn-Cr and Hf-W sys-
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tems date the earliest evolution processes of chondrite par-
ent bodies and play a critical role in determining the time
peak temperatures were reached in thermal evolution
models.

Most thermal history models for both H and L chon-
drites assume that the parent bodies accreted at ~2 Ma after
CAI formation, were heated dominantly by the decay of
short-lived radioactive nuclides (26Al and 60Fe) and then
cooled down after having reached the thermal peak over
a period of ~100 Ma (e.g., Henke et al., 2012a,b, 2013;
Gail et al., 2015; Gail and Trieloff, 2018). The Mn-Cr chro-
mite model ages (Fig. 4, Table 5) and the inferred time of
accretion of the ordinary chondrite parent bodies suggested
in the present study are consistent with a thermal evolution
where the accretion of the parent body began at or shortly
after 2.1 Ma (post CAI formation). The center of the parent
body reached the peak temperature at ~9 Ma after CAI
formation, consistent with the mean chromite model age
(9.1 ± 1.5 Ma, 2SE, n = 4) and closure temperature estimate
(~760 �C) for type 6 chondrites. At shallower depths, the par-
ent body reached a peak temperature of ~600 �C at ~4 Ma
after CAI formation consistent with the mean of the two-
point isochron and chromite model ages of 4.2 ± 1.0 Ma
(2SE, n = 6) obtained for the investigated type 3 chondrites.

5. CONCLUSIONS

The Mn-Cr chromite model ages obtained in the present

study range from 3:99þ0:93
�0:79 Ma to 4:51þ1:10

�0:91 Ma for type 3

and 6:9þ2:1
�1:5 Ma to11:1þ6:0

�2:8 Ma for type 6, H and L ordinary
chondrites. Chromite-silicate isochrons for the same sam-

ples range from 2:78þ0:55
�0:50 to 15:4þ2:4

�1:6 Ma. Both chromite
model ages and isochron ages support an onion-shell struc-
ture of their parent bodies. Together with the closure tem-
perature estimates for the Mn-Cr system in spinel, the
model ages are inferred to constraint the peak metamorphic
conditions for the unequilibrated type 3 chondrites and a
time of Mn-Cr closure during retrograde metamorphism
in type 6 chondrites. The model ages are consistent with a
homogenous distribution of 53Mn, a canonical 53Mn/55-
Mn = 6.28 � 10�6 and are in good agreement with the
Hf-W ages for type 4, 5 and 6 ordinary chondrites
(Hellmann et al., 2019). The high closure temperature esti-
mates for Mn-Cr (~760 �C) and Hf-W (~870 �C) systems
imply that the corresponding chronometers provide con-
straints on the peak-temperature metamorphic history of
the ordinary chondrite parent bodies. This information is
not obtainable from other chronometers such as
207Pb-206Pb due to their lower closure temperatures. The
two-point isochron ages obtained for the chondrites agree
within uncertainties with the respective chromite model
ages except in samples JaH 578 (H6) and Dho 1012 (L6),
where an impact-related disturbance during cooling from
high temperatures could be the reason for partial re-
equilibration of the Mn-Cr system. The results obtained
in the present study indicate that the chromite model age
approach is robust and yields age constraints that agree
with those derived from chromite-silicate isochrons. This
model-age approach for dating can also be extended to
other meteoritic classes with chondritic Mn/Cr ratios. The
oldest chromite model ages from type 3 samples, together
with the Al-Mg chondrules formation ages (Kita et al.,
2000; Rudraswami and Goswami, 2007; Villeneuve et al.,
2009; Kita and Ushikubo, 2012; Pape et al., 2019; Siron
et al., 2020), constrain the time of accretion of the ordinary
chondrite parent bodies to >2.1 Ma after CAI formation.
This age is in agreement with the previously estimated time
of accretion for the ordinary chondrite parent bodies
(Miyamoto et al., 1982; Göpel et al., 1994; Harrison and
Grimm, 2010; Sugiura and Fujiya 2014; Doyle et al.,
2015). The Mn-Cr chromite model ages and 26Al-26Mg
chondrule formation ages are consistent with a thermal
evolution model in which the accretion of the ordinary
chondrite parent bodies began at or shortly after 2.1 Ma
(post CAI formation) and the centre of the H chondrite
parent body reached the peak temperature at ~9 Ma fol-
lowed by cooling. The ordinary chondrite parent bodies
accreted ~1 Ma later than the parent bodies of magmatic
iron meteorites (Kleine et al., 2005; Scherstén et al., 2006;
Burkhardt et al., 2008; Qin et al., 2008) and differentiated
asteroids (e.g., acapulcoite-lodranite parent body,
Touboul et al., 2009) but prior to the accretion of the car-
bonaceous chondrite parent bodies providing a coherent
timeline of the meteorite parent bodies accretion. The coeval
chondrule formation interval in carbonaceous and ordinary
chondrites but younger (>3 Ma after CAIs) accretion ages
suggest that accretion of the parent bodies of carbonaceous
chondrites was protracted and contemporary to the later
stages of chondrules formation event. This implies that there
could be a causal relationship between chondrule formation
and subsequent planetesimal accretion (Budde et al., 2016;
Alexander et al., 2008; Edwards and Blackburn, 2020).
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