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ABSTRACT

CK chondrites are the only group of carbonaceous chondrites with petrologic types
ranging from 3 to 6. It is commonly reported than ~15 vol% of CK4—6 samples are composed
of chondrules. The modal abundance of chondrules estimated here for 18 CK3-6 (including 5
CK3s) ranges from zero (totally recrystallized) to 50.5%. Although almost all chemically re-
equilibrated with the host matrix, we recognized in CK3s and Tanezrouft (Tnz) 057 (CK4) up
to 85% of chondrules as former Type I chondrules. Mean diameters of chondrules range from
0.22 to 1.05 mm for Karoonda (CK4) and Tnz 057 (CK4), respectively. Up to ~60% of
chondrules in CK3—4 are surrounded by igneous rims (from ~20 um to 2 mm width). Zoned
olivines were found in unequilibrated chondrules from DaG 431 (CK3-an), NWA 4724
(CK3.8), NWA 4423 (CK3.9), and Tnz 057 (CK4). We modeled Fe/Mg interdiffusion profiles
measured in zoned olivines to evaluate the peak metamorphic temperatures and time scales of
the CK parent body metamorphism, and proposed a two-stage diffusion process in order to
account for the position of inflection points situated within chondrules. Time scales inferred
from Fe/Mg interdiffusion in olivine from unequilibrated chondrules are on the order of tens
to a hundred of thousand years (from 50 to 70 000 years for peak metamorphic temperatures
of 1140 and 920 K, respectively). These durations are longer than what is commonly accepted
for shock metamorphism and shorter than what is required for nuclide decay. Using the
concept of a continuous CV-CK metamorphic series, which is reinforced by this study, we
estimated peak metamorphic temperatures <850 K for CV, 850-920 K for CK3, and 920—
1140 K for CK4—-6 chondrites considering a duration of 70 000 years.

1. INTRODUCTION

CK (Karoonda-like) carbonaceous chondrites (CCs) are mainly composed of
chondrules, calcium-aluminum-rich inclusions (CAls), and lithic clasts (i.e., dark inclusions
(DIs); Kallemeyn et al., 1991; Chaumard et al., 2009) embedded in variable proportions in a
recrystallized and chemically equilibrated matrix dominated by Fe-rich olivine (~Fa,,—Fa,,;
Scott and Taylor, 1985; Kallemeyn et al., 1991; Noguchi, 1993). CKs are highly oxidized
carbonaceous chondrites, with metal/magnetite ratios close to zero and matrix olivines
containing up to ~0.5 wt% NiO (Scott and Taylor, 1985; Kallemeyn et al., 1991; Noguchi,
1993; Geiger and Bischoff, 1995; Righter and Neff, 2007). Refractory lithophile abundances
in CKs are intermediate between those of the CV and CO groups, as are their oxygen isotope
compositions which overlap the CV and CO groups (e.g., Kallemeyn et al., 1991; Greenwood
et al., 2004, 2010a; Wasson et al., 2013).

It has been reported that CK4-6 contain ~15 volume % of chondrules, the remainder
being mostly matrix, including matrix formed by recrystallization of chondrules. The average
sizes of CK chondrules are close to those described in CVs, 0.7 and 1.0 mm, respectively
(e.g., Scott et al., 1996; Weisberg et al., 2006; and references therein). Most chondrules in
CKs have porphyritic textures and a mineralogy dominated by olivine. Porphyritic olivine and
olivine-pyroxene (PO, POP), granular olivine (GO), barred olivine and olivine-pyroxene (BO,
BOP), and radial pyroxene (RP) chondrules were described in the CK3s Watson 002, NWA
1559, DaG 431 and in some CK4-6 (Kallemeyn et al., 1991; Keller et al., 1992; Geiger et al.,
1993:; Brandstitter et al., 2003; Bukovanska et al., 2003; Tomeoka et al., 2005; Pratesi et al.,
20006). Igneous rims were only described around a few chondrules in the two CK3 NWA 1559



and DaG 431 (Zipfel et al., 2000; Rubin, 2010), while they surround ~50% of chondrules in
CVs (Rubin, 1984a).

Unlike enstatite, Rumuruti, and ordinary chondrites (OCs), most CCs are primitive
(petrologic types from 1 to 3), i.e., they have not been affected by extensive thermal processes
on their parent body(ies) (e.g., McSween, 1979). However, the CK group forms a unique
metamorphic series among CCs (from petrologic types 3 to 6) and suffered intense thermal
metamorphism (Kallemeyn et al., 1991). Several methods such as olivine-spinel
geothermometry, pyroxene and plagioclase compositions, isotopic data, and distribution of Ti
between ilmenite and magnetite have been used to estimate the peak temperature of the CK
parent body metamorphism (Clayton et al., 1977; Geiger and Bischoff, 1991; Noguchi, 1993;
Clayton and Mayeda, 1999; Nakamuta et al., 2001; Tachibana et al., 2002; Neff and Righter,
2006; Righter and Neff, 2007; Chaumard et al., 2014). The peak metamorphic temperatures
thus proposed for CK chondrites range from 550 to 1270 K.

Based on these estimations of the peak metamorphic temperatures, as well as isotopic,
chemical, and petrological analyses, it has been proposed that CVs and CKs form a
continuous metamorphic series deriving from a single parent body (Greenwood et al., 2003,
2004, 2010a; Devouard et al., 2006; Chaumard et al., 2009, 2014; Wasson et al., 2013;
Davidson et al., 2014). Different CV-CK parent body models were suggested such as a
thermally stratified parent body (Greenwood et al., 2010a, b) and a differentiated asteroid
(e.g., Weiss et al., 2010; Elkins-Tanton et al., 2011; Humayun and Weiss, 2011). An
alternative model proposed by Chaumard et al. (2009, 2012) suggests an initial CV-type
parent body disrupted by shock then metamorphosed by radiative heating during close
approaches to the Sun. More recently, Wasson et al. (2013) also suggested that CKs formed
from CVs, which were shocked, buried, affected by aqueous alteration and then annealed.
However, though the effects of CK parent body metamorphism have been previously
reported, the peak metamorphic temperature and time scale of this thermal event are still
poorly constrained.

The aim of this work is to study chondrules in a suite of CK chondrites to characterize
their modifications during metamorphism and to investigate the plausible CV-CK
relationship. After a general physical study of the abundance and size of chondrules, we
focused our study on the description of the texture and petrology of the unequilibrated
chondrules present in CK3—4. Indeed, the recent discoveries of CKs, in particular of CK3s, by
systematic Antarctic and Saharan collecting expeditions makes possible a detailed study of
the first steps of the metamorphism of chondrules. Though most CKs are texturally,
chemically, and mineralogically equilibrated, CK3 and some CK4 chondrites display several
indicators of disequilibrium such as chemical zoning in olivine from Mg-rich (Type I)
chondrules. In these unequilibrated chondrules, olivines have not been totally re-equilibrated
with the host matrix during thermal metamorphism that caused Fe/Mg interdiffusion between
silicates in matrix (Fe-rich) and those present in these chondrules. We used a numerical
modeling of the Fe/Mg interdiffusion to quantify the peak metamorphic temperature(s) and
time scale(s) of the CK thermal event. This method, though used for the Allende CV3
chondrite (e.g., Weinbruch et al., 1994; Cuvillier et al., 2015) and anomalous CK3 Watson
002 (Davidson et al., 2014), has never been extended to higher CK petrologic types en masse.
Results obtained from this quantitative understanding of the cation diffusion in zoned olivine
will thus provide new constraints on the parent body models proposed for CV-CK.



2. SAMPLES AND METHODS

2.1 Samples

Textural and petrological observations were carried out on 18 CK chondrites. We also
studied 5 CV chondrites for comparison. Samples used have been provided mostly by the
Muséum national d’Histoire naturelle (Paris, France) and the NASA Meteorite Working
Group (Houston, USA). All samples studied here are listed in the Table 1. Slices of Tnz 057
were also loaned by Frederic Béroud and Christophe Boucher.

2.2 Modal abundance measurements

We measured modal abundances of chondrules for all CV and CK samples listed in
Table 1. We used the method described by Chaumard et al. (2014) for the measurement of the
modal abundance of CAls. When it was possible, Type I chondrules were recognized on the
basis of their texture and mineralogy, as well as Mg concentrations in chemical mapping.
Modal abundances reported here include igneous rims and chondrule fragments. Even if most
chondrules observed have rounded shapes, we calculated an “equivalent diameter”
corresponding to the diameter of the surface area of a chondrule assimilated into a circular
object.

2.3 Analytical methods

Backscattered electron (BSE) imaging and energy dispersive X-ray spectrometry
(EDS) mapping were performed using a JEOL JSM-5910 LV scanning electron microscope
(SEM) equipped with a PGT Si(Li) detector at Laboratoire Magmas et Volcans (LMV) in
Clermont-Ferrand. EDS elemental maps were obtained using an accelerating voltage of 15
kV.RGB compositional maps have a resolution of ~2 um/pixel.

Chemical profiles were measured across zoned olivines, with 3 um spacing using a
CAMECA SX-100 electron microprobe at LMV. We used an accelerating voltage of 15 kV
and a beam current of 30 nA. Beam diameter was constant at ~1 um. Standards used for
silicates were wollastonite (Si, Ca), fayalite (Fe), forsterite (Mg), synthetic Al,O; (Al),
pyrophanite (Mn), synthetic Cr,O; (Cr), and synthetic NiO or San Carlos olivine (Ni). We
used a TAP crystal for the analyses of Mg, Al, and Si, a PET crystal for Ca, Cr, and a LIF
crystal for Mn, Fe, and Ni. We used the CAMECA ¢, ,, program for matrix corrections.

