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Abstract–Boriskino is a poorly studied CM chondrite with numerous millimeter- to
centimeter-scale clasts exhibiting sharp boundaries. Clast textures and mineralogies attest to
diverse geological histories with various degrees of aqueous alteration. We conducted a
petrographic, chemical, and isotopic study on each clast type of the breccia to investigate if
there exists a genetic link between brecciation and aqueous alteration, and to determine the
controlling parameter of the extent of alteration. Boriskino is dominated by CM2 clasts for
which no specific petrographic type could be assigned based on the chemical compositions
and modal abundances of constituents. One clast stands out and is identified as a CM1
lithology, owing to its lack of anhydrous silicates and its overall abundance of dolomite-like
carbonates and acicular iron sulfides. We observe that alteration phases near clast
boundaries exhibit foliation features, suggesting that brecciation postdated aqueous
alteration. We measured the O-isotopic composition of Ca-carbonates and dolomite-like
carbonates to determine their precipitation temperatures following the methodology of
Verdier-Paoletti et al. (2017). Both types of carbonates yield similar ranges of precipitation
temperatures independent of clast lithology, ranging from �13.9 � 22.4 (2r) to
166.5 � 47.3 °C, precluding that temperature alone accounts for the differences between the
CM1 and CM2 lithologies. Instead, we suggest that initial water/rock ratios of 0.75 and
0.61 for the CM1 and CM2 clasts, respectively, might control the extent of aqueous
alteration. Based on these estimates, we suggest that Boriskino clasts originated from a
single parent body with heterogeneous distribution of water either due to local differences in
the material permeability or in the initial content of ice available. These conditions would
have produced microenvironments with differing geochemical conditions thus leading to a
range of degrees of aqueous alteration.

INTRODUCTION

Mighei-like chondrites (CM) represent 25% of
carbonaceous chondrite falls. Their infrared spectra link
them to the remnants of the early solar system
(primitive C-complex and C asteroids; Burbine 2014)
making CM chondrites a valuable source of information

for deciphering the prevailing conditions of the early
solar system. CM-like matter also represents a
significant fraction of exogenic clasts in other groups of
meteorites, suggesting that their parent bodies are
widespread in the asteroid belt (Zolensky et al. 1997;
Gounelle et al. 2005; Bischoff et al. 2006; Briani et al.
2012). To a few exceptions, like the Y-791198 and Paris
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meteorites (Chizmadia and Brearley 2008; Hewins et al.
2014; Vacher et al. 2016), all CM chondrites are
described as impact/regolith breccias (Bischoff et al.
2006), as they contain solar-wind–implanted rare gases
and have clastic matrices consistent with a near-surface
origin on their parent body (Greenwood et al. 1993;
Nakamura et al. 1999; Bekaert et al. 2019). Although
they are categorized as lightly shocked (Scott et al.
1992), their chondrules, isolated anhydrous minerals,
and matrix phyllosilicates often display foliation
features consistent with multiple hypervelocity impacts
(Rubin 2012; Hanna et al. 2015; Lindgren et al. 2015;
Vacher et al. 2018). CM chondrites thus recorded the
postaccretion evolution of asteroids and enabled
regolith gardening to be studied in detail.

CM chondrites are characterized by complex
assemblages of constituents formed at high temperatures
(chondrules, Fe-Ni metal beads, and rare amoeboid-
olivine-aggregates [AOAs] and Ca-Al-rich inclusions
[CAI]) that most likely originated in the protoplanetary
disk, and secondary minerals (e.g., oxides, sulfides,
phyllosilicates, and carbonates) that formed during
subsequent oxidation events. Hydrous phases are mostly
considered to result from multiple aqueous alteration
events in the CM asteroidal parent bodies (e.g.,
McSween 1979a; Tomeoka and Buseck 1985; Benedix
et al. 2003), although some authors have suggested that
hydration could have occurred on a previous
uncompact parent body (Metzler et al. 1992), or that a
small fraction of the phyllosilicates might have formed
in the protoplanetary disk (Ciesla et al. 2003).

Aqueous alteration has been extensively studied in
CM chondrites (e.g., McSween 1979a; Benedix et al.
2003; Rubin et al. 2007; Lee et al. 2014; Pignatelli et al.
2016, 2017, 2018; Van Kooten et al. 2018), and oxygen
isotopes are a powerful tool for constraining the
physicochemical conditions (T, W/R, pH, etc.) and
relative timing of secondary phase precipitation. Among
secondary phases, meteoritic carbonates represent the
direct snapshots of the isotopic compositions of
alteration fluids and can thus be used to characterize
the isotopic evolution of the CM parent bodies (Benedix
et al. 2003; Tyra et al. 2012; Fujiya et al. 2015; Vacher
et al. 2016, 2017; Lindgren et al. 2017; Marrocchi et al.
2018). Recent studies have revealed that the O-isotopic
compositions of CM carbonates define a continuous
trend (slope � 0.65) that is indistinguishable within
error from that defined by both the bulk and matrix
phyllosilicates (Verdier-Paoletti et al. 2017). This implies
that (1) isotopic equilibrium between 17,18O-rich fluid
and 16O-rich anhydrous silicates controlled the O-
isotopic evolution of CM chondrites at both the bulk
and mineral scales (Clayton and Mayeda 1984, 1999;
Verdier-Paoletti et al. 2017) and (2) CM chondrites

accreted anhydrous silicates and water ice grains
characterized by two distinct but homogeneous initial
O-isotopic compositions. The O-isotopic compositions
of carbonates can thus be used to better understand the
physicochemical parameters that controlled the varying
degrees of alteration observed within a given CM
chondrite. It should be kept in mind that alternative
models considering fluid flow over km scales have been
invoked to explain the variations in the degree of
alteration and O-isotopic composition within chondrite
groups (Young et al. 1999, 2003). However, no evidence
of large-scale fluid flow has been described to date.

It has been suggested that impacts might locally
induce and/or intensify secondary processes on the
asteroidal parent body (Davidson et al. 2012; Rubin
2012; Lindgren et al. 2015). Although alteration has
been shown to clearly predate brecciation in a few cases
(Metzler et al. 1992), in this context, assessing whether
these disruptive events occurred prior, concomitantly, or
after aqueous alteration is difficult to decipher. The
previous extensive petrographic study of the clast-
bearing meteorite LON 94101 conducted by Lindgren
et al. (2013) concluded for alteration occurring mainly
before the accretion of debris. However, the
mineralogical and textural diversity of clasts within this
meteorite has been considered as evidence for a
diversity of sources. Indeed, some CM chondrites are
polymict breccias (i.e., clasts of different chondritic
groups), leading to important difficulties in unraveling
the geological history of the initial parent body.

