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Abstract

Understanding the kinetics of silicate alteration in agueous media is central to the study of
oceanic hydrothermal systems, nuclear glass durability or carbonaceous asteroids from which
chondrites are coming. &/present a new experimental approach in combination with an
integrated analytical protocol designed to study alteration procesdesv temperatureg<
200°C) and slow reaction rates. We used pulsed laser deposition (PLD) to produce micrometer
thick films of amorphous silicate of controlled chemical composition. After reacting with water
in sealed capsules, the films consist of a succession of compositionally different layers. The
initial planar geometry of the film allows a complete characterization of the transformed
materials at the nanometer scale. By combining Rutherford back-scattering (RBS), nuclear
reaction analysis (NRA}ransmission electron microscopy (TEM) and scanning transmission X-
ray microscopy (STXM), it is possible to constrain the propagation rate of the reaction fronts, the
thicknesss of individual layers, spatial variations in composition, the nature of the interface
between the layers, the iron redox state, the water content along depth profiles, as well as the
porosity and the density.

We investigated the serpentinization of amorphous silicate films with stoichiometry close
to olivine (~ Fe1MQo.oSiO415Ho 3) at 90°C (2 weeks) and 200°C (2 hours). In both cases, ~ 500
nm of altered material are formed. At the reaction front, a hydrated, amorphous aneddadiz
rich layer forms. At the interface with the fluid, a madvig-rich layer develops. The system
evolves towards a biphasic assemblage of Fe-serpentine and Mg-saponite composition. Both
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layers remain amorphous. It is shown that water propagation is coupled to hydrolysis, iron
oxidation Ee*/YFe ratio > 50%) and H formation, whose quantifications are crucial to
understand terrestrial serpentinization processes. Interfacial precipitation-dissolution seems to be
the rate controlling mechanisms. In additiore investigated a crystallized film reacted at 190°C

(2 hours), which transformation rate is ten times slower than that of the amorphous silicate but is
nevertheless readily observable. This approach can be used to understand alteration in terrestrial
and extraterrestrial samples. In particulave reproduced several features observed in
carbonaceous chondrites (amorphous and oxidized hydrated silicates) and show that, at 90°C,
alteration may be faster than usually considered. It should allow us in the future to constrain the
temperatures and timescales of alteration in chondrites.

Keywords

Aqueous alteration; chondrites; amorphous silicate; serpentinization; nano-analysis; experiment
reaction rates; mineral-water interaction

1. Introduction

Alteration of silicates at low temperatures is a common process in geosciences and
cosmochemistry. It occurs in many different environments such as continental surfaces
(Hellmann et al., 2003; Godderis et al., 2010), oceanic floor (Berger et al., 1987; Crovisier et al.,
2003; Schramm et al., 2005; Benzerara et al., 2007; Klein et al., 2009; Andreani et 3J.p2013
meteorites and asteroids (Tomeoka and Buseck, 1988; Brearley, 2006 and references therein;
Morlok and Libourel, 2013). In addition, it is also a major topic of discussion in material sciences
for purposes like alteration of glasses used for nuclear waste confinement (Frugier et al., 2008;
Valle et al, 2010), alteration of archeological glasses (Dohmen et al., 2013), or silicate
carbonation for C@sequestration purposes (Knauss et al., 2005; Daval et al., 2009; Hovelmann
et al., 2012 However, our understanding of the kinetic laws controlling such processes is
limited. This is mainly due to difficulties constraining the reaction mechanisms, especially at
the relevant low temperature ranges (< 100 - 150°C) and because the physico-chemical models
extrapolating the experimental results to natural environments are still debated (Hellmann et al.,
2012; Daval et al., 2013; Malvoisin et al., 2014).

Our long term goal is to constrain the temperature and timescales of hydrothermalism in
asteroids, from which chondrites are formed. These meteorites carry a record of teesetalie
system processes, including water-silicate interactions. In particular, amorphous silicates are
observed in the interstellar medium and protoplanetary disks (Dorschner and Henning, 1995;
Kemper et al., 2004) and are also observed in primitive chondrites (Brearley, 1993). At the time
of the formation of the solar system, asteroids have accreted water as ice, together wiith iron
amorphous silicates (Le Guillou and Brearley, 2014). The latter were likely condensed from the
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gas phase (Nuth et al., 2005; Pontopiddan and Brearley, 2010). Water and silicate have then
reacted and the alteration products are now found in Cl, CM or CR carbonabeodsites
(Zolensky et al., 1989; Rubin et al., 2007; Chizmadia and Brearley, 2008; Abreu and Brearley,
2010; Zolotov, 2012). Alteration formed diverse minerals including hydrated amorphous
silicates, serpentine-type phasky{chrysotile or oxidizedre-cronstedtite), and a suite of minor
phases such as iron oxides and hydroxides, sulfides and carbonates (Tomeoka and Buseck, 1988;
Brearley, 1993, 2006; Lauretta et al., 2000; Rubin et al., 2007; Le Guillou et al., 2014, 2015). In
particular, a hydrated amorphous iron-rich silicate and serpentine are found in all groups of
carbonaceous chondrites. Unraveling their formation and hydration condisoaskey to
understand the origin of matrices and their hydrothermalism history (Abreu and Brearley, 2010;
Le Guillou and Brearley, 2014; Le Guillou et al., 2015). To that end, it is crucial to quantitatively
constrain the kinetics and the operating mechanisms of amorphous silicate alteration. A few
studies have experimentally investigated alteration in chondrites (Jones and Brearley, 2006;
Ohnishi et al., 2007), but they only addressed the alteration of crystalline material at temperatures
above 150 °C. However, experiments focusimgthe specificity of amorphous silicate and of

low temperatures processes are required. Ultimately, this will enable estimating the timescales of
hydrothermalism, and how water was consumed and/or degassed in asteroids.

Serpentinization reactions are very sluggish at temperatures below 200 °C, and are
therefore not trivial to study within laboratory timescales, as the reacted volumes are typically
limited (Malvoisin et al., 2012a,b). In fluid-mediated reactions (opposed to a solid-state
transformation), dissolutiors often a prerequisite to the formation of secondary phases, and
kinetic competition occurs between various mechanisms such as dissolution, precipitation,
hydrolysis and oxidation reactions, as well as water and cations transport through the porosity of
the precipitated material©{(Neil and Taylor, 1967; Berger et al., 1987; Banfield et al., 1995;
Crovisier et al., 2003; Hellmann et al., 2003; Frugier et al., 2008; Daval et al., 2009, 2013;
Mueller et al., 2010; Valle et al., 2010; Ruiz-Agudo et al., 2014).

Different types of experimental strategies have been used to study silicate alteration.
Olivine serpentinization is often studied in closed system setups, using powders as starting
materials (Marcaillou et al., 2011; Malvoisin et al.,, 2012a,b). The solid phases are then
characterized by SEM, X-ray diffraction Mossbauer spectroscopy, XANES or magnetic
monitoring, among other (Marcaillou et al., 2011; Malvoisin et al., 2012). One difficulty with
powder experiments is that the grain size distribution changes during progressive alteration.Thus
the specific rate of the chemical reactions requires integrating the evolution of the surface to
volume ratio over time, which is not straightforward. Another issue arises fromat¢héhat
crystalline olivineis not reactive within laboratory timescales at temperatures below 200 °C, and
that few data are available within the temperature range relevant for chondrites. Studies on glass
alteration performed at lower temperatures are generally conducted in semi-open systems (fresh
H>O continuously brought to the reaction cell at a slow rate) which consequently leads tera high
alteration rate, but do not adequately simulate chondritic environments (i.e. closed system and
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low fluid to rock ratio). Most studies use fluid analysis as the main analysisltt@lows to
determine the relative rates of dissolution of different elementsit lolates not contain much
information about the temporal evolution of the solid phase, which are rarely studied (Valle et al.,
2010). In chondrites, only the solids are available and their study is required to understand the
reaction mechanisms.

