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PARTIE 1 

La réaction de serpentinisation :

interaction eau/roche 
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1.1 La réaction de serpentinisation 
 

péridotite
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1.2  Roches ultrabasiques 
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Figure 1.1 : Enclave de péridotite, au sein d’un basalte, présentant les principaux minéraux 

constitutifs que sont l'olivine (Ol), l’orthopyroxène (Opx) et le clinopyroxène (Cpx) (source: 

http://geology.com).
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Figure 1.2 : Diagramme ternaire de composition des péridotites océaniques (source :

christian.free.fr).

 

 

1.2.1 Composition des roches ultrabasiques  
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Figure 1.3: Maille élémentaire de la forstérite ; le magnésium occupe deux sites octaédriques 

distincts M1 et M2 (source: Clenet, 2009). 

Pyroxènes 
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Figure 1.4: Diagramme ternaire de composition des pyroxènes (a) diagramme correspondant 

au système Diopside-Hédenbergite-Enstatite-Ferrosilite et (b) diagramme correspondant au 

système (CaMgFe)-Na-Fe3+ (image modifiée d’après: pyrox_names.png).
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1.3 Serpentines et leurs structures 
 

 

Serpentinites  

serpentinisation

 

 

P-T

P-T

P-T
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Figure 1.5: Diagramme de pression-température-profondeur de stabilité des serpentines 

(modifié d’après : Deschamps et al., 2013).  

P-T

P-T
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Ant: Antigorite, An: Anthophyllite, Br: Brucite, Chr: Chrysotile, En: Enstatite, Fo: Forstérite, Qtz: Quartz, Tc: Talc. 

 

Figure 1.6 : Diagramme du système MgO-SiO2-H2O (MSH) qui montre les champs de 

stabilité du chrysotile et de l’antigorite. Les champs de stabilité dans ce système sont 

représentés dans la zone grise (source: Ulrich, 2010).
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1.3.1 Structure des serpentines 
 

Figure 1.7: Structure de la serpentine. (a) représente les couches tétraédriques vue selon 

[001] et (b) représente les couches octaédriques constitutives des phyllosilicates dans le plan 

(001) (source : Klein et al., 1993). 
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1.3.2  Types de serpentine 

Structure de la lizardite 

 

T

a b c 
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Figure 1.8: Structure cristallographique de la lizardite-1T. (a) vue selon la direction [001] et 

(b) vue selon la direction [001] (Mellini, 1982). Les tétraèdres sont représentés en violet et 

les octaèdres en jaune.  Les atomes de Si sont figurés en violet, les atomes d’oxygène en 

rouge, les atomes d’hydrogène en rose et les atomes de Mg en jaune. La maille 

cristallographique est démarquée par le cadre noir en pointillé (source modifiée d’après 

Auzende, 2003). 
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Structure de l’antigorite

 

 

Figure 1.9: Structure schématique de l’antigorite avec une projection a-c, où A est  la 

longueur d’onde de la modulation (source: Auzende, 2003). 
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Structure du chrysotile 

 

a 

b c 

Figure 1.10: Schéma qui représente la structure du chrysotile (a). Les deux modes 

d’enroulement des feuillets: (b) l’enroulement cylindrique et (c) l’enroulement en spirale 

(source: Ulrich, 2010).
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  Structure polygonale et polyhédrale

 

 

 

 

 

Figure 1.11 : (a) Serpentine polygonale présentant une morphologie fibreuse et (b) 

serpentine polyhédrale présentant une morphologie pseudo-sphériques (source: Andreani 

2008).
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PARTIE 2 

Les contextes géologiques de la 

serpentinisation 
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2.1 Où la réaction de serpentinisation peut-elle avoir lieu ? 
 

Figure 1.12: Schéma présentant les différents contextes géologiques où la réaction de 

serpentinisation  peut avoir lieu (TSerp : température à laquelle peut avoir lieu la 

serpentinisation, CC : croûte continentale, CO : croûte océanique). 
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2.1.1 Dorsales océaniques  

 

Définition des dorsales océaniques  

Figure 1.13 : Représentation de la sortie du magma de l’asthénosphère à travers le rift et de 

son dépôt sur les deux côtés de celui-ci créant la croûte océanique (source :

http://robertsix.files.wordpress.com).
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basalte

détachement océanique
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Figure 1.14 : Schéma qui montre un modèle d’accrétion océanique proposé par Escartin and 

Canales, (2011) associé principalement aux détachements océaniques (source : Escartin and 

Canales, 2011).  

 

Hydrothermalisme

circulation 

hydrothermale
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Figure 1.15 : Représentation de la circulation hydrothermale du fluide dans les dorsales 

océaniques (source : http://www.google.fr/imgres.com).

 

cheminées hydrothermales
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Sites hydrothermaux 

 

Figure 1.16 : Représentation géographique des systèmes hydrothermaux répertoriés en 

domaine océanique par le NOAA. Les couleurs indiquent le type de contexte géologique, ce 

qui peut impliquer différents types de substratum :      arcs volcaniques  dorsales      bassins 

arrière-arcs      points chauds (source : http://www.pmel.noaa.gov). 
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fumeurs noirs
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Principales différences entre les Black Smokers et le type Lost 

City     
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Figure 1.17: Sites hydrothermaux (a) Black Smokers et (b) type Lost City (source des  

photographies (a) Logatchev site Petersen et al., 2009 et (b) Expédition de  la National 

Science Foundation, 2003).