Here, we report a petrographic, mineralogical, and
isotopic survey of the genomict CM breccia Boriskino
(Fig. 1). This chondrite fell in the early afternoon on
April 20, 1930 near the village of Staroe Boriskino
(Russia). Two stones with a total weight of 1.34 kg
were collected (Mason 1963). Boriskino was first
described as a moderately hydrated type II chondrite
(Wiik 1956) before reclassification as a CM chondrite
(Wasson 1974). However, Boriskino comprises several
lithologies that differ in texture and mineralogy
attesting to different geological histories comparable to
what has been reported in the Murray meteorite (Rubin
and Wasson 1986). Boriskino may thus provide a better
understanding of the variability in secondary processes
experienced by CM chondrites and the potential genetic
relationship between fluid alteration and brecciation in
establishing their petrographic, chemical, and isotopic
characteristics.

MATERIALS AND METHODS

Two thick sections of the Boriskino meteorite,
named 3788-1 and 3788-2, embedded in epoxy resin,
were loaned by the Mus�eum National d’Histoire
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Naturelle of Paris. Backscattered electron (BSE) images
and X-ray elemental distribution maps were acquired at
the Mus�eum National d’Histoire Naturelle (Paris) using
a TESCAN Vega 2LSU scanning electron microscope
with an accelerating voltage of 15 kV. Samples were
coated with a carbon layer of 18–20 nm thickness to
avoid charging effects. To distinguish as many phases as
possible, we generated composite elemental maps using
ImageJ software. Lithology boundaries were visually
determined from reflected light and BSE observations
based on the matrix hue, boundary sharpness, and
texture of major opaque constituents. Constituent
modal abundances were determined via point counting
using JMicroVision software. Approximately 1000
points were acquired on X-ray composite maps in each
lithology of sections 3788-1 and 3788-2 to attain a
sufficient binomial confidence interval for our estimates
(Van der Plas and Tobi 1965). Matrix and chondrule
modal abundances were determined by counting
approximately 300 points over BSE mosaics, enabling a
better discrimination between these phases (Table 1).

Quantitative compositional analyses were performed
using a CAMECA SX-Five electron microprobe at the
CAMPARIS facility, University of Paris VI (France).
All measurements were performed with an accelerating
voltage of 15 keV and a beam current of 10 nA. The
beam diameter was set to ~5 lm for sulfide, metal,
carbonate, and tochilinite–cronstedtite intergrowth
(TCI) analyses, and was defocused to ~10 lm for the
matrix. The following standards were used for sulfides
and metal: diopside for Si, pyrite for S and Fe, pure
cobalt for Co, and NiO for Ni. Typical detection limits
were 0.10 atom% for Si, 0.26 atom% for S, 0.24

atom% for Fe, 0.22 atom% for Co, and 0.18 atom%
for Ni. Each measurement exhibiting a Si concentration
above 1 atom% was excluded. Standards for TCI,
carbonate, and matrix analyses were: albite for Na;
diopside for Mg, Si, and Ca; orthoclase for Al and K;
apatite for P; pyrite for S; Cr2O3 for Cr; MnTiO3 for
Mn; Fe2O3 for Fe; NiO for Ni; and SrSi for Sr. Typical
detection limits were 0.05 wt% for Na and Mg;
0.04 wt% for P and Ca; 0.06 wt% for Si, Al, S, and K;
0.08 wt% for Cr; 0.09 wt% for Mn; 0.13 wt% for Fe
and Ni; and 0.18 wt% for Sr. Carbonates with Si or S
contents above 1 mole% were excluded as the
measurement was considered to be contaminated by
adjacent material. As in Pignatelli et al. (2016), TCIs with
S > 10 wt% and Si < 5 wt% were considered tochilinite,
those with Si > 7 wt% and S < 5 wt% were regarded as
cronstedtite, and others were assigned as intermediate.

Bulk oxygen isotopic measurements were conducted
at the Stable Isotopes Laboratory of CEREGE (Aix-en-
Provence, France). Twenty milligrams of Boriskino were
ground using an agate mortar. Three aliquots (2 mg)
obtained from the fraction of 200–400 lm were exposed
to 150 mbar of gaseous bromine pentafluoride (BrF5) to
break SiO2 bonds and were irradiated with a 30 W CO2

infrared laser to catalyze the reaction. Emitted gas was
purified through three liquid N traps and one heated
solid KBr trap before reaching the molecular oxygen
trap (frozen with liquid N for 10 min). The molecular
oxygen trap was then heated to near 100 °C to release
the adsorbed molecules, which were conveyed for 5 min
to an ethanol + liquid N slush at roughly �119 °C for
condensation of NF3 molecules which might interfere
with 17O measurements. The molecular trap was then
refrozen for 5 min and reheated to release newly
adsorbed O2 molecules to the dual-inlet Thermo-
Finnigan DeltaPlus mass spectrometer. The sample and
reference gases were alternatively measured eight times
each. Oxygen isotope measurements are expressed in &
referenced against the V-SMOW standard as:
d18O = ([18O/16O]sample/[

18O/16O]standard�1) 9 1000 and
d17O = ([17O/16O]sample/[

17O/16O]standard�1) 9 1000. The
d17,18O values of the reference gas were fixed through
the measurement of standard NBS28 (d18O = 9.60&;
Gr€oning 2004), fabricated to have an O-isotopic
composition related by mass-dependent fractionation to
V-SMOW. Mass-dependent fractionations are described
by the terrestrial fractionation line (TFL; slope 0.52 on
the three O-isotope plot), whereas mass-independent
fractionations are represented by Δ17O = d17O
– 0.52 9 d18O. Measurements were corrected on a daily
basis using 1.5 mg internal quartz standards. Analytical
uncertainties derived from repeated measurement of this
internal standard are 0.08, 0.12, and 0.03& for d17O,
d18O, and Δ17O, respectively.

