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Abstract

CM chondrites form the largest group of hydrated meteorites and span a wide range of
alteration states, with the Paris meteorite being the least altered CM described to date. Ca-
Carbonates are powerful proxies for the alteration conditions of CMs because they are direct
snapshots of the chemical and isotopic compositions of the parent fluids. Here, we report a
petrographic and a C isotope and O isotope survey of Ca-carbonates in Paris in order to better
characterize the earliest stages of aqueous alteration. Petrographic observations show that
Paris contains two distinct populations of Ca-carbonates: Type la Ca-carbonates, which are
surrounded by rims of tochilinite/cronstedtite intergrowths (TCIs), and new Type 0 Ca-
carbonates, which do not exhibit the TCI rims. The TCI rims of Type la Ca-carbonates
commonly outline euhedral crystal faces, demonstrating that these Ca-carbonates were

(1) partially or totally pseudomorphosed by TCI and (ii) precipitated at the earliest stages of
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aqueous alteration, before Type 0 Ca-carbonates. Isotopic measurements show that Paris' Ca-
carbonates have 8'°C values that range from 19 to 80 %o (PDB), 8!30 values that range from
29 to 41 %, and 8!’O values that range from 13 to 24 %o (SMOW). According to the §!*C-
880 values of Paris' Ca-carbonates, we developed a new alteration model that involves (i) the
equilibration of a primordial !”-'8O-rich water (PW) with '®O-rich anhydrous silicates and (ii)
varying contribution of '>C- and '*C-rich soluble organic matter (SOMs). It also suggests that
many parameters control the C and O isotopic composition of Ca-carbonates, the principals
being the degree of isotopic equilibration between the PW and the anhydrous silicates, the
respective contribution of >C and '*C-rich SOMs as well as the thermal evolution of CM
parent bodies. Consequently, we suggest that CM Ca-carbonates could record both positive
and negative 8!°C-8'%0 relationships, but a systematic correspondence is probably absent in
CM chondrites due to the large number of factors involved in generating the isotopic
characteristics of Ca-carbonates. From recent reports of the C-isotopic compositions of SOM
in CM chondrites, we propose that water-soluble organic compounds were the most probable

source of 1*C enrichment in the majority of CM carbonates.

1. Introduction

The solar system formed 4.567 billion years ago (Connelly et al., 2012) via the
collapse of a dense molecular cloud leading to the creation of a protoplanetary disk (Safronov,
1969; Boss and Goswami, 2006). The physicochemical evolution of the disk led to the
formation of several mineral assemblages: calcium- and aluminum-rich refractory inclusions
(CAIs), chondrules, Fe-Ni metal and sulfide beads, and a suite of very fine-grained crystalline
and amorphous materials. These components accreted to form the asteroidal parent bodies
that are the sources of unequilibrated meteorites (i.e., chondrites). Depending on the radial

distance to the early Sun and the turbulence within the disk (Johansen et al., 2015), sub-
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millimeter-sized water ice grains of solar system (Alexander et al., 2012) and interstellar
origin (Piani et al., 2015; Vacher et al., 2016) may have comprised a significant proportion of
asteroids and comets (Brearley, 2006; Alexander et al., 2015). Heat released from the decay
of 2°Al led to melting of the water ice, resulting in the establishment of significant fluid
alteration processes within asteroids and shortly after their accretion (Grimm and Mcsween,
1989; Wilson et al., 1999; Petitat et al., 2009; Dyl et al., 2012; Doyle et al., 2015)

The physicochemical conditions under which hydrated chondrites were aqueously
altered are poorly constrained (Brearley, 2006), in particular the length scale of liquid water
flow. Numerical simulations of asteroidal aqueous alteration in an open system have predicted
large-scale flow over tens of km (Grimm and Mcsween, 1989; Young et al., 1999, 2003;
Cohen and Coker, 2000; Coker and Cohen, 2001; Young, 2001a,b, 2004; McSween et al.,
2002; Travis and Schubert, 2005; Grimm, 2007). Nevertheless, these results are difficult to
reconcile with petrographic and geochemical observations of meteorites. There is little
evidence for the redistribution of soluble elements within chondrites at scale greater than 100
um, thus suggesting that aqueous alteration processes are mostly isochemical (Kerrige et al.,
1979; McSween, 1979; Grossman et al., 2000, 2002; Grossman and Alexander, 2004).
Moreover, CI chondrites, whose average compositions are similar to that of the solar
photosphere (Palme et al., 2014), show the higher degree of alteration. The apparent paradox
between the numerical models of fluid and thermal alteration of asteroids and petro-
geochemical observations might be due to a significant overestimation of the permeability of
chondrites (Bland et al., 2009). Bland et al. (2009) argued that numerical simulations strongly
depend on the permeability of chondrites, which is four to eight orders of magnitude lower
than previously estimated (Grimm and Mcsween, 1989; Bland et al., 2009). Taking this re-
evaluation into account, the revised numerical simulations suggest that liquid water was

transported in the range of 10s to 100s of um (Bland et al., 2009), a finding which is
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consistent with the small-scale of alteration observed within the least altered chondrites
(Pignatelli et al., 2016). Nevertheless, the early stages of alteration remain poorly understood
(Le Guillou et al., 2015) especially in terms of (i) the order of appearance of secondary
minerals and the relationships between them, and (ii) the isotopic compositions of the altering
fluids.

CM carbonaceous chondrites have clear evidence for the action of fluids and impact
brecciation in the early Solar System (Metzler et al., 1992; Zolensky et al., 1997; Brearley,
2006). These chondrites are characterized by a large scale of aqueous alteration degrees
(Rubin et al., 2007), from less altered (CM 2.7; Hewins et al., 2014; Marrocchi et al., 2014;
Rubin et al., 2015) to heavily altered (i.e., CM 2.0). CMs commonly contain a wide range of
secondary mineral phases that were likely produced through parent-body processes, for
example phyllosilicates, magnetites, carbonates and Fe-Ni sulfides (Zolensky et al., 1997,
Brearley, 2006). However, the secondary phases that are the most abundant of the CM
chondrites are tochilinite (6Feo.0Se5(Mg,Fe?*(OH),) - cronstedtite
((Fe*",Fe’")3(Fe**Si)Os(OH)4) associations (hereafter referred as TCI for Tochilinite-
Cronstedtite Intergrowths) (Pignatelli et al., 2016, 2017), which occur as complex, irregular-
shaped intergrowths dispersed throughout the matrix (Tomeoka and Buseck, 1985; Rubin et
al., 2007). TCIs are commonly observed in close association with grains of calcium
carbonates (calcite and aragonite), mostly as irregular rims surrounding or penetrating the
carbonates (Browning and Bourcier, 1998; Benedix et al., 2003; Lee and Ellen, 2008; De
Leuw et al., 2010; Lindgren et al., 2011; Lee et al., 2013, 2014; Fujiya et al., 2015). The
textural relationship between TCIs and Ca-carbonates suggests that TCls are Ca-carbonates
pseudomorphs (Lee et al., 2014), but the opposite reaction is also thermodynamically possible
(Browning and Bourcier, 1998). Thus, the chronology of the formation of secondary