 

2.1.2 Séquences ophiolitiques
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Figure 1.18 : (a) Géométrie de l’ophiolite d’Oman et ses principaux contacts lithologique et 

(b) l’eau hyperalcaline où figure sur la surface de l’eau la précipitation de CaCO3 en raison 

de  l’absorption du CO2 atmosphérique (source modifiée d’après Chavagnac et al., 2013).    
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2.1.3 Zones de subduction  
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PARTIE 3 

 

La serpentinisation en conditions 

expérimentales 
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3.1
  

À hautes températures  
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Figure 1.19 : Etudes expérimentales de la réaction de serpentinisation dans des conditions 

hydrothermales à des hautes conditions de température entre 200 ≤ T ≤ 400 °C et des 

pressions comprises entre 1,6 ≤ P ≤ 300 MPa, les plus proches de celles utilisées dans cette 

étude. 
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FTT
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in situ
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FTT

in situ
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P-T

À basses températures  

 

 

Figure 1.20: Etudes expérimentales de la réaction de serpentinisation dans des conditions 

hydrothermales à basses températures (25 ≤ T ≤ 100 °C) et pression égale à 0,1 MPa. (a) 

nmol d’H2 et (b) nmol de CH4 produits par gramme de minéral ou de roche.   
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Figure 1.21 : Etudes expérimentales de la vitesse de dissolution de la forstérite, r .

p
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3.2
 

Production abiotique d’hydrocarbures 

 

réaction de « type Fischer-Tropsch » (FTT)

réaction Sabatier
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 FTT

FTT 

FTT

Études expérimentales de la synthèse FTT dans des conditions 

hydrothermales 
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Géochimie des composés organiques abiotiques dans les 

fluides hydrothermaux naturels  

 

 

hydrocarbures aliphatiques linéaires
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3.3  

 

processus de la carbonatation  
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Figure 1.22 : Diagramme de stabilité pour le stockage du CO2. L’axe y représente la vitesse 

de carbonatation relative à 25 °C dans l'eau saturée avec CO2 à 1 bar pour le taux de 

carbonatation d’olivine (lignes et symboles) et de serpentinisation (ligne noire, sans 

symboles) en fonction de la température et de la pression (source modifiée d’après Kelemen 

and Matter, 2008). 
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P-T

 

Figure 1.23 : Diagramme de phase du système CO2-H2O. Phase de vapeur CO2 (V), liquide 

riche en eau (L1),  liquide riche en CO2 (L2), phase de l'hydrate de CO2 (H), conditions 

critiques du CO2 (C), équilibre quadruple entre H - V-L1 - L2 (Q1), point d’équilibre triple 

entre V - L1 - L2 - C (Q2) (Spycher et al., 2003). 
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p

p

Stockage du CO2 sous forme minérale dans les péridotites  

in situ 

ex situ
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Méthodes expérimentales et analytiques 
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in 

situ ex situ
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2.1 Réactifs 
 

2.1.1 Préparation des poudres  
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Tableau 2.1:

 

Eléments Pourcentages 
atomiques (%)

erreur

 

Tableau 2.2:

 

Eléments Pourcentages 
atomiques (%)

erreur
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2.1.2  Préparation des solutions aqueuses 
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Tableau 2.3 : 

 

 

 

 

Figure 2.1: Evolution de la solubilité de l’Al(OH)3 en fonction du pH (modifiée d’après 

McQuarrie et al., 2000).   
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2.2  Méthodes expérimentales 
 

 

2.2.1 Réaction de serpentinisation à haute pression et haute température en 

cellule à enclume de diamant 
 

Aperçu historique 
 

in situ
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Principe de la cellule à enclume de diamant  

in 

situ

Figure 2.2: Principe de la cellule à 
enclume de diamant (CED) qui 
montre l’échantillon entre les deux 
diamants soumis à haute pression 
et qui peut être analysé par 
différents techniques analytiques 
(modifié d’après de Journaux, 
2013). 
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in situ

La cellule à enclumes de diamant dite de basse pression (lp-DAC)  
 

Figure 2.3: Photographie de la lp-DAC qui se compose de trois parties: le cylindre, le piston 

et le capot (photo : Coll. avec J.C. Chervin, en IMPMC, Paris).

 
Cylindre

Piston

Capot
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in situ

Figure 2.4: Schéma représentant la lp-DAC avec une membrane de type Chervin. (1) capot, 

(2) piston, (3) cylindre, (4) membrane de transmission de pression, (5) joint, (6) fenêtre de 

diamant, (7) enclume de diamant et (8) sièges de carbure de tungstène (source modifiée 

d’après Oger et al., 2006). 

Mesure de la pression par la fluorescence du rubis 
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Figure 2.5: Spectre de fluorescence du rubis qui montre le doublet correspondant aux pics de 

fluorescence R1 et R2 à deux pressions différentes et température ambiante (Journaux, 2013).   

R1

R2
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Figure 2.6: Spectre de fluorescence du rubis qui montre l’effet de la température; lorsque la 

température augmente, l’intensité est multipliée, ce qui permet de faciliter la lecture 

(Journaux, 2013).
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Po,T

P,T

 

Chauffage et mesure de la température 

Préparation du joint : inertage par l’or 
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Chargement de la lp-DAC
 

Figure 2.7: Etapes du chargement de la lp-DAC. (1) mise en place du joint inerté à l’or sur la 

fenêtre en diamant, (2) remplissage du joint avec le minéral ou les minéraux, les 

microsphères de rubis et la solution aqueuse, (3) fermeture de la chambre avec le piston qui a 

l’enclume de diamant et enfin avec le capot (étape 4). 
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Ni M+S

(1)

Ni(2)
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in situ

ex situ.