Fig. 1. Reflected light photograph of a piece of the Boriskino
CM chondrite, courtesy of L. D. Bayle. Diverse lithologies,
characterized by different shades of gray, can be distinguished.
Saw marks are still visible in the cut face.
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In situ oxygen isotopic measurements were
performed during two sessions at CRPG-CNRS
(Nancy, France) using a Cameca IMS 1280HR
following the procedure of Rollion-Bard and Marin-
Carbonne (2011). We used a Cs+ primary ion beam
(15 keV, ~7 nA) and an electron flow parallel to the
sample surface to neutralize charge excesses. 16O-, 17O-,
and 18O- ions were counted in multicollection mode
using three Faraday cups. Each measurement was
corrected for instrumental mass fractionation
determined by replicate analyses of four terrestrial
standards: San Carlos olivine, quartz, magnetite, and
Mexico calcite. No distinction was made for our Ca-
carbonates between the calcite and aragonite
polymorphs. However, it was reported that, even at low
temperature, fractionation in the aragonite–calcite
system is expected to be negligible (i.e., at 0°C aaragonite-
calcite � 1–2&; Chacko and Deines 2008). Regarding
dolomite analyses, it is known that MgO, FeO, and
MnO contents affect the yields of O-isotopes in Mg-rich
carbonates (Rollion-Bard and Marin-Carbonne 2011).
Considering this matrix effect, we added the DPA
ankerite to our suite of standards, as its chemical
composition is closer to the average of our dolomites
than the Nepal dolomite standard (see Fig. 9 and

Table 3). We were not able to reproduce the calibration
trends observed in Rollion-Bard and Marin-Carbonne
(2011) as we did not consider as many carbonates
standards. However, assuming similar trends, the
dispersion in MgO and FeO + MnO contents in our
dolomite relative to DPA would lead to minimal matrix
effects between �0.4 and �1.2&. The O-isotopic ratios
of Ca-carbonates were normalized to that of the
terrestrial calcite standard while those of dolomites are
normalized to DPA; all are expressed in delta notation.
The 2r errors were 0.3–0.6& for d17O, 0.2–1.1& for
d18O, and 0.1–0.6& for D17O. The error on D17O was
calculated by propagating the errors on d17O and d18O,
and the SD of D17O values of the calcite or ankerite
terrestrial standards. After the SIMS measurement
session, all analytical spots were observed using secondary
electron microscopy to verify that the beam did not
overlap onto the matrix or any adjacent silicate; any
measurements affected by beam overlap were rejected.

RESULTS

Boriskino comprises centimeter-sized irregular
clasts visible to the naked eye with well-defined
boundaries comparable to what has been reported for

B

B

B

B

B
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D

D

A

A

E
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E

4 mm

Fig. 2. BSE images of Boriskino sections 3788-1 (top) and 3788-2 (bottom). Dashed white lines represent lithology boundaries
considered in this study. Lithology B is encountered in the middle and upper right parts of both sections.
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Nogoya (Heymann and Mazor 1967); each clast is
characterized by a different shade of gray in reflected
light, and some host white opaque phase inclusions
(Fig. 1). Several centimeter-long fractures cross
multiple clasts (Fig. 1).

Within two sections, we determined six different
lithologies that we refer to as A–F (Figs. 2 and 3).
Lithology F is relatively small (approximate size
3 9 2 mm) and will thus not be considered further.
Lithologies A, B, and C are the most abundant,

Fig. 3. Composite X-ray elemental map of Boriskino section 3788-1. Colors are Fe (red), Mg (green), Al (blue), Ca (magenta),
and S (yellow) to enable distinction of carbonates (magenta), sulfides (yellow-orange), CAIs (purple-blue), metal (red), and
silicates (green). (Color figure can be viewed at wileyonlinelibrary.com.)

Fig. 4. a–c) Type I chondrules in section 3788-2 from lithologies A, E, and C, respectively. Mesostasis has been replaced by
phyllosilicates (Ph), and fine-grained rims (FGR) are always present. Pyrrhotite (Py) inclusions in forsterite (Fo) are abundant. d)
Pseudomorphosed radial chondrule in lithology B. Anhydrous minerals have been completely pseudomorphosed by
phyllosilicates and are often surrounded by acicular sulfides.

Aqueous alteration history of Boriskino 1697
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representing 24.3, 28.0, and 29.7% of the total surface of
the two sections. All lithologies (A–E) show significant
alteration, with the complete replacement of glassy
chondrule mesostases by phyllosilicates (Fig. 4) and an
absence of Fe-Ni metal beads (Table 1). Chondrules of
lithology B are pseudomorphed by phyllosilicates and are

surrounded by acicular sulfides (Fig. 4d). Fine-grained
rims are always observed around chondrules (Fig. 4).
Reflected light and mean atomic number contrast BSE
imaging maps reveal two types of matrices present in
each lithology (1) a bright matrix mainly composed of
phyllosilicates and (2) a dark matrix of brown structures
that resemble pseudomorphosed chondrules. The modal
abundance of the dark matrix is higher in all lithologies
except lithology C, where both matrices are present in the
same proportions. Both types of matrices have similar
chemical compositions that fall in the serpentine field
(Fig. 5; Table S1 in supporting information), except two
regions that show compositions close to saponite.
Phyllosilicates and chondrules located at lithological
boundaries exhibit foliation features (Fig. 6). Anhydrous
silicates in the boundary regions have fractures
perpendicular to the foliation plane (Fig. 6c).

Iron sulfides are ubiquitous in Boriskino (Fig. 7)
(Table 2). In lithology B, acicular sulfides up to
600 lm long (chemical composition close to
mackinawite [(Fe1.025�0.052Ni0.012�0.005)1.037S]) surround
pseudomorphosed chondrules. In other lithologies,
sulfides are present as irregular and/or euhedral grains
30–200 lm in size, with chemical compositions close
to troilite ([Fe0.991�0.053Ni0.082�0.005Co0.003]1.076S). Two
troilite crystals containing exsolved pentlandite
([Fe0.655�0.043Ni0.586�0.050Co0.025�0.007]1.266S) were
observed in lithology C.