mineralogical assemblages remains largely un-constrained.
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Over the last years, several studies have focused on the Paris chondrite, the least
altered CM chondrite known to date (Bourot-Denise et al., 2010; Hewins et al., 2014;
Marrocchi et al., 2014; Rubin, 2015; Leroux et al., 2015; Pignatelli et al., 2016; Vacher et al.,
2016). Although Paris has been classified as a CM 2.7 (Marrocchi et al., 2014), relatively
unaltered regions display characteristics corresponding to a subtype 2.9 with abundant
proportions of Fe-Ni metal beads and pristine matrix (Hewins et al., 2014; Leroux et al.,
2015; Rubin, 2015). Thus, Paris offer an unique opportunity to better characterize the early
stages of fluid alteration in CM chondrites (Pignatelli et al., 2016, 2017). Paris contains a
significant porportion of Ca-carbonates (= 2 %; Marrocchi et al., 2014) whose O-isotopic
compositions fall along the continuous trend defined by CM chondrites (Vacher et al., 2016;
Verdier-Paoletti et al., 2017). However, some Ca-carbonates have peculiar O-isotopic
compositions that suggest the accretion of few percent of water ice grains coming from the
outer part of the Solar System (Vacher et al., 2016). This is supported by the distinct C/H vs.
D/H correlation reported for the Paris' matrix compared to the other CM chondrites (Piani et
al., 2017). Taken together, these results support a dual origin of water ice grains in the CM-
accretion region with contributions either from the inner and outer regions of the Solar
System. The detection of interstellar water ices in Paris could be linked to its low H>O
concentration relative to other CMs (i.e., 4.8 wt.% vs. = 9 wt.%; Rubin et al., 2007; Vacher et
al., 2016) which would preclude the dilution of !7-!80- and D-rich water ices by local water
during the alteration processes. Consequently, Paris could also have kept the record of C-
bearing inorganic ices from the outer part of the Solar System (Ciesla and Sandfort, 2012).
However, the C isotopic composition of the Paris' carbonates has not been determined yet
while it would bring important information on the alteration conditions and the source of
carbon involves in the precipitation of carbonates (Fujiya et al., 2015). Previous studies

revealed than CI, CR and CM carbonates have '*C-enriched heterogeneous isotopic
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compositions ranging from 5 to 80 %o (Grady et al., 1988; Alexander et al., 2015; Fujiya et
al., 2015; Tyra et al., 2016). The process(es) at the origin of the '*C-enrichment and isotopic
variability have remained unclear but could be related to the presence of inorganic ices from
the outer part of the Solar System (Ciesla and Sandfort, 2012) and/or open system fluid
alteration that would generate escape of 3C-depleted methane (Guo and Eiler, 2007). In order
to better understand the possible source(s) of oxygen and carbon for carbonates, we report a
combined petrographic and C & O isotopic study of the Paris chondrite. In addition, a specific
attention has been paid to the textural relationships between TCIs and Ca-carbonates and to
the in situ determination of C and O-isotopic compositions of Ca-carbonates in the context of

their surrounding mineralogy.

2. Material and methods

2-1 Petrographic and mineralogical characterizations

Detailed observations of three sections of the Paris chondrite (#2010-1, #2015-L1 and
#2015-L2) were made at Centre de Recherches Pétrographique et Géochimique (CRPG) using
a scanning electron microscope (SEM) JEOL JSM-6510 equipped with an Energy Dispersive
X-ray (EDX) Genesis detector. A 3 nA electron beam accelerated at 15 kV was used for the
observations.

Quantitative determinations of the chemical composition of carbonates and TCls
(Table S1) were made using a CAMECA SX-100 microprobe (EMPA) at the University of
Lorraine (Nancy, France). The analyses were performed with an accelerating voltage of 15
kV and a beam current of 12 nA. The microprobe was calibrated using the following natural

and synthetic standards: albite for Na and Si, dolomite for Mg, AlbO3 for Al, orthoclase
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feldspar for K, calcite for Ca, barite for S, manganese titanite for Ti and Mn, hematite for Fe,

Cr203 for Cr and NiO for Ni. The detection limits are reported in Table S1.

2-2 Raman spectroscopy

Raman spectra were obtained using a LabRAM HR spectrometer (Horiba Jobin Yvon)
equipped with a 600 gr.mm! grating and an Edge filter. The confocal hole aperture and the
slit aperture were 500 um and 100 um, respectively. The excitation beam was provided by a
659.43 nm laser operated at a power of ~20 mW, focused on the sample using a X100 LWD
IR objective (Olympus). The acquisition time and the number of accumulations were chosen
in a way as to optimize the signal-to-noise ratio (S/N), usually 10x10s. Calcite and aragonite
were identified on the basis of their minor Raman bands; calcite has specific bands at 282 and
713 c¢cm! while aragonite has bands at 207 and 704 cm! (White, 2009). Tochilinite was
identified using its unoriented spectra (785nm) from the RUFF database (RUFF ID R060887,
Steer and Treiman, 2014). Magnetite was identified using its unoriented spectra (780nm) for

the RUFF database (RUFF ID R080025).

2-3 Oxygen-isotope measurements

Carbonate oxygen isotopic compositions were measured using a CAMECA ims 1280
HR2 at CRPG (Nancy, France). 1°O", 17O, and 80" ions produced by a Cs* primary ion beam
(15 pm, 5 nA) were measured in multi-collection mode using three Faraday cups. A normal-
incidence electron gun was used for charge compensation. In order to remove '®OH-
interference on the 70O peak and achieve maximum flatness on the top of the '°O- and '*0-

peaks, the entrance and exit slits of the central Faraday cup were adjusted to obtain a Mass
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Resolving Power (MRP = M/AM) of = 7000 for !’O" on the central Faraday cup. !0 and '*O"
were measured on L’2 and H1 (slit 1, MRP = 2500). Acquisition times were set so as to
obtain counting statistics on the order of + 0.2 %o (1) for 8'®0 and 8'70. We measured two
terrestrial standards: (i) quartz from Brazil (8'%0 = 9.6 %o) and (ii) calcite from Mexico (8'%0
= 23.64 %o) to define the Terrestrial Fractionation Line (TFL). Isotopes ratios of the Paris Ca-
carbonates were normalized to Standard Mean Ocean Water (SMOW). Instrumental Mass
Fractionation (IMF) for calcite and aragonite was determined from Mexico calcite, because
mineralogical identification of Ca-carbonate grains by Raman spectroscopy was performed
after isotopic measurements. The linear deviation of the IMF over the time was also
considered by interpolation of its values during time. Typical measurement errors (2c), which
took into account the errors in each measurement as well as the external reproducibility of the
standard, were estimated to be = 0.4 %o for 8'%0, = 0.6 %o for 8’0, and = 0.4 %o for A’O

(where A0 represents the deviation from the TFL: A70 =870 - 0.52 x 3'%0).

2-4 Carbon-isotope measurements

The carbon coat of the sample was removed by polishing its surface with liquid cerium
oxide after the SEM, EPMA and O-isotope analyses in order to avoid carbon contamination
during the C-isotope measurements. The samples were then coated with gold (= 30 nm) in
preparation for carbon isotope analysis using a CAMECA ims 1280 HR2 ion microprobe at
CRPG-CNRS (Nancy, France). A Cs' primary Gaussian beam of 20 nA was focused to
produce a = 20 um wide spot. A normal-incidence electron gun was used for charge
compensation. The microprobe was specifically tuned to obtain an Mass Resolution Power
(MRP) of 5000 so that the ">CH- contribution to '*C could be eliminated and thus we used the
following settings: an 80 um entrance slit, a field aperture of 3000 pum, and a 250 pum

multicollector slit (slit 2, Rollion-Bard et al., 2007). Carbon isotopes were measured in multi-
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collection mode using two off-axis faraday cups, C and H1, with 10! ohm resistors for 2C
and 13C, respectively. Before each measurement, a presputtering step of 120 s with a raster of
20 x 20 um was included in the routine analysis in order to remove any remaining traces of
the carbon coating. The acquisition times were 5 sec long repeated over 30 cycles and the
typical internal error for each measurement was = 0.8%o0 (2c) on 8'°C. A terrestrial calcite
from Mexico (8"°C = -6.37 %o) was used as a standard to correct for Instrumental Mass
Fractionation (IMF) for calcite and aragonite. Isotopes ratios of the Paris Ca-carbonates were
normalized to Pee Dee Belemnite (PDB). Typical measurement errors (2c), which took into
account the errors in each measurement as well as the external reproducibility of the standard,

were estimated to be = 1.5 %eo.