Crystallographic orientations of olivines were determined using electron backscattered
diffraction (EBSD). We used a Bruker’s QUANTAX CrystAlign EBSD analysis system on a
JEOL JSM-5910 LV SEM at LMV. EBSD patterns of olivine were fit using Pnma as the
space group (the standard setting in the International Tables of X-ray Crystallography for
denoting the space group of olivine), for a composition of Mg; gaFeo 165104, and with a =
4.758,b=10.21, ¢ = 5.989 (Merli et al., 2001). Since historically and most commonly used in
the literature, we will adopt throughout this manuscript the directions [001], [100], and [010]
for diffusion in olivine considering the Pbnm space group. We used the Esprit software to
produce phase maps, as well as orientation and misorientation maps. EBSD maps were
acquired using an accelerating voltage of 15 kV, for surfaces areas ranging from 0.13 to 4
mm” at resolutions ranging from 0.7 to 3.8 um/pixel.



3. RESULTS

3.1 Modal abundances and sizes of chondrules

Modal abundances and sizes of chondrules measured for the CV and CK chondrites
investigated here are presented in Table 2. From ~20 to 60% of chondrules in CKs are
surrounded by igneous rims. All modal abundances of chondrules are given as a percentage of
the total area studied (area%). When several sections of a single sample were analyzed, we
reported standard deviations corresponding to 1 sigma.

In CV chondrites

Modal abundances measured for Allende (37.6%; 9.2 cm?), Kaba (55.7%; 0.75 cm?),
and Bali (44.7%, 1.83 cm?) are slightly different than those reported by McSween (1977),
which are 45.9%, 35.9%, and 33.0% (including lithic and mineral fragments), respectively.
Ebel et al. (2008, 2009) reported for Allende 24.9% to 32.6% of chondrules (including
isolated olivine grains and lithic fragments). All these values vary around the typical value
accepted for CV chondrites (45%; Scott et al., 1996). NWA 779 contains 39.1+x1.2% (12.15
cm?) of chondrules, while NWA 2900 contains only 18.5%=3.8% (25.56 cm®) of chondrules.

Chondrules recognized during the modal abundance measurements of the 5 CVs
investigated have diameters ranging from 0.04 to 4.28 mm (Table 2). The mean values of
chondrule diameters range from 0.31 to 0.96+0.07 in Kaba and NWA 2900, respectively.
These values are similar to those reported in the literature, i.e., approximately 1.0 mm (e.g.,
Scott et al., 1996; Rubin, 2010).

In CK chondrites

Modal abundances measured for CK chondrites range from zero to 50.5% in LEW
87009 (CK6; 0.77 cm®) and Maralinga (CK4; 4.05 cm?), respectively. Values reported here
for Maralinga and NWA 5733 (45.0%; 1.31 cm®) are close to the value of 45% commonly
accepted for CVs (Table 2). Excluding Maralinga and NWA 5733, the mean value of the
modal abundance of chondrules calculated for all other CK chondrites is 19.3+7.0%. This
mean value increases to 22.5+11.1% if we consider Maralinga and NWA 5733. Except for
PCA 82500 (CK4/5) (10.7%; 0.42 cm®) and LEW 87009 (CK6), values determined in this
study are higher than the value commonly accepted for CK4-6 (15%; Scott et al., 1996)
(Table 2). We found no significant differences of modal abundances of chondrules between
CK3s (22.1+3.1%) and CK4s (29.5+11.1% and 23.4+3.8% with and without Maralinga and
NWA 5733, respectively). However, we observed a slight diminution from CK4s to CK6s.

On the basis of their size, texture, and mineralogy, we estimated the abundance of
Type I chondrules in the CK3s and Tnz 057 (Table 2). Although most of them are actually
chemically re-equilibrated with the host matrix due to parent body metamorphism, between
40 and 85% of chondrules observed in these sections were recognized as former Type I
chondrules. They include all microporphyric chondrules with euhedral olivine, chondrules
with barred olivine cores and granular rims, and opaque-rich chondrules (Fig. 1).

CK chondrites investigated contain chondrules with diameters ranging from 0.08 to
5.90 mm (Table 2). Mean chondrule diameters range from 0.47 to 1.05+0.05 mm for
Maralinga and Tnz 057, respectively. The mean value of 0.22 mm calculated for Karoonda is
not considered here because the section investigated contains numerous chondrule fragments.
We observed no distinct variation of the mean diameters between the different petrologic
types of CK chondrites.



3.2 Textures, mineralogy and chemical compositions of unequilibrated chondrules

As described in the literature, the mineralogy of chondrules in CK chondrites is
dominated by olivine. An interstitial fine-grained mixture composed of pyroxene and
plagioclase was also observed in several chondrules (Fig. 1). Although CKs are commonly
described as equilibrated chondrites, they contain chondrules in which the chemical
composition of olivine is not completely re-equilibrated with the host matrix (Fig. 1a—d).
These unequilibrated chondrules have cores composed of Mg-rich olivine while their exteriors
contain olivine grains partially equilibrated with the Fe-rich matrix. These unequilibrated
chondrules were observed in all CK3s investigated and in Tnz 057.

We recognized two different textures of unequilibrated chondrules (Fig. 1-3). Most of
them are composed of large, mostly anhedral, olivine grains (up to few hundred microns in
size) (Fig. 2a—d). Sometimes composed of a single olivine crystal, these chondrules may be
related to isolated forsterite grains. Diffusion fronts observed in this type of chondrule are
most likely constrained by intracrystalline diffusion, as well as diffusion at grain boundaries
and along fractures (Fig. 3b, 4). Sometimes, these chondrules display at their borders olivine
grains containing numerous micron-sized vesicles, pits, and tiny inclusions of opaque phases
(mostly magnetite and sulfides) (Fig. 1c, 5). These vesiculated grains of olivine are
chemically equilibrated with matrix olivines. These vesiculated olivines display different
crystallographic orientations compared to zoned olivines situated in the core of unequilibrated
chondrules (Fig. 5).

Few unequilibrated chondrules are entirely composed of euhedral olivine grains (Fig.
1b, 2e-h, 3a). These chondrules, although formed by olivine grains with random
crystallographic orientations (Fig. 2g), display diffusion fronts parallel to the matrix-
chondrule interfaces. In this case, the evolution of these diffusion fronts appears to be mostly
constrained by the cation diffusion velocity (at least for Mg and Fe) within the fine-grained
pyroxene-plagioclase mixture situated between euhedral olivine crystals.

Up to ~60% of chondrules observed in CK3—4s, including unequilibrated chondrules,
are surrounded by igneous rims with porphyritic or granular textures. With thicknesses
ranging from ~20 um to ~2 mm (Fig. 1), these rims are mainly composed of Ca-rich
pyroxene, Cr-rich magnetite, olivine, and plagioclase in various proportions. These minerals
have size ranging from ~10 to ~250 um. Ca-rich pyroxene is either granular or present as
laths (up to ~30 um long) displaying a characteristic texture of dehydrated phyllosilicates.
Magnetite occurred either as grains homogeneously distributed within the igneous rim (up to
~50 um in size; Fig. 1f) or as large rounded lumps (up to ~250 um; Fig. 1d). Olivine grains
are chemically equilibrated with the host matrix.

3.3 Quantitative study of Fe/Mg interdiffusion in olivine

Diffusion profiles in olivine

We measured by electron probe micro-analysis (EPMA) 24 chemical profiles in
unequilibrated chondrules either composed of barred, anhedral, and euhedral zoned olivines.
We acquired 6 chemical profiles in DaG 431, 4 in NWA 4724, 10 in NWA 4423, and 4 in Tnz
057. All chemical profiles measured display Fe, Ni, and Mn diffusion from matrix to
chondrules. Unlike these elements, Mg, Al, Ca, and Cr are enriched in olivine from
chondrules and diffuse towards the matrix. These chemical zonations are illustrated in Fig. 6.
The chemical compositions of the cores and borders of zoned olivines in which the zoning
profiles were measured are reported in Table 3.



Chondrule and olivine selection for quantitative study

The acquisition of a chemical profile in a chondrule composed of euhedral olivines
implies an analysis through different crystals (Fig. 1b, 2e-h, 3a). To simplify the modeling of
the diffusion profiles, we thus decided to model only those passing through a single olivine
crystal (Fig. 4). For this reason, we only used chemical profiles taken within chondrules
composed of anhedral olivines and measured perpendicular to the matrix/chondrule interfaces
where both igneous rims and vesiculated olivines are lacking.

Profile fitting

As shown in Fig. 1a—d, 3—4, diffusion fronts are situated within chondrules. In
consequence, inflexion points of chemical profiles do not correspond to the initial
chondrule/matrix interfaces. In addition, we can note here that the inflexion points are never
situated within vesiculated olivines or at the non vesiculated/vesiculated olivine interfaces
(Fig. 1¢c, 5).

The chemical profiles measured here can be modeled by a simple model of diffusion
in a semi-infinite medium. To a first approximation, the diffusion of an element X is
characterized by the characteristic length-scale of diffusion (a), which can be expressed as:

a = 2,/Dyt (1)

where Dy is the diffusion coefficient of the element X [m”.s™'] and ¢ the time [s]. Because the
diffusion coefficient depends on temperature, an empirical estimate of the diffusion lengths
would supply time-temperature curves. This approach was used by Weinbruch et al. (1994)
and Cuvillier et al. (2015) to investigate the thermal history of the Allende (CV3) parent body
and Davidson et al. (2014) for Watson 002 (anomalous CK3).

However, the unusual configuration of these chemical profiles is problematic. To
explain the position of the inflexion points, we could suggest that the formation of the
diffusion fronts post-dates the formation of Fe-rich olivine rims around primary Mg-rich
olivines, i.e., during fluid-assisted thermal metamorphism (e.g., Brearley and Krot, 2012). In
this case, Fe diffused from these secondary Fe-rich rims to the primary Mg-cores. However,
this hypothesis appears unlikely regarding the textural and petrological observations reported
above. Most of the Fe-rich olivines observed in unequilibrated chondrules do not display the
microstructural textures of such secondary Fe-rich olivines that contain both voids and planar
dislocations. Only the vesiculated Fe-rich olivine grains situated at the border of some
unequilibrated chondrules (Fig. 5) could have been formed during such fluid-assisted thermal
metamorphism.

In order to model these unusual chemical profiles, we propose a two-stage alternative
model (Fig. 7). In other words, the modeling of the diffusion profiles measured during this
work was split into two stages. Solutions of each stage used are described below, for diffusion
in 1 dimension and in Cartesian coordinates (Crank, 1975; Philibert, 1985).