Tochilinite–cronstedtite intergrowths are absent
from lithologies B and D, but occur in other lithologies
as type II TCI clumps of several hundred square
micrometers in size. Although most TCIs occur as
irregular anhedral or subhedral grains 30–40 lm in size,
some are euhedral, characteristic of anhydrous silicate
pseudomorphism (Pignatelli et al. 2016). In section
3788-1, we performed 190 microprobe measurements
over 40 dispersed TCIs: 28 (n = 142) in lithology A and
12 (n = 48) in lithology C. Following the criteria defined
by Pignatelli et al. (2016), 145 of those measurements
were considered as cronstedtite, 39 were undetermined,
and only two occurrences of tochilinite were observed in
lithology A. All TCIs of lithology A span a wide range
of compositions (FeO/SiO2 = 1.56 � 1.28 [2r] and S/
SiO2 = 0.2 � 0.3) compared to lithology C (FeO/
SiO2 = 1.09 � 0.64 and S/SiO2 = 0.11 � 0.13). Thirteen
TCIs scattered in section 3788-2 were considered: one in
A (n = 7), seven in C (n = 43), and five in E (n = 25).
One measurement in lithology C yields a composition
akin to tochilinite; approximately half of the remaining
measurements have compositions close to cronstedtite
(n = 38), and the other half correspond to a mixture
between cronstedtite and tochilinite (n = 36). FeO/SiO2

and S/SiO2 ratios of TCIs of the same lithologies are
significantly different from one section to the other, with

Lithology A
Lithology B
Lithology C
Lithology D

20

20

40

80

80

40 60 80

Si

FeMg

GreenaliteChrysotile

60

Cronstedtite

20

20

40 60

80

80

40 60 80

Si

FeMg

Greenalite

Cronstedtite

Chrysotile

Serpentine field

Dark Matrix
Light Matrix

(a)

(b)

Fig. 5. Mg-Si-Fe ternary diagrams of matrix analyses
(atom%). Both diagrams display the serpentine field delimited
by the elemental ratios for stoichiometric chrysotile, greenalite,
and cronstedtite. a) “Bright matrix” refers to fine-grained
material appearing bright in BSE SEM observations due to
higher concentrations in iron compared to “dark matrix”
material that is richer in magnesium and thus represents by-
products of higher extents of aqueous alteration (McSween
1979b). b) Matrix chemical compositions displayed based on
the host lithology. No significant chemical differences are
apparent between matrix lithologies. (Color figure can be
viewed at wileyonlinelibrary.com.)
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FeO/SiO2 and S/SiO2 in section 3788-2 of: 3.13 � 1.23
and 0.41 � 0.25 respectively in lithology A, and
2.14 � 1.03 and 0.34 � 0.27 in lithology C. TCIs in
lithology E yield FeO/SiO2 = 1.62 � 0.67 and S/
SiO2 = 0.14 � 0.16.

The bulk oxygen isotope compositions of the three
aliquots from Boriskino are d18O = 7.50, 8.73, and
9.03& and d17O = 1.70, 3.07, and 2.27&. These results
fall along the CM trend in a three-isotope plot with
D17O = �2.20, �1.46, and �2.43& (Fig. 8). This result
strengthens the inferred CM nature of Boriskino as it is
the first measurement of its bulk oxygen isotopic
composition.

Carbonates are ubiquitous in Boriskino (Fig. 3;
Table 1). A total of 18 carbonates were considered
across both sections, distributed across five lithologies:
A (n = 3), B (n = 10), C (n = 2), E (n = 1), and F
(n = 2). Most Ca-carbonates are 40–60 lm long and
almost always have important fractures. A few

subhedral grains partially pseudomorphized by TCIs
were observed. However, most Ca-carbonates are
anhedral, containing Fe-Ni sulfides and micropores,
corresponding to type 2a calcite (Tyra et al. 2012; Lee
et al. 2014; Vacher et al. 2017). Ca-carbonates have
compositions of 96.5–100.3 wt% CaCO3 with Ca
contents between 96.5 and 99.6 mole% (Fig. 9; Table 3).
The remaining fraction of carbonates has compositions
consistent with ankerite of the dolomite group and will
be referred to as “dolomite” hereafter. They have
compositions spanning from 49.3 to 54.8 and 32.7 to
37.3 wt% of CaCO3 and MgCO3, respectively, with Ca
and Mg contents of 48.3–53.8 and 38.2–42.8 mole%,
respectively, and Fe+Mn content ranging from 7.2 to
11.4 mole%. In both sections, dolomite carbonates were
systematically present in lithology B, with one exception
in lithology C. They occur as irregular subhedral
polycrystalline grains up to 200 lm long and are often
associated with acicular sulfides.

Fig. 6. a) BSE mosaic of Boriskino section 3788-2. The white square delimits the magnified region in (b). b) BSE image of a
region close to the central lithology. Phyllosilicates and chondrules are flattened in a preferential NW-SE direction. The white
square delimits the magnified region in (c). c) Fractures are ubiquitous in the meteorite, especially close to lithology boundaries.
Anhydrous minerals in those regions frequently exhibit fractures oriented almost perpendicular to the foliation plane.

Aqueous alteration history of Boriskino 1699
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We compiled our measurements of the O-isotopic
compositions of carbonates in the section 3788-1 of
Boriskino with those already reported for sections 3788-
3 and -4 from Vacher et al. (2018). The lithology 1
reported in their study corresponds to our lithology A,
while others exhibit textures and abundances of major
constituents that differ from the ones in our study. As a
consequence, those lithologies are hereafter labeled as
“undetermined.” Boriskino Ca-carbonates have d18O
values ranging from 14.7 � 0.8 (2r) to 38.4 � 0.9&,
d17O from 4.8 � 0.6 to 20.0 � 0.6&, and D17O from
�3.5 � 0.4 to 0.0 � 0.3& (Fig. 10a; Table 4). They
define a discontinuous trend with two distinct
populations, characterized by average O-isotopic
compositions of d18O = 18.8 � 0.9& and d17O = 7.3 �
0.5& (n = 16, errors are 2s.e.) and d18O = 34.0 � 1.4&
and d17O = 16.9 � 0.8& (n = 13). Dolomites in section
3788-1 have the lightest O-isotopic compositions with
d18O values from 12.7 � 0.4 to 17.5 � 0.4& and d17O
from 4.0 � 0.6 to 5.2 � 0.5& and D17O from
�4.3 � 0.4 to �2.1 � 0.4& (Fig. 10a; Table 5).

