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ARTICLE INFO ABSTRACT

Associate editor: Tomohiro Usui The mineral assemblage referred to as “iddingsite” has been described in Martian meteorites. In Nakhlites, this
assemblage is mainly composed of Fe/Mg-rich phyllosilicates (such as serpentine and smectites) associated in
some cases with Fe-oxides (such as ferrihydrite, goethite or (titano)magnetite) and carbonates, and occurs either
as patches and veinlets in the mesostasis or as veins infiltrating olivines and clinopyroxenes. So far, iddingsite has
usually been interpreted as a product of low-temperature (<150 °C) alteration of pre-existing silicates by (sub)
Nakhlite surface water. Here, we report results of the petrographic study of a section of NWA 817 revealing that the
NWA 817 olivine-hosted iddingsite veins are symmetrically structured with an internal part exhibiting a mica-celadonite
Mars composition and an external part displaying a nontronite-saponite composition. These features are consistent
with a progressive differentiation of a residual magmatic fluid having infiltrated decompression-induced cracks
of olivines at the end of the cooling sequence. We propose that this residual liquid directly produced the ferric
mica-celadonite phyllosilicates while triggering the deuteric alteration of the hosting olivine (i.e. oxidative
alteration during magma cooling), thereby producing an alteration front made of Fe-nontronite-saponite at the
contact with olivine. Altogether, without excluding the possibility that other Nakhlites (such as Lafayette) may
have experienced secondary alteration by (sub)surface Martian water, the observations reported in the present
study rather point to the tardi-magmatic production of iddingsite in NWA 817.
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1. Introduction

Missions to Mars designed to “Follow the Water” and “Explore
Habitability” have revealed that early Mars had liquid water running
and flooding (at least episodically) on its surface, as evidenced by valley
networks, outflow channels, alluvial fans and fluvio-lacustrine sedi-
ments (Carr, 1996; Squyres et al., 2004; Grotzinger et al., 2014; Kite and
Conway, 2024). Consistently with the past presence of liquid water on
Mars, a number of hydrous minerals, such as hydrated salts or clays have
been detected from orbit, (e.g., Carter et al., 2013; Sun and Milliken,
2015), on the ground (Bristow et al., 2018; Rampe et al., 2020; Simon
et al., 2023), as well as in some of the SNC Martian meteorites (Sher-
gottites-Nakhlites-Chassignites) (e.g., Treiman et al., 2000; Treiman,
2005; Udry et al., 2020). Among SNC, Nakhlites are augite cumulates
containing olivine and exhibiting relatively low abundances of inter-
stitial material, the so-called “mesostasis”. All Nakhlites are likely
derived from the same Martian magmatic edifice that formed ~ 1340 +
40 Myr ago and were ejected from Mars 11 Myr ago (Bunch and Reid,
1975; Nyquist et al., 2001; Udry and Day, 2018). Variations in the modal
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abundances of mesostasis and minor minerals, as well as cooling or
equilibration rates have been tentatively explained by the extrusion of
successive lava flows and/or the relative positions within the “Nakhlite
pile-up” (Balta et al., 2017; Jambon et al., 2016; Udry and Day, 2018).

In Nakhlites, iddingsite (a mineral assemblage comprising Fe/Mg-
rich clays) occurs either as veins infiltrating olivines and pyroxenes or
as patches in the mesostasis. Iddingsite-like assemblages have been
previously described in Nakhla (Gooding et al., 1991; Changela and
Bridges, 2010; Lee and Chatzitheodoridis, 2016), Governador Valadares
(Changela and Bridges, 2010), Lafayette (Treiman et al., 1993; Borg and
Drake, 2005; Changela and Bridges, 2010; Tomkinson et al., 2013; Hicks
et al., 2014; Lee et al., 2015; Piercy et al., 2022; Tremblay et al., 2024),
CeC 022 (Kramer et al., 2020; Kramer Ruggiu et al., 2024), Yamato
Nakhlites (Noguchi et al., 2009; Changela and Bridges, 2010), Miller
Range Nakhlites (Hallis and Taylor, 2011), and NWA 817 (Gillet et al.,
2002; Hicks et al., 2014; Kramer Ruggiu et al., 2024; Lee et al., 2018).
The association of iddingsite with oxides (ferrihydrite, goethite or
(titano)magnetite), carbonates (siderite), or sulfates (jarosite or gyp-
sum) in some Nakhlites (Lafayette in particular), has led most authors to
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interpret iddingsite as a product of the late, secondary alteration of
primary silicates by COq-rich fluids at relatively low temperatures (e.g.
Bridges and Schwenzer, 2012; Tomkinson et al., 2013).

Iddingsite veins in Nakhlites are thus seen as products of aqueous
alteration episodes having occurred on Mars (e.g. Bridges and
Schwenzer, 2012), at some time between 630 and 740 Myr ago ac-
cording to the datation of the carbonate-rich iddingsite veins in Lafay-
ette and Y-000593 (Borg and Drake, 2005; Tremblay et al., 2024). Yet,
this is in stark contrast with most historical reports: early studies of
terrestrial olivine-rich rocks have shown that iddingsite should be
interpreted as the product of the oxidative deuteric alteration of olivine
rather than as the product of secondary aqueous alteration (Ross and
Shannon, 1925; Edwards, 1938; Baker and Haggerty, 1967; Haggerty
and Baker, 1967; Eggleton, 1984). Deuteric alteration refers to the
alteration of pre-existing minerals in a magma by the residual, differ-
entiated magmatic liquid enriched in water. In contrast to hydrother-
mal/weathering alteration processes occurring at rather low
temperature, deuteric alteration can start at relatively high temperature
and pressure, during magma cooling, when the residual, oxidized
magmatic fluid (enriched in water and gases) interacts with previously
formed minerals.

Both deuteric and late (low T) alteration involve interactions with a
water/volatile-rich fluid and lead to the formation of similar complex
interstratified phyllosilicates. In other words, olivine iddingsitization
can occur over a wide range of temperature conditions, producing sec-
ondary phases difficult to differentiate from one another (Sun, 1957;
Baker and Haggerty, 1967; Haggerty and Baker, 1967; Goff, 1996;
Clément et al.,, 2007; Hayman et al., 2008; Mitchell et al., 2009).
Discriminating between deuteric and late (low T) alteration is thus
challenging, but not impossible, as illustrated by a recent study relying
on mineralogical investigations conducted at the submicrometer scale
on Precambrian monzogabbros of the Kansas basement (Combaudon
et al., 2024), which managed to identify iddingsite veins intersecting
olivines as products of deuteric alteration rather than as products of late
alteration.