In order to investigate amorphous silicates alteration at low temperature, i.e. to precisely
study th& reaction mechanisms and kinetics, we designed a novel experimental protocol.
Specific requirements have to be met for the study of chondritic amorphous siliate
synthesizing amorphous iron-rich precursors of micrometer dimension, 2) running the
experiments in closed system, and 3) being able to characterize the solid products with nanometer
scale resolution. We used the pulsed laser deposition (PLD) techpigyathesize a starting
material of desired composition (Dohmen et al., 2082pne micron thick amorphous layer is
deposited from a plasma on a polished surface substrate. During the alteration process, successive
layers of altered materials form progressively from the surface dowerds the depth of the
film. The film can also be pre-annealed at high temperature prior the alteration experiment in
order to obtain a fine-grained, polycrystalline film, allowing for direct comparison of reaction
rates of amorphous and crystallized material of similar composition. The ideal, flat geometry
allows combining complementary analytical techniques to fully characterize the prattiues
nanometer scale. The surface to volume ratio is also easily deterril@edombined, in an
integrated manner, Rutherford back-scattering (RBS), nuclear reaction analysis (bié&R&gd
ion beam (M) coupled with transmission electron microscopVEl) and scanning-
transmission X-ray microscopy (STXM) in order to: study the reaction front advancement,
determine the composition and physical properties (density, porosity) of each layer, characterize
each layer boundaries, measuring the water content of different layers with tens of nanometer
resolution, spatially determine the redox state of iron to assess the role of redox reactions, and
establish a mass buddetdiscuss the transport processes within the materials.

In this paper, we describe our experimental setup, and discuss how to efficiently combine
and optimize the outcome of each analytical techniquethéh present examples of experiments
comparing initially crystalline and amorphous materials to illustrate how these information can
be successfully usetb constrain the mechanism and rates of reaction. Finally, this new
combination of experimental and analytical proto@®lused to discuss the conditions of
hydrothermalism of chondritic materials.

2. Experiments and characterization methods

2.1. Experimental setup

2.1.1. Sample preparatiofPulsed laser deposition and annealing

Pulsed laser deposition is a method which allows synthesizing various types of material of
controlled composition in their amorphous state. An Excimer laser is used to ablate a target of
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known composition, which results in a plasma (Fig. 1). The latter condenses on a substrate.
Different deposition rates can be achieved depending on the laser intensity (laser fluenge, energ
per surface area of the target), wavelength and the target composition, which are typically in the
range of 1 to 10 nm per minute for most silicates (Dohmen et al., 2002).

In the present study, we use a 193 nm wavelength laser (power around 300 mJ per pulse,
operating at 20 kV, 10 Hz). After passing through the optics, the beam is focused on a mm large
area with a power of ~ 40-50 mJ/pulse (Watson and Dohmen, 2010). We used a synthetic
polycrystalline target composed of fayalitic olivine (fayalite 50) and the plasma condenses under
high vacuum (~ 1® Pg on polished, 001 oriented 0.5 mm thick Fi€ubstrates (© Crystec),
which were cut to cylinders with diameter of approximately 5 mm, Ti& very low solubilit
and dissolution rates at the present experimental conditions and is thus considered to be inert. The
substrate is first heated to about 400 °C in order to degas and to clean its surface before
deposition. After cooling, 500 nm to 2 micrometer thick films were deposited in timescales of
hours.

In order to compare the reactivity of amorphous and crystalline olivine, we annealed an
amorphous film at 900 °C under controlled oxygen fugacity for several hours. The film
recrystallized into an ultra-fine grained polycrystalline aggregate with ~ 100 nm-sized crgstalli
domains (Dohmen et al.,, 2002). Details on the characterization of the starting material are
presented in section 3.

Pulsed beam of an Excimer Laser
wavelengths: 193 nm, 248 nm Rotating Target Holder

_> ’ Target: annealed oxide mixture

)

§
3

Plasma )
High-vaccum chamber

(~ 10° Pa)

Substrate (TiO,, ALO,)
+ condensate \ g

.. <+ SiO,-glass coating

Fig. 1. Scheme of the pulsed laser deposition setup. The laser hits a syntheti¢diyaldée 50
composition). Under high vacuum, a plasma is created and condenses on the substrate (TiO
this case). The effective deposition rate is around 500 nm/hour for this composition.
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2.1.2. Hydrothermal experiments

The films deposited on the substrates are positioned at the bottom of a gold capsule (6
mm inner diameter), whose extremity has been first sealed and pressed af 3%aid®e
flattered Twenty-five microliters of water are then introduced at the bottom of the capsule within
a glove box filled with N (Fig. 2). The water pH is buffered by adding KOH at pH 9, close to the
pH of chondritic fluids (Brearley et al., 2006; Zolotov et al., 2012). The capsule is then sealed
with an electric arc. The capsule containing the sample is weighted before and after teealing
check for potential water loss and leakage of the capsule during the expelingetiten placed
in a Teflon bomb filled with water. Using this setup, samples can be heated to temperatures
between 20 and 250 °C, at pressures between 1 and 35seE)Table 1 for deta)l The
presence of water inside and outside the capsule ensures a similar pressure in both reservoirs and
therefore prevents water leaks which would be driven by pressure gradients. An amorphous film
with a diameter of 5 mm and a thickness of 2 micrometers has a surface to volume ratio of
500 000 rit and a surface to fluid volume ratio of 950" iThe corresponding water to rock mass
ratiois therefore~ 150.

Sealed gold capsule

N
? H.O

2

Starting
Substrate | material
Fig. 2. Schematic drawing of the gold capsule containing the film deposited on the substrate at

the bottom. The capsule diameter is 6 mm. The film thickness is between 500 nm and 3 micron
depending on the experiments.

2.2. Characterization methods and measurement conditions

We combined a number of analytical techniques in order to obtain a full picture of the reacted
solids. Each of the techniques described below allows to access a different property: scanning
electron microscopy (SEM) images the surface of the film; Rutherford back scattering (RBS)
measures compositioml depth profile of the major elements; nuclear reaction analysis (NRA)
yields variations of the H concentration with depth; FIB/TEM constraints the composition and
mineralogy of the reacted and unreacted layers at the nanometer scale; and scanning transmission
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X-ray microscopy (STXM) is a synchrotron based spectromicroscopy method which allows
determining the valency state of iron at the nanometer scale.

2.2.1. Sanning electron microscopy (SEM)

To document the surface of the reacted films, we used a Zeiss LEO 1530 Gemini FESEM
equipped with an inlens detector, allowigganometer scale lateral resolution to be achieved.

2.2.2. Rutherford backscattering spectroscopy (RBS)

Rutherford backscattering spectroscopy (RBS) was carried out at the Dynamitron Tandem
Accelerator facility of the Ruhr-University of Bochum. It is a depth resolved mass spectrometry
technique of near surface layers. We used a single charged He beam (2 MeV with a beam
intensity of 2 nA) of alpha particles in combination with a silicon particle detector at a
backscattering angle of 160° and a solid angle of 1.9 msrad. The beam is collimated to a diameter
of 0.5 mm. The spectra were analyzed using the softiBd¢ (Kotai, 1994), which allows
determining the stoichiometry of the different layers and the substrate as weil dsitkeess or
densities (i.e., the density of a given layer can be determined if the thickness is known, and vice
versg. The stoichiometry and thickness of the layers are adjusted to fit the observed spectra.