DISCUSSION

Macro and Micro Brecciation

Macroscopic observations of Boriskino highlight the
brecciated nature of CM chondrites, with clasts larger
than 1 cm (Fig. 1). Petrographic studies of chondrites,
however, are typically performed on subcentimeter-size
sections (often single clasts of a breccia), possibly
introducing bias in our interpretations. This property also
demonstrates the difficulty of classifying CM chondrites
on the basis of micrometric mineralogical indexes such as
TCI chemical compositions (Rubin et al. 2007), especially
considering their chemical zoning (Pignatelli et al. 2016).
Therefore, assessment of the global history of CM
chondrites requires observations at the macroscopic scale
in addition to classical microscopic characterization.
Brecciation features are difficult to interpret, but could
result from accretion of debris during disruptive
collisions between asteroids (Bischoff et al. 2006).
However, the diversity of clasts constituting Boriskino
can either come from (1) the accretion of debris from
multiple parent bodies with different geological histories
(e.g., Zolensky et al. 1996; Lindgren et al. 2013) or (2)
fragments of a single parent body in which alteration
occurred in multiple microenvironments with different
geochemical conditions (T and/or water/rock ratio; e.g.,
Brearley 2006; Palmer and Lauretta 2011).

It was recently shown that the O-isotopic
compositional variations in Ca-carbonates in CM
chondrites define the continuous trend d17O = (0.66 �
0.05 9 d18O) � 4.7 � 1.5 (2r, R2 = 0.87, MSWD = 3.3;
Verdier-Paoletti et al. 2017). This trend is parallel to that
defined by the inferred O-isotopic compositions of water
in different CM chondrites (CM water; hereafter CMW).
The difference in intercept between both trends is directly
related to the temperature of carbonate precipitation,
proposed to be 113 � 54 °C on average (Verdier-Paoletti
et al. 2017). Ca-carbonates hosted in the different
lithologies of Boriskino also define a global trend of
d17O = (0.63 � 0.001 9 d18O) � 4.30 � 0.03 (2r,
R2 = 0.98, MSWD = 1.2), similar within errors to that
defined by nine different CM chondrites (Verdier-Paoletti
et al. 2017). This similarity implies that all Ca-carbonates
precipitated from fluids that followed the same isotopic
evolution and experienced the same narrow range of
temperatures. Such conditions could be achieved within a
single parent body characterized by relatively small
spatial variations in geochemical conditions. However, we
cannot exclude that such O-isotopic characteristics could
have been established in different parent bodies, although
this would imply that they accreted anhydrous silicates
and water from the same respective isotopically
homogeneous reservoirs; otherwise, different relationships

Fe Ni + Co

S

40 60

60

40

40

60 Normal
Acicular
With exsolutions

Fe Ni + Co

S

40 60 80

60

40

40

60 Lithology A

Lithology E

Lithology B
Lithology C
Lithology D

(a)

(b)

Fig. 7. Cropped Fe-S-(Ni+Co) ternary diagrams of sulfide
compositions (atom%) relative to (a) their morphologies and
(b) their host lithology. Exsolved minerals are systematically
Ni-rich and are absent in acicular sulfides at the micron scale.
(Color figure can be viewed at wileyonlinelibrary.com.)
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in the d17O-d18O diagram would be expected and would
digress from the bulk-carbonate-matrix (BMC)
continuum reported in Verdier-Paoletti et al. (2017) that
our measurements in Boriskino support.

Testing Hypotheses: Temperature Versus Water/Rock Ratio

The pseudomorphic replacement of chondrules by
phyllosilicates (Fig. 4d) and the lack of anhydrous

silicate minerals and metal in lithology B (Table 1)
suggest that it experienced a higher degree of alteration
than other clasts. This conclusion is consistent with the
restricted occurrence of dolomites in lithology B, as
dolomites are known to be exclusively present in heavily
altered CM chondrites (Lee et al. 2014). Additionally,
acicular sulfides have so far only been encountered in
CM1 or CI clasts within breccias (e.g., Zolensky et al.
1996; Lindgren et al. 2013) and might therefore be
restricted to heavily altered carbonaceous chondrites.

Table 2. Representative chemical compositions (atom%) of sulfides in sections 3788-1 and 3788-2. Sulfides were
characterized following the procedure of Rubin et al. (2007) based on Ni/(Ni + Fe) ratio: 0–0.1 = Pyrrhotite, 0.1–
0.4 = Intermediate, >0.4 = Pentlandite. bdl: below detection limit.

Sulfide type Section Lithology n Si S Fe Co Ni Total Ni/(Ni+Fe)

Pyrrhotite 1 A 3 0.1 (0.1) 46.4 (0.46) 52.8 (0.52) bdl 0.8 (0.1) 100 0.01 (0)
Pyrrhotite 1 B 17 0.2 (0.2) 49.1 (2.6) 50.2 (2.8) bdl 0.8 (0.4) 100 0.01 (0)
Pyrrhotite 1 C 7 0.4 (0.3) 48.1 (7.1) 47.9 (9.8) 0.7 (1.0) 3.5 (8.7) 100 0.10 (0.05)

Pyrrhotite 1 D 13 0.1 (0.2) 47.8 (1.5) 51.6 (1.5) bdl 0.6 (0.1) 100 0.01 (0)
Intermediate 1 E
Intermediate 2 A 6 0.4 (0.3) 47.1 (2.3) 45.8 (3.0) 0.3 (0.2) 6.3 (1.4) 100 0.12 (0.03)

Pyrrhotite 2 B 33 0.2 (0.2) 49.2 (2.3) 50.3 (2.4) bdl 0.5 (0.1) 100 0.01 (0)
Pentlandite 2 C 1 0.1 44.9 27.1 1.4 26.6 100 0.50
Pyrrhotite 2 C 1 0.7 30.1 66.3 bdl 2.8 100 0.04

Intermediate 2 D 5 bdl 45.5 (0.8) 41.3 (8.0) 0.4 (0.3) 12.8 (8.4) 100 0.24 (0.10)
Pyrrhotite 2 D 2 bdl 46.6 (0.3) 52.5 (1.1) bdl 1 (0.7) 100 0.02 (0.01)
Pentlandite 2 D 2 0.1 (0.2) 42.9 (0.9) 28.9 (2.5) 1.4 (0.1) 26.7 (3.3) 100 0.48 (0.04)

Pyrrhotite 2 E 3 bdl 51.4 (0.3) 48.3 (0.3) bdl 0.4 (0.1) 100 0.01 (0)
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NWA 10853
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Fig. 8. Bulk O-isotopic composition of Boriskino (red
diamonds). The terrestrial fractionation line (TFL) and
carbonaceous chondrite anhydrous minerals mixing (CCAM)
lines are plotted. CM are shown for comparison (Clayton
et al. 1997; Clayton and Mayeda 1999; Irving et al. 2009;
Howard et al. 2011; Hewins et al. 2014; Tonui et al. 2014;
King et al. 2017; Meteoritical Bulletin Nos 96, 103, 105).
(Color figure can be viewed at wileyonlinelibrary.com.)