Due to the large amount of Fe available in matrix olivines relative to Mg from
chondrule olivines, the Fe content in matrix would remain constant during the early stages of
the chemical re-equilibration. We modeled this first stage of the diffusion process considering
an element X that diffuses from a half-space (matrix in the case of Fe) with a concentration Cs
maintained at a constant concentration, to another half-space (chondrule in the case of Fe)
with a concentration C,. Thus, the solution of the diffusion equation has the form:

C(x,t)—Cs

e =t () @)



where x is the distance [m], C(x, t) the concentration of the element X at a given x and t,
with the initial conditions:

C(x,t) = Cy, x>0, t=0
and the boundary conditions:
C(x,t) = Cs, x=0, vt >0

Knowing C, and x, we determined for each profile the best Cg — a, pair that minimizes the
deviation between the chemical profile measured and the solution of the Eq. (2). The C5 — a,
pair is considered as best fitting when at least 75% of our data situated below the inflexion
point of the chemical profile measured are fit (Fig. 7). As expressed in Eq. (1), we can thus
produce the time-temperature curves of this first stage using the value estimated for a, . This
duration, at a given temperature, is noticed t; below. The concentration Cg thus obtained for
the matrix/chondrule interface corresponds to the presumed content of the element X in
olivine from matrix before the beginning of the diffusion. Although not numerically fit, the
chemical profiles measured by Weinbruch et al. (1994) are similar to the theoretical fits
obtained using the Eq. (2).

Then, olivine in matrix is progressively depleted in Fe by diffusion into chondrules.
The Fe content reaches in fine the value measured in both equilibrated olivines in matrix and
at the border of chondrules. During this second stage of the diffusion process, we considered
an element X that diffuses from a half-space (matrix in the case of Fe) of a C, concentration
(fixed to the value measured by EPMA at the matrix/chondrule interface), to another half-
space (chondrule in the case of Fe) of a concentration C(x,t;). In this case, the solution has
the form:

CD-COut) 1, o (3
C1—C(x,tq) T2 erfc (2\/D_t) (3)

with the initial conditions:

t—O{ x<0 Clxt)=C
x>0 C(xt)=C(xty)

Then, we are able to determine the diffusion length of this second stage (a,) (Fig. 7). The
total duration of this two-stage diffusion process is obtained by the addition of the two
durations inferred from the diffusion lengths estimated for each stage (a, and a,).

Diffusion coefficients in olivine

The literature contains numerous data of the Fe/Mg interdiffusion coefficient in
olivine (e.g., Buening and Buseck, 1973; Misener, 1974; Nakamura and Schmalzried, 1984;
Jurewicz and Watson, 1988; Chakraborty, 1997; Dohmen and Chakraborty, 2007a,b). The
validity and range of applications were extensively addressed by several authors (e.g.,
Weinbruch et al., 1994; Chakraborty, 2010), so we will not discuss this issue in this work.
Diffusion coefficients depend on temperature, pressure, chemical composition, oxygen
fugacity, crystalline defects, and crystallographic orientation (the diffusion being faster in
olivine along the direction [001] than [100] and [010]) (e.g., Chakraborty, 2010; and
references therein). Since we performed EBSD analyses to constrain the crystallographic



directions along our diffusion profiles, we used here the Fe/Mg interdiffusion coefficient
defined by Dohmen and Chakraborty (2007b), which takes into account pressure,
temperature, crystallographic directions, oxygen fugacity and chemical composition of olivine
in the case of a quantitative point defect model. The equation of the diffusion coefficient
along [100] is expressed as follows:

220000+(P-105) x 7 x 107

logD = —8.91 —
2.303RT

+ 3(Xpe — 0.1) 4)

where T is the temperature [K], P the pressure [Pa], Xz, the mole fraction of the fayalite
component, and R the gas constant [J.mol" .K™]. The diffusion coefficient along [010] and
[001] can be obtained by the subtraction of log 6 to the Eq. (4) (Dohmen and Chakraborty,
2007b).

Since CKs are highly oxidized (e.g., Geiger and Bischoff, 1995; Righter and Neff,
2007), oxygen fugacity was fixed at 10" corresponding to the NNO buffer at ~1167 K
(Huebner and Sato, 1970). The fayalite content was fixed to the value corresponding to the
mean composition of forsterite from the unequilibrated core of each chondrule investigated.
So, this value does not depend on the olivine composition in our model. We fixed a constant
pressure at 10 bars, which approximately corresponds to the lithostatic pressure within an
asteroid-sized parent body with a radius of ~100 km (Weidenschilling and Cuzzi, 2006).

Diffusion lengths

As shown in Fig. 8, the chemical profiles measured by EPMA are well fit by the two-
stage diffusion model described above. The ranges of diffusion lengths estimated from the
first stage of the diffusion modeling (a;) are 15-100 um (46+27 wm) for DaG 431, 2665 um
(48+16 wm) for NWA 4724, 46-90 um (6521 um) for NWA 4423, and 63-90 um (72«11
um) for Tnz 057. For the diffusion lengths inferred from the second stage of the diffusion
modeling (a,), the ranges estimated are 620 um (14+6 um) for DaG 431, 7-20 um (14+5
um) for NWA 4724, 10-60 um (19+14 um) for NWA 4423, and 10-23 um (15«5 um) for
Tnz 057. The anisotropy of diffusion in olivine and section bias can easily explain the
scattering of the diffusion lengths reported here.

Steepest chemical profiles

As noted above, the total duration of this two-stage diffusion modeling is calculated
by the addition of the two durations inferred from the diffusion lengths estimated for each
stage. The total duration (time) estimated for each chemical profile is thus mainly constrained
by the first stage of our model because a, is significantly larger than a,. Among the chemical
profiles measured through a single olivine crystal and perpendicularly to a chondrule/matrix
interface with no igneous rim and vesiculated olivine, we considered as the steepest chemical
profiles those displaying the smallest values of a; (profile #5 for DaG 431, #3 for NWA
4724, #2 for NWA 4423, and #1 for Tnz 057) (Tables 3 and 4).

The table 4 lists, for the steepest chemical profiles measured for each sample, the
parameters used for the two-stage diffusion modeling: the Fe contents measured by EPMA
within chondrules (Cj) and at the matrix/chondrule interfaces (C;), as well as the angles
measured between the chemical profiles and crystallographic orientation of olivines.
Presumed Fe contents of matrices before metamorphism (Cs) were inferred from the first
stage diffusion modeling which gives values ranging between 20 and 25 at% Fe in the bulk.
These values correspond to olivine ~Faz—Fag7 s considering a pure Mg,S104—Fe,S104 solid
solution.



For these steepest chemical profiles, the diffusion lengths obtained for the two stages
of our diffusion modeling are given in Table 4. The steepest chemical profiles from DaG 431-
5 and Tnz 057-1 display the smallest and widest diffusion lengths, respectively. To minimize
bias due to the non-equatorial sectioning of chondrules, we will only use and discuss the
results obtained for these steepest chemical profiles. So, these results will give upper limits
for the time-temperature conditions of the CK thermal event.

Time-temperature pairs

The Fig. 9 shows the time-temperature curves obtained for the steepest profiles
measured and using the diffusion lengths presented in Table 4. At a given duration, the
maximal peak metamorphic temperature increases from DaG 431 (classified as a CK3-an) to
Tnz 057 (classified as a CK4). For a duration of 1x10° years, the peak metamorphic
temperatures range approximately from 800 to 840 K for DaG 431 and Tnz 057, respectively.
If the duration of the thermal event decreases to 100 years, the peak metamorphic
temperatures obtained for DaG 431 and Tnz 057 rise to 1100 and 1190 K, respectively.

4. DISCUSSION

4.1 Modal abundances and physical properties of chondrules in CKs: similarities with
chondrules in CVs

Modal abundances of chondrules estimated here for the Kaba, Bali, Allende, and
NWA 779 CV3 chondrites are consistent with the typical value reported for CVs (45%; Scott
et al., 1996). The differences between the value measured here for Allende and those
determined by McSween (1977) and Ebel et al. (2008, 2009) may be attributed to the method
of measurement used. However, an intrinsic heterogeneous distribution of chondrules
between different thin sections cannot be excluded.

Chondrules in CK3s can be easily recognized. Indeed, they are less recrystallized than
in higher petrologic types, often display Fe/Mg zonations in olivine, and sometimes contain
former mesostasis recrystallized as a fine-grained mixture composed of plagioclase and
pyroxene. The modal abundances of chondrules are not significantly different between CK3s
(22.1£3.5%) and CK4s (26.5£9.0%) but decrease from CK4s to CK6s. This diminution is a
consequence of the recrystallization and chemical re-equilibration of chondrules with the host
matrix during metamorphism. Since the smallest chondrules initially present in the CK3—4
probably disappeared during metamorphism, the average modal abundance of chondrules in
CKs would have been higher than ~30%. A value of 45-50% (as defined for CVs and as
measured here in NWA 5733 and Maralinga) appears more appropriate to characterize the
initial modal abundance of chondrules in CKs prior to metamorphism.

The mean diameters of chondrules from all CV and CK chondrites studied here are
similar, from 0.31 to 0.96 and from 0.47 to 1.05 mm, respectively. The mean diameters
calculated in this study are consistent with values reported by Geiger et al. (1993), Zipfel et al.
(2000), Bukovanska et al. (2003), Smith and Russell (2003), and Rubin et al. (2010) for the
Watson 002, NWA 1559, and DaG 431 CK3 chondrites (mean diameters of approximately
0.90 mm, with a maximal range of 0.16—7.5 mm). These results indicate that chondrule sizes
should not be used as a criterion for distinguishing between CV and CK chondrites. We can
also note that sizes reported in this study can be biased due to (i) the small areas investigated
for some meteorites, (ii) the non-equatorial sectioning of chondrules and (iii) the unequal
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probability of sectioning chondrules with different sizes (Eisenhour, 1996). However, they are
comparable to previous studies of CV and CK chondrites for which no corrections of
chondrule sizes have been realized.