 

Tableau 2.4: 

 

# *Minéral Composition du fluide pH T (°C)
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2.2.2 Réaction de serpentinisation en flacons à basse température et 

pression ambiante  
 

Description et préparation des flacons  
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Figure 2.8: Flacon utilisé dans cette étude pour effectuer la réaction de serpentinisation à   

80 °C et pression ambiante.

 

Mise en place des expériences  
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Figure 2.9: (a) flacon avec 5 g d'olivine en poudre et 10 g du fluide et (b) flacons reposant 

dans l’étuve à 80 °C et pression ambiante.
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Tableau 2.5:

P-T

2.3 Méthode analytique in situ
 

in situ

Composition du fluide pH
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in situ

 

 Principe de la diffraction des rayons X 
 

dhkl

 

Figure 2.10: Principe de la diffraction des rayons X (source : http://cristallographie/).

 

dhkl n  

d

hkl n
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anneaux de Debye

Figure 2.11: Conversion de la plaque d’image (a) obtenue pour l’échantillon P3 à un instant 

de temps, t = 4 min et (b) diffractogramme  I = f(2 ).  
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Figure 2.12: Schéma de l’ESRF qui montre son fonctionnement et la manière dont le 

rayonnement synchrotron (en vert) est créé (source : http://www.esrf.eu/).
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 cabine 

optique

cabane de contrôle

Figure 2.13: Description de la ligne de lumière ID-27 à l’ESRF. (a) le schéma montre la 

structure des cabines et la trajectoire de la lumière de DRX (Journaux, 2013) et (b) 

photographie de la cabine expérimentale avec la lp-DAC sur la ligne de lumière (photo :

Coll. avec H. Cardon, à l’ESRF, Grenoble).  
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Montage expérimental et acquisition des spectres de DRX 

 

Figure 2.14: Montage expérimentale de l’étude in situ de la réaction de serpentinisation sur 

la ligne ID-27 à l’ESRF (photo : Coll. avec H. Cardon, à l’ESRF, Grenoble).
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2.3.1  Construction des graphes de cinétique  
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2.4 Méthodes analytiques ex situ

Microscopie électronique à balayage (MEB) 
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d’interaction



Chapitre  2                                      
 

101 
 

Figure 2.15: Ensemble des radiations pouvant être émises à partir de l’interaction entre le 

faisceau d’électrons et l’échantillon (source : http://www.mssmat.ecp.fr).
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Diffraction des rayons X (DRX) 

ex 

situ

Figure 2.16: (a) appareil de DRX modèle Gemini A Ultra de marque Oxford diffraction à 

l’ISA et (b) disposition de l'échantillon dans l’appareil de DRX. 
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Spectroscopie Raman 

diffusion Rayleigh

diffusion Raman

  

Figure 2.17: Représentation graphique des niveaux d'énergie montrant les diffusions 

Rayleigh et Raman (modifiée de: http://Espectroscopia_Raman/).
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dispersion Raman anti-Stokes

Analyse de la phase liquide 

Spectrométrie d'émission atomique par plasma à couplage induit (ICP-
AES) 
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Analyse de la phase gazeuse  
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microcatharomètre

Figure 2.18: Représentation du micro-chromatographe de gaz constitué de quatre modules 

analytiques. 
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Figure 2.19: Micro-chromatographe de gaz (μ-CG) SRA Instruments à droite et 

l’échantillonnage de un flacon avec le μ-CG à gauche. 
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2.5  Modélisation à basse température avec les logiciels 

PHREEQC et EQ3/6 
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Olivine and pyroxene are themajorminerals of ultramafic rocks. The hydrothermal alteration of these rocks leads
to the serpentinization reaction that mainly forms serpentine and variable amounts of talc, brucite and magne-
tite, as well as hydrogen. The serpentinization kinetics of pyroxene under hydrothermal conditions has been
very little studied in comparisonwith olivine, and both have been evaluated experimentally only in simple aque-
ous fluids. Here, we evaluate the effect of aluminum on the serpentinization rate of olivine and orthopyroxene at
200 °C, 340°C and 200 MPa to simulate natural hydrothermal conditions. We used low-pressure diamond-anvil
cells (lp-DAC) and time-resolved X-ray diffraction tomonitor in situ the progress of the serpentinization reaction
in four experiments.Wealso performed two long-lasting additional experimentswith orthopyroxene for six days
at 340 °C and 200 MPa, for which in situmonitoring was not possible. At 340 °C in presence of Al, olivine conver-
sion into lizardite is extremely fast (half-time reaction t1/2 = 7 h) while orthopyroxene did not react much even
after 6 days (11%). In contrast to olivine, orthopyroxene conversion to serpentine was faster without Al (48% in
6 days). Magnetite was also observed in the run with olivine only at 340 °C. In experiments run with
orthopyroxene only, we observed the exclusive formation of proto-serpentine instead of lizardite. We propose
that the contrasted effect of Al on the serpentinization rate of olivine and orthopyroxene results from the com-
plexation of Al in the solution that reacts differently with the different mineral surfaces during their dissolution.
The positively charged olivine surface allows the adsorption of the dominant negatively charged Al(OH)4