2.2.3. Nuclear reaction analysis (NRA)

NRA was been carried out with theN beam of the Dynamitron Tandem of the
University of Bochum (Traeger et al., 2011), providing a beam intensities of up to 300 nA (triply-
charged™N beam corresponding to 100 nA particle current). The entire vacuum system is
operated by oil-free turbomolecular pumps and dry roughing pumps to minimize hydrocarbons in
the residual gas. We used a beam current of about 500 pA or less, with a beam collimator size of
0.5 mm, resulting in a beam spot of about 2.5 mm diameter on the sample. The pressure in the
chamber was 19Pa

Hydrogen is detected by a nuclear reaction with'theion beam, resulting in an alpha
particle and a gamma ray of 4.4 MeV, which is then detected. The reaction cross section has an
energetically narrow resonance (at the ion beam energy of 6.4 MeV) and the deydobger
comes from a narrow layer within the material. Depth profiles can be obtained by increasing the
beam energy above the resonance energy. Here, the ion beam loses energy by passing through the
sample before the resonance energy is reached (Landford, 1992). Depth resolution of a few
nanometers is achieved near the surface, and continuously decreases with depth to ~70 nm at 2
pm depth. Additional uncertainty arises if the sample surface is not perfectly flat. The method
yields the absolute hydrogen concentration relative to other atoms. The composition of the target
material, obtained from other methods, is used as input parameter in the SRIM software (Ziegler,
2004) in order to accurately compute the corresponding stopping power. This latter value allows
to convert the incoming energy value igtdepth information and the gamma ray translates into
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H content (a more detailed description of the method can be found in Landford (1992)). Given
that our studied materials are beam sensitive, we had to evaluate the damage rate under different
conditions and to establish a method to correct for this effect. To that end, we measured two
reference materials (serpentine and montmorillonite) and determine their beam damage rates; the
results are presented in the appendix.

2.2.4. Focused ion beam (FIB)

To perform TEM and STXM analysis, it is required to have samples, which are
transparent to electrons and X-rays. The focused ion beam technique allows preparing 100 nm
thin sections (20 x 5 um large) with preserved phase relationshggs&t a single beam device
(FEI FIB 200) operated at GFZ Potsdam. The FIB Ga ion milling was carried out at ammn be
voltage of 30 kV. Milling at low Ga-ion currents at the final stages minimizes common artifacts
like local gallium implantation, mixing of components, creation of vacancies or interstitials,
creation of amorphous layers, local compositional changes or redeposition of the sputtered
material on the sample surface (Rubanov and Munroe, 2004; Obst et al., 2005; Langford, 2006;
Drobne et al., 2007; Mayer et al., 2007). Thin sections were lifted out ex situ with a
micromanipulator and transferred to a TEM grid.

2.2.5. Transmission electron microscopy (TEM)

Transmission electron microscopy and STXM spectroscopic observations is a powerful
combination of techniques as the same FIB section can be used for both, and the deducted
information spatially correlated (Bernard et al., 2010, 2012; Bourdelle et al., 2013; De Gregorio
et al., 2013Le Guillou et al., 2013, 20)4The TEM study was carried out at the University of
Minster using a 200 kV Zeiss Libra®200FE with Koéhler illumination, equipped with a Noran
System Six EDS system and an in-column energy filter. Measurements were performed using
STEM/EDS on the Libra by rastering over the regions of interest (<100 nm x 100 nm). Further
high resolution and energy dispersive spectroscopy (EDS) investigations have been performed on
a Jeol 3010 (300 kV acceleration voltage, a&Bctron source) equipped with an Oxford Isis
EDX system. Quantification of the EDS data was conducted using thel@liffher thin film
approximation with experimentally determined k-factors for major elements (Mg, F&)and

2.2.6. Scanning transmission X-ray microscopy (STXM)

Scanning Transmission X-ray Microscopy (STXM) is a transmission spectromicroscopy
technique using a synchrotron radiatigtilcoyne et al., 2003)lt allows imaging at the 25-nm
sale with speciation sensitivity and spectroscopic measurements - i.e. recording X-ray
absorption near edge structure (XANES) spectra. For imaging, the X-ray beam is focused on the
sample, and a 2-D image is collected by scanning the sample at fixed photon energyageéhe im
contrast results from differential absorption of X-rays, which depends on the speciation of the
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element of interest (iron valency at the Ferledge). XANES spectra can be obtained by
collecting stacks of images at increasing energy. The spectral resolution was 0.13%hevkiy
energy ranges, i.e. between 705 and 712 eV and between 718 and 725 eV.

Measurements were done using the STXM located on beamline 10ID-1 at the Canadian
Light Source (CLS, SM beamline - Kaznatcheev et al., 2007). Beamline 10ID-1 (SéS)yoft
X-rays (130-2500 eV) generated with an elliptically polarized undulator (EPU) inserted in the 2.9
GeV synchrotron storage ring (250-100 mA). The microscope chamber was evacuated to 13.3 Pa
after sample insertion and baftked with He. Dwell time was one millisecond per pixel. The
absorption images of the stack were aligned using the automated image alignment routine of the
aXis2000 software (ver2.1n - available|ltmuo://unicorn.mcmaster.ca/aXisZOOO.ritm,lhich was
also used to extract XANES spectra from image stack measurements. Quantification of the
Fe*/> Fe ratio was performed using calibrations established on standards of known compositions
(Bourdelle et al., 2013; Le Guillou et al., 2015

3. Combining analyses: analytical sequence for characterization of

multi-layers systems at the nanoscale

To obtain a complete characterization of the reacted solids, we developed a sequence of
analysis to optimally combine SEM, FIB/TEM, RBS, NRA and STXM. Individually, each of
these methods is well established in material sciences and geosciences. However, to the best of
the authors knowledge, they have never been combined in such an integrated nidmer
novelty of our approach is to use the information brought by each individual technique to fully
exploit the information obtained by the others and create an internal, iterative feedback. The
analytical sequence is also designed to minimize sample damage. After the alteration reaction, the
samples typically consist of a succession of distinct layers whose physical psogrerteeeded
to understand the alteration mechanisms. In the following, we present the characterization
sequence using the example of the starting material prior to the alteration experiment (Table 1
Fig. 3, 4), i.e. the film deposited froafayalite 50 olivine target:

1) Imaging thefilm surface by SEM provides the morphology of the film surface, andallow
assessing théine scale structures in weakly reacted samples, as well as the lateral
heterogeneities. The starting material shows a planar surface at the sub-micrometer scale,
free of defects and irregularities (see Fig. 4c in Dohmen et al., 2002).

2) Extracting thin foils using the FIB technique (Fig. 3a). This must be done before NRA to
avoid irreversibly damage of the sample (see appgndix

3) Performing STXM analyses of the thin foils (30 nm pixel size). STXM allows quantitative
mapping of theron redox state. The starting thin film consists of a pure’Fsilicate
(Fig. 3b). Knowledge of the EdY Fe ratio is required tbalance the stoichiometry of
the reacted silicates, which in turn is needed to interpret the RBS and NRA raw data. It
also offers the possibility to investigate the ongoing oxidation reaction. Note that this

9
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must be done before TEM, which potentially damages the sdoygi¢her amorphization

or Fe reduction under vacuum.