Could iddingsite be produced on Mars via oxidative deuteric alter-
ation, i.e. during magma cooling? Recent studies have demonstrated
that some Fe/Mg-rich clay minerals in Nakhlites (Nakhla and NWA
5790) are not the products of the aqueous alteration of pre-existing
silicates by (sub)surface water but rather tardi-magmatic minerals
(Viennet et al., 2020, 2021), as anticipated earlier (Meunier et al., 2012;
Berger et al., 2014). Consistently, tardi-magmatic (deuteric) alteration
has been proposed to explain the occurrence of high temperature
alteration phases in olivine and pyroxene-hosted melt inclusions in MIL
03346 and Nakhla (McCubbin et al., 2009; Filiberto et al., 2014a). Plus,
Kuebler (2013) and Kizovski et al. (2020) interpreted iddingsite veins
intersecting olivines in shergottites (ALH 77,005 and NWA 7042) as
products of deuteric alteration having occurred during magma cooling,
before the total solidification of the rock. Thus, tardi-magmatic
iddingsite may be more distributed on Mars than anticipated so far,
even though no occurrence of it in Nakhlites has yet been reported.

NWA 817 contains more iddingsite than any other Nakhlite (Lee
et al., 2018), but no Martian carbonates (Gillet et al., 2002; Hicks et al.,
2014). Plus, the iddingsite of NWA 817 exhibits 8D values lower than
those of the iddingsite of other Nakhlites (Gillet et al., 2002; Kramer
Ruggiu et al., 2024; Lee et al., 2018). Although there is no consensus
regarding the relative positions of Nakhlites, all authors agree that NWA
817 was produced in a separate lava flow (possibly together with NWA
998) (Balta et al., 2017; Jambon et al., 2016; Udry and Day, 2018). Thus,
NWA 817 may not have (or has likely not) experienced the same history
as other Nakhlites (including Lafayette) since its production. NWA 817
underwent only moderate shock damages: the only shock-induced fea-
tures described so far in NWA 817 are mechanical twinning in clino-
pyroxenes and the micro-fractures in sulfides (Sautter et al., 2002;
Chevrier et al., 2011). NWA 817 contains euhedral subcalcic augites (70
vol%), a rather high modal proportion of mesostasis (20 vol% — mainly
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composed of albitic plagioclase, Si-rich glass and skeletal titano-
magnetite) and a rather low number (10 vol%) of zoned Fe-rich oliv-
ines (with a Fe/Mg-rich core and a Fe-rich rim) (Sautter et al., 2002;
Udry and Day, 2018). Of importance here, the reddish veins of
iddingsite-like material intersecting the olivines in NWA 817 have been
interpreted so far as products of low temperature aqueous alteration
(Gillet et al., 2002; Kramer Ruggiu et al., 2024; Lee et al., 2018). Here we
revisit these previous interpretations based on the fine scale mineral-
ogical study of these iddingsite veins, documenting their nature and
textural relationships with olivine using scanning and transmission
electron microscopies (SEM and TEM) and scanning transmission X-ray
microscopy (STXM).

2. Methods
2.1. Scanning electron microscopy

Scanning electron microscopy was performed on a carbon-coated
thin section of NWA 817 for imaging with backscattered electrons and
energy dispersive X-ray spectroscopy (EDXS) mapping. A probe current
of 150 pA at 15 kV was used for EDXS mapping. Two different SEM were
used: a SEM-FEG Ultra 55 Zeiss (IMPMC, Paris, France) and a SEM-FEG
TESCAN CLARA (PtME MNHN). Hyperspectral EDXS data were pro-
cessed using the Hyperspy Python-based package (de la Pena et al.,
2017). After some binning when necessary, the signal was denoised
using PCA and fitted by a series of Gaussian functions. The resulting
processed signal was used to produce mineralogical maps.

2.2. Focused ion beam preparations

Four focused ion beam (FIB) ultrathin sections were extracted from
the NWA 817 section investigated (Fig. 1) using a FEI Strata DB 235
(IEMN, Lille, France) at low Ga-ion current to minimize mixing of
components, creation of vacancies or amorphous layers, local compo-
sitional changes, or redeposition of the sputtered material on the sample
surface (Bernard et al., 2009; Schiffbauer and Xiao, 2009; Wirth, 2009).

2.3. Scanning transmission X-ray microscopy

Scanning transmission X-ray microscopy (STXM) and X-ray absorp-
tion near edge structure (XANES) data were collected using the HERMES
STXM beamline at the synchrotron SOLEIL (Belkhou et al., 2015; Swaraj
et al., 2017). XANES data were extracted from image stacks collected at
energy increments of 0.1 eV scanning energies near the iron L3 ab-
sorption edge (690-740 eV) with a dwell time of 1 ms per pixel to
prevent irradiation damage (Wang et al., 2009). Spectral processing was
done using the Hyperspy Python-based package (de la Pena et al., 2017).
Spectra were corrected using a linear background fitting the region
690-702 keV and normalized with respect to the 715-719 keV region,
corresponding to the total Fe quantity probed. Spectra were compared to
reference spectra available in Bourdelle et al. (2013) and Le Guillou
et al. (2015) to roughly estimate the concentration in Fe®*.

2.4. Transmission electron microscopy

Transmission electron microscopy (TEM) in scanning transmission
mode (STEM) was performed on FIB sections using a Thermo Fisher
Titan Themis 300 microscope operating at 300 kV (CCM, Lille, France).
High resolution images were obtained in STEM mode using the high
angle annular dark field detector (HAADF) and a camera length of ~
115 mm. Hyperspectral EDXS data were collected by a super-X de-
tectors system with four windowless silicon drift detectors, using a probe
current of 450 pA with a dwell time of 2 ps per pixel. Hyperspectral
EDXS data were processed using the Hyperspy Python-based package
(de la Pena et al., 2017). After some binning when necessary, the signal
was denoised using PCA and fitted by a series of Gaussian functions.
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Fig. 1. Back Scattered Electron (BSE) SEM images of the NWA 817 section with the location of the different FIB sections investigated in the present study (continuous
red lines). (A) General overview of the NWA 817 thin section with the location of the B (light brown), C (green) and D (brown) panels. ol: olivine, cpx:
clinopyroxene.