Fig. 9. Cropped Mg-Ca-(Fe+Mn) ternary diagram of
carbonates (circles) in sections 3788-1 and 3788-2 (mole%)
depending on host lithology. Calcite-aragonite and dolomite
fields are represented as gray areas. The two available
dolomite standards compositions (Nepal and DPA) are
depicted by squares. Most carbonates have chemical
compositions close to calcite or aragonite. Dolomite
carbonates are ubiquitous in lithology B, whereas Ca-
carbonates are absent. (Color figure can be viewed at wile
yonlinelibrary.com.)
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One exception is an occurrence in the CR chondrite
LAP 02342, but the host regions were described as
completely altered (Wasson and Rubin 2009). Together,
these petrographic observations attest to two main types
of clasts in Boriskino (1) CM1 clasts like lithology B
and (2) CM2 clasts, for which the petrographic type
cannot be determined precisely in this study. If those
clasts originated from a single parent body, either a
different thermal history or varying initial proportions
of accreted ices might explain their apparently different
degrees of alteration.

The parallel trends defined by the O-isotopic
composition of Boriskino Ca-carbonates and those of
other CM chondrites imply that their precipitation
temperatures can be calculated following the procedure
of Verdier-Paoletti et al. (2017). Applying this
procedure yields a range of Ca-carbonate
precipitation temperatures from �13.9 � 22.4 to
164.2 � 18.6 °C, with an average of 60.3 � 74.0 °C
(2r). This range of temperature is consistent with
our previous study (Verdier-Paoletti et al. 2017).
The negative temperatures recorded by a few
carbonates account for a salt-rich water, such as
brines, which below 0 °C eutectic temperatures

allow for the presence of liquid water in the
observed range of temperatures (e.g., Brass 1980;
Oakes et al. 1990). This is consistent with the
minor and trace element contents in carbonates of
CM chondrites reported by Riciputi et al. (1994)
accounting to a precipitation from a brine-like
fluid, and the melting of a fluid inclusion in a
halite crystal observed between �40 and �35 °C
(Zolensky et al. 1999).

Dolomites plot on the same trend as Ca-carbonates.
Consequently, the O-isotopic composition of the water
from which they precipitated (dwater) can also be
retrieved, allowing the calculation of their precipitation
temperatures using an adequate fractionation factor
between dolomite and water (103lnadolomite

water � ddolomite�
dwater ¼ 3:140 �0:022ð Þ � 106

T2 � 3:14 �0:11ð Þ; Horita 2014):

Tdolomite Kð Þ ¼ 103

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3:140

ddolomite � dwaterð Þ þ 3:14

s
(1)

From our calculations, dolomite carbonates formed
under similar conditions as Ca-carbonates, with
precipitation temperatures ranging from 32.8 � 16.1 to
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Fig. 10. a) Three-isotope plot of the O-isotopic compositions of Ca-carbonates and dolomite carbonates. Error bars are 2r, but
are often smaller than symbol. The X–Y-weighted best-fit regression of our measurements (following the calculations of York
et al. (2004) is displayed by the dashed green line. b) Precipitation temperatures of dolomites and Ca-carbonates separated by
their respective lithology. U indicates carbonates hosted in undetermined lithologies. The average temperature (70.3 °C) is shown
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166.5 � 47.3 °C (2r). Therefore, no clear distinctions in
temperature ranges can be identified between lithologies
(Fig. 10b). In detail, the same range of aqueous alteration
temperatures for CM1 and CM2 lithologies suggests that
temperature is not the controlling parameter of the degree
of alteration. However, it is important to specify that
carbonate precipitation temperature might not reflect the
complete alteration thermal history, and therefore, caution
has to be taken when interpreting those data. Nonetheless,
O-isotopes in carbonates suggest a common thermal

history to all CM chondrites (Verdier-Paoletti et al.
2017). Therefore, it appears reasonable to assume that
the CM1 and the CM2 lithologies experienced the same
range of temperatures, and that a significant difference
in temperature would at least have been preserved in
the O-isotopic composition of a few carbonates if it
existed. Consequently, we suggest that a higher water/
rock ratio in the CM1 lithology could be the key to the
observed textural and mineralogical differences relative
to CM2.

Table 4. O-isotopic compositions of Ca-carbonates in Boriskino sections 3788-1/3/4.

Grain/measurement
numbers Section Lithology

d18O
(&) 2r

d17O
(&) 2r D17O 2r

cc12-1 1 C 34.2 0.8 17.0 0.6 �0.8 0.3

cc13-1 1 C 18.9 0.5 7.5 0.3 �2.3 0.1
cc13-2 1 C 20.7 0.5 8.7 0.3 �2.0 0.1
cc5-1 1 E 35.5 0.8 18.3 0.6 �0.2 0.3

cc5-3 1 E 31.7 0.5 15.6 0.3 �0.9 0.1
cc3-1 1 A/E 30.4 0.8 15.6 0.6 �0.2 0.3
cc4-1 1 A/E 14.7 0.8 4.8 0.6 �2.8 0.3

cc1-1 1 A 38.4 0.9 20.0 0.6 0.0 0.3
cc1-2* 3 A 18.5 0.3 6.2 0.4 �3.4 0.3
cc3-1* 3 A 19.1 0.4 6.7 0.4 �3.3 0.3
cc5-1* 3 A 19.2 0.4 7.4 0.4 �2.6 0.3

cc6-1* 3 A 22.5 0.6 8.2 0.4 �3.5 0.4
cc7-1* 3 A 20.0 0.4 7.3 0.4 �3.1 0.3
cc10-1* 3 A 36.8 0.6 18.3 0.4 �0.8 0.3

cc8-1* 4 A 17.2 0.7 7.1 0.6 �1.8 0.5
cc8-2* 4 A 17.6 0.2 8.6 0.4 �0.6 0.3
cc9-1* 4 A 19.3 0.5 7.6 0.4 �2.4 0.3