4) Performing TEM analyses (nanometer resolution) to obtain several key information:

a. Layer thicknesses (required for RBS and NRA treatment) aetures.

b. Layer composition and compositional zoning using EDS mapping or energy
filtered imaging. Most major elements can be measured with 2% precision, and
oxygen can be estimated at 10-15 % precision (Le Guillou and Brearley, 2014)

c. Crystallography (amorphous vs. crystalline, phase determination,.gtc

5) Performing RBS measurements to determine compositional depth profiles of major
elements:

a. The elementary analysis and the*'Hed”* ratio obtained by TEM and STXM
provide a first estimation of the layer composition, which can be used as a initial
input to fit the measured RBS spectra. The latter ultimately proadaterally
aver aged elementary composition of each layer.

b. Using the layer thickness obtained by TEM, tensity of each layer can be
deduced

At this stage (i.e., before NRA), the best fit obtained from the RBS spectra yields an extracted
composition of F&11Mgo.sSiOs (Fig. 3c). The composition is homogeneous at depth. The film
has a density of 3.9 gcm®, which is the same as that of olivine of the same composition.

6) Peaforming NRA measurements (beam width: 1 mm; depth resolution: ~ 20-100 nm). The
samples are large enough to analyze a region not previously damaged by theaRBS be
Several steps are needed to treat the NRA data:

a. Establish the H loss behavior by performing several measurements at a given
energy (~ depth) using the lowest beam current possible (~ 400 pA) andHit the
loss vs. deposited charge logarithmic function @geendix). We performad this
measurement at two different energies to account for the multi-layer nature of the
reacted products. Correction for H loss can then be applied.

b. Determine the stopping power of each layer using SRIM based on the element
composition and density (obtained from TEM-RBS) in order to:

i. Convert the nuclear reaction yield (gamma rays) into H content
ii. Establish the energy-depth relationshg obtain adepth-resolved H
profile.

For the present example of this starting material, no Hydrogen loss is observed with
increasing charge, indicating thatis strongly bonded to the silicate structure, probably as
hydroxyl groups. Using the composition deduced from RBS, we calculate a stopping power of
254 x 10™ eV-at*.cn?, which is used to convert the H yield into the observed H content and to
establish the depth vs. energy calibration. Hydrogen is present at abeOt iadi % and the
concentration slightly decreases with depth (Fig. 3tle presence of hydrogen is probably due
to absorption (or reaction) of atmospheric water on unsaturated bonds leftover after condensation.

10
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7) Re-processing the RBS fitting using the determined H concentration (and con$equent
adjusted stoichiometry) of each layer (step 5)

8) Refining the stopping power and depth calibration required for NRA analysis (step 6b)
based on the adjusted RBS data. The final composition obtained for the starting material
after the described iteration is#eMgo.sSiOs2 Hoa.

9) Calculating theconcentration of dissolved cations. Knowing the composition, density
and thickness of each layer, the firfdllk” solid composition can be determined. By
comparison between the initial homogenous film composition and normalization to one
element (e.g., Fe), the fluidlemental ratios (Si/Fe; Mg/Fe) can be deduced as well

assuming a closed system and no precipitation of other phases within the Au cell.
L
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Fig. 3 a) SEM image of a FIB section cut from an amorphous silicate film rightdsdfmsition;

b) XANES spectrum at the Fe-b edge obtained by STXM on the same FIB section. The tiny
absorption band centered around 710 eV is not due to the presencé uf fés case, but to
electronic transitions related to phase specific coordinationf(¥@n Aken et al., 2002). Our
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empirical calibration shows that the present spectrum is exactly the same asahailigine

and corresponds to pure ferrous iron (Bourdelle et al.,, 2013; Le Guillou et al., 2015). The
presence of a peak around 710 eV is also present in spectra of olivine standards and is not due to
the presence of Be In contrast, altered layers have significant'Feeaks, as described below;

¢) RBS spectra (black points) and simulated spectrum (red) of a 400 nm tleickialensity 3.9

g.cm? and composition RaMgosSiOs.13Ho.5, d) NRA hydrogen depth profile of the film, showing

that hydrogen is present within the film (the actual value decreases from 2.7, @dtdg

errors bars are smaller than the dots for the in-depth analysis). We chose to predata ds

H,O content but we presently do not know the actual speciation of hydrogen in the starting

el
N R O

material.

1.STXM

Scanning transmission
X-ray microscopy

2.FIB-TEM

Focused lon beam
Transmission Electron Mic.

Iron valency of each layer

Layer composition
Layers thicknesses
Potential zonation

Nanoscale

3.RBS Adjust stoichiometry * Composition
Ruthe.rfordBack (Fe2+/Fe3+, Mg, Si+0+ H) s denSity
Scattering i
¥ |
.
v Water loss law (Log) H at. % mm scale
4.NRA Stopping power by layer
Nuclear Resonance ) . VS. depth
Analysis Energy vs. depth calibration ——

MASS BUDGET AND FLUID COMPOSITION

13
14

15
16
17
18

Fig. 4 Sequence of analytical methods used to characterize the reélobesy and

physical/chemical parameters which can be deduced from each of them. Interpretatiens of

RBS and NRA data are inter-dependent of each other and require to be processddis®s
to obtain consistent results.
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Tem Reacted Density Mean H,0 X | o ,
Samples (°C;). Duration thickness (g.cm"‘) Mg/Fe (wt.%) fners ff.er uter- “?:f.er
(i) (FeLMg-l) (at)  (FeLMg-L) composition composition
Am-Fa55 n.a. n.a. n.a. 3.9 0.82 2 Fe | M 26Si04,Hg 4
Am-Fa55 90 2 weeks 680 3/1.7 0.5 5/9  Fe'' sFe' i MgasSiOyesHos  Fe'ysFe’ o sMgSiOsH, ¢
Am-Fa55 190 2 hours 370 2.7/1.7 0.22 13/18 Fe' goFe’ 048i0s3Hs,  Fe'pasFe’ )2sM g sSi0, 7sHy
Cryst-Fa55| 190 2 hours 50 n.a. 0.16 11.3 n.a. n.a.

Table T Summary of the main parameters characterizing the starting material and the reacted
products.

Estmation of the uncertainties for each analytical method depends on the individual
samples and the number of layers formed. As observed by SEM, there are some lateral
heterogeneitieat the surface of the sample. This, in turn, implies that composition and thickness
of the individual layers determined on micrometer sized FIB sections are not always in exact
agreement with the RBS data, which yield a laterally averaged value at the millimeter scale. RBS
and NRA have excellent depth resolution (~10 nm) near the surface of the films, but resolution
continuously decreases with increasing depth, due to scattering effects (straggling). lon
implantation modelling indicates that the uncertainty in depth resolution increases 4dp ton
at 2 um depth. In addition, the surfaces of the samples have heterogeneous thicknesses because of
the heterogeneous growth of secondary silicates, and therefore the RBS peaks are not as sharp as
in an ideal case. As a result, the composition accuracy and the depth resolution are degraded.
Since these data are used to determine the stopping power itself, which is required to oHtain the
concentration depth profile from NRA,istuncertainty is propagated. Depending on the samples,
these heterogeneities and related uncertainties are variable. However, combining all different
techniques providing constraints on similar parameters and re-iterating using the internal
feedback, ultimately leads to a consistent determination of the layers characteristics. Resulting
uncertainties for the layer composition are estimated as follows: less than 3% on F&'/&ell Fe
ratio; less than 10% on Mg arfsi; less than 15% for O and;20 nm precision on depth and
layer thickness determination at the surface and 100 nm at greater depth; up to 30 &6 mnecisi
the density determination for the very porddg-rich layers and down to 10% for the more
compact, homogeneous layers.