3. Results

3.1 Petrographic and mineralogical observations

The three sections of Paris examined in this study display heterogeneous degrees of
alteration, as marked by significant differences in the abundances of Fe-Ni metal beads and
TCIs in the matrix. Relatively fresh zones, rich in Fe-Ni metal (= 3 % of metal), are in direct
contact with moderately altered zones that are poor in Fe-Ni metal (only traces of metal,
(Hewins et al., 2014). As already described in pervious works, Paris contains abundant Ca-
carbonate (hereafter Cc) and TCI alteration products (Marrocchi et al., 2014; Rubin, 2015;
Pignatelli et al., 2016, 2017; Vacher et al., 2016). The mineralogical characterization by
Raman spectroscopy (Fig. la & 1b) reveals that Ca-carbonates are essentially calcite
(hereafter C) (= 69 %, n =29, Table 1), but a significant proportion of aragonite (hereafter A)
was also identified (= 31 %, n = 13, Table 1). Our petrographic observations highlight that

two populations of Ca-carbonates are present. Hereafter, we will follow the classification
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proposed by Tyra et al. (2012) and Lee et al. (2014). However, we also observed a new type
of Ca-carbonate (referred as Type 0) characterized by the absence of TCI and direct contact

with the matrix (Fig. 2, see discussion below).

3.1.1 Type 1a Ca-carbonate (blue data points)

Type la Ca-carbonates are dispersed throughout the matrix either in the metal-rich and
meta-poor zones (Table 1) and have an average size of a few tens of micrometers. They
exhibit varying shapes, with euhedral, subhedral and anhedral crystals all commonly
observed, and can occur as single crystal or as complex polycrystalline grains (Fig. 3a to 3d).
The Type 1a Ca-carbonates are essentially calcites (= 72 %, n = 13, Table 1) but a few grains
of aragonites were also identified (= 28 %, n = 5, Table 1) (Fig. 3a to 3d). All of the Type la
Ca-carbonates analyzed in the present study are devoid of euhedral Fe-Ni sulphides inclusions
and contained significant concentrations of iron (0.9 wt.% Fe on average) (Table S1). A few
Ca-carbonate grains also contained: Na>O (0.2 wt.%, n = 13), KO (0.3 wt.%, n=7) and S
(0.2 wt.%, n = 12) (Table S1). Type la Ca-carbonates are partially or totally surrounded by
tochilinite/cronstedtite rims (TCI) of varying thickness and with irregular sharp to direct
contacts with the carbonate grains (Fig. 3a to 3d). The rims are characterized by significant
FeO, SiO; and S concentrations, with average values of 53.4 wt.%, 14.3 wt.% and 14.3 wt.%,
respectively (n = 34, Table S1). They were mostly found to be composed of tochilinite (Fig.
Ic, n = 11) but other minerals are also present, such as magnetite (Fig. 4c) as well as other
poorly crystalline phases that could not be identified by Raman spectroscopy. The TCI rims
are mostly irregular in shape and distorted but some exhibit rectilinear outlines parallel or
subparallel to the margin of the central Ca-carbonate grain (Fig. 4a to 4d). The thickness of

the TCI rim around a single polycrystalline grain is often variable (Fig. 4a to 4d).
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3.1.2 Type 0 Ca-carbonate (green data points)

Type 0 Ca-carbonates grains are scattered throughout the matrix either in the fresh and
altered areas (Table 1) and have sizes ranging from few tens to few hundreds of micrometers
(Fig. 5a to 5d). They present euhedral, subhedral or anhedral shapes and are composed of
single or polycrystalline grains. They appear to be inclusion-free. Types 0 are characterized
by the absence of TCI rims and direct contact of all the grain/crystal edges with the matrix
(Fig. 5a to 5d). Most of the Type 0 Ca-carbonates are calcite (= 77 %, n = 16, Table 1), but a
higher proportion of aragonite grains compared to Type la (= 33 %, n = 8, Table 1) was
identified. The iron content of Type 0 Ca-carbonates is similar to that of Type la Ca-
carbonates (mean of 0.7 wt.% FeO, n = 27, Table S1) and no significant differences in trace-
element concentrations were observed between Type la and Type 0 Ca-carbonates (Table

S1).

3.2 Carbon and oxygen isotopic compositions

Carbon and oxygen isotopes were analyzed for both types of Ca-carbonates either in
the metal-rich and meta-poor zones. Due to the small sizes of the Ca-carbonates (i.e., a few
tens of micrometers in average), we were only able to obtain fourteen C & O isotopic

compositions of the same carbonate grain (Table 1).
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3.2.1 Carbon isotopes

Ca-carbonates show distinct §!°C values according to their respective types. Type la
Ca-carbonates have 8'°C ranging from 27.3 to 79.7 %o with an average value of 48.2 %o (0 =
16.9 %o, n = 17), while 8'3C values of between 19.1 and 66.2 %o were obtained for Type 0 Ca-
carbonates (average 8'°C = 33.8 %o, 6 = 13.9 %o, n = 16) (Fig. 6, Table 1). Type la and Type
0 aragonite grains are '3C-rich compared to calcites (55 %o vs. 46.1 %o, respectively, for Type

la, and 53.2 %o vs 27.3 %o, respectively, for Type 0) (Fig. 6, Table 1).

3.2.2 Oxygen isotopes

In addition to the present data, we also report the oxygen isotopic composition of Ca-
carbonates previously measured in Paris (Vacher et al., 2016; notify as *, Table 1). Their
mineralogy and petrographic type are also reported (Table 1). Ca-carbonates show specific
8'%0 and 870 values depending on their respective petrographic types. The Type la Ca-
carbonates have 8'%0 values of between 37.6 and 40.8 %o and 5'70O values of between 19.7
and 20.8 %o; and they had a mean '*0 of 39.4 %o (6 = 1.3 %o) and mean 5'70 0of 20.4 %o (c =
0.4 %o) (Fig. 7, Table 1). The oxygen isotopic compositions of Type 0 Ca-carbonates range
from 24.2 to 38.8 %o in 3'%0 and from 12.1 to 23.8 %o in 8!70, with average values of 32.5 %o
(0 =3.9 %0) and 17.1 %o (o = 2.7 %o), respectively (Fig. 7, Table 1). Type la Ca-carbonates
have a narrow range in A0 of -0.1 %o (c = 0.5 %o) whereas significant variations are
observed between Type 0 Ca-carbonate grains, with A'’O ranging from -2.5 to 3.6 %o (mean
A0 = 0.2 %o, = 1.5 %0). Type la and Type 0 aragonites show slightly higher mean values
of 8!80 and 870 in comparison to Type la and Type 0 calcites (37 %o in 5!%0 and 19.3 %o in

870 vs 31.9 %o in 8'%0 and 16.8 %o in 3'70, respectively), but no significant difference in
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A0 was observed between aragonite and calcite (except for grain #29%*: 3.6 %o) (Fig. 7,

Table 1).

