
Available online at www.sciencedirect.com
www.elsevier.com/locate/gca

ScienceDirect

Geochimica et Cosmochimica Acta 170 (2015) 247–265
GEMS-like material in the matrix of the Paris meteorite and
the early stages of alteration of CM chondrites

H. Leroux a,⇑, P. Cuvillier a, B. Zanda b, R.H. Hewins b
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Abstract

The Paris meteorite is a weakly altered CM chondrite that has been discovered recently (Hewins et al., 2014). Its matrix
offers the opportunity to search for well-preserved pristine pre-accretional material, as well as to study the earliest stages of
aqueous alteration in the CM parent body. The study of the matrix of Paris has been conducted by analytical transmission
electron microscopy on focused ion beam sections extracted from matrix areas showing different degrees of aqueous
alteration.

The least altered matrix sample consists of amorphous silicate grains, a few hundreds of nm in size, separated from one
another by an abundant porosity. The amorphous silicates enclose numerous Fe-sulfide nanograins and their average com-
position is close to the chondritic composition. They share many similarities with GEMS (glass with embedded metal and
sulfides) grains present in chondritic-porous interplanetary dust particles and with primitive type 3.0 carbonaceous chondrites.
This first discovery of GEMS-like texture in a CM chondrite suggests that GEMS grains could have been the building blocks
of the CM matrices.

In more aqueously altered samples, pronounced microstructural heterogeneities were detected at the micrometer scale. The
matrix consists mostly of a mixture of amorphous material and Fe-rich, spongy to fine-fibrous, poorly crystalline phyllosil-
icates. The porosity fraction is significantly reduced and the mixed amorphous-fibrous material frequently forms a continuous
groundmass. The close association between these two material types suggests a replacement mechanism due to aqueous alter-
ation. Chemical compositions correlate strongly with the microstructure. The amorphous material has a composition close to
the chondritic value while the fine-fibrous phyllosilicate material is Fe-enriched. This Fe enrichment is found to be continuous
from weakly to more heavily altered areas, in which the fibrous morphology is coarser and better crystalline. Cronstedtite with
intercalated tochilinite is also found, but in pore spaces. This chemical evolution, concomitant with the maturation of the
phyllosilicates, demonstrates that the early aqueous fluids that interacted with silicates in the matrix were enriched in Fe. This
composition is probably the consequence of the preferential dissolution of metal and iron sulfides during the first stages of
alteration. The enrichment of phyllosilicates in Mg seen in more altered CM chondrites is not observed in Paris.
� 2015 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Carbonaceous chondrites are samples of parent bodies
that are largely originated from the outer region of the
asteroid belt. The most abundant of them are the CM chon-
drites. They all experienced an episode of aqueous and/or
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thermal alteration, to varied extents, likely in their parent
bodies (e.g., McSween, 1979; Zolensky et al., 1993; Rubin
et al., 2007; Alexander et al., 2013; Beck et al., 2014;
Howard et al., 2015). The primary texture, mineralogy
and/or isotopic properties are thus modified to some extent
by the action of aqueous fluids (e.g., Brearley, 2006). The
wide range of degree of alteration in CM chondrites pro-
vides the opportunity to study its different stages by track-
ing the associated mineralogical evolutionary sequences.
Carbonaceous chondrites are characterized by a high pro-
portion of matrix compared to chondrules, with an average
of 70 vol.% for the CM chondrites. Matrices consist of fine-
grained materials, most commonly sub-micrometer sized.
As a consequence, they are particularly sensitive to this
aqueous alteration, and more generally they are also valu-
able material for studying the early stage of evolution of
asteroids. However, this alteration prevents the study of
pristine components in matrices as they were at the time
of accretion of the asteroids. Before this study, no pristine
material had been described in CM chondrites, with the
possible exceptions of Y-791198 (Chizmadia and Brearley,
2008) and EET 96029 (Lindgren and Lee, 2015) that were
shown to have preserved good mineralogical characteristics
of pristine components.

Many studies have been devoted to the mineralogical
and chemical evolution during parent body alteration of
the fine-grained materials in CM carbonaceous chondrites
(McSween, 1979; Barber, 1981, 1985; Tomeoka and
Buseck, 1985; Tomeoka et al., 1989; Zolensky et al., 1993,
1997; Browning et al., 1996; Rubin et al., 2007; see also
Brearley, 2006, and Velbel and Palmer, 2011 for recent
reviews). The alteration products are dominated by phyl-
losilicates from the serpentine group, Ca-phosphates, car-
bonates, tochilinite, pentlandite, sulfates and iron oxides.
Several indicators have been developed to estimate the
degree of alteration. They include the Fe–Mg concentration
in the matrix (McSween and Richardson, 1977; McSween,
1979, 1987; Zolensky et al., 1993; Rubin et al., 2007), the
abundance of Fe3+ (Browning et al., 1996), the bulk
water/OH contents and H and N isotopes (Alexander
et al., 2013), the relative abundance of phyllosilicates and
anhydrous silicates (Howard et al., 2009, 2011, 2015), the
level of kamacite corrosion (Palmer and Lauretta, 2011)
and carbonate mineralogy (e.g., Lee et al., 2014). Phyllosil-
icates are the most abundant phases and are regarded by
most authors as resulting from aqueous alteration of anhy-
drous precursor phases on the asteroid parent bodies (e.g.,
Brearley, 2006). It has been shown that the amount of ser-
pentine and its chemistry is linked with the degree of aque-
ous alteration. As a general trend, the serpentine minerals
are found to become progressively enriched in Mg as the
degree of alteration increases (McSween and Richardson,
1977; Tomeoka and Buseck, 1985; Zolensky et al., 1993;
Browning et al., 1996; Rubin et al., 2007). The increase of
Mg content in the matrix is interpreted as a consequence
of a progressive dissolution of anhydrous crystalline sili-
cates (olivine and pyroxene) from chondrules. Regarding
the early stages of alteration, the relationship of precursor
phases to serpentine is still debated. The precursor material
may well consist of anhydrous silicates (crystalline or
amorphous), a sub-micrometer phase assemblage found in
the most carbonaceous primitive chondrites (Brearley,
1993; Greshake, 1997; Abreu and Brearley, 2010; Le
Guillou and Brearley, 2014).

Recently, a new CM chondrite, named Paris, was dis-
covered. It was classified as a CM2 chondrite and is consid-
ered to be the least altered CM chondrite so far (Hewins
et al., 2014). The low alteration state of the object is
attested by its oxygen isotope mixing line that extends from
CM2 falls toward CO3 falls. However, the range along the
mixing line shows that the alteration is heterogeneous in the
Paris meteorite. In the freshest areas, the metal is abundant
and the matrix is dominated by amorphous material. In the
more altered areas, phyllosilicates are abundant, together
with the other common alteration products (magnetite,
tochilinite, carbonates). Because it is less altered than most
other CM chondrites, at least in some areas, Paris is a good
candidate to study in details the first stages of aqueous
alteration that occurred in the CM parent body and to
search for pristine material in the matrix in the least altered
regions. Like the most primitive carbonaceous chondrites
(e.g., Acfer 094, MET 00426 and QUE 99177; Greshake,
1997: Abreu and Brearley, 2010; Le Guillou and Brearley,
2014), the less altered matrix in Paris could provide valu-
able information to constrain processes involved in the for-
mation of pre-accretion fine-grained materials, as well as
the first stage of alteration in the CM parent body.
Hewins et al. (2014) provided an overview of the matrix
mineralogy, but the detailed microstructures and sub-
micron-sized mineralogy of fine-grained material in this
chondrite have not being described to date. Here we present
an analytical transmission electron microscope (ATEM)
study of several areas of matrix, from relatively unaltered
areas to strongly altered areas.