− com-
plex, while the neutral surface of orthopyroxene does not. This adsorption process could facilitate both the dis-
solution of olivine and the nucleation-growth of an Al-enriched lizardite.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Peridotites constitute themajor part of the oceanic lithosphere. They
are sometimes exposed on the seafloor along fracture zones or at ridges
on the side of axial valleys, in regionswheremagmatic activity is limited
(e.g. Bonatti and Michael, 1989; Dick, 1989; Cannat, 1993; Cannat et al.,
1995). During oceanic hydrothermal reactions, olivine (Mg,Fe)2SiO4

and orthopyroxene (Mg,Fe)2Si2O6 that are themain minerals of abyssal
harzburgites become hydrated and transform into variable amount of
serpentine, talc, brucite and iron oxides. In a closed system, serpentine
and brucite are produced through the hydration of olivine (Eq. (1)),
while talc and serpentine rather result from the hydration of
orthopyroxene (Eq. (2)):

2 Mg2SiO4 þ 3 H2O⇄Mg3Si2O5 OHð Þ4 þMg OHð Þ2
Forsterite water Serpentine Brucite

ð1Þ

6 MgSiO3 þ 3 H2O⇄Mg3Si2O5 OHð Þ4 þMg3Si4O10 OHð Þ2
Enstatite water Serpentine Talc

ð2Þ

Depending on temperature and the initial mode of the peridotite, i.e.
the relative amount (in wt%) of olivine and orthopyroxene (Ol:Opx),
serpentine can form at equilibrium as the sole hydration product for
Ol:Opx ~ 60:40 (Eq. (3)) or jointly with either talc or brucite depending
on the silica activity:

Mg2SiO4 þMgSiO3 þ 2 H2O⇄Mg3Si2O5 OHð Þ4
Forsterite Enstatite water Serpentine ð3Þ

To date, several studies have measured the kinetics of olivine
serpentinization under a variety of P-T conditions (Martin and Fyfe,
1970; Wegner and Ernst, 1983; Seyfried et al., 2007; Marcaillou et al.,
2011; Malvoisin et al., 2012; Godard et al., 2013; Andreani et al., 2013)
and fewer have dealt with the kinetics of orthopyroxene's
serpentinization (Martin and Fyfe, 1970; Janecky and Seyfried, 1986;
Allen and Seyfried 2003). These studies have shown that the hydration

Chemical Geology 441 (2016) 256–264

⁎ Corresponding author.
E-mail address: isabelle.daniel@ens-lyon.fr (I. Daniel).

http://dx.doi.org/10.1016/j.chemgeo.2016.08.007
0009-2541/© 2016 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Chemical Geology

j ourna l homepage: www.e lsev ie r .com/ locate /chemgeo



of both minerals is generally faster at high pressure, ca. in the hundred
MPa range (Martin and Fyfe, 1970; Wegner and Ernst, 1983) even if it
remains relatively slow, with a maximum of half conversion in ca. one
week. This value is obtained for the optimum temperature of reaction
estimated between 270 and 300 °C for olivine and over 300 °C for
orthopyroxene. Orthopyroxene is serpentinized much faster than that
of olivine for T ≥ 300 °C, at least for P ≥ 50 MPa (Martin and Fyfe,
1970; Janecky and Seyfried, 1986; Allen and Seyfried 2003). At lower
pressure, the serpentinization rate decreases significantly and several
months are required to expect the full conversion of minerals, e.g. 80%
of olivine conversion in 60–600 days depending on grain size at
300 °C, 50 MPa (Malvoisin et al., 2012). All the abovementioned exper-
imental studies lead to the quasi-exclusive formation of serpentine after
olivine or orthopyroxene, without talc, despite stoichiometric predic-
tions at equilibrium. Talc was only observed to form after
orthopyroxene at T = 400 °C (Allen and Seyfried, 2003). Exploring be-
yond theMgO-SiO2-H2O (MSH) system, Andreani et al. (2013) reported
that olivine is fully converted in 2 days only in presence of aluminum in
hydrothermal fluids. This questioned the role of aluminum, which is
present in variable amount in the minerals of the oceanic crust, e.g. py-
roxenes, spinels, plagioclases, on the hydration kinetics of both olivine
and orthopyroxene. Aluminum is also amongmobile elements in meta-
morphic and metasomatic reactions at high pressure and high temper-
ature. The solubility of Al in fluids is related to the formation of Al-Si
complexes in silica-rich fluids (Pokrovski et al., 1996; Pokrovsky and
Schott, 2000 ; Tropper and Manning, 2007; Manning, 2007).

In the present study, wemeasured the rate of serpentinization of ol-
ivine, orthopyroxene, and olivine + orthopyroxene (Ol + Opx) in pres-
ence of aluminum in a series of hydrothermal experiments performed
in low-pressure diamond-anvil cells (lp-DAC) at 200 and 340 °C,
200 MPa. Four reactions were monitored using in situ X-ray diffraction
at the Synchrotron (ID 27 beamline, ESRF, France) and the transforma-
tion of minerals was followed in real-time. Two longer experiments
with orthopyroxene were analyzed ex situ after six days at 340 °C and
200 MPa.