Due to the chemical re-equilibration of chondrules and their recrystallization during
metamorphism, it is sometimes difficult to distinguish between Type I and Type 11
chondrules. Since we considered for our estimations only chondrules for which we were
certain that they correspond to former Type I chondrules, modal abundances presented here
are underestimated. Unlike OCs, CCs (especially CVs) only contain a small amount of Type
IT chondrules (e.g., Zanda et al., 2006; and references therein). Even if feldspar compositions
can be used for distinguishing between metamorphosed Type I and II chondrules (e.g., Huss
et al., 2006; and references therein), this phase is rare in CK chondrules. Moreover, feldspar is
present as a fine-grained mixture in association with pyroxene, which does not permit
quantitative EPMA measurements. Thus, the initial proportions of Type I chondrules in the
CK3s samples investigated and in the Tnz 057 CK4 chondrite should be closer to those
measured for CVs.

The value of 15% present in literature for the modal abundance of chondrules in CKs
appears to be a low estimation of the true abundance rather than a mean value. This low value
of 15% is due to previous measurements realized on CK with petrologic types >3. Our study
of numerous CKs, in particular 5 CK3s, points out the existence, for this group of CCs, of a
large range of modal abundances of chondrules. Chondrules are partially to completely re-
equilibrated during metamorphism, hence the range of modal abundances measured in this
work. In addition, this large range of modal abundances can cause numerous bias of
classification, i.e., the systematic classification of samples with unequilibrated chondrules as
CVs and samples with recrystallized matrices as CKs (see discussion in Chaumard et al.,
2014). Regarding our results, a continuum between modal abundances of chondrules
measured in CV and CK chondrites should be considered. In CVs, chondrules are well
preserved because they have experienced minimal parent body metamorphism. With the
increase of the metamorphism, chondrules progressively disappeared, as indicated by the
diminution of their modal abundances from CV to CK6 chondrites. As previously suggested
by Greenwood et al. (2010), Wasson et al. (2013), and Chaumard et al. (2014), the current CV
and CK classification into two distinct groups should be revised to form one single group.

4.2 Igneous rims of CK chondrules

CK chondrules were initially defined as being free of igneous rims (Kallemeyn et al.,
1991) while igneous rims are currently described as a typical feature of CV chondrules (e.g.,
Rubin 1984a,b; Rubin and Wasson, 1987; Rubin, 2010). Up to now, igneous rims were only
described around a few chondrules from the two CK3 NWA 1559 and DaG 431 (Zipfel et al.,
2000; Rubin, 2010). We reported here the occurrence of numerous chondrules surrounded by
a thick igneous rim mainly composed of pyroxene, magnetite, olivine, and plagioclase in the
CK3-4 chondrites DaG 431, NWA 1559, NWA 4724, NWA 4425, NWA 4423, NWA 4422,
and Tnz 057. As proposed by Smith and Russell (2003), we interpret the lack of igneous rims
around chondrules from CK chondrites with petrologic types >4 as a consequence of the
parent body metamorphic event. These results point out that the occurrence or the lack of
igneous rims around chondrules should not be used for distinguishing between CV and CK
chondrites.

The occurrence of numerous igneous rims seems to indicate that some of chondrules
in CK chondrites experienced at least two melting episodes prior to their accretion into the
parent bodies. As discussed by Rubin (2010), igneous rims may have formed during a thermal
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event that caused the re-melting of a dust mantle or dustball accreted around former
chondrules. This dusty material, probably similar to the dust mantles reported in primitive
chondrites (e.g., McSween and Richardson, 1977; Scott et al., 1984, 1988; Alexander et al.,
1989; Brearley, 1993; Brearley et al., 1995), would have been accreted in the dusty
environments of the solar nebula (e.g., Zanda et al., 2002; Rubin, 2010). According to the
sizes, petrology, and textural characteristics of their igneous rims, chondrules in CV, CK, as
well as in CR chondrites (e.g., Rubin, 2010) may have undergone similar pre-accretionary
events, hence a probable formation in a similar region of the protoplanetary disk.

4.3 Peak metamorphic temperatures of CV and CK chondrites.

The study of the Fe/Mg interdiffusion in zoned olivines from unequilibrated chondrules
found in CK3—4 chondrites provides time-temperature curves for each diffusion profile
studied. Thus, we are able to determine different time-temperature scenarios. However, it is
impossible to isolate one distinct scenario without fixing time or temperature. An accurate
estimation of the peak metamorphic temperature is at least necessary to deduce the time scale
of the CK thermal event.

Numerous authors estimated, using different geothermometers, the peak metamorphic
temperature of the CV parent body event of 520-900 K (e.g., Kullerud and Yund, 1962;
Fuchs, 1971; Brecher and Arrhenius, 1974; Blum et al., 1989; Huss and Lewis, 1994;
Weinbruch et al., 1994; Krot et al., 1995; Lee et al., 1996; Huss et al., 2006; Busemann et al.,
2007). Though the peak metamorphic temperature estimated for Allende globally ranges from
~770 to 870 K (e.g., Huss and Lewis, 1994; Busemann et al., 2007; Krot et al. 2007; Cody et
al., 2008), some authors reported a value of around 600 K (Rietmeijer and MacKinnon, 1985;
Bonal et al., 2007). In addition, and based on the study of Fe/Mg interdiffusion profiles in
rimmed forsterite grains isolated in the Allende matrix, Cuvillier et al. (2015) proposed a peak
metamorphic temperature ranging from 695 to 775 K. Regarding this large range of estimates,
the peak metamorphic temperature of CV chondrites is therefore not accurately known and
still subject to considerable debate.

In contrast to CV chondrites, there are only few estimates of the peak metamorphic
temperatures of CK chondrites. First, and based on the distribution of pre-solar components in
Karoonda (CK4), Clayton et al. (1977) reported a peak metamorphic temperature of ~800 K.
Using the method defined by Lindsley and Andersen (1983) based on the chemical
composition of coexisting pyroxenes, Geiger and Bischoff (1991) estimated metamorphic
temperatures in the range of ~820-920 K for CK4, ~920-1070 K for CKS5, and ~1070-1270
K for CK6 chondrites. Olivine-spinel thermometry and pyroxene compositions indicate that
Maralinga (CK4), Y-693 (CK4/5), EET 87507 (CKS5), and some fragments of Karoonda
(CK4) were heated at temperatures ranging from ~1020 to 1120 K (Noguchi, 1993). A few
years later, Clayton and Mayeda (1999) proposed a new range of metamorphic temperatures
for CK4s between 860 and 900 K, inferred from "*0/'°O fractionations among major minerals.
Two studies by Nakamuta et al. (2001) and Tachibana et al. (2002), who used the chemical
compositions of plagioclases and pyroxenes present in Kobe (CK4), suggested a peak
metamorphic temperature of ~970—1070 K for this meteorite. Recent estimations are given by
Neff and Righter (2006) and Righter and Neff (2007) who proposed, using the Fe, Ti
geothermobarometer based on the distribution of Ti between ilmenite and magnetite (e.g.,
Lindsley and Andersen, 1988; Ghiorso and Sack, 1991), peak metamorphic temperatures for
CKs in the range of 550-930 K. Finally, Chaumard et al. (2014) suggested, based on
petrological and Al-Mg isotopic analyses of a coarse-grained CAl in Tnz 057 (CK4), a peak
metamorphic temperature ranging from ~810 to 1070 K.
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The large range of peak metamorphic temperatures estimated for CV and CK chondrites
can be the consequence of uncertainties inherent to the various methods used. Indeed, they are
calibrated and determined for distinct chemical compositions and ranges of temperature. For
example, temperatures inferred from olivine-spinel thermometry range from 800—1000 K. As
pointed out by Weinbruch et al. (1994), these temperatures, which are close to the application
limit of the thermodynamic data (e.g., Fabries, 1979; Roeder et al., 1979), presumably
represent the closure temperature of the Fe/Mg interdiffusion in olivine. As for temperatures
deduced from pyroxene compositions, they should be carefully interpreted. Indeed, this
method does not take into account possible significant amounts of Al,O, in pyroxene, as
observed in CK chondrites (0.7-3.45 wt%; Noguchi, 1993).

With respect to our results, the lower limit of the peak metamorphic temperatures
inferred from the Fe, Ti geothermobarometer used by Neff and Righter (2006) and Righter
and Neff (2007) (550 K) gives unrealistic durations for the CK thermal event, i.e., ~0.3 and
1.7x10" years for DaG 431 and Tnz 057, respectively. This result is consistent with the fact
that this temperature is certainly not relevant to diffusion in silicates at the SEM scale. The
temperature of 550 K thus appears to underestimate the true lower limit of the CK peak
metamorphic temperatures. This method, which always blocks approximately 200 K lower
than the two pyroxene geothermometer (e.g., Lindsley and Andersen, 1983), is not the best
way to constrain the peak metamorphic temperatures of CV and CK chondrites.

CK3—4 contain unequilibrated pyroxenes, i.e., in Karoonda (Noguchi, 1993). The peak
metamorphic temperatures estimated for the CK4s using the two-pyroxene geothermometer
are thus doubtful because the samples investigated (e.g., Karoonda, Kobe) are not completely
equilibrated. However, pyroxene compositions reported by Noguchi (1993) for Y-693
(CK4/5) and EET 87507 (CKY5) indicate equilibrated compositions with a mixing line
between orthopyroxene and augite (~Wo,s). Thus, and using the two-pyroxene
geothermometer (Lindsley, 1983; Lindsley and Andersen, 1983), these compositions give a
maximal peak temperature of 1070 K.