2. SAMPLES AND METHODS

Sections of Paris were first examined by optical micro-
scopy and scanning electron microscopy (SEM) in order
to select areas for TEM. Paris is a breccia comprising
diversely aqueously altered lithologies often with ill-
defined boundaries. In the freshest material, unaltered
metal is abundant within chondrules, which is unique
among known CMs. Suitable matrix zones for TEM were
selected in various settings in the interstices between chon-
drule rims and, for the freshest zones, in small areas in
which the lacy tochilinite growths were the least abundant.
Eight electron transparent slices were prepared by focused
ion beam (FIB) technique using an FEI Strata dual beam
235 at IEMN, University of Lille. Before extraction of the
thin foils by the FIB, a platinum protective coating layer
was deposited on the area of interest in order to minimize
beam damage by the Ga ion beam. The thin foils were
extracted from the petrographic section by the in-situ lift-
out technique using an internal micromanipulator and were
welded onto 3 mm copper TEM half grids. The sizes of the
FIB sections were typically 15 � 7 lm2 and 100 nm thick.
The FIB sections were studied by ATEM with an FEI Tec-
nai G2-20 TWIN (LaB6, 200 kV) equipped with an EDAX
energy dispersive spectrometer (EDS) at the electron
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microscopy center of the University of Lille. The
microstructure was studied by conventional bright field
imaging and selected area electron diffraction (SAED).
Scanning TEM (STEM) was used for acquiring EDS data,
with an electron beam diameter of about 5–10 nm. The sizes
of the different phases of the fine grained material were fre-
quently less that the foil thickness (100 nm). As a conse-
quence, many of the analyses integrate compositions of
several phases along the electron beam path through the
sample. Most compositional data were deduced from ele-
mental mapping after post acquisition processing of data
cubes by adding pixels in given areas of interest. This con-
figuration helps to detect the phase overlap under the beam
and allows for optimizing the localization of the individual
phases, when not too small. The EDS spectra, acquired
individually or extracted from chemical maps, were quanti-
fied by applying an absorption correction assuming that the
FIB sections were 100 nm thick. The k-factor correction
was applied with k-factors experimentally determined for
the major elements (O, Mg, Fe, S, Ca and Al) with standard
specimens using the parameterless correction method of
van Cappellen (1990). The standards used were quartz
(SiO2) for O, forsterite (Mg2SiO4) for Mg, fayalite
(Fe2SiO4) for Fe, pyrite (FeS2) for S, diopside (CaMgSi2O6)
for Ca and sillimanite (Al2SiO5) for Al. For minor elements
(Ca, Ti, Cr, Mn, Ni), k-factors were calculated from the
theoretical curve of the detector response to different
X-ray energies, adjusted though the calibrated values of
the major elements.

3. RESULTS

The microstructures studied differ significantly depend-
ing on the regions that were extracted from the Paris sec-
tion. A strong variability is also found at the scale of a
given FIB section, i.e. at the micro-scale. One exception is
the FIB sample showing the less altered area, described in
Section 3.1, for which the microstructure is quite homoge-
neous. This finding confirms that the degree of alteration
is heterogeneous in the matrix of Paris, as noted by
Hewins et al. (2014). In the following, we describe the
observations based on the dominant characteristics of the
samples, from the less to the more altered samples. No
noticeable differences were found between samples
extracted from chondrule rims and matrix. Both display
similar microstructure and chemistry and so that are not
distinguished in the following.

3.1. Less altered samples

In the least altered sample, the matrix is dominated by
amorphous silicates. These do not form a continuous
groundmass but are found as submicron sized, irregularly
shaped units, separated from one another by an abundant
porosity (Fig. 1a). The apparent size in the TEM section
of the amorphous domains ranges from 100 nm to 1 lm,
and the pore sizes range from 10 to 500 nm. The amor-
phous silicates units contain numerous nanometer-sized
Fe-rich (Ni-poor) sulfide inclusions with sizes of a few tens
of nanometers in diameter (Fig. 1b). Some S-free and
Fe-rich inclusions were also detected but they are rare
and their small size (below 30 nm) precludes a full charac-
terization. No oxygen depletion is observed at the location
of these Fe-bearing inclusions, thus they might be
Fe-oxides. The abundance of nano-sulfide inclusions
embedded in the amorphous material is heterogeneous
and differs from one grain to another. Some amorphous
units contain a large number of inclusions while others have
none. The size of these inclusions precludes detailed compo-
sition measurements because their dimensions are well
below the sample thickness and the silicates in which they
are enclosed contain a significant amount of Fe. At the bor-
der of the amorphous units, a fine fibrous material is locally
occasionally present (Fig. 1b). This material lacks sulfide
inclusions and in some places it seems to fill entire pore
spaces (Fig. 1b). Electron diffraction patterns show that it
is amorphous or poorly crystalline. The corresponding
compositions are close to the composition of the adjacent
units. Accessory phases are found in contact with the amor-
phous units. They are crystalline Mg–silicates (forsterite
and enstatite), Ni-rich sulfides and carbonaceous material.
These minor phases are also detected in the more altered
samples, and they will be described in more detail in the
Section 3.5. In the least altered sample, the minor phases
are located within the voids at the contact with the
amorphous units.

Element and phase distributions were studied by EDS
on relatively large areas like the one shown on Fig. 2a.
Fig. 2b is a phase contrast image showing the distribution
of the amorphous silicate domains, the Mg-rich silicates
and carbonaceous material. The C-material is mostly pre-
sent as patches located between the amorphous silicate
units and locally rims them discontinuously. Nickel-rich
sulfides are located preferentially at the rims of the silicates
domains and tend to be larger, up to the few hundreds nm,
compared to the Ni-poor sulfides present as nano-
inclusions in the amorphous silicates. Fig. 2c is a recon-
structed image showing the distribution of Fe between the
amorphous phases, sulfides (Ni-rich and Ni-poor) and iron
oxide. The texture of this minimally altered sample closely
resembles those of GEMS (glass with embedded metal
and sulfides) grains frequently found in chondritic porous
interplanetary dust particles (Bradley, 1994; Keller and
Messenger, 2011). Table 1 gives the mean composition of
the amorphous units, including the nano-inclusions embed-
ded within them. The average composition of the amor-
phous domains is not far from the CI chondritic value
(for the major elements), but with a clear enrichment of
Si and depletion in S. Fig. 3 shows the compositional field
of the amorphous material in two ternary diagrams;
Fe–Mg–Si and Fe–S–Si. The observed compositional fields
are relatively narrow and centered close to the solar
composition.