4. Discussion

4.1 Relationship between Type 1a Ca-carbonates and TCI rims

Petrographic observations of Paris confirm that it contains two types of Ca-carbonates:
(i) Type la Ca-carbonates surrounded by TCI rims with petrographic characteristics
consistent with previous studies of CM carbonaceous chondrites (Tyra et al., 2012; Lee et al.,
2014) and (ii) a new Type 0 Ca-carbonates characterized by the absence of TCI rims. Their
petrographic features suggest that they likely correspond to two generations of Ca-carbonate
precipitation (Brearley, 1998; Lee and Ellen, 2008; Lindgren et al., 2011; Lee et al., 2013,
2014; Fujiya et al., 2015; Tyra et al., 2016). In such a scenario, the Type la Ca-carbonates
would have precipitated at the early stage of alteration, before being partially or totally
replaced by TCIs (Fig. 3 and 4). Then, the formation of Type 0 Ca-carbonates could
correspond to a late stage of precipitation. However, we do not exclude that the formation of
Type 0 Ca-carbonates could also results from an early precipitation in local environments
under physicochemical conditions outside the stability field of tochilinite, which forms under
restricted conditions characterized by low fO, high fS; and neutral or alkaline pH (Browning
and Bourcier, 1996; Browning et al., 1996; Kozerenko et al., 1996, 2001; Rubin et al., 2007;
Pignatelli et al., 2016, 2017).

The presence of irregular contacts between Ca-carbonate grains and their TCI rims
indicates that Ca-carbonate dissolved during the formation of TCIs. Some of the TCI rims

have rectilinear outer edges that are parallel or sub-parallel to the faces of the central
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carbonate (Fig. 4). This petrographic relationship indicates that the Ca-carbonate precursors
were partially or totally pseudomorphosed by TCIs. Such a process has been previously
reported for the CM 2.2-2.3 carbonaceous chondrite LON 94101, suggesting the ubiquitous
nature of Ca-carbonates as precursors of TCIs (Lee et al., 2013). Interestingly, pseudomorphic
replacement of calcite by serpentine has also been described in terrestrial environments, for
example in magnetite-serpentine-calcite dykes (Robinson, 1975) and in the groundmass of
kimberlite (Clement, 1975). In addition, it has been recently shown that the formation of TCIs
can result from the pseudomorphic replacement of primary high-temperature minerals such as
olivine and pyroxene (Pignatelli et al., 2016). These results imply that the TCIs commonly
observed throughout the CM matrix (Rubin et al., 2007) result from the alteration of different
precursors: (i) anhydrous silicates and (ii) a first generation of Ca-carbonates.

In agreement with other studies (Lee et al., 2014; Verdier-Paoletti et al., 2017), our
results demonstrate that the precipitation of Type la Ca-carbonates predates the formation of
the TCI. Although thermodynamical calculations suggest that the opposite reaction is also
possible (Browning and Bourcier, 1998), we did not observe any Ca-carbonates surrounding a
tochilinite-cronstedtite core in Paris. We cannot exclude the possibility that the Type 0 Ca-
carbonates might result from complete replacement of TCI grains, but no evidence was found
to support this in Paris. Hence, if Ca-carbonates are the precursors of TCI rims, then two
thermodynamic reactions occurring in different stages of Ca-carbonate alteration can be

distinguished:

(i) Precipitation of tochilinite from interactions with Fe, S and Mg-bearing fluids:

2CaCOs [Ca-carbonate] + 5.6Fe?(aq) + 6S%aq) + 4.8Mg** (ag) + 2H20 — 6Fe00S-5(0.96Mg,

0.04F¢?")(OH), [Tochilinite] + 2Ca2* aq + 2HCO5" (1)
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(ii) Precipitation of cronstedtite from interaction with an Mg- and S-poor and Fe- and

Si-rich fluid:

2CaCOs [Ca-carbonate] + 2Fe*nq + 2Fe a9 + Si*'ag + 9H.0 —

(Fe*"Fe*")3(Fe**Si)Os(OH)s [Cronstedtite] + 2Ca**(aq) + 2HCOs + 6Ha(g) ()

Similar thermodynamic equations were proposed in other studies (Browning and
Bourcier, 1998; Lee et al., 2013). However, as several authors have pointed out (Merino and
Dewers, 1998; Hanowski and Brearley, 2001; Pignatelli et al., 2016), pseudomorphic
reactions take place at a constant molar volume. Using molar volumes of =37 c¢cm3.mol™! for
calcite (Ayora, 1999), =270 cm’.mol! for tochilinite (Organova et al., 1972) and =111

cm?.mol! for cronstedtite (Helgeson et al., 1978), equations (1) and (2) can be rebalanced:

7.3CaCO; [Ca-carbonate] + 5.6Fe*'aq) + 6S*aq + 4.8Mg*'ag + 4.65H0 —

6Fe0.0S5(0.96Mg, 0.04Fe>*)(OH), [Tochilinite] + 7.3Ca* (g + 7.3HCOs + 1.3302y  (3)

3CaCO; [Ca-carbonate] + 2Fe*nq + 2Fe* (g +  Si*'ag +9H.0 —

(Fe*"Fe*")3(Fe**Si)Os(OH)4 [Cronstedtite] + 3Ca**(aq) + 3HCO3™ + 11Hx(g) 4)

These equations show that tochilinite precipitation requires more than twice the
amount of Ca-carbonate than cronstedtite precipitation at a constant molar volume.
Consequently, the dissolution of Ca-carbonates would enrich the fluid in Ca** and C, which
could then re-precipitate to form a second generation of Ca-carbonates (Lee et al., 2013). It

should be noted that carbonates could also replace ferromagnesian silicates through the
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introduction of CO; from carbonation reactions (Hovelmann et al., 2011; Tyra et al., 2012;
Lee et al, 2013). Nevertheless, primary minerals that have been partially replaced by
carbonates were not observed in these sections of Paris.

The preferential occurrence of tochilinite in the rims of Type la Ca-carbonates (Fig.
Ic) suggests that reaction (3) is dominant in Paris. However, compositional analyses of TCI
rims also revealed a high concentration of SiO; (i.e., 14.3 wt.%, Table S1), indicating that Fe-
rich phyllosilicate phases such as cronstedtite are also present in the rims but it could not be
identified by Raman spectroscopy. Furthermore, the fact that the Ca-carbonates are often only
partially dissolved by tochilinite suggests that the replacement reactions did not progress to
completion. As shown by Pignatelli et al. (2016), cronstedtite coexists with tochilinite under
specific conditions, before the cronstedtite becomes progressively more stable as the
alteration reaction progresses. Thus, Ca-carbonate dissolution appears to have slowed or
ceased at the first stage of the replacement reaction. This interruption could be the result of (i)
a change in the alteration conditions (i.e., pH, fluid composition, and/or temperature) and/or
(i1) the presence of fluid-limited microenvironments. Several studies also point out that
alteration processes probably occur at the micron scale in geochemical microenvironments
(Brearley, 2006; Bland et al., 2009; Pignatelli et al., 2016). In Paris, this hypothesis is
supported by the presence of several Ca-carbonates grains that have been replaced by TCI in
different proportions at scales smaller than 20 pum. For instance, a single grain of Ca-
carbonate divided into three parts displays three different stages of replacement (Fig. 4e): (1)
initiation of the replacement of the Ca-carbonate (Fig. 4e), (2) near complete replacement
(Fig. 4f), and (3) complete replacement of a former Ca-carbonate precursor (Fig. 4e). This
observation highlights the heterogeneous nature of the alteration processes that affected CM
chondrites, which likely results from their low permeability (Bland et al., 2009) and/or the

heterogeneous accretion of sub-micron-sized water ice grains (Lunine, 2006).
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4.2 Isotopic compositions of alteration fluids