4. Results: alterationf amorphous and crystalline thin film

4.1. Amorphous thin film alteration &0 °C

After two weeks at 90 °C, the surface of the film is heterogeneously altered and SEM
reveals morphologically different regions: i) flat regions, likely corresponding to less altered
areas, ii) circular areas, covering most of the film, display nm-thick flakes whiemIipés
phyllosilicates(Fig. 5a, b); iii) on top of the flakes, micrometer large patches are present. In depth,
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the dark-field STEM image (Z number contrast) of the FIB section shows four different layers
They are all amorphous according to electron diffraction. Despite the fact that TEM can
sometimes amorphize phyllosilicates, it occurs only after some exposition time if the beam is
focused on a small region. In this case, diffraction was performed under low fluence rate and no
crystalline phases were observed. The characteristic of the different layers formed are described
below (Fig.5c¢, d):

The lower part consists of unreacted material,

The inner layer, at the reaction front, shasesharp boundary with the unreacted
silicate, and consists of a 150 nm thick, hydrated and oxidized silicate. Its
composition, close to that of serpentineF&*,sFe0.eMgo.2:SiOs.08Ho s and it has a
density of ~ 3.5 g.ci The textureis homogeneous and compact, and no apparent
porosity is visible,

Above, a 200 nm thick layer with a roughly similar composition is found
(FE* 0.5k, Mgo3SiOsoH1). It has, however, a slightly higher H content and also a
lower density (~ 2.5 g.ch).

The outer layer consists of a Mg-rich silicatee{,sFe* ,sMgSiOsH1e), with a
fibrous texturecorresponding to the “flakes” observed by SEM. The thickness of this

layer is variable. A mean value of 300 nm for a density of 1.8 fits well the RBS data.
A 30 nm thick layer of averaged compositibigo sSiO,s 4Hs 2 is required to fit the
RBS data, but is not visible in the FIB section. It corresponds to the patches observed
by SEM (Fig. 5a, b). Its stoichiometry is close to that of saponite containing
molecular water.

NRA suggests that the altered layers are all hydi@4® mol% HO), with a decreasing
water content with increasing depth. The STXM composite image obtained from the XANES
spectra displays the iron valency in each layer (Fig. 5 e, f). The unreacted layer i00te
inner Fe-rich layer is the most oxidized offe’{/>Fe = 54 + 3%) and the outer, lower density
layer might be slightly less oxidizeBé*/> Fe= 50 + 3%.

The relative bulk composition of the altered film changes slightly compared to the starting
material, with the addition of water (6 wt)%nd the loss of Mg, which have likely been
dissolved in the fluid. We calculate an averaged Mg/Fe value for the altered solid of 0.5 taking
into account the composition, thickness and density of each layer.
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Fig. 5. a, b) SEM images of the surface of the film reacted two weeks &COW is
heterogeneous with regions showing less alteration, regions with 100 nm thick flakes and
sometimes patches or pellicle of compositiy sSiO, 4H3 2; €) dark-Field STEM image of a FIB
section extracted from an altered region. The Fe content and density decoeatgfbottom
(unreacted material) to the top. The scale is adjusted to that of;theoHtent depth profile
selected area electron diffraction of the Mg-rich layer, showing its amorphous naturg) d) H
depth profile obtained by NRA showing the increasing hydration degree of the film from the
bottom to the outer part; e) RGB map of the same FIB section obtained by STXM and
corresponding to the spectra presented in f), normalized XANES spectra of the ferrous unreacted
starting material and the oxidized outer layers.

4.2. Comparing amorphous and crystalline silicate reactivity at’C90

Olivine serpentinization has been studied at temperature above 200 °C (Martin and Fyfe,
1970; Wegner and Ernst, 1983; Marcaillou et al., 2011; Malvoisin et al., 2012a, b; Malvoisin and
Brunet, 2014), but the behavior of amorphous silicate of similar composition remains mostly
undescribed. With our experimental setup, we can directly compare the alteration behavior and
their rates of crystalline and amorphous silicates with the same stoichiometry. To that end, we
annealed an amorphous film in an atmosphere controlled furnace at 900 °C toa form
polycrystalline aggregate. We then altered this film as well as an amorphous one, at 190 °C for 2
hours, in initially deionized water which was initially set to pH ~ 9 (Table 1).

Major differences are observed (Figs. 6, BEM imaging shows that different
micrometer sized regions of the crystalline film haaedifferent alteration texture, with
heterogeneous dissolution features (Fig. 6b). In contrast, the amorphous film has a homogeneous
surface at the micrometer scale with typical roughness of 100 nm (Fig. 6d,e,f). The crystallized
film is almost not altered (reacted thicknesS50 nm), whereas about 400 nm of the amorphous
film are transformed but the products have different densities, and reacted mass are not directly
comparable (Fig. )7 The resulting alteration texture of the different starting materials is also
different. The surface of the crystalline film shows a thin layer (50 nm) of amorphous hydrated
silicon oxide. The latter is intermixed with an amorphous material with a cation ratio similar to
saponite (Fig. B In contrast, the amorphous film has been transformed into two distinct
amorphous and hydrated layers. The outer layer shows some porosity and has a fibrous texture. It
can be subdivided into two regions. The top region consists of a Mgrach silicate
(MQ0.8SiO4.9H4 2), which evolves towards a more iron-rich composition
(FE*03F€™03Mgo 5Si0s Ha.0). For this particular sample, we did not measure tH&F&" ratio,
and the compositions are calculated assuming that each layer has roughly the same inpn valenc
as observed in other samples altered at different temperatures or duration, e.g. around 50% for the
Mg-rich layer and around 70% for the Fe-rich layer. The inner layer is texturally compact and
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homogeneous. It consists of Barich silicate with a stoichiometry (including H content: ~ 15
mol% H,0) close to that of serpentinde";4Fe’*(4SiOsaHs1). The boundary between the
different regions is sharp (< 20 nm). The ollgr-layer contains additional water, indicating that
molecular water is also present. The bulk composition of the reacted amorphous film, when both
layers are averaged, is depleted in Mg relative to Fe, indicating that some Mg has been lost to the
fluid (Mg/Fe decreased from from 0.86 to 0.22 after alteration).
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Fig. 6: SEM images of the crystalline film (a, b, ¢c) andhef amorphous film (d, e, f), after
reaction at 190 °C for 2 hours. The crystalline flm shows heterogeneous alteratiom at th
micrometer scale whereas the amorphous film reacts in a more homogeneous manner.
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Fig. 7: bright field TEM images of the crystalline (left) and amorphous films (rigfiér
reaction at 190 °C for 2 hours. The scale is given by the water content depth profild)(centra
The layers composition deduced from TEM, RBS and NRA show the chemical fractionahen of
amorphous film. The thickness of the reacted hydrated material is much lower forstadiioey

film than for the amorphous one. The altered amorphous film consists of two amorphous layers
with different textures and compositions. A thin layer of the starting material can stédkebeat

the contact with the substrate.