In addition, pentlandite is ubiquitous in all petrologic types of CK chondrites (Geiger
and Bischoff, 1995). Since this sulfide is not stable at temperatures higher than 883 K (e.g.,
Craig, 1973), it is commonly argued that CKs were not heated at temperatures exceeding
~880 K. This hypothesis considers a formation of pentlandite during prograde metamorphism
rather than during cooling. However, Sugaki et al. (1982) and Sugaki and Kitakaze (1992)
described the formation of a high temperature form of pentlandite at ~880 K (isometric
system, cell parameter = 5.189 A at 893 K; Sugaki and Kitakaze, 1998). The solid solution of
such pentlandite varies from Fes ;Ni; 935, o5 to Fe, o Nis 305, ¢s at ~1125 K. Above ~1140 K, the
decomposition of this high temperature form of pentlandite into monosulfide solid solution
(MSS) + liquid is observed, thus given a new plausible upper limit of the peak metamorphic
temperature undergone by CK chondrites. Although no crystallographic investigations were
realized on pentlandites in CKs so far, the compositions reported by Geiger and Bischoff
(1995) can be consistent with this high temperature form.

The large temperature range of the CK metamorphic event reflects the use of different
geothermometers, which possibly recorded closure temperatures rather than peak
metamorphic temperatures. However, the diffusion of Fe in pyroxene is slower than in
olivine, which is slower than in oxides. The highest estimates of the peak metamorphic
temperatures of CK chondrites with petrologic types >4 are thus more realistic for what
happened in olivine. Moreover, the presence, in igneous rims around chondrules from CK
chondrites, of Ca-rich pyroxene grains with a texture of dehydrated phyllosilicates, is
inconsistent with the lowest peak metamorphic temperatures given by previous works. As
experimentally investigated by Akai (1992), the decomposition of Mg-Fe serpentine into
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olivine and enstatite starts at 570 K but its structure can be still observed till ~1020 K (1070-
1170 K for Mg-Fe saponite). With respect to these studies, the assumption that peak
metamorphic temperatures of CK chondrites range from 920 to 1140 K thus seems to be
reasonable.

4.4 Time scale(s) of the CK parent body metamorphism

As discussed in the previous section, it is impossible to isolate, using the time-
temperature curves reported in Fig. 9, one distinct time-temperature scenario without fixing
time or temperature. Among CKs analyzed here using Fe/Mg interdiffusion in olivine, Tnz
057 is the unique sample for which the maximal peak metamorphic temperature was
estimated using the presence of grossular in CAls (1070 K; Chaumard et al., 2014). So, we
are able to calculate an accurate minimal time scale for the parent body metamorphism of this
CK4 chondrite. The steepest chemical profile measured in Tnz 057 thus gives a duration of
~1200 years at 1070 K.

The time scales inferred from the most reasonable range of peak temperatures discussed
above for the CK metamorphic event vary between ~50 years at 1140 K and 70 000 years at
920 K. The time-temperature curves reported in Fig. 9 may suggest that CK chondrites were
heated at various durations (between 50 and 70 000 years) and temperatures (between 920 and
1140 K). This scenario reflects thermal processes such as radiative heating and impacts as
proposed by Chaumard et al. (2012) and Wasson et al. (2013), respectively. Using a combined
study of the chemical zonations in olivine and diopside grains in Allende, Cuvillier et al.
(2015) reported a peak metamorphic temperature higher than 805 K, which corresponds to a
duration shorter than 0.1x10° years. The authors concluded that these short time scales are
probably due to the extrapolation of the diffusion coefficients at low temperatures. However,
radiative heating and impacts can also explain such short durations.

Regarding the range of peak temperatures estimated for the CK metamorphic event
(920-1140 K), we could also suppose that CKs have been heated at a given duration but at
different temperatures. In this scenario, the samples were either heated for long durations at
low temperatures, or for short durations at high temperatures. We obtain, for a duration of 70
000 years, peak metamorphic temperatures for CK3s ranging from 850 to 920 K and higher
than ~920 K for CK4-6. At a given duration of around 50 years, CK3s would have been
heated at peak temperatures ranging from 1140 to 1220 K while peak metamorphic
temperatures of CK4—6 were higher than ~1220 K. However, since CK3 chondrites contain
numerous unequilibrated silicates, they were most probably not heated at temperatures higher
than ~1170 K (see section 4.3). In addition, a peak metamorphic temperature of ~1220 K and
higher is probably too high to preserve the pyroxene disequilibrium observed in CK4
chondrites. Therefore, the duration of 50 years seems to be unreasonable here.

This constant duration/different temperatures scenario is characteristic of a thermal
evolution on a thermally stratified (onion-shell) parent body involving internal sources of heat
such as *°Al (e.g., Greenwood et al., 2010a; Weiss et al., 2010; Elkins-Tanton et al., 2011;
Sahijpal and Gupta, 2011). The characteristic durations of such thermally stratified asteroids
range from approximately 1 to 100x10° years (e.g., Bennett and McSween, 1996; Ghosh and
McSween, 1998; McSween et al., 2002; Huss et al., 2006; Henke et al., 2013). These
durations are clearly at variance with the time scales (50—70 000 years) inferred from the
range of peak metamorphic temperatures estimated for CK chondrites. However, and
considering a duration of 1x10° years, we obtain a peak metamorphic temperature of 800—840
K for CK3 and >840 K for CK4—-6. For a duration of 100x10° years, these temperatures
decrease to ~700-730 K for CK3 and >730 K for CK4-6.
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Davidson et al. (2014) suggest, for the anomalous CK3 Watson 002, a duration of the
metamorphic event of 11x10° years at 773 K. The diffusion length of 64+25 wm measured by
the authors in a zoned olivine grain is consistent with the values obtained in this work from
the first stage of our diffusion model (a,) (see section 3.3). However, Davidson et al. (2014)
used a peak metamorphic temperature of 773 K corresponding to the lowest value determined
for CO chondrites of petrologic subtype 3.5 (e.g., Busemann et al., 2007). The duration of
11x10° years inferred from this peak metamorphic temperature is thus not in agreement with
the shorter time scales estimated in this work (50—70 000 years). Using a peak metamorphic
temperature consistent with the most reasonable range proposed for CK chondrites (920-1140
K), this duration of 11x10° years will decrease to a value lower than ~70 000 years.

4.5 Relationship between the CV and CK parent body metamorphism

The two-stage diffusion process invoked in this work to account for the position of all
inflection points implies an initial matrix olivine composition ranging from Fa,,—Fag, 5. These
presumed Fa contents of the matrix olivines before metamorphism are consistent with the
range of compositions measured in CV chondrites, i.e., ~Fa,,—Fa,, in the Mokoia CV,;
chondrite (e.g., Keller and Buseck, 1990; Tomeoka and Buseck, 1990; Krot et al., 1995).
However, the mean value of the matrix olivine compositions in CVs is usually close to ~Fa,.
The theoretical initial Fa content of the matrix olivines inferred from our diffusion modeling
thus appears to slightly overestimate the true initial composition. Nevertheless, this
underestimation does not drastically modify the durations estimated here. Indeed, additional
simulations were realized using an initial composition of the matrix olivines around Fa,. The
results show that, at a given temperature, the durations obtained with the two-stage model
developed here slightly decrease. They never increase. In term of matrix olivine compositions,
CKs could thus derive from a former CV-type material that evolved during parent body
metamorphism, causing the textural and chemical re-equilibration of all chondritic
components.

If CKs are metamorphosed CVs, time scales and peak metamorphic temperatures
inferred from Fe/Mg interdiffusion in zoned olivines from CV chondrules have to be
consistent with our results. Weinbruch et al. (1994), using the Fe/Mg interdiffusion
coefficients defined by Buening and Buseck (1973) and Nakamura and Schmalzried (1984),
suggested an upper limit of peak metamorphic temperature ranging between 600 K and 750
K, respectively. However, these temperatures were arbitrarily estimated assuming a duration
of 10° years, which is a time scale characteristic of the decay of *°Al as the source of heat. We
reported time-temperature curves defined by Weinbruch et al. (1994) in Fig. 9. For durations
of approximately 70 000 years, data from Weinbruch et al. (1994) give a peak metamorphic
temperature for Allende of around ~680 K and ~800 K using the diffusion coefficients
defined by Buening and Buseck (1973) and Nakamura and Schmalzried (1984), respectively.
At durations of approximately 50 years, peak metamorphic temperatures from Weinbruch et
al. (1994) increase to ~800 and ~960 K using the diffusion coefficients defined by Buening
and Buseck (1973) and Nakamura and Schmalzried (1984), respectively. At a given duration,
CVs would thus be heated at lower temperatures than CK chondrites. These results, consistent
with the peak metamorphic temperatures estimated for Allende (695-870 K), support similar
CV-CK secondary processes.

Although Weinbruch et al. (1994) preferred results obtained using the diffusion
coefficient defined by Buening and Buseck (1973), we believe that data deriving from the
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diffusion coefficient defined by Nakamura and Schmalzried (1984) are more realistic. The
latter was estimated using a polycrystalline material and not along the [001] crystallographic
direction of olivine. The averaged value of this diffusion coefficient may be more
representative of the orientation of a chemical profile randomly measured in zoned olivine.
More recently, Cuvillier et al. (2013) quantified a Fe/Mg interdiffusion profile measured in a
forsteritic grain (possibly a fragment of a Type I chondrule) surrounded by a fayalite-rich
overgrowth rim found in the matrix of Allende. The time-temperature curve reported by
Cuvillier et al. (2013) is consistent with the result of Weinbruch et al. (1994) using the
diffusion coefficient defined by Nakamura and Schmalzried (1984) (Fig. 9).

As pointed out by Cuvillier et al. (2013), the origin of fayalite-rich olivines around
forsteritic cores in CV matrices cannot be clearly identified on the basis of these results. It
would be either the consequence of parent body processes (aqueous alteration and
metamorphism) as suggested by Krot et al. (2004) and Brearley (1999) or a direct
condensation from the nebular gas (e.g., Weinbruch et al., 1990; Palme and Fegley, 1990;
Weisberg and Prinz, 1998). Although still debated, an origin of Fa,, s, by direct condensation
in the solar nebula appears unlikely regarding recent thermodynamic investigations
(Grossman et al., 2012).