4.2.1 Sources of carbon

The CM carbonates show a large isotopic variability with their §'*C ranging from = 5
to 80 %o (this study; Grady et al., 1988; Guo and Eiler, 2007; Alexander et al., 2015; Fujiya et
al., 2015; Tyra et al., 2016). Although different C sources and multiple reservoirs with distinct
isotopic compositions have been proposed to explain this 8'3C variability (Grady et al., 1988;
Alexander et al., 2015; Fujiya et al., 2015; Tyra et al., 2016), the origin of the C enrichment in
carbonates remains disputed. Three potential C sources are generally considered: (i) inorganic
carbonaceous ices, (ii) presolar grains and (iii) organic matter (Fig. 8). With regards to the
first of these, cometary ices contain several C-bearing inorganic molecules (i.e., CO, CO> and
CH4, Cochran et al., 2015), amino acids (i.e., glycine C;HsNO;) and amines (i.e.,
methylamine CHsN and ethylamine C,H7N) (Altwegg et al., 2016). However, C-bearing
molecules measured in 18 comets show an average d13C of
-22 + 39 %o (Fig. 8; Manfroid et al., 2009), a value that is significantly lower than the highest
8!3C measured in the Paris Ca-carbonates. The dissolution of presolar grains could also be
responsible for '3C-enrichment in CM carbonates (Grady et al., 1988). However, presolar
grains (i) show a wide range of 8'°C with extreme values of up to tens of thousands per mille
(Fig. 8; Amari et al., 2014; Davidson et al., 2014), (ii) are present in low abundance (i.e., tens
of ppm; Huss and Lewis, 1995) and (iii) show a strong resistance to corrosion by fluids
(Amari et al., 1994; Huss and Lewis, 1995). Together, these characteristics make presolar
grains an unlikely candidate for the source of the *C-enrichment of altering fluids (Amari et
al., 2014; Davidson et al., 2014). Finally, CM carbonaceous chondrites contain substantial

amounts of organic matter (up to 4 wt.%), mostly in the form of insoluble organic matter
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(IOM) (i.e., = 75 % of the organic matter; Remusat et al., 2009; Gilmour, 2014; Kuga et al.,
2015; Alexander et al., 2017). IOM is mainly located in the chondrite matrices and is
composed of highly substituted aromatic moieties linked together by short, highly branched,
aliphatic chains (Derenne and Robert, 2010; Le Guillou et al., 2014). CM IOM is *C-poor,
with 3'3C ranging from = -34 to -8 %o (Alexander et al., 2007; Alexander et al., 2010) and the
Paris' IOM shows the same characteristics with a 8'*C of -15.8 %o (Vinogradoff et al., 2015)
(Fig. 8). However, the intrinsic insoluble nature of IOM and the range of 8!3C observed in
CM IOMs make unlikely IOM as a direct source of carbon at the origin of CM carbonate
precipitation. In contrary, the soluble form of organic matter (SOM), which is present as
relatively low molecular weight 'free’ compounds, shows a large C-isotopic variability, with
8'3C ranging from = -15 to 60 %o (Fig. 8; Sephton, 2002; Gilmour, 2014; Aponte et al., 2016).
This range of 8'3C values is consistent with the C-isotopic compositions of CM carbonates
and we therefore suggest that water-soluble organic compounds represent the source of most
of the CM carbonates with C isotopic compositions up to 60 %o. Nevertheless, we noted that
SOM could not be involved in the formation of '*C-rich carbonates observed in Paris and in
previous studies (i.e., with 8'°C between 60 and 80 %o). The C sources responsible for this
enrichment is not clearly identified but could be the result of the oxidation or the heating of
anomalous IOM with significant !”-'*0 and '3C enrichments (i.e., 8!"-'30 and 8'3C up to 530%o
and 850%o, respectively; Hashizume et al., 2011; Fujiya et al., 2015). A contribution of 2 to 4
% of anomalous IOM mixed with SOM would thus explain the carbon isotopic compositions
of the CM BC-rich carbonates. However, the behavior of IOM during aqueous alteration
processes is still controversial and there are no clear isotopic trend observed during laboratory

experiments (Alexander et al., 2017).
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4.2.2 Carbon and oxygen isotopes

4.2.2.1 Carbon vs oxygen

The C and O-isotopic compositions of Paris Ca-carbonates are consistent with those of
other CM chondrites (Grady et al., 1988; Guo and Eiler, 2007; Alexander et al., 2015; Fujiya
et al., 2015; Tyra et al., 2016). Our data show that Type la Ca-carbonates are enriched in 3C
and 7180 compared to Type 0 Ca-carbonates (Table 1), thus confirming the existence of two
different populations in Paris, as inferred from petrographic observations (Fig. 3 to 5).
Previous studies have also reported these petrographic and isotopic features and proposed that
two populations of CM carbonates precipitated under contrasting conditions at different times
(Lindgren et al., 2011; Tyra et al., 2012, 2016; Lee et al., 2013, 2014; Fujiya et al., 2015).
However, the isotopic evolution of the fluids from which the Ca-carbonates precipitated
remains under considerable debate, with both negative and positive §'3C-3'80 correlations
have been reported (Grady et al., 1988; Guo and Eiler, 2007; Tsutsui and Naraoka, 2008,
2009; Alexander et al., 2015). Negative correlations were interpreted as a progressive '3C
enrichment of the fluid caused by the release of '?C-enriched CHs during carbonate
precipitation (Guo and Eiler, 2007), whereas positive correlations are understood in terms of
carbonate precipitation from the evolution of a single fluid in equilibrium with water and C-
bearing gases (i.e., CO, CHs and potentially CO») at temperatures in the range 0-130°C (Yuen
et al., 1984; Alexander et al., 2015). In first approximation, the C and O-isotopic
compositions of the Paris Ca-carbonates define a positive 8'3C-8'80 trend with general
relationship of §!13C = (5.0 + 1.8) x 3'%0 - (128 + 65) (26, R2=0.71, n = 14; Fig. 9). However,
the mean square weighted deviation (MSWD) is relatively high (115) and we rather interpret
our data as two different carbonate populations with varying §'3C-8'%0. These C and O-

isotopic ranges can be approximately reproduced by the equilibration of a CO- or CHs-
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dominated gas (8'°Cco = -33 %o and 8'*Ccra = -20 %o) with a 5'30-poor aqueous fluid (5'%0 =
5 %o) at different temperatures (Fig. 10, Alexander et al., 2015). However, this model assumes
that the O-isotopic composition of the initial alteration fluid is 8'*0 = 5% (Alexander et al.,
2015). Because Paris is the least altered CM chondrite (Hewins et al., 2014; Marrocchi et al.,
2014), this value appears unlikely and the Paris' water should '7-!80-rich compared to the
other CM chondrites (Clayton and Mayeda, 1984, 1999; Verdier-Paoletti et al., 2017). In
addition, such a model requires infinite C and O fluid reservoirs. This seems unlikely
regarding the partial pseudomorphism of Ca-carbonates by TCls that indicates fluid-limited
geochemical microenvironments.