2. Experimental methods

2.1. Starting materials

Experiments were performed with natural olivine from Brazil,
whose exact chemical formula is (Mg0·89Fe0.09Ni0.01)2SiO4 (Bello,
2011) and orthopyroxene from a dunite xenolite collected in the
Velay region (Massif Central, France), whose exact chemical formula is
(Mg1·68Fe0.17Al0·10Ca0.04Cr0.01)(Si1·90Al0.10)O6 obtained from electron
microprobe (EPMA) measurements (Laboratoire Magmas et Volcans,
Clermont-Ferrand, France). Minerals were ground in an automatic zir-
conia mortar (Retsch™). Then the powder was passed successively
through sieves of 125, 63 and 32 μm in size and we selected the
32 b Ø b 63 μm powder fraction for the present study. This corresponds
to an effective diameter De = 46 μm (Tester et al., 1994). The powder
was washed three times using double-distilled and deionized water in
order to remove the ultrafine particles that could possibly be attached
to grain surfaces. Powders were characterized by XRD to ensure for pu-
rity. The orthopyroxene powder contained trace amount of olivine and
serpentine.

Aqueous solutions contained 0.55 mol·kg−1 NaCl and were pre-
pared from extra dry reagent grade (99.99% ultrapure NaCl, Aldrich™).
Corundum microspheres (ruby; Cr3+:Al2O3) ca. 50 μm in diameter
served both as a pressure gauge (Chervin et al., 2001) and a source of
aluminum when temperature was high enough for them to dissolve
(T N 280 °C; Andreani et al., 2013). For the experiment at 200 °C, we
added to the solution 0.4 mol·kg−1 AlCl3·6H2O (99.0%, Alfa Aesar™).
The solutions were all prepared by dissolving the reagents in double-
distilled and deionized water (18 MΩ cm).

2.2. The low-pressure diamond-anvil cell

Experiments were performed in an externally heated low-pressure
diamond-anvil cell (lp-DAC) with a large diamond anvil of 1.4 mm
culet and an opposed thin window of 500 μm thickness (for details see
Oger et al., 2006 andAndreani et al., 2013). Olivine and/or orthopyroxene
powder was loaded together with the aqueous fluid into a sample cham-
ber of 380 μm diameter and 300 μm height. The sample chamber was
drilled in a Ni gasket and lined with Au to prevent reaction between the
fluid and nickel. The lp-DAC was externally heated by a resistive sleeve
and thermally insulatedwith ceramic fiber tape for a high thermal stabil-
ity. Temperature was read from a commercially calibrated K-type ther-
mocouple located next to the diamond anvil. Pressure was applied and
regulated through a gas-driven membrane (Chervin et al., 1995) using
an automatic pressure regulator (Sanchez technologies™). Pressure in
the sample chamber was calculated from the shift of the R1 fluorescence
of ruby microspheres (Mao et al., 1986; Journaux et al., 2013).

The thermodynamic path was similar for all experiments and includ-
ed a cold compression to 200 MPa, followed by quick heating at 10 °C/
min to the target temperature, i.e. 200 or 340 °C. Then, pressure and tem-
perature were maintained constant thanks to temperature and pressure
regulations,while serpentinizationproceeded. All experimentswere con-
ductedwith excess of water, whichwas confirmed at the end of the runs.

2.3. X-ray diffraction

Four hydrothermal hydration reactions of olivine, orthopyroxene,
and Ol+Opxwere followed in situ using angle dispersive X-ray diffrac-
tion (XRD) at the ID27 beamline of the ESRF (Grenoble, France). The in-
cidentmonochromatic X-ray beam of wavelength λ=0.3738 Å (Iodine
K-edge) was focused down to 10 × 10 μm2 by a set of mirrors in the
Kirkpatrick-Baez geometry. The 2D high-resolution diffracted signal
was collected in 10 s with a MARCCD® 165 detector located at
675 mm of the sample over a 2θ range between 2 and 24°, allowing to
distinguish peaks at dkhl between 0.90 Å and 10.59 Å. The 2D patterns
were acquired every 2 to 5 min at the beginning of the experiments to
monitor any fast mineralogical transformation for 2 h, and then every
15 to 30min. Two experiments however did not show rapidmineralog-
ical transformation and were continued with XRD acquisitions every 2
to 4 h. Reactions were monitored as long as the relative intensities of
the diffraction lines of reactant and product phases changed as a func-
tion of time, with a limit of 36 h compatible with the dwell time of syn-
chrotron beamtime. Experiments were stopped when the reaction did
not apparently progress any further.

The two-dimensional Debye rings were integrated after corrections
of spatial distortion using Fit2D (Hammersley, 1998). The GSAS soft-
ware package (Larson and Von Dreele, 1994) was used for phase identi-
fication, unit-cell parameters refinement and determination of phase
proportions. Phases were identified and unit-cell parameters were re-
fined using the Le Bail method while the Rietveld method served for
quantification of phase proportions in weight % (wt%).

Two complementary long-lasting reactions were carried out for
6 days. Quenched products were analyzed ex situ using a Gemini A
Ultra model Oxford Diffractometer at the ISA (Lyon, France). Measure-
ments were performed with a monochromatic Cu-Kα1 radiation of
λ = 1.54 Å focused to reach a beam size of 500 μm. Diffraction signal
was collected between 10 and 70° with position sensitive detector
(Mikrogap™) located at 70 mm and 40° from the sample. Data were
processed using DIFFRAC.EVA (version 2.1). Phase identification and
quantitative analysis of phases are based on reference intensity ratio
using the ICDD database.