4.6 Implication for the CV-CK parent body model

Different parent body models can be considered and discussed on the basis of these
results. In the model proposed by Greenwood et al. (2010a, b), CV and CK chondrites derived
from a single parent body, thermally stratified, as usually invoked for OCs (e.g., Trieloff et
al., 2003; Wood, 2003). The most metamorphosed lithologies (CKs) are situated in the core
while the less heated ones (CVs) are at the surface of the parent body. This model implies that
the durations of the parent body metamorphism were roughly similar for all CV and CK
chondrites. The internal source of heat, i.e., the decay of *°Al, at the origin of such thermally
stratified parent body gives reasonable metamorphic durations of at least 10° years (e.g., Huss
et al., 2006). With respect to our results, this period of time limits the peak metamorphic
temperatures to <800 K for CV, 800-840 K for CK3, and 8401140 K for CK4—6 chondrites.
These conditions, although not very different from those estimated by Geiger and Bischoff
(1991), are at variance with the time-temperature pair reported for Tnz 057 (1200 years-1070
K). In addition, the other possible durations estimated in this work, which are below 10°
years, are not totally consistent with a single thermally stratified CV—CK parent body.
Moreover, this model also supposes that CK3 were heated at relatively low temperatures
(<840 K). These low temperatures are poorly consistent with (i) the lack of phyllosilicates
(see Akai (1992) and discussion in section 4.3) and (ii) the common association in CK3
samples of a well-recrystallized matrix (relative to CV chondrites) and unequilibrated
chondrules. All these textural features are more consistent with a transient high-temperature
thermal event than a parent body metamorphism caused by the decay of *°Al.

Recent paleomagnetic studies on CVs may indicate that the Allende CV3 chondrite
could derive from the external part of a differentiated asteroid (e.g., Weiss et al., 2010;
Elkins-Tanton et al., 2011; Humayun and Weiss, 2011). In this model, CKs would be located
in the lower part of the undifferentiated chondritic layer situated at the surface of this parent
body. As discussed above, the time-temperature conditions of such parent body that also
invokes an internal source of heat are not consistent with our results. Possible metamorphic
durations ranging from ~50 to 70 000 years cannot be produced within an undifferentiated
crust of a partially differentiated asteroid.
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Several observations are in favor of a CV-CK metamorphic event during various
durations and at different temperatures. These observations are the large range of peak
metamorphic temperatures estimated for CVs and CKs (see section 4.3) and the apparent lack
of correlation (probably due to estimations realized from unequilibrated assemblages, i.e., in
CK3-4 chondrites) between peak temperatures and petrologic types. Recently, impacts were
invoked as a source of heat to explain the origin of the possible CV-CK metamorphic series
(Wasson et al., 2013). In this scenario, CK were formed from CV-type materials, which were
shocked, buried, affected by aqueous alteration then annealed. These parent body processes
are interpreted as the cause of metamorphic events characterized by various peak
metamorphic temperatures and short durations on the order of seconds to a few hundred years.
Indeed, the total duration of the peak metamorphic temperature caused by shock is
approximately 1 s. (e.g., Beck et al., 2005). The duration of such thermal event can be extent
to a few minutes to several hundred years due to the thermal relaxation time (e.g., Heymann,
1967; Min, 2005). For example, Miller and Wagner (1979) used zircon and apatite fission
tracks from basement fragments in the impact breccia from the Ries crater to estimate the
temperature-duration history of this impact structure. These authors determined that the most
metamorphosed rocks were heated at ~820—1070 K for less than one hour, whereas rocks
which exhibit a peak temperature of around 470 K were heated for ~10° years. We can note
here that metamorphic reactions at this temperature are practically ineffective. Only the
lowest time scales (<10’ years) estimated in this work may be consistent with durations
commonly assumed for a metamorphic event induced by shock. As noted by Chaumard et al.
(2012) and Greenwood et al. (2010), evidence of breccias composed of CV and CK-like
materials are lacking. Similarly, no polymict breccias containing CK chondrites of different
petrologic types have been reported so far (though observed for OCs and Rumuruti
chondrites; Bischoff et al., 2006). In consequence, we believe that impact(s) should not be
considered as the most likely process that caused CV-CK metamorphism.

Another thermal process, which did not occur in a thermally stratified parent body, was
proposed for CV-CK metamorphism by Chaumard et al. (2012). These authors pointed out
that parent body models and sources of heat discussed above fail to account for the striking
features of CK chondrites. The lack of correlation between petrologic types and shock stages
and the peculiar textures of the CK4—5 matrices (e.g., Kallemeyn et al., 1991; Rubin, 1992;
Tomeoka et al., 2001, 2005; Ohnishi et al., 2007; Brearley, 2009) are inconsistent with a
thermally stratified parent body or a shock origin. Based on these observations, Chaumard et
al. (2012) proposed an alternative parent body model based on the radiative heating of small
meteoroids during close approaches to the Sun (up to ~1050 K at perihelia <0.15 AU). In this
model, the intensity of this secondary thermal process is function of the size of the objects,
durations for which orbits are kept stable at small perihelia, and/or heliocentric distances. This
source of heat can account for (i) most of the peak metamorphic temperatures estimated for
CV and CK chondrites, (ii) the lack of correlation between peak metamorphic temperatures
and petrologic types, and (iii) durations estimated here (5070 000 years) which are longer
than what is commonly admitted for shock events (seconds; e.g., Beck et al., 2005) but shorter
than what is required for nuclide decay (million years; e.g., Huss et al., 2006). Indeed,
radiative heating is able to maintain temperatures sufficient for thermal metamorphism during
1 day at each revolution (Chaumard et al., 2012). Thus, and assuming an orbital period of 2
years, ~1500 years of heating time correspond to favorable orbits which are stable during
~1.1x10° years. This duration is consistent with the fact that near-Earth objects with
perihelion <0.1 AU can kept stable orbits up to several million years (Marchi et al., 2009;
Michel and Delbo, 2010).
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5. CONCLUSION

The existence of a continuous CV-CK metamorphic series is reinforced by the modal
abundances and sizes of chondrules, the proportion of Type I chondrules, and the occurrence
of numerous igneous rims observed in the CK samples investigated. Rather than two distinct
groups of carbonaceous chondrites, CV and CK chondrites are most probably derived from a
common parent body. As previously proposed by Greenwood et al. (2010), Wasson et al.
(2013), and Chaumard et al. (2014), CV and CK chondrites should thus be merged into a
single group.

The modeling of Fe/Mg interdiffusion in zoned olivine from the DaG 431, NWA 4724,
NWA 4423, and Tnz 057 CK3—4 chondrites gives, for peak metamorphic temperatures of
920-1140 K, durations varying from 50 to 70 000 years. Regarding the large range of peak
metamorphic temperatures estimated for CV and CK chondrites, the apparent lack of
correlation between petrologic types and peak temperatures, and the time-temperature curves
estimated here and for Allende (Weinbruch et al., 1994; Cuvillier et al., 2013), we suggest
that CV and CK chondrites were heated at different temperatures and various durations. The
durations inferred from this study (in the order of few years to hundred of thousand years), are
consistent with a metamorphism caused by radiative heating. However, further estimations of
the peak metamorphic temperatures of additional CK samples are needed in order to confirm
this result.
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Tables

Table 1: List of CV and CK carbonaceous chondrites studied in this work.

Meteorite name Abbreviation  Group Collection Number Support

Kaba - CV30x. MNHN - polished section

Bali - CV30x. MNHN - polished section

Allende - CV3 0x. MNHN - scans, thick section
Northwest Africa 2900 NWA 2900 CV3* BD - polished sections, slices, thin section
Northwest Africa 779 NWA 779 CV3 BD - polished sections, slices

Dar al Gani 431 DaG 431 CK3-an  MNHN - thin section

Northwest Africa 1559 NWA 1559 CK3 BD - thick section

Northwest Africa 4724 NWA 4724 CK3.8 MNHN (C2006-11) polished section

Northwest Africa 4425 NWA 4425 CK3.8 MNHN + BD  (C2006-19) scans, polished section, slices
Northwest Africa 4423 NWA 4423 CK3.9 MNHN (C2006-13) polished section

Northwest Africa 4770 NWA 4770 CK4 MNHN - slices

Northwest Africa 4422 NWA 4422 CK4 MNHN (C2006-12) polished section

Northwest Africa 5733 NWA 5733 CK4 MNHN - polished section

Northwest Africa 2519 NWA 2519 CK4 MNHN . polished section

Karoonda - CK4 MWG/NASA  (3970-1) thin section

Kobe - CK4 MWG/NASA  P4-2 thin section

Maralinga - CK4 MNHN - thin section

Tanezrouft 057 Tnz 057 CK4 MNHN + BD - polished sections, thick section, slices
Northwest Africa 765 NWA 765 CK4/5 MNHN (3777 LMT28) polished section

Pecora Escarpment 82500 PCA 82500 CK4/5 MWG/NASA - thin section

Elephant Moraine 90007  EET 90007 CK5 MWG/NASA - thin section

Elephant Moraine 87860  EET 87860 CK5/6 MWG/NASA - thin section

Lewis Cliff 87009 LEW 87009 CK6 MWG/NASA - thin section

BD = Bertrand Devouard. MNHN = Muséum national d’Histoire naturelle, Paris. MWG = NASA Meteorite Working Group,

Houston.

*Although classified as a CV3 chondrite, the samples obtained from Stefan Ralew (main mass holder) are largely re-

equilibrated and display a well-recrystallized matrix similar to Tnz 057.
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Table 2: Abundances, types, and sizes of chondrules in CV and CK carbonaceous chondrites investigated in this study.