To estimate the porosity of the sample, we used the
X-ray emission efficiency (count rate or cumulative counts)
by using the EDS detector. As shown in Fig. 3, the ‘GEMS-
like’ objects have a relatively homogeneous composition.
The X-ray emission rate therefore depends only on the
amount of material interacting with the electron beam.
Then, we verified that the FIB sample has a roughly



Fig. 1. Bright field TEM images of the least altered sample in Paris (a) low magnification image showing that the sample consists of
amorphous units in contact with each other. There is a high porosity fraction, estimated at 30% (b) frequently, but not systematically, the
amorphous domains contain abundant nano-sized opaque inclusions dominated by Fe-rich, Ni-Poor, sulfides (dark dots). Locally, fine fibrous
material is present at the edge of the amorphous units. Some of them are arrowed. Some small pore spaces are fully filled by a very fine fibrous
material (surrounded by a white dashed line). Two grains of forsterite are present (Fo). One has a needle shape with an apparent size of
�1.1 � 0.2 lm. The other adheres to the needle with a clean grain boundary.
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uniform thickness. This was done by measuring the X-ray
emission rate at the center of several amorphous grains,
where there is no porosity. The proportion of porosity
has been deduced by measuring the X-ray emission rate
on the entire sample. It was inferred using a linear propor-
tionality rule between the compact material (no porosity
and a given level of X-ray emission) and the empty space
(full porosity, no X-ray emission). We derived from these
measurements that the average porosity of this sample
was approximately equal to 30%.

3.2. Moderately altered areas

Most of the samples studied display clear evidence of
aqueous alteration. In moderately altered areas, the
microstructure consists of a mixture of amorphous silicates,
frequently with a mottled contrast, and very fine-grained
fibrous material having a spaghetti-like morphology. The
amorphous material contains abundant nano-sized sulfide
inclusions, both Ni-poor and Ni-rich. The nano-sulfide
inclusions are absent from areas where the fibrous texture
is clearly apparent. The fine-grained fibrous material is
heterogeneously distributed in small pockets (Fig. 4a). It
probably formed within the porosity network that
was described in the previous paragraph for the least
altered sample. As a general trend, the porosity volume
and the number of sulfide nano-inclusions tend to decrease
as the abundance of fine-fibrous material increases
(Fig. 4b and c). In some samples, the amorphous material
and the fine-fibrous material form a continuous ground-
mass without porosity (Fig. 4d). In this case, the fibrous
texture tends to be coarser. Depending on the sample, it
seems that there is a continuous gradation between a sam-
ple dominated by amorphous domains (containing nano-
sulfide inclusions and porosity) and samples dominated
by a fibrous texture (without nano-sulfide inclusions and
without porosity). Fig. 5 shows selected area electron
diffraction (SAED) patterns from the fully amorphous
material to the well-developed fibrous material. The
fine-grained fibrous material is very poorly crystalline
(Fig. 5b). The corresponding SAED pattern shows two
weak and broad rings with d-spacings of 2.6 Å and



Fig. 2. Chemical mapping of the less altered material (a) bright field TEM image of the amorphous silicate domains, from part of which
chemical map has been obtained (b) RBG phase contrast image on the same area, with the amorphous silicate in green, the Mg-rich silicates in
blue and the carbon material in red. Note that some of amorphous units are rimmed with a thin discontinuous layer of carbon material. (c)
RBG image highlighting the distribution of Fe within the different phases: amorphous material (brown), Fe-poor sulfides (yellow), Ni-rich
sulfides (light blue) and iron oxide (red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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1.54 Å. These rings originate from randomly oriented
nanocrystallites. Because of their weakness and broadness,
it is difficult to identify the origin of the rings. Such a two-
ring structure has already been found in altered silicates in
carbonaceous chondrites and was interpreted as being
consistent with 2-line ferrihydrite (Janney et al., 2000;
Abreu and Brearley, 2010). However it could also corre-
spond to the early formation of cronstedtite-1T (space
group P31m; Hybler et al., 2000) that displays strong reflec-
tions for these d-spacings. With coarsening of the fibrous
texture, the two rings at 2.6 and 1.5 Å are stronger and
additional rings appear at 3.6, 4.6 and 5.2 Å (Fig. 5c).
The rings cannot be identified unambiguously, but they
are compatible with cronstedtite-1T for the 3.6 and 4.6 Å
rings (respectively 002 and 100 reflections) and tochilinite
for the reflections at 5.2 Å.

The amorphous areas have a chemical composition that
is very close to the ‘‘GEMS-like” units previously described
from the less altered material. In areas that have developed
a fine-fibrous texture, the composition tends to be richer in
Fe. These areas do not contain any apparent sulfide nano-
inclusions. However, sulfur is still present in the EDS spec-
tra, suggesting that S could be present in fibrous tochilinite
mixed with fibrous silicates. The occurrence of tochilinite in
the fibrous material is suggested by SAED results, as dis-
cussed above. Due to the very fine scale of the material, it
was not possible to confirm this occurrence with our instru-
ment. Average chemical compositions of the fine-fibrous
material are given in Table 1. Fig. 6a shows the composi-
tional field in the ternary diagram Fe–Mg–Si of a partly
altered sample consisting of a mixture of amorphous sili-
cates and fine-grained fibrous material. The corresponding
texture is shown in Fig. 4d. The compositions are roughly
aligned along a line that joins a composition close to CI car-
bonaceous chondrites, corresponding to areas which are
amorphous, to more Fe-rich compositions for fibrous areas.
Fig. 6b includes analyses extracted from several samples
with a fine-grained fibrous texture. In all samples, the



Table 1
Average atomic element composition, normalized to Si, and standard deviations (in italics) of the different morphologies studied for the major
elements Mg, Fe, S, Al, Ca and Ni. The GEMS-like objects correspond to the least altered material studied shown in Figs. 1–3. For the fibrous
material, present in abundance in the other samples, they are classified according to their apparent morphology (from amorphous, to fine and
coarse-grained material). The average compositions of GEMS in CP-IDPs and in micrometeorites, of the amorphous silicate material in Acfer
094 and CI are shown for comparison.

Mg/Si Fe/Si S/Si Al/Si Ca/Si Ni/Si

GEMS-like objects, N = 90 0.71
0.17

0.68
0.19

0.29
0.20

0.06
0.03

0.012
0.010

0.05
0.04

Mixture of Amorphous and fine-grained fibrous material, N = 339 0.60
0.10

0.76
0.21

0.16
0.08

0.06
0.02

0.005
0.003

0.04
0.02

Fine to coarse-grained fibrous material, N = 94 0.56
0.08

1.22
0.25

0.17
0.08

0.06
0.02

0.03
0.02

0.06
0.02

Coarse-grained fibrous material, N = 93 0.68
0.26

2.20
0.73

0.53
0.34

0.10
0.03

0.02
0.01

0.05
0.02

Platy Cronstedtite, N = 81 0.53
0.13

1.61
0.31

0.07
0.05

0.20
0.07

<0.01
–

0.02
0.02

GEMS in IDPS (a) 0.67 0.56 0.30 0.07 0.04 0.03
GEMS in UCAMMs (b) 0.81 0.53 0.60 0.06 0.04 0.04
GEMS in CP MMs (c) 0.86 0.66 0.16 0.10 0.04 0.04
Acfer 094 (d) 0.48 0.98 0.15 0.07 0.05 0.05
CI Chondrite composition (e) 1.03 0.87 0.44 0.083 0.060 0.048

(a) Average composition of GEMS grains in CP-IDPs, from Keller and Messenger, 2011. (b) GEMS in ultracarbonaceous micrometeorite
(UCAMM), from Dobrica et al. (2012). (c) GEMS in chondritic porous micrometeorites (CP MMs) in the surface snow and blue ice of
Antarctica, from Noguchi et al. (2015). (d) Amorphous silicates in Acfer 094, from Keller and Messenger (2012). (e) CI composition, from
Lodders (2010).