V. Megevand et al.

Spectra quantification was done by integrating the intensities of the
Gaussian functions with the Cliff-Lorimer method (Le Guillou and
Brearley, 2014). Quantitative composition measurements were obtained
using experimentally determined k-factors for major elements and cor-
recting for X-ray absorption within the sample, following the method
described by Le Guillou et al. (2024). This revised two-lines approach
uses the K and L lines of iron to iteratively calculate the sample’s mass
thickness and mass absorption coefficient, enabling accurate quantifi-
cation (in atomic %), even for light elements like C, N, and O. Each pixel
was quantified independently, and end-member phases were identified
based on major compositional trends. Conventional quasi parallel beam
TEM coupled with selected area electron diffraction (SAED) was per-
formed using a JEOL2100 FEG-TEM (IMPMC, Paris, France) operating at
200 kv.

3. Results
3.1. SEM

The section of NWA 817 investigated presents a cumulate texture
dominated by primary euhedral augites and olivines embedded in
poorly crystalline mesostasis (Fig. 1-A). The mesostasis has a general
albitic composition and hosts a variety of microphases including augite,
skeletal titanomagnetite of about 10-100 um, chlorapatite and Si-rich
phases (Fig. 2). Olivines exhibit a diffuse zoning with a Mg-rich core
and a Fe-rich rim which can be as wide as ~ 40 um (Fig. 2-B). These Fe-

SEM images - BSE mode

o

| Si Ka (1.74 keV)
B Fe Ka (6.40 keV)

Composite elementary EDXS maps
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rich rims exhibit serrated overgrowths at the contact with the mesostasis
(Fig. 2-G to J). All of the olivines in NWA 817 host 10-30 um wide veins
associated with fractures (Fig. 1-A and 2). Most often, veins are
perpendicular to the elongation of the olivines (Fig. 1,2). EDXS data
reveal that these veins are mainly composed of Si, Fe and Mg (Fig. 3,
Table 1), and mineralogical maps (Fig. 2-C,F,J), show that a part of these
veins sometimes extend into the mesostasis (Fig. 2-F,J). Patches of a
similar material are also observed in the mesostasis, in association with
pyroxene (Fig. 2-F) or Cl-apatite and Si-rich phases (Fig. 2-J). Olivine-
hosted veins exhibit chemical contrasts symmetrically distributed from
the center to the edges (Fig. 3), with, in most cases, an external part (ev)
enriched in Si, an internal part (iv) enriched in Fe, and a central stripe
(cs) either less dense or enriched in Mg (Fig. 3-E). Textural contact be-
tween the external part of the vein and the hosting olivine is mostly
characterized by triangular etch pits, which can be associated to small
fractures. In some cases, the Fe-rich internal part of the vein is directly in
contact with the hosting olivine (Fig. 3-B and D) and presents scalloped
patterns.

3.2. TEM and STXM-XANES

3.2.1. Olivine-hosted veins

The TEM and STXM-XANES data collected on the FIB-1 section
extracted from an olivine-hosted vein confirm its tripartite organization
(Fig. 4). The central stripe is rather dark on STEM images, as is the
external part of the vein, while the internal part is lighter (Fig. 4-B).

EDXS-based mineralogical maps

I olivine I clinopyroxene [C] mesostasis
H vein [ chloropatite ] Ti magnetite
[ Ti exsolution I Si-rich material

B Mg Ka (1.25 keV) |
=1 Ca Ka (3.69 keV)

Fig. 2. SEM images showing olivine-hosted veins. (A), (D) and (G) are SEM images (BSE mode), (B), (E) and (H) are the corresponding composite color elementary
EDXS maps (with Fe in green, Si in red and Mg in blue), and (C), (F) and (J) are the corresponding EDXS-based mineralogical maps. The vein on images D-E-F
prolongates into the mesostasis and the clinopyroxene, while most of the veins on images G-H-J do not.
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Schema of the classic tripartite organization of an olivine-hosted vein

Olivine

Fractures )

\\(—4\ Olivine 5,(
"( v

5 um

~———Central stripe (cs)

Denomination of the different parts of the vein

A A

External part of the vein (ev)

A
Internal part of the vein (iv) Olivine-hosted vein
A

External part of the vein (ev)

Fig. 3. SEM images, EDXS maps and schematic interpretation of olivine-hosted veins in NWA 817. (A) and (B) are SEM images (BSE mode) of two veins hosted in
different olivines (see Fig. 1-B and 1-C respectively, for the precise location of the veins). (C) and (D) are the corresponding composite color elementary EDXS maps
((with Fe in green, Si in red and Mg in blue), and the schematics diagram in (E) shows the most common tripartite organization of an olivine-hosted vein, with the
external part of the vein (ev), the internal part of the vein (iv) and the central stripe (cs).

Table 1

Elemental compositions of the different phases identified in atomic percents. Composition was re-calculated on a 100 at.% basis using the mean EDXS spectra of each
phase for the major elements Si-Fe-Mg-Al-Ca-Na-K. Olivine composition was calculated using the FIB-3 section. External, internal, and central vein compositions were
calculated using the FIB-1 section. Composition of phases from the mesostasis were calculated using FIB-4 section.

Elementary composition in atomic %

Si 20 Fe 20 Mg 20 Al 20 Ca 20 Na 20 K 20
Vein within the olivine
Olivine 33.6 0.4 37.3 0.4 26.0 0.4 1.1 0.1 0.9 0.1 1.0 0.1 0.2 0.0
External part 47.2 0.6 39.6 0.5 7.5 0.3 1.4 0.1 0.4 0.1 1.7 0.1 2.3 0.1
Internal part 35.2 0.5 51.6 0.5 2.7 0.2 4.0 0.2 3.6 0.1 1.6 0.1 1.2 0.1
Central stripe 45.3 0.6 35.5 0.4 12.3 0.3 2.4 0.1 2.2 0.1 1.4 0.1 1.0 0.1
Veinlet within the mesostasis
Mesostasis 66.6 0.3 0.6 0.0 0.4 0.0 25.2 0.2 2.1 0.1 3.3 0.1 1.8 0.1
Homogeneous area 47.5 0.3 27.2 0.2 10.0 0.2 7.0 0.1 1.6 0.1 4.3 0.1 2.4 0.1
Porous area 44.9 0.3 22.6 0.2 4.4 0.1 10.3 0.1 2.2 0.1 11.9 0.2 3.8 0.1
Layered material 47.4 0.3 19.6 0.2 4.5 0.1 14.2 0.2 1.4 0.0 5.7 0.1 7.1 0.1

Confirming SEM-EDXS data, TEM-EDXS data show that the central stripe
contains more Mg and less Fe than the internal part, while the external
part contains more Si (Fig. 4-D). At this level of magnification, an Fe-rich
zone is observed at the center of the central stripe (white arrow in Fig. 4-
D). XANES data reveal a high level of oxidation, with a even higher
concentration in Fe>* in the central stripe and the internal part of the
vein (with spectra similar to the 100 % Fe®" reference from Bourdelle
et al., 2013 — Fig. 4-E).