5. Discussion: Alteration process in amorphous silicate of olivine
composition

5.1. Reaction mechanisms of the amorphous condensate

The debate on the mechanisms of crystalline silicate dissolution has been mainly focused
around two different scenarios (Berger et al., 1987; Hellmann et al., 2012; Daval et al., 2013;
Ruiz-Agudo et al., 2014). One hypothesis is that the initial rate of the alteration is controlled by
solid-state volume interdiffusion of protons and soluble cations, coupled with hydrolysis. This
process has beetunlled the “leached layer” mechanism and is associated with incongruent
dissolution (Banfield et al., 1995; Crovisier et al., 2003; Gin et al., 2015). Alternativelgs
suggestd that the overall rate is controlled by dissolution-precipitation at the interface between
the primary material and, initially, the flui@®’Neil and Taylor, 1967; Hellmann et al., 2003;

2012). Early on, a thin layer of water would become saturated with respect to secondary phases
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(possibly metastableyhereas the “bulk” fluid remains undersaturated, due to slow transport of
cations in the fluid phase. This phenomena would prevent homogenization of the fluid at the bulk
scale, and thus induce a local oversaturation and nucleation of secondary phases (Ruiz-Agudo et.
al, 2014 and reference therein). In this case, congruent dissolution is assumed. Precipitation
would maintain the concentration of dissolved species at the interface between the primary and
the secondary phase at a level that is sufficiently low to allow further dissolution, and this front
would consequently migrate inward the starting material. In some cases, an amorphous Si-rich
phase forms at the interface with the fluid, and thus, the solubility product and general properties
of this amorphous layer also controls the overall dissolution rate (Daval et al., 2009, T204.3).
mechanism has been call€thterface-coupled dissolution-precipitatiofO’Neil and Taylor,
1967; Hellmann et al., 2003; 2012, 2015; Putnis et al., 2009; Ruiz-Agudo et. al, 2014).

Mechanisms of glass alteration have also been studied (Berger et al., 1987; Techer et al.,
2001; Crovisier et al., 2003; Frugier et al., 2008; Valle et al., 2Ba@ruzot et al., 2015). Our
condensed amorphous silicate behave in many ways in a similar manner as borosilicates glasses
(used for nuclear waste confinementpsbasaltic glass. In the latter cases, an inner hydrated gel
layer forms at the interface with the pristine material and is depleted in the most soluble elements
which was first interpreted as being due to diffusion controlled processes, similar to the leached
layer model. However, Valle et al. (2010) noted that depending on the considered elements,
diffusion profiles are not systematically observed and hence hydrolysis-condensation reactions
well as interface coupled dissolution-precipitation need to be invoked as well. However, as noted
by Hellmann et al. (2004), analysis by large beam techniques (RBS, NRA, SIMS) have
sometimes led to artificial “diffusion profiles” which were due to analytical artefacts, and TEM
only (or atom probe, Hellmann et al., 2015) has the resolution to assess the existeribe
absence - of a diffusion profile, a key to decipher between the different alteration niodels.
addition, in (partially) closed systems, precipitation of phyllosilicates on topifrther gel
layer has also been documented and its role in the element transfer processes rkestil ta
account (Crovisier et al., 2003; Valle et al., 2010). Porosity has then become an important
parameter to understand the reactive mass transfer of water and cations through the inner layer
and the precipitated phases (Cailleteau et al., 2008; Valle et al;, 2élldann et al., 2012; Gin
et al., 2013a,b; Daval et al., 2013

At 190 °C and 90 °C, our condensed amorphous films exhibit a globally similar behavior.
Indeed, the nature of each layer (compact and amorphous Fe-rich; fibrous and amorphous Mg-
rich and thin Mg-Si rich crust) and the sharp boundaries between them indicate that the operating
mechanisms dgsnot change significantly within this temperature range. However, reaction rates
are substantially different and the observed compositions of the resulting layers also vary with
temperature (table 1; Fig. 8). A very unique feature compared to glass alteration studies is the
presence of a sequence of four layers with different composition and oxidation state of Fe. At the
reaction front, a Fe-rich amorphous, oxidized and hydrated layer forms. Its Mg/Fe ratasdscre
with temperature (and/or possibly run duration), from initially 0.82 to 0.5 (90 °C, 2 weeks) and
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0.22 (190 °C, 2 hours)t tends towards Fe-serpentine end-member. An ddtgrich layer
develops at the surface with a texture resembling phyllosilicate flakes (Fig. 5, 6 and 7). At 190
°C, we observe a 80 nm thick M§j-OH crust of saponite composition, an intermediate fibrous
Mg-rich layer of intermediate stoichiometry and a front Fe-rich layer of serpentine stoiclyiometr
At 90 °C, the stoichiometry of both thelg-rich and the Fe-rich layer is close to that of
serpentine. Only the upper 30 nm thin layer is a pure Mg phase with a stoichiomeippoites
However, in contrast to the 190 °C experiment, the H content is lower than in theoretical
serpentine, showing that the transformation remains partial. The iron vakeity Fe ~55% at

90 °C, 2 weeks), determined in this kind of materials for the first time, indicates that the
hydrolysis reaction is coupled to the oxidation of ferrous iron into ferric iron. Formation of the
inner Felayer involves oxidation of ferrous iron to ferric irdollowing reaction such as Fe-
silicate + water> [Fe**/Fe*']-phyllosilicate + magnetite + H Magnetite does not always form,
depending on the conditions, and if we establish the global equation of the reaction as well as the
Fe**/> Fe ratio of each layenve can quantify the amount of.Hproduced during alteration and
determine the related partitioning of *Féetween magnetite and phyllosilicates. At this scale,
only STXM allows to quantify the B&content of each individual layer (Bourdelle et al., 2013;

Le Guillou et al., 2015). Obtaining these information is crucial to understand the processes of
oceanic floor serpentinization and hydrogen generation capabilities (Evans, 2008; Klein et al.
2009; Marcaillou et al., 2011; Malvoisin et al., 2012a, b) as well as for asteroids, for which H
asteroid degassing is involved (Alexander et al., 2010; Le Guillou et al., 2015).

Si

a8

Starting material

O Am Fa55 -90°C, 2 weeks

O Am FaS5 - 190°C, 2 hours
Cryst Fa55 - 190°C, 2 hours

Surface (crust)

Saponite

Front-layer

----------------------------
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Fig. 8: FeMg-Si ternary diagram (at.%) showing the composition of the layers at
different temperature and comparing their stoichiometry to serpentine, saponite and cronstedtite.
The fibrous outer layers are usually more Mg and Si rich, whereas the innerdatmeontact
with the pristine material are Fe-rich and contain a little less Si.

Combining the various analyses, we can determine the composition, density and volume
fraction of each layer and therefore estimate the average composition of the alterédcain.

Ratios are normalized to iron which is theoretically the less soluble element under these
conditions, in particular as it is mainly present at ferric iron. At 90 °C, the Mg/Fe ratio of the
altered solid has dropped to 0.5 compared to 0.82 initially (table 1). The Si/Fe, on the other hand
remains constant within uncertainties. At 190 °C, the Mg/Fe has dropped to 0.2 and the Si/Fe also
remains constant. In both cases, Mg seems to be much more soluble than Si and Fe.
Thermodynamic calculations performed at 400 °C on harzburgite and dunite compositions at
various water:rock ratios suggest that Mg is generally more soluble than Si and Fe (McCollom
and Bach, 2009; Klein et al., 2009). The Mg depletion of the solid can therefore be explained by
preferential dissolution at equilibrium.

Another important observation is that the Mg-rich outer layer is always amorphous (Fig.
6¢c). Valle et al., (2010), and Rajmohan et al., (2010) also observed the presence of flakes but had
considered them crystalline based on their morphology. Our results emphasize that diffraction is
mandatory to confirm the crystallinity of such phases. From a mechanistic point of view, it also
implies that precipitation occurs without nucleation of crystalline phdses material may be
similar to the proto-serpentine described in direct precipitation experiments at 90 °C (Lafay et al.,
2013). Further transformation of the silicate will have to occur at higher temperature or longer
reaction duration to obtain crystalline phases. Similar behaviors are observed with carbonates, for
which a hydrated amorphous phase is now recognized as the initial structure formed before
crystallite nucleation (Politi et al., 2004). Solubility, porosity and dissolution rate of this
amorphous Mg-silicate will be affected by its transient nature. Those physical parameters must
therefore be carefully considered when modeling the overall reactivity.