Fig. 3. Composition fields (at.%) of the amorphous material from the less altered matrix material in Paris (number of analyses N = 174). The
compositions include the embedded nanosulfides (a) in the ternary diagram Fe–Mg–Si (b) in the ternary diagram Fe–Mg–S. The CI
composition is indicated by a star (data from Lodders, 2010). Note that the compositions display, on average, enrichment in Si and depletion
in S when compared to the CI composition. The data were extracted from chemical maps. The selected area was 200 � 200 nm2 in size for each
point. Data are given in at.%.
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compositions of the partially altered matrix are aligned
along a line that joins the bulk composition of the matrix
to the Fe apex. The Mg/Si ratio is independent of the tex-
ture, suggesting that its evolution is closely related to the
mobility of Fe during these first stages of alteration.

3.3. More severely altered areas

In the more severely altered areas, the fibrous texture is
coarser (Fig. 7). These coarse-grained morphologies can be
found in contact with amorphous to fine-grained textures,
showing a strong heterogeneity of the texture at the
micron-scale (Fig. 7a). In these coarse grained fibrous
regions, the nanosulfide inclusions are absent but relatively
coarse Fe or Fe–Ni sulfides are found, which have a size of
a few hundreds of nm (Fig. 7b). For the coarser texture,
Bragg contrast is clearly visible showing that the fibers
are well crystalline. The SAED patterns display strongly
elongated spots with d-spacings of 7.2, 4.6 and 3.6 Å, typi-
cal of cronstedtite, frequently associated with a reflection at



Fig. 4. Bright field TEM images of partially altered matrix areas composed of a mixture of amorphous and fine-fibrous materials. (a) In the
weakly altered areas, the fine-fibrous material is located within interstices between the amorphous domains. (b and c) When the fibrous
material fraction increases, the porosity decreases. (d) When the porosity is filled with fibrous material, the amorphous material and the fine
fibrous silicates form a continuous groundmass.
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5.2 Å, which is likely to be attributable to tochilinite
(Fig. 5d). The average composition of the coarse-grained
fibrous areas is Fe-rich (Table 1). Fig. 8 shows the compo-
sitional field of the coarse grained material in the ternary
diagram Fe–Mg–Si. Compared to the fine-fibrous material
(Fig. 6), the compositional field is shifted toward the Fe
apex. As for the fine fibrous material, significant S is found
in the EDS spectra, suggesting the presence of fibrous
tochilinite intermixed with the fibrous silicates.

3.4. Platy cronstedtite

In the following, we used the term ‘cronstedtite’ to refer
to the Fe-rich serpentines, although they contain significant
Al and Mg. Large cronstedtite crystals are commonplace
(Fig. 9). They are present in all the samples except the least
altered one containing ‘GEMS-like’ units that is described
in Section 3.1. The cronstedtite grains have a platy mor-
phology and are generally elongated and up to several
micrometers in length (Fig. 9). They are confirmed as
cronstedtite according to their stoichiometry, their high
Fe concentration and their electron diffraction signature.
Compositions differ between grains from grain to grain
(Fig. 9 which shows the compositional field in the ternary
diagram Fe–Mg–Si). The Mg/(Mg + Fe) values range from
0.40 to 0.15, and the stoichiometry suggests the presence of
trivalent Fe. Table 1 gives the average composition for a
population of 81 grains, as well as the standard deviation.
Based on a total of 5 cations (2 on the tetrahedral sites
and 3 on the octahedral sites), the average cronstedtite
structural formula can be written as (Mg0.27Al0.05Fe0.68)3
(Si0.75Al0.07Fe0.18)2O5(OH)4, assuming an equal distribu-
tion of Al on the tetrahedral and octahedral sites. This
cation distribution requires 15% and 85% of Fe on the
tetrahedral and octahedral sites, respectively. Based on
the stoichiometry and the charge balance between the tetra-
hedral and octahedral sites, the Fe3+ content in cronstedtite
is estimated at 33% of the total iron. Cronstedtite can be
found in contact with amorphous or fine-fibrous material.
It seems that the platy grains have filled porosity that was
initially present in the sample (Fig. 9a and b). In contrast
to the fibrous phyllosilicates, there is no evidence that the
cronstedtite originated from an alteration of the amor-
phous material. When the two phases are present together,
they display sharp interfaces and lack clear evidence of
replacement. Locally, the platy cronstedtite is replaced by
fibrous material with a related orientation, suggesting an
alteration of the platy grains (Fig. 9c). Cronstedtite grains
are frequently interlayered with tochilinite, as identified
by SAED (Fig. 9d) and qualitatively by EDS. The c-axis
of tochilinite is found to be parallel to the c-axis of cronst-
edtite (Fig. 9d). The Mg/(Mg + Fe) ratio of tochilinite is



Fig. 5. SAED patterns collected from areas having different textures, classified here by their degree of alteration. For all the SAED patterns
the selected area aperture was 200 nm in diameter (a) amorphous material with its characteristic diffuse rings. (b) Very fine-grained fibrous
material shows more or less intense broad rings with d-spacings close to 2.6 and 1.5 Å. (c) Coarser fibrous material showing additional rings at
3.5, 4.6 and 5.2 Å. (d) The coarse-grained fibrous texture, shown on Fig. 7a, with reflections at 3.5, 5.2 and 7.1 Å. The spot streaking is related
to the curved morphology of the phyllosilicates.

Fig. 6. Composition field in the ternary diagram Fe–Mg–Si of partially altered material, consisting of a mixture between amorphous and fine-
grained fibrous material (at.%). All data were extracted from chemical maps (a) composition field of the area shown in Fig. 4d. Each value
corresponds to a 300 * 300 nm2 area extracted from the post-acquisition processing of a chemical map (N = 65). The total surface area
analyzed was 2.5 * 2.5 lm2. The composition field is relatively narrow but is strongly elongated from approximately the CI value in the
direction of the Fe apex. As a general trend, the areas dominated by amorphous material have a composition close to CI while the fine-fibrous
material is enriched in Fe. Note that the Si/Mg ratio is still approximately constant (b) data collected on different samples, for surface areas
from 200 * 200 nm2 to 300 * 300 nm2 for each point (N = 405). On average, the compositions show an enrichment of Si and Fe compared to
the CI value. As for (a), when the fibrous material is dominant, the compositions are shifted to the Fe apex.
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Fig. 7. Bright field TEM image of coarse grained fibrous areas. (a) Coarse-grained, spaghetti-like, region. Note the presence of nano-sulfide
inclusions in the bottom in a region consisting of a mixture between amorphous material and fine-fibrous material. These nano-inclusions are
not present within the coarse grained fibrous material (b) fibrous areas in contact with a large pure forsterite grain (Fo). There is no sign of
forsterite alteration, as illustrated by the clean curved grain margin. A pentlandite crystal is also present (pent).
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close to 0.3 (only a few large grains have been analyzed)
Fig. 10.