TEM images, Fast Fourier Transform (FFT) and SAED patterns indi-
cate that the different parts of the vein consist of nanocrystalline ma-
terial (Fig. 4-C). The central stripe contains 20-30 nm long layered

material with 9.5 A d-spacings which do not exhibit any preferential
orientation (Fig. 4-C). Although crystals are difficult to distinguish on
bright field images of the internal and external parts of the veins (Fig. 4-
C), both SAED patterns display at least two rings, consistent with d-
spacings of approximately 1.5 and 2.6 A, demonstrating that the mate-
rial is mainly made of phyllosilicates (Meunier, 2005; Meunier et al.,
2008). Precisely, the SAED patterns of the external part of the vein ex-
hibits a 06.33 reflection at 1.55 A and an additional 0.211 reflection at
4.52, which is consistent with nontronite (Baron et al. 2016; Fox et al.
2021). Additionally, HRTEM images and FFT patterns of bright-field
images reveal interplanar d-spacings of about 10 A (Fig. 4-C),
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[A] Location (SEM-BSE mode)
and general view (STEM-DF) of the section FIB-1

[C] TEM images (bright field), FFT and SAED patterns
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Internal part of the vein
e P Irver B

Geochimica et Cosmochimica Acta xxx (Xxxx) xxx

STEM image (dark-field) of the FIB-1

mm Fc mm Si = Mg

Intensity

700.0 702.5 705.0 707.5 710.0 7125 715.0 7175 720
Energy (keV)

Fig. 4. TEM and STXM data collected on the FIB-1 section, intersecting an olivine-hosted vein. (A) Location and general view of FIB-1 in STEM (Dark Field, DF,
mode). (B) STEM-DF image of the olivine hosted vein exhibiting the classic tripartite organization with the external part of the vein (ev), the internal part of the vein
(iv) and the central stripe (cs). Dashed squares indicate the location of TEM images shown in (C). Plain black square indicates the location of (D). (C) Amplitude
contrast images in bright field and associated SAED. (D) Composite color elementary EDXS maps with Fe (green), Si (red) and Mg (blue). The external part appears Si-
enriched, the internal part Fe-enriched and the central stripe Mg-enriched. The white arrow indicates an additional feature within the central stripe with a
composition similar to the internal part of the vein. (E) Mean XANES spectra of the different areas of the olivine-hosted vein highlighted in (B) compared to the to the

100 % Fe3* reference from Bourdelle et al. (2013).

consistent with either micas or smectites (Hicks et al., 2014; Evans et al.,
2017).

EDXS data informed about the composition of the different parts of
the vein (Table 1), even though identifying phyllosilicates solely based
on unit formula is challenging given the existence of various solid so-
lutions and the possible interstratification (Grauby et al., 1994). A so-
lution is to use a M™-4Si-3R?>* ternary diagram (Fig. 5), allowing
separating solid-solution domains of both di- and trioctahedral species,
as well as mixtures and mixed-layered minerals (Meunier and Velde,
1989; Meunier et al., 2013). The M* pole represents the total electrical

charge provided by interlayer cations (Na + K + 2Ca), the 4Si pole
represents the tetrahedral charge (Si/4), and the 3R pole represents the
number of bivalent ions integrated in the octahedral sheets with 3R =
(Mg?" + Fe?* + Mn?')/3. Note that the content in Fe’>' has been
considered as being close to zero given the resemblance between the
XANES spectra of these phyllosilicates with that of the 100 % Fe3*
reference from Bourdelle et al. (2013) (Fig. 4-E). On such a ternary di-
agram, the olivine-hosted vein defines three distinct pools. The 4Si/3R>**
values are constant for both the internal and external part of the vein,
but the three different parts of the vein exhibit distinct M* values
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@ External part

@ Internal part

@ Central stripe

@ Olivine

= Mineral references
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Fig. 5. Triplot (M*-4Si-3R?" ternary plot) showing the chemical compositions
of the different parts of the olivine-hosted veins estimated from EDXS data. The
M* pole represents the total electrical charge provided by interlayer cations
(Na + K + 2Ca), the 4Si pole represents the tetrahedral charge (Si/4), and the
3R pole represents the number of bivalent ions integrated in the octahedral
sheets with 3R = (Mg?" + Fe?* + Mn2*)/3. Note that the content in Fe?" has
been considered as being close to zero given the resemblance between the
XANES spectra of these phyllosilicates with that of the 100 % Fe®* reference
from Bourdelle et al. (2013). The schematics diagram on the right shows the
most common tripartite organization of an olivine-hosted vein, with the
external part of the vein, the internal part of the vein and the central stripe with
the same color code.

indicating a different permanent charge. The internal part of the vein
has the highest permanent charge, with a composition lying between
muscovite, biotite and celadonite end-members, in contrast to the
external part of the vein which has the lowest permanent charge and
falls between the nontronite-saponite end-members. The central stripe
has the highest magnesium content (12.5 + 0.5 at.% — Table 1) and falls
between the celadonite-saponite-nontronite end-members.

3.2.2. Focus on phyllosilicates and olivine contacts

The FIB-2 and FIB-3 sections were extracted from the same olivine-
hosted vein (Fig. 6-A and Fig. 7-A). Nevertheless, in contrast to the
classical tripartite structure (central stripe — internal part — external
part) of other veins, the vein does not exhibit an external part in the FIB-
3 area: the central stripe is only surrounded by an internal part directly
in contact with the hosting olivine. TEM and STXM-XANES in-
vestigations confirmed the presence of the phyllosilicates identified in
the FIB-1 section, i.e. the celadonite central stripe, the mica-celadonite
mixture of the internal part of the vein, and the nontronite-saponite
mixture in the external part of the vein (the latter being only present
in FIB-2).