Here, we develop an alternative model that considers that the Paris Ca-carbonates
precipitated from different fluids derived from (i) variable equilibration of !":!3Q-rich
primordial water (hereafter PW) with '®O-rich matrix anhydrous silicates and (ii) variable
contributions of different '>C- and '3C-rich SOMs. The O-isotopic composition of CM
carbonates follows a continuous trend that crosses the mass-dependent fractionation line (Fig.
7; Hortsmann et al., 2014; Verdier-Paoletti et al., 2017). This implies that the O-isotopic
composition of Ca-carbonates did not result from fluid circulation along a temperature
gradient but rather recorded varying isotopic equilibration between a '7!80-rich fluid (i.e.,
880 = 30.3 %o, 8'70 = 20.2 %o, Clayton and Mayeda, 1984) and '°O-rich anhydrous silicates
i.e., 880 = -4.2 %o, 8’0 = -7.4 %o, Clayton and Mayeda, 1984). Interestingly, the O-isotopic
compositions of water extracted from different CM chondrites also define a linear relationship
(the CM water line; hereafter CMW) with a similar slope that the carbonate trend but with a
different intercept (Clayton and Mayeda, 1984, 1999; Verdier-Paoletti et al., 2017). The
distance between the carbonate trend and the CMW line simply reflect the fractionation factor
o, which is directly related to the temperature of precipitation (Verdier-Paoletti et al., 2017).

Consequently, the !7-#O-rich CM carbonates result from the precipitation of a fluid that is less
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equilibrated with '®O-rich anhydrous silicates than the !'"'®0Q-poor carbonates (Tyra et al.,
2012; Lee et al., 2013; Verdier-Paoletti et al., 2017; Lindgren et al., 2017). This also implies
that the 8'80 of the fluids from which Ca-carbonates precipitated can only be located within a
range of values between -4.2 %o and 30.2 %o (Fig. 11a), which correspond to the values of the
starting anhydrous silicates and the primordial water (PW; Fig. 11a), respectively.

The '"180Q-rich Ca-carbonates are also enriched in *C (Fig. 9), with the heaviest

carbonates showing a 6 *C of = 80 %o. To the contrary, the '®O-rich Ca-carbonates present

lower 8!°C values in the range 20 to 40 %o (Fig. 9, Table 1). As detailed above (see paragraph
4.2.1), these extreme 8'3C values could correspond to the respective contribution of different
types of SOMs characterized by 'C- and '*C- enrichments, respectively (Fig. 11a). This
suggest that the fluids at the origin of Ca-carbonates can only be located in a specific area of
the 83C-3'%0 diagram delineated by (i) the extreme 8'*C values measured in the different
SOMs (Fig. 11a) and (ii) the 8'80 of the primordial water and the anhydrous CM silicates
(Fig. 11a). Taking into account that the low fractionation factor between Ca-carbonate and
carbonate ion in the fluids over a large temperature range (i.e., 1000In dcacos-ncos-= 2.2 %o at
0°C and 1.2 %o at 300°C, Deines et al., 1974; Luo and Wang, 2009) as well as the important
fractionation factor of oxygen isotopes between the fluid and the precipitated carbonates (Kim
and O’Neil, 1997), the final 8'3C-8'30 compositions of Ca-carbonates are shifted to the right
of the 83C-8'80 diagram with an intensity that is a function of the precipitation temperature
(Fig. 11b). Assuming that the average precipitation temperatures of CM Ca-carbonates is =
110°C (Verdier-Paoletti et al., 2017), the possible 8'3C-6'%0 carbonate values estimated by
this model (Fig. 11b) are consistent with those reported here and in previous in situ studies

(Fujiya et al., 2015; Tyra et al., 2016).
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According to the degree of equilibration between the PW and the anhydrous silicates
(), the 8'%0 of the alteration fluids can be calculated using the following isotopic mass

balance equations:

Slgoﬂuid =f>< Slgoanhydrous silicates T (1 'f) x 8180PW (5)

The equation (5) assumes that (i) the O-isotopic composition of the fluid is essentially
controlled by the equilibration between the fluid and the anhydrous silicates and (ii) there is
no influence of the phyllosilicate formation on the O-isotopic composition of the alteration
fluid. The latter assumption is consistent with the lower average temperature formation of
phyllosilicates comparing to Ca-Carbonates in CM chondrites (i.e., 75°C vs. 110°C; Verdier-
Paoletti et al., 2017). In addition, considering the volume of TCI in Paris (12 + 3%; Rubin,
2015) and a fractional precipitation process for phyllosilicates (1000In oiserp-n20 = 8.2 at 75°C,
Wenner and Taylor, 1971, the 3'30 of the fluid would decrease by only 1 - 2 %o at 75°C for a
serpentine precipitation rate of 15% (Swater = 1000 % (0.85 *! - 1) + Spw).

Our model demonstrates that the in situ variability in the C and O-isotopic
compositions of Paris Ca-carbonates can be explained by precipitation events occurring at
different temperatures from alteration fluids characterized by varying (i) degrees of O-
isotopic equilibration between PW and the matrix and (ii) contributions of '>C- and '*C-rich
SOMs. It appears that —depending on the degree of alteration and the respective contribution
of the different types of SOMs—both positive and negative 8'°C-8'%0 correlations can be
produced during the precipitation of Ca-carbonates (Fig. 11). However, given that Ca-
carbonate precipitation can occur at variable temperatures, from fluids characterized by
different degrees of equilibration and with variable *C and '*C-rich SOMs, we consider it is
more likely that no systematic relationship between 8'C and 8'30 should be observed in CM

chondrites, as previously reported from in situ analysis (Fujiya et al., 2015; Tyra et al., 2016).
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4.2.3 Aragonite vs calcite

A significant proportion of the Type la or Type 0 Ca-carbonates in Paris were
identified to be aragonite, as was also the case in other poorly altered CM chondrites (Fig 2,
Barber, 1981; Lee and Ellen, 2008; Sofe, 2013; Lee et al., 2013, 2014). Both types of
aragonite are '3C- and '7'80-rich relative to the Type la and Type 0 calcites (Fig. 6 & 7,
Table 1). From petrographic observations, previous studies have suggested that (i) aragonite
precipitated after calcite in Cold Bokkeveld and Murray (Barber, 1981; Lee and Ellen, 2008)
and (ii) that aragonite predates calcite in the least altered CM chondrites (Lee et al., 2013,
2014). Because aragonites can occur as both Type 1a and Type 0 Ca-carbonates in Paris, our
petrographic observations do not allow the sequence of Ca-carbonate precipitation to be better
constrained. However, the O-isotopic compositions of the aragonites are '-'%0-rich relative to
the calcites, suggesting early precipitation from an '30-rich fluid that had not experienced
protracted O-isotopic equilibration with the matrix anhydrous silicates.