3.5. Minor phases and phase distribution

All the samples studied, whatever their degree of alter-
ation, contain crystals of forsterite and enstatite, in approx-
imately equal quantities and sizes (25 forsterite and 30
enstatite grains have been analyzed). Compositions are reli-
able only for crystals with a size greater than the thickness
of the FIB sections (100 nm). For small grains, below
100 nm, the EDS spectra display some Fe due to the beam
overlap with the surrounded Fe-rich silicate groundmass.
These anhydrous crystalline silicates are all pure or almost
pure Mg–silicates. They show compositions within the
range Fo98-100 and En98-100. A few Fe-free diopside grains
were also detected. Whatever the studied areas (altered or
not), the distribution of minor elements (Al, Ca, Cr and
Mn) in the Mg–silicates is highly variable, suggesting that
they have various origins. Representative compositions
are given in Table 2. In the less altered areas (containing
amorphous material with nano-sulfide inclusions), the
Mg–silicate grains are, on average, smaller and irregularly
shaped. In contrast, in the altered areas (containing fibrous
silicates) the Mg–silicates are larger, on average, with a
rounded interface with the fibrous material (Fig. 11; see
also Fig. 11a in Hewins et al., 2014) and grains with sizes
lower than 100 nm are not present. Some of the crystalline
Mg–silicates are elongated, both for forsterite and enstatite
(Fig. 2a and 11c). For enstatite, the direction of elongation
is along the [100] axis and the crystals contain numerous
staking faults in the (100) plane. This morphology and
microstructure resembles that of enstatite whiskers which
are abundant in CP-IDPs (Bradley et al., 1983). We only
detected a few of these grains, but they are probably more
abundant because the FIB sectioning gave a low probability
of having the needles in the plane of the FIB section. The
forsterite grains are free of crystal defects or inclusions. A
majority of the forsterite and enstatite grains have a clean
interface with the surrounding silicate groundmass, what-
ever the alteration degree of the region in which they are
enclosed, showing that there was no interaction with the



Fig. 8. Composition field in the ternary diagram Fe–Mg–Si of
coarse-grained fibrous material (at.%). Compared to the fine-
fibrous material shown on Fig. 6b, the composition field is shifted
toward the Fe apex. Data were extracted from several composition
maps and individual analyses. Each analysis corresponds to an
analyzed surface area of 300 * 300 nm2 (N = 93).
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surrounded silicate groundmass, even when the latter is
composed of phyllosilicates. However, a few enstatite
grains display clear evidence of partial alteration by interac-
tion the surrounding matrix (Fig. 11c). In this case, the
crystalline silicate is locally replaced by an Fe-rich fibrous
material. The addition of Fe illustrates the high iron mobil-
ity in the silicate groundmass. It also suggests that enstatite
is less resistant to replacement than forsterite.

All the FIB samples also contain carbon-rich globules
(Fig. 12). These globules closely resemble those found in a
number of carbonaceous chondrites (e.g., Garvie and
Buseck, 2004; Nakamura-Messenger et al., 2006; Abreu
and Brearley, 2010; De Gregorio et al., 2013; Le Guillou
and Brearley, 2014), in Wild 2 samples (De Gregorio
et al., 2010) and in micrometeorites or IDPs (Matrajt
et al., 2012). They have a rounded shape and frequently
show a central hole. Some carbonaceous grains are strongly
elongated, lacey-shaped (Fig. 12c). Carbon phases that are
smaller in size are also detected in chemical maps of all the
samples. This carbon is often present in the form of thin fil-
aments in the interstices of the other phases (Figs. 2 and
13). In the less altered material described in Section 3.1,
the carbonaceous material is in contact with the amorphous
silicate units as small pockets or rims discontinuously
coating the units (Fig. 2).

Other minor phases are rare. We detected several small
Ca-phosphate grains (<100 nm in size). On chemical maps,
some tiny Ca-rich grains are also detected, but they do not
correlate with P or C suggesting that they are not associated
with Ca-phosphate or carbonates. They could be Ca-rich
pyroxene but their small size (typically 10–20 nm), well
below the thickness of the samples (100 nm), precluded
individual composition measurements without overlap with
the surrounding phases. We have also detected some small
spots of Al and Cr without being able to identify the
corresponding phases.
These minor phases represent only a small proportion of
the material in the matrix which is dominated by amor-
phous silicate, partially or completely transformed into
fibrous phyllosilicates. The distribution of the different
phases (amorphous or fibrous silicates, anhydrous crys-
talline Mg–silicates, sulfides and carbonaceous material)
can be visualized in chemical maps, especially RGB phase
contrast images (Fig. 13). These maps also highlight the
heterogeneity of the samples in terms of the intensity of
alteration, even at the micrometer scale. For instance, the
amorphous to finely fibrous material (containing many sul-
fide inclusions) can be found in contact with coarse-fibrous
material (without sulfide inclusions) with a sharp interface
between the two (Fig. 13). They also show the distribution
of Fe between the different phases, highlighting the two
populations of sulfides (Ni-poor and Ni-rich) and the Fe-
enrichment in the fibrous material compared to the amor-
phous material. Tochilinite fibers (dark blue and greenish
in C–Mg–Si and Fe–Ni–S, respectively) intimately admixed
with fibrous phyllosilicates but absent from the amorphous
material (Fig. 13a). A large grain of cronstedtite (deep red)
in the fibrous material contains oriented layers of tochilin-
ite, explaining the S content reported for this silicate min-
eral (Hewins et al., 2014). In general, the coarse fibrous
regions (light red in the Fe–Ni–S images of Fig. 13) contain
less carbonaceous material compared to the amorphous of
finely fibrous material (red–brown).

4. DISCUSSION

Numerous TEM studies have been devoted to fine-
grained CM chondrite matrices (e.g., Barber, 1981, 1985;
Tomeoka and Buseck, 1985; Lauretta et al., 2000; Zega
and Buseck, 2003, see also the recent review by Velbel
and Palmer, 2011). They have shown that these matrices
are made up of fine-grained components, dominated by
phyllosilicates that were produced by extensive aqueous
alteration in their parent body. Our study of the matrix
of Paris also shows strong evidence for aqueous alteration,
as attested by the presence of phyllosilicates. Nevertheless,
the matrix also contains abundant amorphous silicates.
Some regions have escaped aqueous alteration to some
extent and thus have preserved locally pristine characteris-
tics. The discussion first focuses on the heterogeneity of the
microstructure. The second part is devoted to the least
altered material in order to place it in the context of prim-
itive objects of the Solar System that have already been
identified. In the third part, the diversity of the microstruc-
ture is used to define the mineralogical evolution associated
with the earliest stages of aqueous alteration in the Paris
parent body.

4.1. Paris, a heterogeneously altered CM chondrite

Recently, Hewins et al. (2014) described the meteorite
Paris as the least altered CM chondrite discovered so far.
The low degree of alteration is shown by the abundance
of metal in a number of regions of the meteorite. The oxy-
gen isotope mixing line extends from CM2 falls toward
CO3 falls, showing that Paris is less altered than the other



Fig. 9. Bright field TEM images and diffraction data of cronstedtite grains. (a) Several cronstedtite grains having different crystallographic
orientations. They seem to fill porosity initially present in the pristine assemblage. The cronstedtite grains are in contact with an amorphous
region containing number of nano-sulfide inclusions (right side of the image, labeled ‘am’) (b) mixture of cronstedtite grains and coarse-
grained fibrous material, in contact with a fine-fibrous region on the bottom-left part. (c) Pocket of cronstedtite interlayed with tochilinite,
delimited by a dashed white line. The area is strongly crystallographically oriented. Small pockets of fibrous material are locally present and
the orientation of the fibers seems related to the crystallographic orientation of cronstedtite. The cronstedtite region is in contact with some of
the least altered material consisting of a mixture of amorphous material (labeled ‘am’) and fine-fibrous material (right side on the image). (d)
Selected area electron diffraction pattern recorded from a cronstedtite crystal (labeled ‘c’) containing a thick tochilinite (labeled ‘t’) interlayer.
The two phases share the same orientation for their c-axis.