As observed on the FIB-2 section, the transition between the
nontronite-saponite of the external part of the vein and the olivine is
characterized by a 100-200 nm thick, porous area exhibiting nano-voids
visible in both STEM-Dark field mode (Fig. 6-B) and TEM-Bright field
mode (Fig. 6-C). In STEM, lighter dots are also observed and correlated
with a local iron enrichment (Fig. 6-C-D). SAED patterns (Fig. 6-C)
display at least two rings, consistent with d-spacings of approximately
1.55 and 2.63 A, also demonstrating that the material is mainly made of
phyllosilicates (Meunier, 2005; Meunier et al., 2008). HRTEM images
and FFT patterns of bright-field images reveal interplanar d-spacings of
about 10 A (Fig. 6-C), consistent with either micas or smectites (Hicks
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et al., 2014; Evans et al., 2017). As observed on the FIB-3 section, the
contact between the internal part of the vein and the olivine is different.
Bright-field TEM imaging (Fig. 7-C) shows a transitional zone composed
of two intermixed layers — a porous zone (~100 nm thick) directly
contacting the olivine and an inner 100 nm-thick layer comprising
palisade-shaped crystallites measuring up to 50 nm and oriented to-
wards the inner part of the vein. The ring d-spacings of 10.1 and 13.1 A
observed in HRTEM images (Fig. 7-C) and the d-spacings of ~ 1.52, 2.60
and 3.47 A estimated from SAED patterns (Fig. 7-C) confirm the phyl-
losilicate nature of this layer, possibly composed of interstratified
micas/smectites or chlorites/smectites. As in FIB-2, a slight Fe enrich-
ment is observed at the contact with olivine (Fig. 7-D).

3.2.3. Veinlets within the mesostasis

The FIB-4 section was extracted from the mesostasis across a veinlet
in the continuation of an olivine-hosted vein (Fig. 8-A). Besides the
small NaCl crystals of about 50 to 250 nm which are interpreted as
resulting from the beam-induced vaporization and redeposition of
plagioclase sodium and chlorine, three distinct materials can be iden-
tified. A first material, at the center of the veinlets, exhibits an homog-
enous texture (Fig. 8-C) and a higher concentration of magnesium (10 +
0.5 at.%) compared to the rest of the veinlet (4.5 + 0.5 at.% — Fig. 8-D
and Table 1). Another more porous material is observed at the contact
with the mesostasis and within smaller lateral veinlets (Fig. 8-C) and
appears to be enriched in iron (Fig. 8-D). Last, a well-crystallized layered
material is present either as masses at the contact with the porous areas
or as separate patches (Fig. 8-B). This material is made of 100-200 nm-
long layers (Fig. 8-C) with interplanar spacings of about 10.1 A ac-
cording to FFT patterns and HRTEM images. All these different material
areas display SAED patterns with two diffuse rings consistent with d-
spacings of ~1.5to ~ 1.6 Aand ~ 2.6 to ~ 2.7 A (Fig. 8-C), suggesting a
phyllosilicate nature. Of note, the SAED pattern of the well-crystallized
layered material exhibits additional rings created by multiple diffraction
spots at interplanar d-spacings of 1.28, 1.44, 2.18, and 3.07 A (Fig. 8-C-
4). This layered material, closely associated with apatite and Ti-
magnetite grains, exhibits sharp contact with clinopyroxenes (Fig. 9).

The compositions of these different materials were estimated from
EDXS data and plotted in a M*-48i-3R?* ternary diagram (Fig. 10 &
Table 1). The homogeneous material shows a range in compositions
falling between the high-charge mica-celadonite and the nontronite-
saponite, overlapping with the internal parts and the central stripes of
the veins hosted by olivines although it exhibits slightly higher Al con-
tent (7 + 0.5 at.% vs 4 + 0.5 at.% and 2.5 + 0.5 at.%). The porous area
falls outside the range of the different phyllosilicate solid solutions while
the layered material exhibits an intermediate composition between mica
and celadonite, but with lower Fe content than the internal part of the
olivine-hosted veins.

4. Discussion
4.1. A tardi-magmatic origin of the olivine-hosted veins

The detailed examination of the olivine-hosted veins in NWA 817 has
revealed that these veins are structured in three parts composed of nano-
crystallized phyllosilicates, ranging from a mica-celadonite composition
to a nontronite-saponite composition. Thus, the veins in NWA 817 could
be interpreted as tardi-magmatic in origin, i.e. as having precipitated
during the alteration of olivine by the residual magmatic fluid having
undergone progressive differentiation (Fig. 11). During the ascent to the
surface of the partially crystallized magma already containing olivines
and pyroxenes, the extrusion-induced decompression has likely created
cracks in the already crystallized olivines (Fig. 11-A). The rapid cooling
led to the solidification of the mesostasis, leaving a residual, differen-
tiated magmatic fluid with a micaceous composition which have seeped
into the olivine cracks (Fig. 11-B), starting to alter the olivine in an
oxidative deuteric alteration process and crystallizing into the ferric
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Fig. 6. TEM data collected on the FIB-2 section showing the contact between the external part of the vein and the hosting olivine. (A) Location and general view of
FIB-2 in STEM (Dark Field, DF, mode). Dashed square indicates the location of the TEM image C-1. Plain square indicates the location of the STEM image (B). (B)
STEM-DF image of the contact with olivine exhibiting a porous transition zone. (C) Amplitude contrast images in bright field (C-1 to C-4) and associated SAED (C-5).
(D) Composite color elementary EDXS maps with Fe (green), Si (red) and Mg (blue). The transition zone at the contact with olivine appears enriched in Fe.

mica-celadonite phyllosilicates composing the internal part and the
central stripe of the veins (Fig. 11-C). Such precipitation has left a last
fluid trapped between the olivine and the phyllosilicates composing the
internal parts of the veins. This last fluid, enriched in water and in strong
disequilibrium with the fayalite, continued to dissolve the hosting
olivine, producing Fe-nontronite-saponite enriched in Mg compared to
the micas composing the internal part of the vein (Fig. 11-D).

This scenario is fully supported by the observations reported here.
First, the structure of the veins — with parts sub-parallel to each other
and perpendicular to the elongation of the hosting olivines (see Fig. 1-B)
— differs from the reaction-driven “Frankenstein” cracks which form in
serpentinization contexts via hydraulic fracturing and which are char-
acterized by a central vein feature lined with a secondary set of

orthogonally oriented cracks (Evans et al., 2020), without mentioning
the multiple evidence of fluid circulation which are not observed in
NWA 817. The veins in NWA 817 rather resemble the sealed cracks
commonly observed in olivines from kimberlites having formed due to
decompression during magma ascent (Brett et al., 2015). The structure
of the veins in NWA 817 thus appears more consistent with fluid infil-
tration and precipitation within pre-existing fractures or cracks gener-
ated by decompression. On top of that, the palisadic fabric of the
phyllosilicates at the contact between the internal part of the vein and
the olivine (Fig. 7-C-1 to C-3) — also observed in non-altered subaerial
hawaiites (Meunier et al., 2008) — is typical of the precipitation from an
oversaturated solution at the wall of diktytaxitic voids (Grigor'ev and
Brenner, 1965; Meunier et al., 2008).
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Fig. 7. TEM data collected on the FIB-3 section showing the contact between the internal part of the vein and the hosting olivine. (A) Location and general view of
FIB-3 in STEM (Dark Field, DF, mode). Dashed square indicates the location of the TEM image C-1 and C-2. Plain square indicates the location of the STEM image (B).
(B) STEM-DF image of the contact with olivine. (C) Amplitude contrast images in bright field (C-1 to C-4) and associated SAED (C-5). Palisadic lamellar material is
observed at the contact with olivine in C-2 and C-3. (D) Composite color elementary EDXS maps with Fe (green), Si (red) and Mg (blue). The transition zone at the

contact with olivine appears slightly enriched in Fe.