2.4. Characterization of quenched solid products

Solid samples were recovered in the gasket at the end of the exper-
iments afterwater had evaporated andwere further characterized using
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Raman spectroscopy and Scanning Electron Microscopy (SEM). Raman
spectroscopy was performed at the Laboratoire de Géologie de Lyon
(ENS de Lyon, France) with a confocal Horiba Jobin-Yvon™ LabRam
HR800 spectrometer using an argon-ion laser at 514.5 nm wavelength
as a light source. Spectra were acquired during 3 to 20 s, depending
on the mineralogical phase analyzed, and distributed over three accu-
mulation cycles, with a laser power on the sample between 10 and
70mW. The spatial and spectral resolutions were 3 μm and 1 cm−1, re-
spectively. Raman spectroscopic measurements were carried between
150 and 1200 cm−1 to characterize the internal and lattice modes and
between 3600 and 3800 cm−1 to characterize the symmetric stretching
modes of the hydroxyl groups of the hydrous product phases.

Scanning Electron Microscopy was performed with a Zeiss™ Vision
40 machine at the Centre Lyonnais of Microscopy (CLYM, Lyon
France). We used a working distance of 3–5 mm and an accelerating
voltage of 6–10 kV in secondary electron and backscattered electron
modes. Energy dispersive spectroscopy (EDS) was performed at the
Consortium des Moyens Technologiques Communs (CMTC, Grenoble
France) using a Zeiss™Vision 55machine.Weused an acceleratingvolt-
age of 10 kV and a working distance of 9 mm with a magnification of
1000×.

3. Results

All experiments were performed at 200 MPa and 340 °C but one at
200 °C. Experiments Kin8 and P4 measured the rate of serpentinization
of olivine at 340 °C and 200 °C, respectively. Three experiments mea-
sured the rate of serpentinization of orthopyroxene (P5, P12, and P13)
and one investigated the serpentinization of Ol+Opx (P9). The starting
aqueous fluid was a first order analog of seawater with a NaCl concen-
tration of 0.55 mol·kg−1. Experimental conditions are summarized in
Table 1.

3.1. Minerals formed during serpentinization

Serpentinization of olivine (Kin8 and P4 experiments) led to the for-
mation of lizardite that is clearly visible in the SEM images of the surface
of the quenched experiments (Fig. 1a-b). The crystals observed at the
end of the experiment at 340 °C (Kin8) were much larger than those
at the end of the experiment at 200 °C (P4) and displayed a characteris-
tic platy hexagonal morphology. Small octahedral magnetite crystals
and large but thin crystals of brucite were also observed at the end of
the experiment at 340 °C (Kin8; Fig. 1a). Raman spectra consistently
showed the presence Al-rich lizardite, with three characteristic very in-
tense bands at 231, 386 and 686 cm−1 at low frequency and a signature
in the OH-stretching spectral region with two bands at 3685 and
3703 cm−1 (Fig. 1c). The additional signal between 450 and 550 cm−1

was characteristic of Al-enrichment (Andreani et al., 2013). After 34 h
at 340 °C, 200 MPa there was no remaining Raman signal from the
starting olivine (Kin8), whereas it almost overwhelmed the signal of
lizardite at the end of the experiment at 200 °C (P4). Note that the

two OH-stretching bands in the experiment at 200 °C (P4) were not
well defined compared to those in the experiment at 340 °C. This sug-
gests that the serpentine formed at 200 °C was less crystallized than at
340 °C (Fig. 1b).

The SEM image of the surface of the quenched experiment P9 after
21 h at 340 °C showed that olivine and orthopyroxenehave transformed
into lizardite (Fig. 2a) in the form of thin hexagonal platelets ca. ~1 μm
in diameter (Fig. 2b). One of the corundum microspheres added in the
experiment was still visible at the end of the experiment P9 and the
EDX-SEMchemical analysis of lizardite close to themicrosphere indicat-
ed that it was enriched in aluminum compared to the lizardite formed
tens of μm away. Raman spectra (Fig. 2c) qualitatively indicated that
the degree of transformation of olivine and orthopyroxene was quite
low compared to that of olivine as the sole reactant mineral in similar
(P,T,t) conditions (Kin8).

On the SEM image at the end of experiment P5 not show here, we
observed orthopyroxene only, indicating that it had hardly transformed
after 24 h at 340 °C. The SEM images of P13 (Fig. 3a) representative of
the two six-day long experiments P12 and P13 exhibited minerals
with a honeycomb texture. Their Raman spectra displayed large bands
at frequencies similar to those of serpentine at 210, 318, 367, 667 and
1058 cm−1 (Fig. 3b). However, in the high frequency region, the signal
of the OH-stretching vibrations was too weak to indicate serpentine.
This led us to propose that orthopyroxene had transformed into
proto-serpentine that is a poorly crystallized precursor of serpentine
(Yada and Iishi, 1977; Andreani et al., 2004, 2008; Bloise et al., 2012),
whether the fluid contained alumina or not since P12 contained alumi-
na but P13 did not.

Although brucite and magnetite have been observed in the SEM im-
ages among reaction products, the diffraction peaks of brucite were
never detected in the diffraction patterns, suggesting that they were
below detection limit (ca. 1–3 wt%). The diffraction peaks of magnetite
were detected and quantifiable in Kin8 only.

From the stoichiometry of reactions (3) and (4), some talc is expect-
ed to form together with serpentine from orthopyroxene (P5, P12, P13)
and Ol+ Opxmixture (P9). However, we only obtained serpentine and
no talc, as already observed experimentally for T b 400 °C byMartin and
Fyfe (1970).