Thermodynamic calculations predict that calcite is stable under the conditions under
which aqueous alteration of the CM-chondrite parent bodies occurred (Zolensky et al., 1993),
while Ostwald's rule predicts that the least stable polymorph (i.e., aragonite for CaCO3) would
crystallize first (Van Santen, 1984). Furthermore, several factors favor the precipitation of
aragonite over calcite: (i) the presence of dissolved organic carbon (DOC), Mg?*, Fe?* and
SO4* in solution (Berner, 1975; Meyer, 1984; Walter, 1986; Lebron and Suarez, 1996), (ii) a
high precipitation rate (Given and Wilkinson, 1985), and (iii) a high temperature (Walter,
1986). Recently, Lee et al. (2014) proposed that CM aragonite precipitated from Mg-rich
solutions during brief precipitation events and/or under low water/rock ratios. In addition,

aragonite precipitation is expected to occur when (i) the fluid Mg/Ca ratio is constant and the
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temperature increases or (ii) when the temperature is constant and the fluid Mg/Ca ratio
increases (Morse et al., 1997). Hence, the precipitation of aragonite in Paris could have
resulted from an increase in the temperature or from an increase in the Mg?* concentration in
the fluid caused by the dissolution of mafic silicate (Lee and Ellen, 2008; Leroux et al., 2015;
Pignatelli et al., 2016). A decrease in the Mg/Ca ratio caused by either the precipitation of
TCI or the dissolution of Type la aragonite would have enriched the fluid in Ca?*, leading to
the precipitation of calcite that postdate aragonite. However, the presence of euhedral crystals
of aragonite (Fig. 3a) indicates that this dissolution of Type la aragonite in Paris is selective
with the increase of aqueous alteration, confirming the presence of fluid-limited
microenvironments. We thus propose that aragonite represents the first Ca-carbonate that

precipitated only during the earliest stage of fluid alteration of CM chondrites.

5. Conclusions

Our petrographic and isotopic study of Ca-carbonates in the least altered CM Paris has
offered us a unique opportunity to better characterize the early stages of aqueous alteration in
the CM parent body. Our results have revealed different alteration histories and have allowed
us to place new constraints on the physicochemical conditions under which the alteration of
CM chondrites took place.

(1) Two populations of Ca-carbonates are found in Paris. Type 1a refers to grains that are
surrounded by TCIs (identified to be mainly tochilinite) whereas new Type 0 Ca-
carbonates refer to isolated TCI-free grains. Petrographic observations suggest that
Type la Ca-carbonates precipitated at the earliest stages of alteration, before the

precipitation of Type 0 Ca-carbonates.
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)

3)

4

)

(6)

TCI rims commonly have rectilinear shapes with planar margins that are parallels or
subparallels to the central carbonate grain. Individual Ca-carbonate grains can display
contrasting degrees of alteration with partial or complete replacement by TCIs. These
features suggest that Type la Ca-carbonates were pseudomorphosed by TClIs at the
micron scale within geochemical microenvironments.

Few Type la and Type 0 Ca-carbonates were identified as aragonites. The aragonites
were found to be 3C and !'7'80-rich relative to the calcites, suggesting early
precipitation from a fluid that had not undergone protracted isotopic exchange with
the matrix.

Based on recent reports of the C-isotopic composition of low molecular weight 'free'
compounds in CM chondrites, we propose that water-soluble organic compounds
(SOM) represent the major source of the '3C-rich carbonates.

We developed a model in which the C and O isotopic composition of Ca-carbonates
results from varying (i) equilibration !"'30-rich primordial water with '®O-rich
anhydrous silicates and (ii) contributions of '>C- and '3C-rich soluble organic matter.
Our model suggests that CM Ca-carbonates can record both positive and negative
313C-8'%0 correlations. However, given that Ca-carbonates precipitation can occur at
variable temperature from a fluid with different degrees of equilibration and variable
12C and *C-rich SOMs, there is probably no systematic relationship between §!°C

and 8'%0 in CM carbonates.
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Figure captions

Figure 1: a) Raman spectra in the 100-1500 cm™! region of a typical calcite in Paris. b) Raman
spectra in the 100-1500 ¢cm™ region of a typical aragonite in Paris. ¢) Raman spectra in the
200-1000 cm'region of tochilinite rims around Ca-carbonates (purple line) and reference
Raman spectra of an unoriented crystal of tochilinite (785nm) from the RUFF database

(RUFF ID 060887, black line).

Figure 2: New petrographic types classification of Ca-carbonates for CM chondrites with
petrologic subtypes between 2.7 and 2.3 (modified after Lee et al., (2014)). Type 0 was added
from the previous classification and refers to Ca-carbonate without tochilinite/cronstedtite rim
where all the edges of the crystal or the grain are in direct contact with the matrix. Aragonite
classification was divided into two subtypes, Type la that occur for instance only in Paris and

Type 0 that corresponds to the previous description of aragonite report by Lee et al., (2014).

Figure 3: Back-scattered electron image (BSE) of Type la subhedral aragonite grain (A)

surrounded by tochilinite-cronstedtite associations (TCI). The dash ellipse denotes the area of
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the 013C ion probe spot. b) BSE image of polycrystalline Type la calcite grains (C) with
euhedral, subhedral and anhedral shapes surrounded by TCI rim. ¢) BSE image of an anhedral
Type 1a calcite grain (C) partially enclosed by a TCI rim. d) BSE image of a polycrystalline

Type la calcite (C) equant grain surrounding by a TCI rim.

Figure 4: a) to d) Back-scattered electron images of Type la calcite (C) and Ca-carbonate
(Cc) grains surrounded by TCI rims or magnetite (Mt) with euhedral shapes and crystal faces
parallel or subparallel to the central Ca-carbonate. €) Back-scattered electron images of a
Type la Ca-carbonate (Cc) grain fractured into three parts, each of which shows a different
stages of replacement: (1) beginning of replacement of the Ca-carbonate (Cc), (2) almost
complete dissolution and replacement of the Ca-carbonate by TCI, and (3) complete
replacement of the Ca-carbonate by TCI. f) EDX elemental map showing the distribution of

Ca (in yellow), revealing the Ca-rich nature of the TCI precursor.

Figure 5: a) BSE image of a Type 0 euhedral aragonite grain (A). b) BSE image of
polycrystalline Type 0 aragonite (A) equant grain. ¢) BSE image of subhedral and anhedral
fractured Type 0 calcite grains (C). d) BSE image of a group of Type 0 calcite (C) grains that

are several hundred of microns in size.

Figure 6: 5'3C values of Type la calcite (blue circles), Type la aragonite (blue diamonds),
Type 0 calcite (green circles) and Type 0 aragonite (green diamonds) from this study (errors =

20).

Figure 7: Oxygen three-isotope plot for Type la calcite (blue circles), Type la aragonite

(blue diamonds), Type 0 calcite (green circles) and Type 0 aragonite (green diamonds) from
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this study and from Vacher et al., 2016 (errors = 2c). The data from the literature (grey
circles) are also shown with 2c typical errors (Benedix et al., 2003; Tyra et al., 2012, 2016;
Lee et al., 2013; Horstmann et al., 2014; Fujiya et al., 2015; Vacher et al., 2016; Lindgren et
al., 2017). TFL: Terrestrial Fractionation Line, !0 = 0.52 x §'%0. CMW: CM Water line,
8170 = 0.69 x 8'%0 - 2.12 (Verdier-Paoletti et al., 2017). CCAM: Carbonaceous Chondrite

Anhydrous Mineral line, 870 = 0.941 x 3'%0 - 4. YR: Young and Russell line, 5'70 = §'%0.