. Total Type I Chondrule Range of
Type Stu((lé?gz;l 8 chondrules chozgrules gﬁ;ﬁgglg mean diameter chon%lrule
(area%) (area%) (mm) diameters (mm)
Mean CV'! 450 1.0
Kaba CV3 Ox. 0.75 55.7 (0 218 0.31 0.04-2.72
Bali CV3 Ox. 1.83 447 (0 393 0.34 0.04-2.96
Allende CV3 Ox. 9.20 37.6 (0 498 0.74 0.15-3.17
NWA 779 CV3 12.15 39.1(1.2) n.c 962 0.67 (0.22) 0.05-4.28
NWA 2900 CV3* 25.56 18.5 (3.8) n.c. 408 0.96 (0.07) 0.17-3.31
DaG431 T CK3 241 249 T g 123 T 062 0.12-367
NWA 1559 CK3 1.86 25.7 12.2 70 0.79 0.25-3.27
NWA 4724 CK3.8 2.28 22.5(6.0) 8.6 (5.9) 76 0.81 (0.10) 0.27-2.90
NWA 4425 CK3.8 2524 17.1 (2.7) 144 368 1.04 (0.06) 0.26-3.86
NWA 4423 CK3.9 1.93 20.3 11.3 61 0.85 0.26-1.67
NWA 4770 CK4 7.29 25.1 n.c. 612 0.51 0.12-2.47
NWA 4422 CK4 2.37 22.8 n.c. 83 0.78 0.22-3.46
NWA 5733 CK4 1.31 450 n.c. 132 0.62 0.16-2.83
NWA 2519 CK4 141 19.1 n.c. 60 0.70 0.27-1.71
Karoonda CK4 2.54 28.5 n.c. 1029 0.22° 0.08-2.17°
Kobe CK4 0.56 26.7 n.c. 30 0.70 0.12-1.71
Maralinga CK4 4.05 50.5 n.c. 830 047 0.11-2.65
Tnz 057 CK4 893.00 182 (1.2) 9.6 (2.5) 7313 1.05 (0.05) 0.11-5.90
NWA 765 CK4/5 1.76 149 n.c. 91 0.50 0.15-2.14
PCA 82500 CK4/5 0.42 10.7 n.c. 13 0.64 0.30-1.13
EET 90007 CK5 1.25 20.0 n.c. 39 0.70 0.22-3.60
EET 87860 CK5/6 0.27 13.0 n.c. 15 0.88 0.50-1.60
LEW 87009 CK6 0.77 0.0 n.c. 0 - -
Mean CK' 15 0.70

Values in parentheses correspond to 1 sigma standard deviations obtained when several sections of the same meteorite were

analyzed.
*See legend in Table 1.

'Data from Scott et al. (1996).

$See Zanda et al. (2006).

"Sizes reported here include chondrule fragments. n.c.: not calculated.
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Table 3: Chemical compositions of olivine in the core and at the borders of unequilibrated chondrules (either composed of
barred, euhedral, or anhedral olivine grains) and large isolated grains for all zoning profiles measured in DaG 431, NWA
4724, NWA 4423, and Tnz 057.

Profile # #1 #2 #3 #4 #5 #6

Isolated olivine  Barred olivine Euhedral olivine Anhedral olivine Isolated olivine Anhedral olivine

DaG 431

Core Border Core Border Core Border Core Border Core Border Core Border
FeO 056 29.16 489 2790 1221 2472 347 2787 0.1 2793 483  28.78
Fe203 n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. nc.
Si02 4224 3691 4155 3683 3978 3751 4193 3681 4184 3641 4143 36.66
A1203 0.12 0.04 0.03 0.01 0.29 0.05 022 0.05 0.32 0.11 0.15 0.04
CaO 045 0.11 0.18 0.09 0.05 0.04 0.56 0.05 0.78 0.32 0.12 0.06
MgO 5535 3201 5167 3318 4633 3597 5345 3326 5482 3238 5221 3222
Cr203 0.06 0.05 0.05 0.02 047 0.06 0.12 0.07 0.07 0.08 0.19 0.04
MnO 0.02 0.20 0.04 022 0.10 0.21 0.01 0.20 0.02 0.21 0.03 024
NiO 0.02 0.29 0.05 022 0.03 0.30 n.d. 0.27 n.d. 0.25 0.01 0.26
Total 08.82 98.77 9846 9848 9926 98.84 99.75 9857 98.65 97.67 9895 9830

Cation number in the basis of 4 oxygens

Fe2+ 0011 0666 0.099 0.635 0255 0552 0069 0634 0016 0.642 0098 0.659
Fe3+ - - - - - - - - - - - -

Si 1.004 1007 1010 1.002 0994 1.001 1001 1.001 0999 1.001 1.002 1.004
Al 0.003 0.001 0.001 0.000 0.009 0.001 0006 0001 0009 0.004 0.004 0.001
Ca 0.012 0003 0.005 0.003 0.001 0001 0.014 0001 0.020 0.009 0.003 0.002
Mg 1962 1302 1.872 1346 1726 1430 1902 1348 1951 1327 1882 1.316
Cr 0.001 0.001 0.001 0.000 0.009 0001 0002 0001 0001 0002 0.004 0.001
Mn 0.000 0.005 0.001 0.005 0.002 0005 0.000 0.005 0.000 0.005 0.001 0.006
Ni 0.000 0.006 0.001 0.005 0.001 0006 0.000 0006 0.000 0.005 0.000 0.006

Zcations 2994 2992 2989 2997 2997 2998 2995 2998 2996 2996 2994 2995

Fe/(Fe+Mg) ratio (in%)
0.57 3382 505 3206 12.88 27.83 352 3198 0.82 3261 493 33.39
Fe?* (FeO) and Fe** (Fe,0,) contents were estimated using the method developed by Droop (1987) based on stoichiometric

criteria.
Element detection limits (in wt%): Fe: 0.06; Si: 0.03; Al: 0.02; Ca: 0.04; Mg: 0.02; Cr: 0.03; Mn: 0.06; Ni: 0.04.
n.d.: not detected. n.c.: not calculated.
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Table 3 (continue):

Profile # #1 #2 #3 #4

NWA 4724 Anhedral olivine Anhedral olivine Anhedral olivine Anhedral olivine
- Core Border Core Border Core Border Core Border
FeO 0.36 2598 1052 2643 0.27 28.06 6.85 27.09
Fe203 0.11 0.34 048 0.00 0.59 0.15 0.00 0.00
Si02 4252 3753 4050 3760 4235 3731 4138 37.58
Al203 0.24 0.07 0.10 0.24 0.26 0.09 0.15 0.05
CaO 0.61 0.19 0.16 0.35 0.69 0.04 042 0.08
MgO 5653 3547 4836 3483 5634 3408 5140 34091
Cr203 0.08 0.06 0.18 0.14 0.08 0.03 0.18 0.04
MnO n.d. 0.18 0.11 0.26 n.d. 0.22 0.03 0.23
NiO 0.01 0.26 0.04 0.25 n.d. 0.25 0.03 0.28
Total 10045 100.07 10044 100.10 100.58 100.24 100.44 100.28

Cation number in the basis of 4 oxygens

Fe2+ 0.007 0577 0216 0587 0.005 0.627 0.138 0.602
Fe3+ 0.002 0.007 0009 0.000 0.010 0.003 0.000 0.000
Si 0995 099 0994 0999 0993 0997 0997 0.999
Al 0.007 0.002 0003 0.007 0.007 0.003 0.004 0.002
Ca 0.015 0.005 0.004 0.010 0.017 0.001 0.011 0.002
Mg 1973 1404 1770 1379 1968 1358 1.845 1.383
Cr 0.002 0.001 0.003 0.003 0.001 0.001 0.004 0.001
Mn 0.000 0.004 0.002 0.006 0.000 0.005 0.001 0.005
Ni 0.000 0.006 0.001 0.005 0.000 0.005 0.000 0.006

Zcations 3001 3002 3003 2996 3003 3001 2999 3.000

Fel/(Fe+Mg) ratio (in%)
0.45 2937 1127 2986 0.79 31.71 696 3033
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Table 3 (continue):

Profile # #1 #2 #3 #4 #5 #6 #1 #8 #9 #10
NWA 4423 Isolated olivine  Anhedral olivine Anhedral olivine Euhedral olivine Isolated olivine Euhedral olivine Isolated olivine Anhedral olivine Anhedral olivine Anhedral olivine
’ Core  Border Core Border Core Border Core Border Core Border Core Border Core Border Core Border Core Border Core Border
FeO 028 2641 029 2673 996 2393 1159 2567 056 2734 334 2845 895 2609 414 2679 084 2681 379 2512
Fe203 036 0.66 0.83 0.00 127 0.70 049 0.02 0.00 022 043 098 0.06 0.67 0.00 0.62 0.00 051 0.00 0.00
Si02 4246 3734 4233 3761 4044 3773 4036 3630 4260 3739 4229 3673 4094 3746 4201 3733 4264 3703 4164 3734
AI203 023 023 0.26 0.13 0.02 0.01 0.01 1.19 0.29 0.12 0.01 034 0.09 0.01 0.06 0.04 0.14 0.30 027 1.19
CaO 0.52 0.09 0.60 024 0.13 0.08 0.08 0.06 0.65 0.03 0.01 0.18 0.30 0.09 035 0.09 0.52 0.05 021 0.19
MgO 56.58 3506 5635 35.12 48.62 3698 4751 3490 5637 3462 5487 3319 4972 3535 5369 3479 5630 3459 5373 3547
Cr203 0.07 0.02 0.08 0.09 001 n.d. 0.04 145 0.07 0.06 0.01 042 0.16 0.05 0.11 0.05 0.12 0.39 031 022
MnO n.d. 025 0.03 0.20 0.08 0.20 0.09 0.14 0.02 024 0.06 0.26 0.04 023 0.03 023 nd. 0.20 0.05 0.18
NiO nd. 029 0.02 024 0.02 0.18 0.13 025 001 026 nd. 029 0.07 0.26 nd. 025 nd. 029 001 021
Total 100.50 100.37 100.78 100.35 100.55 99.82 10032 99.96 100.57 10027 101.00 100.83 100.34 10020 10039 10020 100.56 100.17 10001 99.92
Cation number in the basis of 4 oxygens
Fe2+ 0005 0.587 0.006 0593 0204 0528 0239 0571 0011 0609 0066 0638 0.182 0.580 0082 0597 0016 0.599 0076 0.555
Fe3+ 0006 0013 0015 0000 0024 0014 0009 0000 0000 0004 0008 0020 0001 0013 0000 0012 0000 0010 0000 0.000
Si 0994 0992 0992 0997 0993 0996 0997 0966 0997 0996 0998 0985 0997 099 0999 0995 0998 0988 0993 0986
Al 0006 0007 0007 0004 0001 0000 0000 0037 0008 0004 0000 0011 0003 0000 0002 0001 0004 0009 0008 0037
Ca 0013 0003 0015 0007 0003 0002 0002 0002 0016 0001 0000 0005 0008 0002 0009 0003 0013 0001 0005 0005
Mg 1975 1389 1968 1388 1779 1455 1749 1385 1965 1375 1929 1326 1804 1400 1904 1383 1965 1376 1911 1397
Cr 0001 0001 0.001 0002 0000 0000 0001 0030 0001 0000 0000 0009 0003 0000 0002 0001 0002 0008 0006 0.005
Mn 0000 0006 0001 0004 0002 0004 0002 0003 0000 0005 0001 0006 0001 0005 0001 0005 0000 0005 0001 0004
Ni 0000 0006 0000 0005 0000 0004 0003 0005 0000 0006 0000 0006 0001 0006 0000 0005 0000 0006 0000 0.005
Zcations 3002 3.004 3004 3000 3007 3.004 3003 3000 2999 3001 3002 3006 3000 3004 2999 3003 2999 3003 3000 2993
Fe/(Fe+Mg) ratio (in%)