3.2. In situ X-ray diffraction and rate of serpentinization

Fig. 4 displays a zoom between 2 and 12° (2θ) of selected diffraction
patterns measured in situ during the serpentinization of olivine (a),
Ol + Opx (b), and orthopyroxene (c) at 340 °C. The t = 0 was set
when the system had reached the selected temperature of reaction.
The high-resolution patterns obtained for olivine and Ol + Opx clearly
show at low two-theta angle the very distinctive basal (001) plane of
lizardite. Its intensity obviously increased as a function of time as
serpentinization progressed. During the experiment with
orthopyroxene only (Fig. 4c), the slow serpentine formation is charac-
terized by the development of the (010) plane instead of the (001)
one. The hydration of olivine at 200 °C is not shown here but presents
similar patterns as the one observed at 340 °C, with a lesser extent of
reaction.

Fig. 4a shows that serpentinization of olivine at 340 °C started imme-
diately. Some lizardite even formed during heating to 340 °C at
200MPa, which took approximately 40min. Hence, for this experiment
only, we fixed t = 0 as the beginning of heating instead of setting it
when 340 °C ws reached. A Rietveld refinement indicated that 27 wt%
of olivine had already transformed into lizardite during the 40 min of
heating. Then, the (001)Lz peak intensity and the relative amount of
lizardite as deduced from Rieltveld refinement increased until the ex-
periment was stopped at t = 34 h with 70% of the olivine transformed
into lizardite and magnetite. At 200 °C, the appearance of the first
lizardite diffraction line was delayed for 2.3 h. Then the intensity of
the (001)Lz peak progressively increased until the end of the

Table 1
Experimental conditions, starting minerals, fluid composition and reaction products.

Run
#

P
(MPa)

T
(°C)

Duration
(hrs)

Starting
minerals

Fluid composition
(mol.kg-1)

Reaction
productsa

Kin8 200 340 34 Ol, Crn NaCl 0.55 m Lz, Mag,
Brc

P4 200 200 26 Ol, Crn NaCl 0.55 m, AlCl3
0.4 m

Lz

P5 200 340 24 Opx, Crn NaCl 0.55 m P-srp
P9 200 340 21 70:30 Ol:Opx,

Crn
NaCl 0.55 m Lz

P12 200 335 144 Opx, Crn NaCl 0.55 m P-srp
P13 200 335 144 Opx NaCl 0.55 m P-srp

a Ol, olivine ; Opx, orthopyroxene ; Lz, lizardite ; P-srp, proto-serpentine ; Mag, mag-
netite ; Brc, brucite; Crn, corundum.
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Fig. 1. SEM images and Raman spectra of reaction products at the end of experiments startedwith olivine. a) SEM image of Kin8 experiment at 340 °C shows serpentine with a hexagonal
morphology, as well as magnetite and brucite; b) SEM image of P4 experiment at 200 °C shows serpentine that covers the olivine surface; c) Raman spectra of products display bands
characteristics of lizardite and olivine. (Ol: olivine , Lz: lizardite, Brc: brucite, Mag: magnetite).

Fig. 2. SEM images and Raman spectra of reaction products at the end of experiments startedwith Ol+Opx (P9). (a) The SEM image shows small serpentine ca. ~1 μm in diameter grown
on the surface of olivine and orthopyroxene and a zoom (b). (c) A typical Raman spectrum indicates that the degree of transformation of Ol + Opx into serpentine is quite low.
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experiment at t = 26 h and no more than 10% of olivine was trans-
formed into serpentine which is less than the amount of lizardite ob-
served at the onset of the reaction at 340 °C. At 200 °C, the diffraction
lines of lizardite were clearly broader (e.g. (001) and (100) peaks)
than at 340 °C suggesting that the serpentine formed at 200 °C was
less ordered than at 340 °C, in good agreement with the SEM images
and the Raman spectra taken after quenching the experiment (Fig. 1).

In the sample with Ol + Opx as reactants, the characteristic (001)
line of lizardite appeared at t=1.2 h (Fig. 4b) and its intensity progres-
sively increased to t = 21 h, with 12% of lizardite formed at the end of
the experiment.

In the sample with orthopyroxene only as the silicate reactant
(Fig. 4c), the formation of serpentine was documented by the late ap-
pearance of the weak (010) peak of serpentine at t=15 h. It slowly in-
creased until the experimentwas stopped at t=24h atwhich timeonly
1 to 3%of the orthopyroxene had transformed into serpentine. The same
experiment P12 run ex-situ for 144 h showed 11% of conversion to ser-
pentine (Fig. supp1) at the end. This is four times less than the Opx run
for 144 h without Al that showed 48% of conversion (Fig. A1, supp1).

The diffraction peaks of magnetite were identified only in the dif-
fraction patterns of Kin8 experiment, i.e. in the experiment run with ol-
ivine and with the largest reaction yield, which produced 11 wt% of
magnetite after ~1.5 days.