Fig. 10. Composition field of the platy cronstedtite crystals in the
Fe–Mg–Si ternary diagram (at.%) (N = 81). The average compo-
sition is given in Table 1.
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CM chondrites. However the extent of the mixing line is
large because of local alteration heterogeneities. If some
regions of the meteorite are fresh, others display clear evi-
dence of significant alteration as indicated by the presence
of Ca-carbonates, magnetites and corrosion rims around
large metal grains. Using the PCP index of Rubin et al.
(2007) and Hewins et al. (2014) showed that the PCP
clumps have a moderate alteration index. They deduced a
petrographic subtype �2.9, making this meteorite the least
altered CM chondrite discovered so far. For Marrocchi
et al. (2014), Paris should be classified as type 2.7. These
slight discrepancies are certainly linked with the strong
heterogeneity of the CM Paris sample.

In CM chondrites, strong variations in alteration inten-
sity have been already reported (e.g., McSween, 1979;
Zolensky et al., 1997; Lauretta et al., 2000; Beck et al.,
2010). The present TEM study confirms the high degree
of heterogeneity of the microstructure demonstrating that
Paris experienced varying degrees of aqueous alteration,
even at the micrometer scale. This heterogeneous alteration
suggests that the primitive material of Paris, despite its high



Table 2
Selected EDS analyses of anhydrous silicates (at.%). Data are normalized to 100% and were quantified using the procedure given by van
Cappellen and Doukhan (1994). Uncertainties for the major elements (O, Mg and Si) are typically 3%, and those for the minor elements
(<0.5 at.%) are typically 20%.

O Si Mg Al Ca Ti Cr Mn Fe

Forsterite #1 56.7 13.3 29.7 nd nd nd 0.06 0.10 0.07 Fo100
Forsterite #2 57.2 14.3 27.7 nd nd nd 0.11 0.23 0.40 Fo99
Forsterite #3 57.4 14.7 27.9 nd nd nd nd nd 0.03 Fo100
Enstatite #1 60.1 20.2 19.7 nd nd nd nd nd nd En100
Enstatite #2 59.7 19.2 20.0 0.16 0.48 nd 0.18 0.20 0.14 En99
Enstatite #3 59.5 19.2 18.4 0.35 1.52 nd 0.28 0.43 0.26 En99
Diopside #1 60.4 20.0 9.54 1.76 8.08 nd nd nd 0.05 Wo46En54
Diopside #2 59.9 17.4 11.3 4.88 6.19 0.03 nd nd 0.23 Wo35En64
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porosity, has not been percolated by fluids in a pervasive
way, in agreement with the estimated low permeability
due to the fine grain size of primitive matrices of carbona-
ceous chondrites (Bland et al., 2009). The least altered sam-
ples are those containing amorphous material that has a
large number of Fe-sulfide nano-inclusions. In more altered
regions, a fibrous microstructure has developed gradually,
reflecting the nucleation and growth of phyllosilicates.
The chemical signature of the matrix is also found to evolve
significantly in direct relationship with the microstructure,
suggesting local continuous chemical exchange of the
matrix with aqueous fluids.

4.2. Pristine material well preserved in the Paris matrix

In Figs. 1–3 we documented amorphous sub-micron
sized silicates domains, nano-inclusions of Fe-sulfides and
a high porosity (�30%). These characteristics, along with
the absence of phyllosilicates, shows that this ‘‘least alter-
ed” matrix was not significantly aqueously altered or ther-
mally processed. Indeed, amorphous silicates are known
to be highly metastable and therefore highly reactive with
the environment. When they interact with water, amor-
phous silicates are easily transformed into phyllosilicates,
even at low temperature (e.g., Rietmeijer et al., 2004;
Chizmadia et al., 2006; Nakamura-Messenger et al.,
2011). Sulfides are also sensitive to aqueous alteration and
thermal metamorphism, especially when the grains are so
small (Grossman and Brearley, 2005; Abreu and Brearley,
2010; Palmer and Lauretta, 2011). Sulfur is highly mobile
in matrices, redistributed either by diffusion or transporta-
tion in S-rich fluids. The presence of porosity (30%) is also a
valuable indication that alteration is absent or weak. The
infiltration and circulation of fluids throughout open spaces
would have filled them by deposition of dissolved species,
forming secondary phases such as PCPs for instance
(e.g., Trigo-Rodriguez et al., 2006).

The amorphous material in Paris has much in common
with that of the most primitive material, such as the GEMS
grains in CP (chondritic porous)-IDPs (Bradley, 1994;
Keller and Messenger, 2011), in ultracarbonaceous
micrometeorites (Dobrica et al., 2012), in CP micromete-
orites (Noguchi et al., 2015) and with the silicate ground-
mass of matrices in the primitive chondrites ALHA77307
(Brearley, 1993), Acfer 094 (Greshake, 1997) and the
CR3.0 chondrites QUE 99177 and MET00426 (Abreu
and Brearley, 2010; Le Guillou and Brearley, 2014). It con-
trasts significantly with most of the other CM chondrites
and the more altered areas in Paris for which phyllosilicates
are the major phase. A possible exception is the CM Y
791198, studied by Chizmadia and Brearley (2008), for
which there are strong analogies in the microstructure.
However, the porosity is absent in the CM Y 791198 and
the composition of the matrix is more enriched in Fe.
Table 1 gives a comparison between the chemistry of the
fresh matrix of Paris with previously known primitive mate-
rials (GEMS in IDPs, GEMS in micrometeorite and the
amorphous material in primitive chondrites) for the most
abundant elements (Si, Mg, Fe, S, Ca, Al, Ni). As for
GEMS in IDPS and micrometeorites, the average composi-
tion of the GEMS-like objects in Paris is close to the solar
value, but with a noticeable enrichment in Si. In Fig. 14, the
compositional field of the GEMS-like objects in Paris is
plotted in the ternary diagram Fe–Mg–Si, together with
the corresponding composition field of GEMS in IDPs
(data from Keller and Messenger, 2011) and that of the
Acfer 094 chondrite (data from Leroux et al., 2014). A
direct comparison is made possible here because the com-
positional data were acquired with a similar methodology,
in a TEM. For each composition, the analyzed volume is
comparable (approximately 200 � 200 nm, for TEM sam-
ples about 100 nm thick). The comparison of the three com-
positional fields reveals significant differences. The GEMS
in IDPs and the GEMS-like objects of Paris have compara-
ble average compositions, but the composition field of the
GEMS in IDPs is much larger. This difference is possibly
due to a chemical homogenization in the Paris parent body
or due to the fact that GEMS grains in IDPs sample a large
range of dust from the solar nebula, while the material in
Paris could originate from a much smaller area with chem-
ical properties that were specific to the region from which
the Paris parent body accreted. Compared with the GEMS
in IDPs and Paris, the compositional field of the amor-
phous silicates of Acfer 094 is clearly shifted toward the
Fe-rich region. The Acfer 094 amorphous silicates are also
depleted in S and Ca compared to the CI composition
(Keller and Messenger, 2012; Leroux et al., 2014). These
chemical signatures are likely the consequence of moderate
aqueous alteration on the parent body, oxidation reactions
involving metal and sulfides and further redistribution of



Fig. 11. Anhydrous Mg–silicates in the matrix, TEM bright fields
images. (a) Forsterite and enstatite grains distributed within the
matrix (here dominated by a mixture of fine to coarse grained
fibrous silicates). Note the rounded shape of the grains. (b)
Rounded forsterite in contact with cronstedtite. The interface
between the two phases is abrupt and there is no composition
gradient on either side. (c) Enstatite grain showing evidence of
interaction with the surrounding matrix material, here transformed
into phyllosilicate. The composition of the replacement matter is
Fe-rich, showing that Fe is highly mobile. The original shape of the
enstatite grain is retained, as indicated by the elongated shape of
the crystal along the [100] axis. The surrounding matrix is made of
fine fibrous to coarse fibrous material. Some iron sulfide nano-
inclusions (dark dots), as well as a few porous areas, are still
present despite the altered texture.