059 3007  1.02 2993 1136 27.15 1244 2922 055 30.86 367 3314 923 2976 415 3061 083 3067 381 2843
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Table 3 (continue):

Profile # #1 #2 #3 #4
Anhedral olivine Anhedral olivine Anhedral olivine Anhedral olivine
Tnz 057
- Core Border Core Border Core Border Core Border
FeO 1.06 26.17 1.64 27.19 1.02 24 .95 1.27 18.60
Fe203 0.05 0.00 0.16 0.00 0.36 0.00 0.00 0.00
Si02 4239 3748 4211 3745 4214 3795 4258 39.18
Al203 0.25 0.10 0.13 0.03 0.25 0.13 0.25 0.14
CaO 0.34 0.05 0.22 0.05 0.54 0.06 0.58 0.37
MgO 56.18 35.16 5552 3460 5572 36.64 5577 41.55
Cr203 0.11 0.02 0.11 0.01 0.10 0.05 0.08 0.09
MnO n.d. 0.19 n.d. 0.22 n.d. 0.23 nd. 0.11
NiO n.d. 0.31 0.01 0.29 n.d. 0.25 n.d. 0.32
Total 10037 9947 9991 99.84 100.12 100.26 100.53 100.36
Cation number in the basis of 4 oxygens
Fe2+ 0021 0584 0032 0607 0020 0549 0.025 0.396
Fe3+ 0.001 0.000 0.003 0000 0.006 0.000 0.000 0.000
Si 0995 1000 0996 1.000 0994 0998 0999 0.999
Al 0.007 0.003 0.004 0001 0.007 0.004 0.007 0.004
Ca 0.008 0.001 0.006 0002 0014 0002 0014 0010
Mg 1966 1398 1958 1378 1959 1436 1950 1.578
Cr 0.002 0.000 0.002 0.000 0002 0.001 0001 0.002
Mn 0.000 0.004 0.000 0.005 0.000 0.005 0.000 0.002
Ni 0.000 0.007 0.000 0.006 0.000 0.005 0.000 0.007
2 cations 3000 2998 3001 2999 3002 3000 2997 2998
Fel/(Fe+Mg) ratio (in%)
1.10 29.46 1.77 30.60 1.33 27.64 1.26 20.07
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Table 4: Values of the diffusion lengths of the first (a;) and second (a,) stage of our diffusion modeling for the steepest
chemical profile measured by EPMA for each sample. We also reported the values, for Fe, of Cg, Cy, and C;, as well as
angles between the [100], [010], and [001] directions and the chemical profiles. Values of %Fa are given considering a pure
Mg,SiO,—Fe,SiO, solid solution.

a  a Cs C, C, Angle between  Angle between  Angle between
Profile Profile # . [100] and [010] and [001] and
(microns)  (at%) (%Fa) (at%) (%Fa) (at%) (%F2) giffusion profile diffusion profile diffusion profile
DaG431 5 15 6 22 770 015 05 957 335 54° 60° 38°
NWA 4724 3 26 7 24 840 0.16 05 9.04 317 73° 35° 50°
NWA 4423 2 46 11 25 875 029 10 849 298 45° 28° 78°
Tnz 057 1 63 23 20 700 031 10 882 309 56° 32° 25°
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Figures

Fig. 1. BSE images of chondrules in Tnz 057 (a, f), NWA 4423 (b, ¢, and d), and NWA 4422 (e). From (a) to (d), olivine in
chondrules becomes more chemically re-equilibrated with the matrix olivines. An interstitial mixture of plagioclase and
pyroxene and containing numerous voids is present in the chondrule (a, b, and). The chemically zoned olivine in the core of
the chondrule (c) is surrounded by olivine grains (delimited by the dashed lines) containing numerous micron-sized vesicles
and inclusions of magnetite and sulfides (mainly pentlandite). Olivine in chondrules (e) and (f) are chemically re-equilibrated
with the host matrix. Excepted in (e), chondrules are surrounded by igneous rims mainly composed, in variable proportions,
of pyroxene, plagioclase, magnetite, and sulfides.
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D] &%

Fig. 2. Chondrules in NWA 4423 composed of large anhedral (a—d) and euhedral (e-h) olivine grains. (a, ¢) BSE images. (b,
f) Color-coded phase maps obtained using the indexing of EBSD patterns. Olivine appears in green, magnetite in yellow, and
plagioclase in purple. Black areas correspond to a lack of indexed EBSD patterns (e.g., only a few Kikuchi bands) or to
recrystallized mesostasis. (c, g) Color-coded EBSD orientation map (IPF-X) showing the crystallographic orientation of
olivine relative de the X-axis of the sample (= horizontal axis of the image). (d, h) Color-coded misorientation maps showing
the variation of crystallographic orientation of olivine grains. For each EBSD pattern, a color-coded value is assigned as a
function of the difference between the crystallographic orientation obtained from the pattern considered and the mean
orientation of the grain in which this pattern was obtained.
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100 microns §

R=Mg, G=Fe, B=Na R=Mg, G=Fe, B=Na
Fig. 3. BSE images and EDS compositional maps in RGB colors (R=Mg, G=Fe, B=Na) of two unequilibrated chondrules
from NWA 4724 embedded in a recrystallized matrix. In EDS maps, Fe-rich olivine appears in orange, Mg-rich olivine in
pink, plagioclase in blue, magnetite in green, and pyroxene in red. (a) Chondrule composed of numerous euhedral olivine
grains and showing a diffusive front parallel to the matrix-chondrule boundaries. (b) Chondrule composed of a large olivine
grain showing intracrystalline diffusion, as well as diffusion at grain boundaries and along fractures. The fine-grained
interstitial mixture of plagioclase and pyroxene in (a) and the ovoid “inclusion” (pyroxene+plagioclase) in the center of the
chondrule (b) correspond to recrystallized mesostases.
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3

1 (a), NWA 4724 (b), NWA 442 (c), and Tnz 057 (d), of unequilibrated chondrules or
chondrule fragment in which we measured some chemical profiles (white lines) for quantitative study. These chondrules are
composed of anhedral olivine grains. The chemical profiles reported here are those showing the smallest diffusion lengths

among all profiles measured for each sample. Scale bars are 100 microns. The white box in (b) indicates the area that is
shown in more detail in Fig 5.

pees

r

5 2 &
Fig. 4. BSE images, in DaG 43
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olivine grains containing numerous micron-sized vesicles and a few tiny inclusions of opaque phases. The vesiculated olivine
is chemically equilibrated with the host matrix and displays different crystallographic orientations relative to the chemically
zoned and non vesiculated olivine.
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Fig. 6. Concentration profiles of Fe, Mg, Si, Ni, Mn, Al, Ca, and Cr in an anhedral olivine crystal from an unequilibrated
chondrule in NWA 4423.
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Fig. 7. Sketch of the two-stage model developed in this study. With this two-stage model, we can fit the unusual chemical

profiles measured in olivines from unequilibrated chondrules and explain why the inflexion points are not situated at the
chondrule/matrix interfaces (x=0). At the beginning of the modeling, Cy, C;, and x are known. During the first stage, the
composition for x<0 (matrix) remains constant. The best fit, using the Eq. (2), of at least 75% of the data situated below the
inflexion point of the chemical profile measured gives a presumed initial concentration of the matrix (Cs). The duration of
this first stage is calculated from the diffusion length of this first fit (a). Then, and due to the diffusion of Fe within the
chondrule, the concentration in matrix olivine decreases to the value measured by EPMA (C;). The second stage of this
model consists of the diffusion of Fe from the matrix with a composition Cy, to the chondrule already partially equilibrated.
To estimate the duration of this second stage, we fit the chemical profile measured using the Eq. (3) and thus obtain a second
diffusion length (a,). The sum of the durations inferred from the two diffusion lengths corresponding to the two stages thus

gives a good approximation of the total duration of the diffusion process.
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Fig. 8. Steepest EPMA chemical profiles (for Fe; filled diamonds) measured in zoned olivines in chondrules from DaG 431
(profile #5), NWA 4724 (profile #3), NWA 4423 (profile #2), and Tnz 057 (profile #1), fit by a two-stage diffusion process,

using Eq. (2) (dotted line) then Eq. (3) (dashed line). These profiles refer to the specific profile numbers in Tables 3 and 4.

Matrix/chondrule interfaces correspond to the right limit of these plots (x = 0).
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Fig. 9. Time-temperature curves obtained for the steepest chemical profiles measured in DaG 431, NWA 4724, NWA 4423,
and Tnz 057. We also reported for comparison data of Fe/Mg interdiffusion realized in previous studies for zoned olivines
found in the matrix (Cuvillier et al., 2013; dotted curve) and chondrules of Allende (Weinbruch et al., 1994; dashed curve,
diffusion coefficient of Buening and Buseck (1973); dotted-dashed curve, diffusion coefficient of Nakamura and Schmalzried
(1984)).
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