cc3-1* 4 Undetermined 33.0 0.5 16.6 0.4 �0.6 0.3
cc4-1* 4 Undetermined 36.3 0.5 17.8 0.4 �1.1 0.3
cc5-1* 4 Undetermined 31.9 0.3 15.6 0.4 �0.9 0.3
cc6-1* 4 Undetermined 33.4 1.1 16.4 0.6 �1.0 0.6

cc7-1* 4 Undetermined 34.7 0.5 16.7 0.4 �1.3 0.3
cc10-1* 4 Undetermined 18.6 0.6 7.2 0.5 �2.4 0.4
cc11-1* 4 Undetermined 20.1 0.2 8.8 0.5 �1.7 0.4

cc12-1* 4 Undetermined 19.2 0.5 6.8 0.6 �3.2 0.5
cc14-1* 4 Undetermined 18.2 0.3 7.2 0.4 �2.2 0.3
cc15-1* 4 Undetermined 35.4 0.5 16.6 0.5 �1.8 0.4

cc15-2* 4 Undetermined 29.8 0.4 15.2 0.4 �0.4 0.3
cc16-1* 4 Undetermined 17.5 0.3 6.6 0.5 �2.5 0.4

*Measurements from Vacher et al. (2018).

Table 5. O-isotopic compositions of dolomite-like carbonates in Boriskino section 3788-1.

Grain/measurement
numbers Section Lithology

d18O
(&) 2r

d17O
(&) 2r D17O 2r

dol9-2 1 B 12.7 0.4 4.0 0.6 �2.5 0.4
dol9-3 1 B 13.0 0.4 4.6 0.6 �2.1 0.4
dol10-1 1 B 14.5 0.4 4.4 0.5 �3.1 0.4
dol16-2 1 C 15.8 0.4 5.2 0.5 �3.0 0.4

dol16-3 1 C 17.5 0.4 4.8 0.6 �4.3 0.4

1704 M. J. Verdier-Paoletti et al.
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We estimated the water/rock ratios of the CM1 and
CM2 lithologies using two different methodologies
(Clayton and Mayeda 1999; Young et al. 1999).
According to the formalism of Young et al. (1999), the
water/rock ratio (W/R) can be calculated as:

W

R
¼ dfr � dir

diw � dfw
(2)

where diw;r represents the initial O-isotopic compositions
of the water and rock, and dfw;r their final compositions.
The O-isotopic composition of initial liquid (i.e.,
d18O = 30.3&; Clayton and Mayeda 1984) is taken for
diw, and that of anhydrous CM silicates (as a plausible
CM protolith) for dir (i.e., d18O = �4.2&; Clayton and
Mayeda 1999). We considered dfw to be the lowest
d18Owater in each lithology, calculated from the Ca-
carbonate d18O values by connecting them to the CM
water line along a mass-dependent line. This
corresponds to a d18O value of �8.2 � 3.1& (2r) for
Ca-carbonates in CM2 lithologies and �12.9 � 3.5&
(2r) for dolomites in the CM1 clast. The dfr value for
CM2 was considered to be the lightest bulk value of
Boriskino, as it represents the lowest degree of
interaction with a 17,18O-rich fluid. Finally, the average
of bulk CM1 values was taken as dfr for the CM1
lithologies (i.e., d18O = 5.6 � 1.6&, 2r; King et al.
2017), as no bulk measurements have been conducted
on isolated CM1 clasts of Boriskino. However, we
excluded CM1 NWA 10853, as it exhibits a heavy O-
isotopic composition that we interpret as the result of
postalteration thermal metamorphism. Our calculations
suggest water/rock ratios of 0.26 and 0.30 for the CM1
and CM2 lithologies, respectively. These estimations are
in line with a recent report based on other CM
chondrites (Marrocchi et al. 2018). We could not
estimate the error on our calculations because errors
were not reported for the diw and dir values extracted
from previous studies.

Based on a mass balance calculation of the
transformation of olivine into serpentine (Clayton and
Mayeda 1999), we estimate water/rock ratios of the
CM1 and CM2 lithologies as:

W

R
¼ f dfs � dir

� �þ 2=7Dsw

diw þ Dsw � dfs
; (3)

where f is the fraction of altered rock, dfs is the O-
isotopic composition of serpentine, and Δsw is the
fractionation factor between serpentine and water
dfs � dfw
� �

. Regarding Boriskino, we assumed that (1) diw
and dir were the same as described above (30.3 and
�4.2&, respectively); (2) following Clayton and

Mayeda’s (1999) procedure, the proportion of rock
altered is f = 0.814 for the CM2 portion, corresponding
to the amount of matrix averaged over all the CM2
lithologies; and (3) f = 1 for the CM1 lithology as no
anhydrous minerals remain. As serpentines formed at
an average temperature of 70 °C (Verdier-Paoletti et al.
2017), we assumed that they precipitated from the same
water as the cc5-1 carbonate in section 3788-3 (Vacher
et al. 2018), which precipitated at 71 °C (Table 4).
Considering Δsw = 8& at 70 °C, this yields dfs ¼ 12:7&.
These calculations suggest water/rock ratios of 0.75 and
0.61 for the CM1 and CM2 lithologies, respectively. As
above, we cannot estimate errors on these calculations
because errors on individual parameters were not
reported in the literature sources.

Results from Equation 2 (Young et al. 1999) are
counterintuitive (the more altered CM1 lithology should
have experienced a higher water/rock ratio), but are
easily explained as they rely on final bulk values of the
rock. As a consequence, the result depends on the bulk
values chosen for the CM1 and CM2 lithologies. Because
the various clasts in Boriskino preclude an assessment of
the dominant lithology in one aliquot, the bulk CM2
value used in the calculation might not be representative
of the average bulk value of CM2 lithologies. Equation 3
(Clayton and Mayeda 1999) provides results consistent
with CM1 being enriched in water relative to CM2. This
suggests a locally higher concentration of ice or liquid
water that could either be accounted for by (1) variations
in the material permeability due to compaction induced
by the impact (Rubin 2012) or (2) heterogeneous
accretion of water ice grains during the parent body
formation. The latter is rarely considered, but water ice
mantling grain surface is believed to promote coagulation
processes and can significantly contribute to the
formation of planetesimals (e.g., Wang et al. 2005; Ros
and Johansen 2013). The different constituents of
chondrites (fine-grained material, chondrules, refractory
inclusions, metal, etc.) do not have the same surface to
volume ratios. Therefore, depending on the material and
volume, the amount of ice might significantly change.
This results in different amounts of ice being available at
the hundreds of microns scale within chondrites, which
show a heterogeneous distribution of those constituents
at this scale.