The micaceous to celadonite composition of the internal part of the
veins strongly argues for a late-magmatic origin, i.e. a crystallization at
high temperature from a residual magmatic fluid (600 to 750 °C — Saltas
et al., 2020), rather than to a low temperature process, i.e. secondary
aqueous alteration. The composition of smectites may also provide in-
sights on their temperature of formation, since dehydroxylation of
saponite occurs at ~ 750 °C (Kloprogge and Ponce, 2021) while that of
nontronite occurs at ~ 450 °C (Ding and Frost, 2002). However, more
accurate temperature estimation would require precise estimates of
water content and pressure conditions, which are not constrained here.
Of note, a rather rapid cooling of the melt is needed to produce the clay
mineral assemblage observed here, as demonstrated experimentally

(Nakazawa et al., 1992; Yamada et al., 1994; Yamada, 1995; Tamura
et al., 2000; Kalo et al., 2010). For instance, Yamada et al. (1995)
demonstrated that the fast cooling of a hydrous silicate melt (1500 °C/
min) will produce smectites together with low amounts of coesite,
kyanite and jadeite, while the slow cooling of the same melt (150 °C/
min) will only produce coesite, kyanite, jadeite and clinoenstatite. These
results demonstrated that smectite crystals are formed metastably dur-
ing the quenching of the high-pressure and high-temperature hydrous
silicate melt.

Chemically, the Al enrichment of the internal part of the veins is
consistent with a mesostasis-originated fluid while geometrically, the
occurrence of internal parts within some central stripes (cf Fig. 4-D) is
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Fig. 8. TEM and STXM data collected on the FIB-4 section intersecting a mesostasis vein prolongating of an olivine-hosted vein. (A) Location and general view of FIB-
4 in STEM (Dark Field, DF, mode). (B) STEM-DF image of the olivine hosted vein exhibiting the classic tripartite organization with the external part of the vein (ev),
the internal part of the vein (iv) and the central stripe (cs). Dashed squares indicate the location of TEM images shown in (C). Plain black square indicates the location
of (D). (C) Amplitude contrast images in bright field and associated SAED. (D) Composite color elementary EDXS maps with Fe (green), Si (red) and Mg (blue). The
nano crystallized area appears Mg-enriched while the porous area appears Fe-enriched. (E) Mean XANES spectra of the different areas of the mesostasis vein
highlighted in (B) compared to the to the 100 % Fe®* reference from Bourdelle et al. (2013).

consistent with the synchronous crystallization of the internal part and
the central stripe. The triangular etch pit geometry of the external part of
the veins (Fig. 3-A), and the Fe-enrichment at the olivine contact (Fig. 6-
B and C), suggest that the hosting olivine has undergone a dissolution
process (Baker and Haggerty, 1967; Haggerty and Baker, 1967; Velbel,
2009). The nontronite-saponite external part of the veins is thus inter-
preted as the product of the continued oxidative deuteric alteration of
the olivine, which likely started at the moment the penetration of the
residual magmatic fluid begins, i.e. during the crystallization of the in-
ternal part. Consistently, DePasquale and Jenkins (2022) experimentally
showed that nontronite can form from a mixture of mafic and felsic
minerals (such as fayalite, magnetite, albite and quartz), i.e. that a re-
sidual, differentiated magmatic liquid interacting with fayalite can
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produce smectite such as nontronite. Plus, the mica-celadonite to
nontronite-saponite sequence (from the internal to the external parts of
the veins defines a decreasing trend in permanent phyllosilicate charges
from Ca-rich micas to K-rich smectites, consistent with a magmatic
cooling differentiation sequence (Fig. 12 — Meunier et al., 2008). Last,
the very high Fe' content of the external part of the veins is fully
consistent with an oxidative alteration of the olivine, while the even
higher content in Fe3" of the internal part of the veins (Fig. 4-E) is
consistent with a residual liquid having been more COy-rich during the
precipitation of the internal part of the veins and more HyO-rich during
the precipitation of the external part of the veins (Kelley, 1996).
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Fig. 9. TEM images of the FIB-4 section. (A) Location and general view of FIB-4 in STEM (Dark Field, DF, mode). (B) STEM-DF image of the mesostasis vein at the
contact with small mesostasis clinopyroxene. Plain squares indicate the location of (C) and (D). (C) Zoom on a patch of lamellar phyllosilicates arranging around
highly porous material, exhibiting a linear contact with the clinopyroxene. (D) Zoom on the contact between the vein with clinopyroxene and chlorapatite. (E) Zoom
showing intermixed chlorapatite with phyllosilicates of the vein. Legend: v vein, cpx clinopyroxene, ap chlorapatite, Ti-mg titano-magnetite, NaCl superficial

NacCl crystals.