Figure 8: 3'3C values of Ca-carbonates from this study and from the literature (light green)
(Grady et al., 1988; Guo and Eiler, 2007; Alexander et al., 2015; Fujiya et al., 2015; Tyra et
al., 2016). The 8'3C values of the potential C sources at the origin of the *C enrichment in
CM carbonates are also plotted. The blue data-point corresponds to the average §!*C value of
inorganic carbonaceous ices from Manfroid et al. (2009). The §'*C values of presolar grains
are represented in purple (Amari et al., 2014; Davidson et al., 2014), the 3!°C values of
soluble organic matter are in red (Sephton, 2002 and *references therein; Aponte et al., 2016),
the 8'3C values of insoluble organic matter are in yellow (Sephton, 2002 and *references
therein; Alexander et al., 2007, 2010; Hashizume et al., 2011; Vinogradoftf et al., 2015), and
the predicted 8'°C values of CM carbonates that precipitated from a single fluid in

equilibrium with water and C-bearing gases are in brown (Alexander et al., 2015).

Figure 9: 3'3C vs 8'%0 values of Ca-carbonates measured in this study. Although a positive
trend can be observed, the high MSWD (115) suggest that it rather correspond to two
different clusters characterized by C- '18Q-rich and '>C- !'6O-rich Ca-carbonates,

respectively.
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Figure 10: (a) 8'3C vs 3'%0 values for Type la calcite (blue circles), Type 1a aragonite (blue
diamonds), Type 0 calcite (green circles) and Type 0 aragonite (green diamonds) from this
study. The solid black line represents the linear regression (R?> = 0.71, n = 14) in our dataset:
813C = (5.0 + 1.8) x 8!80 - (128 + 65). The dash lines represent the confidence level of the
linear regression (1o). The white circle line is the predicted isotopic compositions of CM
carbonates as a function of temperature (between 0°C and 130°C) in a CO-H20 system
(8"3Cco = -33 %o and 8'®Om20 = 5 %o) (Alexander et al., 2015). The white circles on the model
mark 10°C intervals. (b) 8'C vs 3'30 values of Ca-carbonates in this study. The white circle
lines are the predicted isotopic compositions of CM carbonates as a function of temperature
(between 0°C and 130°C) and the mole fraction of CO, in a CO-CO,-H0 system (8'3Cco = -
5%o and 8'*0m20 = 5 %o) (Alexander et al., 2015). The white circles on the model mark 10°C

intervals.

Figure 11: (a) Possible 8'°C-8!80 values of alteration fluids estimated by (i) considering O-
isotopic equilibrium between '7'80-rich fluid (red star; PW = Primordial Water) and °O-rich
anhydrous silicates (red hexagon) and (ii) assuming two '>C- and '*C-rich end-members of
soluble organic matter as plausible sources of carbon for carbonate precipitation. The blue
lines correspond to the CM water line (CMW) that results from the equilibration between
primordial water and anhydrous silicates (Clayton and Mayeda, 1984; Clayton and Mayeda,
1999; Verdier-Paoletti et al., 2017). The fractionation factor a for O-isotopes between fluids
and precipitated carbonates is also represented for different temperatures (Kim and O’Neil,
1997). It should be noted that fractionation factor between Ca-carbonate and carbonate ion in
the fluids is negligible over a large temperature range (Deines et al., 1974; Luo and Wang,
2009). (b) 8'3C vs 8'%0 values for Type la calcite (blue circles), Type la aragonite (blue

diamonds), Type 0 calcite (green circles) and Type 0 aragonite (green diamonds) from this
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study. We also represented the in situ 8'°C-8'%0 reported in previous studies (Fujiya et al.,
2015; Tyra et al., 2016). Assuming an average temperature precipitation of Ca-Carbonates of
110°C (Fujiya et al., 2015; Tyra et al., 2016), our model reproduces the range of 3'3C-5'0

observed in Paris and reported in other CM chondrites (Fujiya et al., 2015; Tyra et al., 2016).
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# Type Polymorph  Area BC (%) 26 88O (%) 26 80 (%) 26 A0 20
C1 la Calcite Altered 27.3 1.5
C2 la Calcite Altered 34.1 1.4
(OX] la Calcite Altered 35.8 1.4
C4 la Calcite Altered 36.7 1.3
C5 la Calcite Altered 37.1 1.4
C6 la Calcite Altered 37.4 1.4
C7 la Calcite Altered 37.6 1.4
C8 la Calcite Altered 39.3 1.2
C9 la Calcite Altered 40.9 1.3
A10 la Aragonite  Altered 42.1 1.3
#H27* la Aragonite Fresh 422 1.2 38.3 0.2 19.7 0.5 -0.2 0.4
Cll1 la Calcite Altered 46 1.6
#34* la Aragonite Fresh 64.7 1.3 40.7 0.5 20.7 0.5 -0.5 0.4
C12 la Calcite Fresh 70.6 2.5
#33* la Aragonite Fresh 70.9 1.3 39.7 0.2 20.8 0.4 0.1 0.4
#31* la Calcite Fresh 76.6 1.4 39.5 0.6 20.3 0.5 -0.2 0.4
#24* la Calcite Fresh 79.7 1.3 37.6 0.5 20.4 0.5 0.9 0.4
#35% la Aragonite  Altered 40.8 0.1 20.7 0.7 -0.5 0.6
Mean 48.2 394 20.4 -0.1
StDev 16.9 1.3 0.4 0.5
C13 0 Calcite Altered 19.1 1.3
#12* 0 Calcite Altered 19.9 1.3 31.8 0.6 16.7 0.6 0.2 0.5
Cl4 0 Calcite Altered 21.9 2.1
C15 0 Calcite Altered 22.6 1.2 30.5 0.5 17.1 0.6 1.2 0.4
Clé6 0 Calcite Altered 26 1.4
#20* 0 Calcite Altered 26 1.6 343 0.6 16.7 0.6 -1.2 0.4
C17 0 Calcite Altered 28.6 1.3
C18 0 Calcite Altered 29.1 1.2 30.6 0.3 134 0.8 -2.5 0.7
C19 0 Calcite Altered 32.1 1.2 29 0.5 17.4 0.5 2.3 0.4
C20 0 Calcite Altered 32.9 1.4
C21 0 Calcite Altered 34.1 1.3 29.9 0.6 16.5 0.6 1 0.4
C22 0 Calcite Altered 35.1 1.2
#11* 0 Aragonite Fresh 37.3 1.6 31.7 0.3 16.4 0.8 0 0.3
A23 0 Aragonite Fresh 46.7 1.6
#28* 0 Aragonite Fresh 62.6 1.1 38.7 0.1 19 0.4 -1.1 0.3
#29* 0 Aragonite Fresh 66.2 1.4 38.8 0.6 23.8 0.6 3.6 0.5
#1* 0 Calcite Fresh 24.2 0.2 12.1 0.5 -0.5 0.4
#HT* 0 Aragonite Fresh 29.6 0.2 13.7 0.5 -1.7 0.4
#13* 0 Calcite Altered 31.8 0.7 17.0 0.5 0.5 0.4
#18* 0 Aragonite Fresh 33.6 0.8 16.9 0.5 -0.6 0.4
#19* 0 Calcite Altered 337 0.6 16.7 0.8 -0.8 0.6
#23* 0 Aragonite  Altered 37.3 0.1 19.6 0.5 0.2 0.4
#25% 0 Aragonite Fresh 37.6 0.2 20.6 0.5 1.0 0.7
C24 0 Calcite Altered 30.0 0.6 17.5 0.5 1.9 0.4
Mean 33.8 325 17.1 0.2
StDev 13.9 3.9 2.7 1.5
1070
1071 Table 1. Carbon and oxygen isotopic compositions of Paris Ca-carbonates. A’O errors were
1072 calculated using the errors in the '70O/'80 ratio. "Same grain as the study of Vacher et al.,
1073 (2016).
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