Relative Chronology of Events

In CM chondrites, it is common to observe
different extents of aqueous alteration between two
clasts in a single sample, with no clear boundary
between them (e.g., the Paris CM chondrite; Marrocchi
et al. 2014; Vacher et al. 2017). As a result, it is often
challenging to assess the relative chronology of

Aqueous alteration history of Boriskino 1705

 19455100, 2019, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

aps.13306 by C
ochrane France, W

iley O
nline L

ibrary on [14/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



brecciation and aqueous alteration. Here, carbonate
precipitation occurred in similar temperature ranges in
all considered clasts, suggesting their concomitant
alteration. Such conditions could be encountered both
in primordial parent bodies and in a secondary body
formed after brecciation. Yet, in the case of Boriskino,
clast contacts are well defined at the macro- and
microscopic scale (Figs. 1 and 2). During a
postbrecciation alteration event, fluid flow and
dissolution–precipitation processes would have
obscured clast boundaries, which is not observed here.
We note that this does not necessarily imply
homogenization to the degree of aqueous alteration, as
it has been shown that hydration can proceed in
microenvironments of a few hundred microns (Brearley
2006; Bland et al. 2009).

The flattening of phyllosilicates and TCI clumps
near clast boundaries (Fig. 6) strongly supports the
idea of brecciation occurring after their formation.
The same feature was reported in LON 94101
(Lindgren et al. 2013), therefore strengthening the idea
of a main alteration event occurring before disruption
of the parent body. Furthermore, several fractures
cross multiple clasts at the macroscopic (Fig. 1) and
microscopic scale (Figs. 2 and 3). Although these
fractures would have favored fluid circulation, none
are cemented with carbonates or other secondary
minerals nor can any carbonate-filled veins be
distinguished in elemental composite maps in this
study. The absence of secondary minerals filling
millimeter- to centimeter-sized fractures in Boriskino
indicates that fragmentation of the parent body and
agglomeration of debris occurred after aqueous
alteration ended. However, this does not preclude the
possibility that those cracks occurred upon the
meteorite’s fall to Earth; since Boriskino was
recovered quickly after its fall was observed (Mason
1963), it is possible that its exposure to Earth’s
climate was too short to allow secondary minerals to
cement in those cracks, but even evaporates can form
during museum curation (Gounelle and Zolensky
2001). Nonetheless, we note that Vacher et al. (2018)
reported the occurrence of one carbonate-filled vein in
another section of Boriskino. Its light O-isotopic
composition is consistent with a late precipitation
event from an isotopically evolved fluid but preclude a
terrestrial origin. However, cracks cemented with
secondary minerals remain a scarce feature in
Boriskino; only one has been reported in one of four
different sections of the chondrite. Subsequent
alteration events following brecciation may have
remained local (hundreds of microns) and did not
contribute significantly to the global textural and
chemical modification of the chondrite.

SUMMARY

We conducted a petrographic, chemical, and isotopic
study of the Boriskino CM breccia. Petrographic
observations reveal an agglomeration of subcentimeter-
size to centimeter-size clasts of differing lithologies with
sharp boundaries visible at both the macro- and
microscopic scales. Textural and mineralogical
observations of each lithology are consistent with
Boriskino being mainly composed of CM2 clasts.
However, the chemical compositions of TCIs and the
modal abundances of constituents in those regions were
not sufficient to precisely determine their petrologic
subtype following the procedure of Rubin et al. (2007).
Nonetheless, one specific region exhibits a higher degree
of alteration, identified as a CM1 degree owing to its lack
of anhydrous minerals and the occurrence of dolomite
carbonates and acicular iron sulfides. In addition, TCI
and matrix phyllosilicates near the boundaries of these
regions exhibit a strong foliation. These secondary phase
deformations in areas where stresses should have been
highest during reaccretion strongly suggest that
brecciation occurred after aqueous alteration.

Our measurements of the O-isotopic compositions
of Ca-carbonates and dolomites enable the
determination of their precipitation temperatures
following the procedure of Verdier-Paoletti et al. (2017).
All carbonates, including those in the CM1 lithology,
precipitated in similar temperature ranges between
�14 � 22 (2r) and 167 � 47 °C. Thus, no clear
distinction can be drawn between CM1 and CM2
lithologies based on carbonate precipitation
temperatures, suggesting that, in the case of Boriskino,
temperature might not be the controlling parameter of
the extent of aqueous alteration. However, according to
our estimations for the CM1 and CM2 lithologies, the
water/rock ratio could determine the extent of aqueous
alteration in CM chondrites, even though it remains
unclear if the small difference in water/rock ratio for
the CM1 and CM2 lithologies could account for the
observed textural and mineralogical differences. The
duration of the rock’s exposure to the alteration fluid
likely plays a major role in the aqueous alteration
extent; estimation of carbonate ages in the CM1 and
CM2 lithologies using the 53Mn-53Cr radiochronometer
would clarify this hypothesis.

Last, our observations do not enable us to
determine the origins of the different clasts. Indeed, our
estimated ranges of carbonate precipitation
temperatures could have been encountered either in a
single parent body where geochemical conditions varied
spatially or in multiple precursor parent bodies with
specific geological histories. However, if the different
extents of aqueous alteration are determined by local

1706 M. J. Verdier-Paoletti et al.
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variations in the water/rock ratio, then the various
clasts could have originated from a single parent body.
This could be easily explained by a heterogeneous
distribution of liquid water during alteration either due
to water being trapped in low permeability regions of
the parent body or to variable amounts of ice available
locally before the process. Otherwise, multiple
precursors are required to explain the apparent diversity
of aqueous alteration in Boriskino clasts.
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SUPPORTING INFORMATION

Additional supporting information may be found in
the online version of this article:

Table S1. Chemical compositions (wt%) of bright
and dark matrices in the different lithologies of sections
3788-1 and 3788-2.

Aqueous alteration history of Boriskino 1709

 19455100, 2019, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

aps.13306 by C
ochrane France, W

iley O
nline L

ibrary on [14/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