Fig. 12. Bright field TEM images showing the distribution of
coarse-grained carbonaceous phases (a) rounded globules
(arrowed) in a matrix mainly constituted of fibrous phyllosilicates.
Amorphous areas are still present locally. (b) Hollow rounded-
shaped globule in a finely fibrous matrix. En = Enstatite. (c)
Curved lacey-shaped carbonaceous phase (arrowed), about 200 nm
long and 30 nm thick. The surrounded matrix is amorphous, with a
spongy aspect (light gray), to finely fibrous. En = enstatite;
Sulf = Fe-sulfide.
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Fe in the silicate groundmass of the matrix, together with
leaching of Ca and S. The two CR chondrites QUE
99177 and MET00426, studied by Abreu and Brearley
(2010), Keller and Messenger (2012) and Le Guillou and



Fig. 13. Phase contrast images show strong microstructural heterogeneities in the altered matrix of Paris. Left: bright field images with
‘Phyllo’ for fibrous phyllosilicates, ‘Am’ for amorphous material and ‘Crons’ for platy cronstedtite. Middle: RGB images with C (red), Mg
(blue) and Si (green) with amorphous or fibrous material in green, carbonaceous material in red, forsterite in light blue, enstatite in light green,
and tochilinite in dark blue. Right: RGB images (Fe in red, Ni in blue and S in green), leading to silicates red- brown, Ni-poor sulfide grains
yellow and Ni-rich sulfide (pentlandite) blue. (a and b) Strong heterogeneities: fibrous areas, and amorphous to finely fibrous material with
sulfide inclusions. Tochilinite fibers (middle, dark blue) intimately admixed with fibrous phyllosilicates. More lacy carbon (b, upper part) in
finely fibrous (red-brown) than in coarsely fibrous regions (light red). (c) Sharp interface between a fibrous region (bottom, deep red) and an
amorphous region with nano-inclusions of Fe-sulfides (reddish brown upper part). (d) Large grain of cronstedtite (deep red) with oriented
layers of tochilinite; large rounded grain of forsterite (middle, in blue) and smaller enstatite (in light green). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Brearley (2014), show an intermediate configuration,
between the composition fields of Paris and Acfer 094. They
are not shown on Fig. 14 because the methodology used to
acquire the data was different (especially for the analyzed
volumes, preventing the construction of composition fields
for a direct comparison with Paris).



Fig. 14. Composition fields (at.%) of the GEMS-like material in
Paris (this study), compared to those of IDPs (data from Keller and
Messenger, 2011) and the amorphous silicates in Acfer 094 (data
from Leroux et al., 2014). The star corresponds to the CI
composition (Lodders, 2010). For these three composition fields,
the analyzed volume of matter is comparable. The GEMS grains in
IDPs have an average size close to 200 nm (Keller and Messenger,
2011). For Paris and Acfer 094, for each point of analysis that was
used to construct the composition fields, the analyzed volume was
200 * 200 * 100 nm = 4.10�3 lm3.
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An essential feature of the fresh matrix of Paris is the
degree of porosity, measured at 30%. In CM carbonaceous
chondrites, the average is around 20% (e.g., Consolmagno
et al., 2008). This value of 30% is lower than the average
porosity measured in the carbonaceous asteroids (e.g.,
Britt et al., 2002) but these cases the high porosity is likely
due to impact-generated fractures. In other matrices of
primitive meteorites studied so far, porosities are well below
that measured in the fresh areas of Paris. For instance,
Abreu and Brearley (2010) measured a porosity of 7% in
an FIB section of the matrix of QUE 99177, a CR chondrite
classified 3.0. In more altered areas in which fibrous silicates
are present, the porosity tends to disappear. This is
certainly the consequence of fluid circulation and deposi-
tion of matter transported by these fluids into the initial
porosity.

4.3. Early stage of aqueous alteration in a CM matrix

The heterogeneity of microstructures in the Paris matrix,
from the least altered to more strongly altered regions, can
be used to infer the sequence of alteration in a CM parent
body. The sequence of progressive alteration, as deduced
from our TEM observations, is illustrated schematically
in Fig. 15. The corresponding chemical evolution is shown
Fig. 16 on the Fe–Mg–Si ternary diagram. The predomi-
nant chemical evolution is an Fe-enrichment as the alter-
ation microstructure develops. Fe was likely provided by
a fluid phase circulating in the matrix.

As discussed above, the most primitive material consists
of GEMS-like objects whose properties (presence of
porosity and nanosulfide inclusions, persistence of the
amorphous state and chemical composition close to CI)
attest to limited aqueous alteration (Fig. 15a). The absence
of metal nano-inclusions, the low concentration of Ca and
the presence of pentlandite between the GEMS-like grains
located within the intergranular space, shows that these
regions could not fully escape alteration. Pentlandite crys-
tallization certainly demonstrates that the first fluids that
circulated in the intergranular space were rich in Fe, Ni
and S, likely originating from the preferential consumption
of metal and Fe-sulfide grains by fluids, as already
proposed by Tomeoka and Buseck (1985), Zolensky et al.
(1993), Hanowski and Brearley (2000) and Palmer and
Lauretta (2011) among others. The solubilization of Fe
species requires an oxidation by water and should generate
significant H2 (see Alexander et al., 2010 and references
therein).

The second stage (Fig. 15b) involves the beginning of the
formation of fine grained phyllosilicates, still poorly crys-
talline. They formed preferentially in the porosity that is
progressively filled. This is likely due to fluid circulation
and element deposition in the pore spaces. During this sec-
ond stage, the amorphous silicates were not strongly
affected, as attested by the main groundmass, which is
amorphous and still contains numerous nano-sulfide inclu-
sions. However, the assemblage amorphous material + fine
grained phyllosilicates evolved in composition, becoming
enriched in Fe while the ratio Mg/Si remained constant.
This chemical evolution shows that the fluid that circulated
was enriched in Fe, which is probably due to the easy
breakdown of kamacite and Fe-sulfides during this early
stage of aqueous alteration (e.g., Zolensky et al., 1993;
Palmer and Lauretta, 2011). The local association with
fine-grained phyllosilicates suggests that the amorphous
phase interacted with water. This stage also likely involved
the impregnation of the amorphous silicates by water, lead-
ing to a mottled contrast (or spongy aspect), locally with a
poorly developed fibrous texture. Recently, the hydration
of amorphous silicates in primitive chondrites has been doc-
umented in the context of early stage alteration (Keller and
Messenger, 2012; Le Guillou and Brearley, 2014). For the
Paris samples, the specific TEM/EDS method used by Le
Guillou and Brearley (2014) to estimate the water content
for the MET 00426 CR3.0 chondrite has not been applied.
The water content in the amorphous silicate of Paris is thus
unknown. As for MET 00426, this amorphous silicate is
found frequently in contact with phyllosilicates and is thus
probably hydrated.