In our experiments, the reaction interface between the prisitine silicate and the inner laye
are sharp, and no diffusion profiles were observed. If present, they would have to be shorter than
our analytical resolution which is a few nanometers for TEM-EDS on a FIB section, and tens of
nanometers for the NRA hydrogen profiles. Hellmann et al. (2012) modeled hydrogen solid-state
diffusion at 90 °C within amorphous Si-gel layers and suggested that it is too slow to be the rate
controlling mechanism. In our case overall transformation rate of the film is likely controlled by
interface coupled dissolution-precipitation at the interface between the pristine silicate and the
Ferich gel (Hellmann et al., 2012; Ruiz-Agudo et al., 2014; Geisler et al., 2015), opy H
transport through the gel and the Mg-rich phase. In either case, magnesium, which is more
soluble than other elements, is transported from the pristine silicate to theMgayer.
Diffusion in a fluid, present in a speculative nanoporosity (not yet observed) have been invoked
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as transport mechanism (Berger et al., 1987; Hellmann et al.,, 2012). TEM do not reveal any
porosity in our samples, which implies that it must be much smaller than the thickness of the FIB
section (100 nm). A density of 2.5 3ag.cni® is found for the gel layer of the 90 °C experiment.
This is roughly similar to the density of serpentine of equivalent composition and it indicates that
the porosity cannot be of significant importance for this case. To summarize, we can distinguish
two propagation fronts) water penetration coupled with Mg-loss and oxidation of iron, at the
expense of the pristine film, and ii) growth, probably by precipitation from the fluid, of the
amorphous Mg-rich phyllosilicates. This mechanism involves the transport of magnesium, from
the amorphous silicate through the Fe-rich gel. To thoroughly identify the mechanisms and their
rates, a detailed study encompassing temperature effects, time series and kinetic modeling will be
presented in a future paper.

5.2 Comparing reaction rates of amorphous sili¢daterystalline olivine and

silicate glasses alteration

To the best of our knowledge, the lowest temperature at which olivine serpentinization
experiments have been performed is 200 °C. The main reason for that is that the readtion rate
too slow at lower temperaturés produce observable results within laboratory timescales, when
using bulk analytical techniques (Seyfried et al., 2007; Malvoisin et al.,, 2012b). Some
experiments using dissolved elements as starting materials can lead to the formation of serpentine
(Lafay et al., 2013) at logr temperatures, but they cannot, however, be used for the purpose of
kinetics studies since they do not involve the replacement of a solid as starting material
However, there is clearly a nead experimentally determine rates below 200 °C, because
alteration can occur at much lower temperatures in some oceanic hydrothermal fields. In
chondrites, alteration temperatures are even below 100 °C. Our setup allows determining the very
early stages of the reacted material formed from a polycrystalline film (fayalite 55 atarpos
at 190 °C. Within two hours, a 50 nm layer has been formed, as a result of a dissolution-
precipitation process leading to an amorphous, hydieeddg-Si-O-H bearing layer. Given the
very short run duration of only 2 hours, we anticipate this result of the first experiment as very
promising. In the future, longer experiments at lower temperatures will allow us to investigate the
rates of crystalline olivine alteration which could then be applied to low temperature natural
systems.

Our approach allows to study the role of the degree of crystallinity by comparing the
reaction rates of two materials of similar composition and den3ihe integrated front
propagation rate, deduced from the two hours experiment (the instantaneous rate changes with
time) is an order of magnitude faster for the amorphous silicate than the crystalline one (25
nm/hour compared to 200 nm/hour). Several possibilities could account for this higher rate: i) the
presence of a few at.% of hydrogen in the initial amorphous silicate, ii) its metastable nature
which implies a higher free energy of formation, which in turn could lead to a higher hydrolysis
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rate, or (iii) additional reaction pathways due to a different initial polymerization degree. For
instance. Daval et al. (2013) demonstrated that the dissolution rate of diopside depends on the
crystallographic planes. They tentatively interpreted this as the consequence of different local
atom densities and coordination, a parameter related to the local polymerization degree of silicon.
Our experiments using amorphous silicates of olivine composition can also be compared
to previous ones involving glasses (at 90 °C), in order to investigate the role of the composition
and that of the synthesis method (condensation vs. quenching). However, several important
differences between the experimental setups influence the reaction rates and prevent an accurate
comparison. First of all, rates of alteration vary with time, as the reaction progresses. In general,
the initial rates are much faster because the process is controlled by dissolution only, before the
fluid becomes saturated (at least locally) and gel layers start to form (Frugier et al., 2008; Valle et
al., 2010). At some later point in time, i.e., as the gel layer becomes less porous and the fluid is
saturated, long term rates that are orders of magnitude smaller are found. Most experiments on
glass alteration have been performed in an open system to simulate geological conditions.
Therefore, the fluid composition is not only controlled by the reaction progress but also by the
fluid renewal rate. Secohd different precursor materials involve different surface to volume
ratios and without a complete chemical modelling, which is beyond the scope of the present
work, it makes the direct comparisons rather difficult. Lastly, most studies used the fluid
concentration as proxy of the extent of alteration to constrain an equivalent dissolution rate,
whereas in our case, it is the thickness and composition of the reacted solid, which is
investigated. With those limitations in mind, we can tentatively compare our results with the
work of Valle et al. (2010) performed on borosilicate glasses at 90 °C, 2 weeks. Under the same
conditions, 400 nm of our amorphous film are alteréedel + Mg-rich flakes). Overall, the
integrated reaction rate after two weeks is comparable (but slightly higher), e.g. about 600 nm of
altered materials are present. This second order difference could be due to the fadhéat in
experiment the fluid is continuously renewed, which maintains a higher chemical gradient and
enhances dissolution rates. Textural and compositional differences are also obsentedh®ue
difference in the initial composition of the glass, elements behave in a different manner. For
instance, they find a Fe-enriched phyllosilicate layer and a Fe-depleted gel wheyeasase,
the opposite is observed. A better comparison of the respective reaction rate would require more
experiments and a thorough, parameter by parameter investigation, which is beyond the scope of
this study. The main point here is that similar first order rates are observed for quenched glasses
and condensed amorphous material.

6. Implications

6.1 Experimental and analytical advantages of our method

The purpose of this work is to illustrate the advantagesnefw experimental setup and
analytical approach, as well as their complementarity with existing methods, for the study of
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alteration reactions at low temperaturésds always been difficult to obtain a complete picture

of the textural and chemical evolution of the solids during alteration, although this knowledge is
crucial to characterize the mechanisms and kinetic laws. Studies on glasses for nuclear waste
confinement have principally focused on the fluid composition to discuss the evolutioa of th
solid phases (Crovisier et al., 2003; Frugier et al., 2008, 2009). However, in this study we show
that altered solid may consist of several layers with evolving composition, H content and density
and characterizing this multi-layer system cannot be done from the fluid analysis alone. Taking
advantage of the well-defined planar geometry of the deposited thin film and the combined
analytical techniques, wean determine most characteristics of the altered solid phase: the
propagation rate of the reaction fronts, the layer thickness, composition and texture, the nature of
the interface between the layers, the chemical zoning, the iron redox state in eaatt thffere

the water content, the porosity and the density. By mass balance, the composition of the fluid can
also be estimated. Altogether, the full description of the characteristics of the material allows
mechanisms, such as chemical reaction rate (hydrolysis or oxidation for instance), evolution of
the porosity and element transports by diffusion or advection to be investigated. In particular,
because of the importance of the gel layer in transport processes, determining its hydration degree
is crucial. Thanks to the initigl defect-free film and of the planar geometry, the surface to
volume ratio is easily constrained. The reaction front between the pristine material and the Fe-
rich gel layer is always flat and sharp, and the specific reaction rate can theretbrechg
investigated. This is more difficult with other setups using powders as starting materials. Indeed,
as the reaction progresses, grains become smaller, and cracks can develop along grain
boundaries, continuously modifying the S/V ratio.