4.2. Tardi-magmatic phyllosilicates: terrestrial and Martian precedents

A number of studies have previously concluded on the magmatic
origin of some phyllosilicates in terrestrial and Martian rocks. Meunier
et al. (2008) reported the formation of tardi-magmatic phyllosilicates in
the mesostasis of the inner, unaltered section of a basaltic body from the
Mururoa Atoll (French Polynesia). The proposed scenario of formation
of these phyllosilicates did not include any alteration of pre-existing
silicates, but the progressive oversaturation of a residual water-rich
magma. Such oversaturation led to the production of a clay matrix
embedding euhedral apatite and pyroxene, with clays filling all dikty-
taxitic voids (i.e. open spaces in an angular network of phenocrysts),
forming a palisadic texture and covering all the unaltered surfaces of
biotite or feldspar phenocrysts (Meunier et al., 2008, 2012). The
occurrence of such magmatic Fe/Mg clays has also been reported in
flood basalts forming the Parana Basin (Brazil) (Schenato et al., 2003)
and in quartz-syenite representing the ultimate differentiation products
of the magmatic reservoir of the Piton des Neiges stratovolcano
(Réunion Island) (Berger et al., 2018). Similar magmatic clay minerals
have also been reported in Martian Nakhlites (Viennet et al., 2020,
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2021), confirming early anticipations (Meunier et al., 2012; Berger
et al., 2014). Veinlets and patches of phyllosilicates, with a smectite-
celadonite composition, enveloping pores of 100-300 nm and mingled
with a porous substance have been observed both in Nakhla and NWA
5790 (Viennet et al., 2020, 2021). These clay minerals have been
interpreted as having directly precipitated from a water-rich fluid
exsolved from the Cl-rich parental melt of the Nakhlites during igneous
differentiation (Viennet et al., 2020, 2021), Nakhlites having likely
evolved, as Chassignites, from more or less hydrous, chlorine-rich
parental magmas (Filiberto et al., 2016a, 2016b). In fact, the presence
of Cl in a magma affects its liquidus as HoO does, permitting the residual
melt to evolve at lower temperatures before solidification (Filiberto and
Treiman, 2009a, 2009b; Filiberto et al., 2014b; Farcy et al., 2016).
The veins and veinlets investigated in the present study are
composed of a complex assemblage of phyllosilicates corresponding to
the mineral assemblage described as “iddingsite” by early authors (Ross
and Shannon, 1925; Edwards, 1938; Sun, 1957; Baker and Haggerty,
1967; Haggerty and Baker, 1967; Eggleton, 1984). In line with the
present study, a number of previous studies concluded on the deuteric
origin of iddingsite found in some terrestrial or Martian rocks, i.e. a
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Fig. 10. Triplot (M*-4Si-3R*" ternary plot) showing the chemical compositions
of the different parts of the mesostasis vein estimated from EDXS data. The M=
pole represents the total electrical charge provided by interlayer cations (Na +
K + 2Ca), the 4Si pole represents the tetrahedral charge (Si/4), and the 3R pole
represents the number of bivalent ions integrated in the octahedral sheets with
3R = (Mg?t 4+ Fe?" + Mn?')/3. Note that the content in Fe>' has been
considered as being close to zero given the resemblance between the XANES
spectra of these phyllosilicates with that of the 100 % Fe>" reference from
Bourdelle et al. (2013). The schematics diagram on the right shows the distri-
bution of the different phases with the same color code.

precipitation from a magmatic fluid altering pre-existing silicates. For
instance, Andreani et al. (2023) recently reported the occurrence of
fluid-rich iddingsite-like inclusions in olivines from troctolites exhumed
along the Mid-Atlantic Ridge. The isotopic composition of these in-
clusions indicates that the fluid was produced during magma degassing.
Earlier, Clément et al. (2007) reported olivine crystals hosting “high
temperature iddingsite” (HTI) rich in Fe>* (Fe3*/Fe = 80 %) in gabbros
from Maupiti (French Polynesia). As the micaceous-celadonite internal
part of the veins in NWA 817 (Fig. 4 and Table 1), the central part of the
Maupiti HTI exhibits higher Ca, Al, Mg and Fe contents and a lower Si
content than the adjacent porous external part and its hosting olivine.
The authors concluded that the Maupiti HTI results from modifications
of the structure of olivine due to intense hydroxylation and Fe-oxidation
taking place at high temperatures, likely between 600-1000 °C. Another
recent study relying on mineralogical investigations of Precambrian
monzogabbros from Kansas (USA) concluded on the magmatic origin of
veins intersecting olivines (Combaudon et al., 2024). Identified as
iddingsite, these veins exhibit a structuration with internal and external
parts and are composed of micas associated with serpentines and chlo-
rites interpreted as products of deuteric alteration. Consistently, Kuebler
(2013) and Kizovski et al. (2020) interpreted iddingsite veins inter-
secting olivines in Martian shergottites (ALH 77005, NWA 10416 and
NWA 7042) as products of deuteric alteration having occurred at high
temperature, during magma cooling, before the total solidification of the
rock. Rather than evidencing the past circulation of liquid water at the
surface of the red planet, the occurrence of these phases in shergottites
rather suggests the existence of a relatively water-rich magmatic reser-
voir on Mars (Kuebler, 2013; Kizovski et al., 2020). All these reports
strengthen the present interpretation of iddingsite in NWA 817 as the
product of the oxidative deuteric alteration of olivine.
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4.3. Discrepancies with previous studies

Most of previous studies have interpreted iddingsite-like assem-
blages in Nakhlites as secondary assemblages produced during the late
alteration of the hosting mesostasis by secondary circulating fluids after
the entire consolidation of the rocks (e.g., Bridges and Schwenzer,
2012). In Lafayette, Nakhla and Governador Valadares, this interpreta-
tion is supported by the association of iddingsite-like assemblages with
evaporite minerals, such as siderite, gypsum, and anhydrite (Gooding
et al., 1991; Bridges and Grady, 2000; Changela and Bridges, 2010;
Bridges and Schwenzer, 2012; Hicks et al., 2014; Piercy et al., 2022). A
common explanation for the occurrence of these mineral associations is
the secondary circulation of CO9-rich fluids which can result from either
impact-generated hydrothermal circulation (Bridges and Grady, 2000;
Changela and Bridges, 2010; Bridges and Schwenzer, 2012; Hicks et al.,
2014; Piercy et al., 2022) or percolation of COy-rich meteoritic water
(Tomkinson et al., 2013; Lee et al., 2015). For instance, Hicks et al.
(2014) interpreted the production of iddingsite veins in Lafayette as the
result of the circulation of a COyrich hydrothermal fluid
(~150-200 °C), likely created by an impact-induced melting of sub-
surface ice (a scenario later adopted by (Piercy et al., 2022). In contrast,
Tombkinson et al. (2013) proposed a detailed scenario for the formation
of iddingsite veins in Lafayette, involving the centripetal replacement of
olivine as a result from the circulation of a meteoritic CO»-rich fluid in
equilibrium with the atmosphere (a scenario later adopted by Lee et al.,
2015). As per these scenarii, the alteration of olivine led to the pro-
duction of a ferrous saponite vein which was then replaced by siderite, in
turn replaced in the central part of the vein by Fe-rich smectite.