Finally, the interaction of water with the amorphous sil-
icates led to the formation of phyllosilicates, by replace-
ment of the amorphous phase (crystallization in situ), as
suggested by the close association between the two. Based
on TEM studies, Lauretta et al. (2000), Chizmadia and
Brearley (2008), Abreu and Brearley (2010) and Le
Guillou and Brearley (2014) have reached the same conclu-
sions. During this transformation, the nano-inclusions of
Fe-sulfides were progressively dissolved but the relatively
high S content in the fine-fibrous material suggests that S
is likely included in fibrous tochilinite intricately intermixed
with phyllosilicates. During this evolution (replacement of
the amorphous silicates by fibrous material), the bulk



Fig. 15. Schematic representation of the evolution of the microstructure, as deduced from the TEM observations. The four panels correspond
to different alteration degrees. (a) The starting material consists of amorphous units, containing nano-inclusions of Fe-sulfides, separated from
one another by porosity. Corresponding Figs. 1 and 2. (b) Formation of fine grained silicates within the open spaces and at the edges of the
amorphous units. Corresponding Fig. 4a and b. (c) Development of the fibrous texture with progressive replacement of the amorphous phase.
The nano-inclusions of Fe-sulfides are transformed in the fibrous materials, probably as fibrous tochilinite intermixed with the fibrous
silicates. Corresponding Fig. 4c and d. (d) The amorphous phase is fully consumed and the fibrous texture is becoming coarser. Corresponding
Fig. 7.

Fig. 16. Chemical evolution in the ternary diagram Fe–Mg–Si
corresponding to the four stages schematized in Fig. 15. The
compositions are averages based on the microstructure of the areas
investigated. The composition fields of each sub-group are shown
on Figs. 3a, 6b and 8.
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concentration became enriched in Fe, but maintained an
approximatively constant Mg/Si ratio. This shows that
the fluid which accompanied the transformation is
Fe-rich. Further evolution of the fibrous silicate led to
coarsening and Fe-enrichment (see Fig. 15d). With progres-
sive alteration, the compositions in the ternary diagram
Fe–Mg–Si lie roughly along a line that extends from the
CI composition (Fe30) toward the Fe-apex (Fe70). This line
has an approximately constant Mg/Si ratio, showing that
the enrichment with Fe affected the octahedral and tetrahe-
dral sites in the silicate structure. This finding also shows
that in the fibrous areas, the additional Fe is likely Fe+3,
compatible with an addition of Fe coming from an oxidized
fluid.

The formation mechanism of platy cronstedtite is likely
not related to the replacement features described above
(leading to the formation of curved fine-grained serpenti-
nes). The well crystallized platy grains are present in all
samples whatever the alteration degree, except the least
altered. They are found in association with the different
phases (amorphous, curved fine-grained to coarse grained).
This suggests that the platy cronstedtite grains are formed
in the early stage of alteration, likely within the initial
porosity of the matrix from fluid precipitation. Cronstedtite
as an early alteration phases has been proposed previously
(e.g., McSween, 1979; Trigo-Rodriguez et al., 2006;
Howard et al., 2009, 2011, 2015).
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Hewins et al. (2014) showed that silicate minerals in
chondrules are well preserved from alteration. Our TEM
study shows that the small crystalline grains of Mg–silicates
isolated in the matrix are also relatively well preserved.
However, we detected some local replacement features, in
particular for enstatite. The very small sized grains (typi-
cally below 100 nm) are not present in the altered regions
(where the amorphous groundmass is converted into fine
fibrous material). This observation indicates that they have
been dissolved during alteration. In the altered regions, we
show also that the Mg-rich silicates (forsterite and enstatite)
have smooth and curves interfaces with the fibrous ground-
mass. Again it suggests a partial dissolution in the fibrous
matrix, involving a preferential dissolution of apices to
leave the final rounded surfaces. Lastly, it is remarkable
that all the small crystalline anhydrous silicates in the
matrix are all almost pure Mg–silicates. This means that
the iron-containing silicates, if present before the aqueous
alteration episode, are much less resistant to alteration.
This hypothesis is consistent with previous observations
that showed that ferroan olivine, isolated or from chon-
drules, is more extensively altered than coarse forsteritic oli-
vine (e.g., Hanowski and Brearley, 2001; Rubin et al., 2007;
Velbel et al., 2012, 2015). A number of studies showed that
the dissolution kinetics of fayalitic olivine in water is several
times faster than forsterite (e.g., Wogelius and Walther,
1992; Velbel, 1999; Rubin et al., 2007).

The Paris chondrite documents the early stage of alter-
ation in a CM parent body. Later stages of alteration
(not observed in Paris) would have proceeded by the disso-
lution of Mg-rich silicates (including those in chondrules)
leading to fluids enriched in Mg, leading to the progressive
evolution to Mg-rich serpentines as observed in the signifi-
cantly altered CM chondrites. Indeed, the degree of alter-
ation in CMs that are more altered than Paris is found to
be correlated with the variation of matrix Mg and Fe abun-
dances (McSween and Richardson, 1977; Tomeoka and
Buseck, 1985; Zolensky et al., 1993; Browning et al.,
1996; Rubin et al., 2007). Compared to the chemical evolu-
tion shown on Fig. 16, the chemical pathway for more
altered CM chondrites is thus reversed and approaches
values close to CI when chondrules are fully consumed.

5. CONCLUSION

A TEM examination of the matrix of Paris has been
conducted. This matrix is found to be heterogeneous, even
at the micro-scale. Some samples display alteration prod-
ucts similar to other altered CM chondrites, dominated
by phyllosilicates. However, Paris also preserved very
pristine material that has escaped significant aqueous
alteration.

The least altered sample areas offer a good opportunity
to decipher the characteristics of the accreted building
blocks of the CM chondrites. The dominant microstructure
consists of domains of amorphous silicates containing
abundant nano-sulfide inclusions and separated by an
abundant porosity. These microstructural properties share
strong similarities with those of matrices of the other prim-
itive carbonaceous chondrites studied so far (ALH A77307,
Acfer 094, MET 00426 and QUE 99177), as well as with
chondritic-porous IDPS, chondritic-porous micromete-
orites and ultracarbonaceous micrometeorites. We con-
clude that GEMS-like grains could have been the building
blocks of the Paris matrix material. Similarities with other
primitive objects also suggest that GEMS grains are the
main component of the dust of the solar nebula.

The altered areas share microstructural similarities with
other CM matrices. They consist mainly of fibrous phyl-
losilicates, more or less developed, attesting to an aqueous
alteration episode. The variability of the microstructure,
also observed at the micron-scale, gives important insights
about the evolution of the first stages of alteration of the
fine-grained material, from the unaltered amorphous sili-
cates to the fully transformed fibrous material. The first
stage consists of a deposition of fine-fibrous material (phyl-
losilicate?) and coarse platy cronstedtite (with intercalated
tochilinite) in the initial porosity space. The second stage
involves the progressive replacement of the amorphous
material by fine fibrous phyllosilicates. The final stage in
Paris corresponds to coarsening, leading to well developed
and well crystalline phyllosilicates. These stages correspond
to silicate enrichment in Fe released by alteration of metal
and sulfide. Subsequent reversal of this trend by Mg enrich-
ment of phyllosilicate because of alteration of anhydrous
Mg silicates, observed in normally altered CM chondrites,
did not occur in our samples.
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