Serpentinization experiments involving the replacement of olivine are usually performed
at temperatures above 250 °C, in order to reach sufficient reaction advancement to be able to
characterize the products. However, in natural environments, alteration often occurs at lower
temperature (in some oceanic hydrothermal fields for instance, buhasteroids; Klein et al.,

2009; Brearley, 2006), and since the mechanisms may differ, it is required to determine their
specific kinetic laws. Our protocol allows investigating alteration at very low temperature, i.e.
very low reaction rates, for which only nanometer-sized regions react.

Finally, the versatility of the PLD method allows synthesizing amorphous material of
various compositions (and crystallinity), which is not always possible to do by quenching,
especially with iron rich melts. Films can also be doped with trace elements of various solubility
or compatibility for instance, which can be useful to investigate specific alteration reactions.
Combined with the integrated analytical approach, the method is broadly applicable for terrestrial
and cosmochemical studies.
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6.2 Application to serpentinization reactions in cosmochemistry

Amorphous silicates are ubiquitous in pristine chondrites (Brearley et al., 1993; Greshake
et al., 1997; Abreu and Brearley, 2010; Hewins et al., 2013; Floss et al.; P8 uillou and
Brearley 2014; Le Guillou et al., 2014; Le Guillou et al., 2015). These silicates are among the
oldest materials in the solar system and have been exposed to hydrothermal alteration at low
temperatures in the asteroids from which the chondrites originate. However, understanding their
origin and reactivity has so far remained difficult because of the lack of appropriate experimental
data. The conditions during alteratiohchondrites differ from classical terrestrial environments
such as continental surfaces or metamorphic rocks. The precursor is initially amorphous and the
reaction likely occurs in a closed system (Brearley, 2006), at low water to rock ratio.thsing
pulsed laser deposition technique, we can synthesize the starting material likely present at the
time of the accretion of the asteroids (Nuth et al., 2005), which was later altered to different
degrees. Our experiments reproduce two important aspects of this material: i) an amorphous Fe-
rich and hydrated phase similar to that found in CR chondrites (Le Guillou and Brearley, 2014
Le Guillou et al., 2014; Le Guillou et al., 2015) and ii) the dichotomy between fine-gidigped
rich phyllosilicates and coarse-grained cronstedtite in CM chondrites, each having different
Fe’*/S Fe ratio (Lauretta et al., 2001; Zega et al., 2003; Brearley et al., 2006).

At present, the temperature (0 to 150 °C) as well as the timescales (minutes to millions of
years) of the hydrothermal events in carbonaceous chondrites (CR, CM, CI, CO) havedemain
very poorly constrained. These first results already show that alteration occurs fast, avi@gld °C,
respect to asteroidal heating timescales (millions of years). We will now conduct experiments
using this protocol, at temperature down to 50 °C and using various composition and alteration
conditions, in order to help establishing the kinetic laws of these processes and the conditions of
alteration of chondrites parent body.

9. Appendix: Assessing NRA beam damage using serpentine and

montmorillonite standards

To evaluate the precision of the NRA measurements and investigate the effédt of
beam damage on the hydrogen content determination, we measured 2 standard materials: a
serpentine (14 mol% 4@; equivalent to 2M at%) and a montmorillonite (26 mol%.,8 before
heating, equivalent to 33 at% H) obtained from the geology museum of the RUB. Serpentine
contains only structurally bounded hydroxyl groups in a 1:1 structure whereas montmorillonite
contains both molecular interlayer water and hydroxyl groups (2:1 structure). The samples were
pressed in a gold foil and mounted in the analysis chamber. Serpentine was analyzed at 4
different beam currents (0.8 nA, 5 nA, 12 nA, 100 nA) and at a constant energy (around 7 MeV;
resonance at ~ 200 nm below the surface). The beam charge for each data point was increased
from 20 nC at 0.8 nA to 2.4 uC at 100 nA. The montmorillonite sample was first heated under
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vacuum to 150°C to desorb some of the molecular water. It was then measured at increasing
beam current (1 nA, 5 nA, 15 nA, 50 nA and 100 nA) with similar beam charges per data point
and a constant energy (7 MeV).

It can be seen in Fig. 9 that hydrogen is progressively lost in both minerals as the total
fluence (or accumulated charge) increases. Seven H at.% are lost in serpentine and 11 H at.% (on
a total of 24 H at.% initially) in montmorillonite. The phyllosilicates are damaged by the beam
and H is lost probably as,tbr HO. The aim is to be able to correct for H loss as a function of
the total accumulated charge (or total fluence) for measurements of real samples. In serpentine
and montmorillonite, H loss is best fitted by a logarithmic function. In addition to the total
fluence, beam current (fluence rate) also controls the H loss rate and different log functions can
be determined at different beam currents, which implies that different H loss mechanisms are
operating. At low current (< 12 nA), the damages are most likely dominated by elastic
interactions alone between the beam and the samples, whereas local heating may cantribute a
well at higher current. For the range of beam current and total fluence used to measure our
experimental samples (400 pA -1 nA,; total fluence lower less than 3 pC), the same mechanism
applies and it can be fitted by one given function. The first measurement (lowest total charge,
minimum damage) providete best estimation of the initial “real” value and therefore has a
strong influence on the fitted H-loss function. To acquire this first data point, a good compromise
has to be found between measuring for a short time to avoid damages and measuring long enough
to have reasonable counting statistics. For experimental samples, this compromise was set to a
charge of about 0.01 pC.

Correction for water loss is done as follows: i) fit of a log function through the H vs.
charge evolution; ii) determination of the initial H content, taken as the value of the log function
at a charge equal to a tenth of the minimum charge seen by the sample; iii) then the difference
between the initial value and the value measured at a given charge (the H loss vs. charge) is
obtained at all charge and another log function is obtained; iiii) this function is used to determine
the real H value (corrected for H loss) at any charge. The result for serpentine (13 $lisnol%
agreement with the theoretical value (14 mol%). For montmorillonite, the measured value is
~12.5 mol% which indicates that 50% of the initial watesiest during pre-heating.

The main conclusion is that it is possible to correct for H loss if the log function of a
given layer is determined first. In the following, we always measure first the H loss behavior of
the experimentally synthesized sample - at different depths (e.g. for different layers). The
appropriate correction can then be applied to the H concentration as a function of depth and total
charge.
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Fig. 9: Plot of the H content (at.%) vs. accumulated total particle charge (i.e the eldeanal

charge normalized to the charge state of the ions) for both the serpentine (left) and the
montmorillonite (right). At the lowest beam currents, the data form a straight line in a log scale
At higher beam current, there is a change in the mechanism controlling the H loss. Our
experimental samples are always analyzed at current lower than 1 nA and thelatszlm
charge remains always below 3 puC.
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