Yet, in contrast to Lafayette, NWA 817 does not contain Martian
carbonates (Hicks et al., 2014). Plus, the mesostasis of NWA 817 does
not show any evidence of alteration, which, if it had occurred, would
have produced Al-rich secondary minerals, like zeolites for instance
(Meunier and Velde, 2004). Also, the olivine-hosted veins in NWA 817
are not equivalent to the veins reported in Lafayette (Hicks et al., 2014).
Precisely, the ferric saponite in Lafayette exhibits a high Mg content
(18.6 at.%) and a rather low Fe content (9 at.% of Fe2+, 12 at.% of
Fe3+VI, 3 at.% of Fe>1TV) (Hicks et al., 2014), which is not the case of the
smectites composing the external part of the veins in NWA 817 (7.5 at.%
of Mg, 40 at.% of Fe). Plus, the SAED patterns of the Fe-rich smectites in
NWA 817 exhibit a 06.33 reflection at 1.55 A and a 0.211 reflection at
4.52, which is consistent with Felll nontronite (Baron et al., 2016; Fox
et al., 2021). Last, neither the secondary alteration of feldspars or
smectites produces micas (Wilson, 1999). In fact, in contrast to phases
typical of secondary aqueous alteration, the occurrence of micas in the
veins of NWA 817 rather points to a high temperature (i.e. magma-
driven) crystallization rather than to a low temperature process (i.e.
secondary alteration).

Altogether, a single tardi-magmatic sequence, having occurred at the
end of the cooling process, thus more adequately explains the origin of
the iddingsite-like assemblages in NWA 817, unlike in other Nakhlites
such as Lafayette for which the circulation of an exogenous, secondary
fluid circulation is required to produce carbonates at some point. These
differences among Nakhlites may be explained by their respective po-
sitions within the various flows from which the Nakhlites originate.
Distinct lava flows or lobes may have experienced different secondary
fluid circulations. Plus, according to the proposed spatial organization of
the different Nakhlites (Balta et al., 2017; Jambon et al., 2016; Udry and
Day, 2018), Lafayette, Nakhla, and Governador Valdadores are posi-
tioned at the bottom of a distinct lava flow, while NWA 817 is described
as having cooled at the top of another one, as is the case of Miller Range
Nakhlites. The Nakhlites having crystallized at the bottom of lava flows
likely underwent less decompression-induced cracking during extrusion,
which likely limited the formation of magmatic iddingsite veins, as in
Nakhla, Lafayette, and Governador Valdadores. In contrast, we antici-
pate that magmatic iddingsite veins similar to those reported here in
NWA 817 may exist in other Nakhlites having cooled at the top of lava
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Fig. 11. Schematical illustration of the proposed scenario for the formation of the « iddingsite » veins in NWA 817. (A) Decompression induces the formation of
fractures and cracks in the olivine. (B) A residual differentiated magmatic fluid with a micaceous composition originating from the mesostasis seeps into the olivine
cracks, destabilizing the olivine and forming scalloped patterns at its contact. (C) The ferric mica-celadonite and the Mg-rich celadonite concomitantly precipitate,
producing the internal part of the vein and the central stripe. (B-4) The residual fluid trapped in the fractures continues to dissolve the hosting olivine, producing the

nontronite-saponite in the external part of the vein.

flows, such as the Miller Range Nakhlites (McCubbin et al., 2009; Hallis
and Taylor, 2011; Martell et al., 2022).

5. Implications for the story of the Martian water

There is widespread evidence for water flowing on the surface of
Mars (Carr, 1996; Squyres et al., 2004; Grotzinger et al., 2014; Kite and
Conway, 2024). However, while there is clear evidence for ancient
times, things are not that clear for the Amazonian period. With an age of
1340 + 40 Myr (Bunch and Reid, 1975; Nyquist et al., 2001; Treiman,
2005; Udry and Day, 2018), Nakhlites and Chassignites are the only
specimens of the Martian mid-Amazonian period available on Earth
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(Shergottites, sourced from the youngest volcanoes on Mars, are at least
600 Myr younger than Nakhlites and Chassignites — Jones, 2015; Cohen
et al., 2023). According to the Rb-Sr and K-Ar datation of secondary
smectites and carbonates, some Nakhlites such as Lafayette experienced
aqueous alteration at the surface of Mars ~ 630 to 740 Myr ago (Borg
and Drake, 2005; Tremblay et al., 2024), although Swindle et al. (2000)
noted earlier that these ages may correspond to the secondary alteration
of iddingsite rather than to its formation.

Here we show that iddingsite in some Nakhlites may not be a product
of secondary aqueous alteration. In fact, we interpret the iddingsite-like
assemblages occurring in NWA 817 as veins within olivines and as
patches and veinlets within the mesostasis as tardi-magmatic, i.e. as
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Fig. 12. Triplot (2Ca-Na-K ternary plot) showing the chemical compositions of
the different parts of the olivine-hosted vein estimated from EDXS data. Such
representation provides information on the nature of the cations within the
interlayers of phyllosilicates. The schematics diagram on the right shows the
most common tripartite organization of an olivine-hosted vein, with the
external part of the vein, the internal part of the vein and the central stripe with
the same color code.

phases having precipitated directly from a residual magmatic fluid and/
or as a result of its interactions with olivines (i.e. oxidative deuteric
alteration) during magma cooling (i.e. concomitantly with the solidifi-
cation of the mesostasis). The mesostasis assemblages display poorly
crystallized phases associated with well-crystallized phyllosilicates ar-
ranged around porous regions, resembling the tardi-magmatic clays
described in Nakhla and NWA 5790 (Viennet et al., 2020, 2021).
Olivine-hosted veins are symmetrically structured around the vein axis,
with an internal part exhibiting a mica-celadonite composition and an
external part displaying a nontronite-saponite composition. All these
features are consistent with a progressive differentiation of a residual
magmatic fluid having infiltrated the decompression-induced cracks of
olivines at the end of the cooling sequence and initiated the oxidative
deuteric dissolution of the hosting olivine, producing the ferric mica-
celadonite phyllosilicates and, ultimately, the Fe-nontronite-saponite
minerals.

Altogether, without excluding the possibility that other Nakhlites
have experienced secondary alteration by surface water at some point of
their history, either induced by impact-generated hydrothermal activity
or weathering, the observations reported in the present study of NWA
817 rather suggest a tardi-magmatic production of iddingsite. Such
magmatic production of clay minerals in a Martian meteorite archetypal
of the Martian crust portends that a possibly significant fraction of the
Fe/Mg clay minerals detected on Mars from orbit may not be the
products of the aqueous alteration of preexisting silicates by (sub)sur-
face water. The present study thus justifies a re-evaluation of the exact
origin of the clay minerals detected on Mars so far, with potential con-
sequences for our vision of both the magmatic and climatic histories of
Mars.
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