Thanks to a careful Rietveld refinement of the diffraction patterns
measured during serpentinization, we could follow reaction progress
expressed as the relative amount of serpentine formed as a function of
time (Fig. 5). We analyzed the isothermal transformation data using
the convenient Avrami law (Eq. (4)) as currently done for the formation
and dehydration of hydrous Fe-Mg phyllosilicates (e.g., Wegner and
Ernst, 1983; Fumagalli et al., 2001; Cattaneo et al., 2003; Llana-Funez
et al., 2007; Chollet et al., 2011; Gualtieri et al., 2012):

y ¼ 1− exp −rtnð Þ ð4Þ

Fig. 3. SEM images and Raman spectra of serpentine resulting from the hydration of
pyroxene (P5, P12 and P13). (a) The SEM image shows serpentine with a honeycomb
texture characteristic of proto-serpentine. b) Raman spectra of run products have only
signal at low frequency and display large bands typical of chrysotile and proto-
serpentine. (P-Srp: proto-serpentine).

Fig. 4. Selected diffraction patterns measured in situ during the hydration of olivine (a),
Ol + Opx (b) and orthopyroxene (c). The most intense and distinctive diffraction lines
of products and reactants are labeled along solid, dashed and dotted lines for lizardite
(red), olivine (green) and orthopyroxene (blue), respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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where r is the rate constant (s−1), t is time (s−n), y is the fraction of ser-
pentine and n is a constant that could help to compare reaction mecha-
nisms in terms of the relative importance of nucleation and growth. The
best-fit values of n and r obtained from a least-square fit to the
transformation–time data of serpentine are summarized in Table 2
and displayed with the data in Fig. 5. The curves representing the
decay of olivine and/or orthopyroxene as a function of time are the com-
plementary curves. The values of the rate constant r span over eight or-
ders of magnitude depending on the starting mineral. Compared to the
very fast serpentinization of olivine, orthopyroxene serpentinization is

eight orders of magnitude slower and the serpentinization of
Ol + Opx is intermediate.

Table 2 gives the tranformation parameters and the calculated con-
version % of primary minerals into serpentine after 6 days for each ex-
periment. Samples containing olivine only, P4 and Kin8, run at 200
and 340 °C respectively, showed that the percentage of conversion of ol-
ivine into serpentine is 23% and 74% for runs P4 and Kin8. Serpentine
percentage at the end of the reaction for the experiments that contained
Ol +Opx and orthopyroxene only, P9 and P5 respectively, were 60% for
P9 runs and 11% for P5 run.

At end of the ex situ experiments, i.e. at t = 144 h (6 days), P12 ex-
periment (with Al) displayed 11%of orthopyroxene conversion into ser-
pentine while P13 experiment, run without Al, showed 48% of
orthopyroxene conversion into serpentine, i.e. ~four times more. In
the diffraction patterns, the diffraction peaks of reaction products are
similar to those of lizardite but they are relatively broad suggesting
that it is a rather poorly crystallized phase such as proto-serpentine
(Fig. A1, in supplementary materials).

4. Discussion

4.1. Comparison of serpentinization rates of olivine and orthopyroxene

From the values of r (Table 2), we obtain a quantitative estimate of
the relative rates of olivine serpentinization that can be compared to
orthopyroxene serpentinization for similar grain size. In presence of
aluminum, it was determined that, at 340 °C, the r value of olivine
(10−2 s−1) is much higher than the one of orthopyroxene
(10−10 s−1) and that the mixture of both mineral shows an intermedi-
ate value (10−6 s−1). The calculated half-times of conversion (t1/2)
show that the fastest reactions with Al are the ones containing olivine
at 340 °C, the slowest reaction being the one run at 200 °C with olivine.
In the P9 experiment starting with Ol + Opx, olivine serpentinization is
dominant and orthopyroxene reaction is limiting (Fig. 5b). The value of
n= 1 is significantly different from that in Kin8 (n = 0.3) indicative of
some change in the reaction mechanism of olivine in presence of
orthopyroxene.

As the serpentinization reaction occurs in a heterogeneous system
(solid-fluid), the activation energy (Ea) that is obtained from the varia-
tion of the rate constant rwith temperature is actually only an apparent
one, Eaapp (Martin and Fyfe, 1970). The calculated Eaapp for olivine
serpentinization in presence of Al is 85 kJ·mol−1. This value is higher
than those already reported for serpentinization in similar (P,T) condi-
tions without Al in the fluid phase. Martin and Fyfe (1970) and
Wegner and Ernst (1983) proposed respectively Eaapp = 12 kJ·mol−1

and Eaapp=25–30 kJ·mol−1. The value reported here is actually in bet-
ter agreement with those reported for olivine dissolution at lower P-T
and acidic conditions: Eaapp ~ 65–80 kJ·mol−1 (Rimstidt et al., 2012).

Fig. 5. Rate of serpentinization of olivine and/or orthopyroxene at 340 °C. (a) Olivine
transforms into serpentine and magnetite. Pale symbols correspond to the low
temperature experiment at 200 °C. (b) Ol + Opx transform into serpentine.
c) Orthopyroxene barely converts into serpentine during the dwell time of the
experiment. Curves are Avrami fits to the data that result from the Rietveld refinement
of the diffraction patterns.

Table 2
Serpentinization rates.

Run #;
mineral r (s−1) n

% serpentinization
after 6 days

Time for
half-conversion

Kin8 Ol 3.1(2) 10−2 0.32(1)
Lz 3.0(2) 10−2 0.31(1) 74% 7 h
Mag – 0.5(1)

P4 Ol 2.2(3) 10−4 0.53(1)
Lz 2.2(3) 10−4 0.53(1) 23% 38 days

P9 Ol 2.38(7) 10−6 1
Opx – –
Srp 1.78(5) 10−6 1 60% 4.5 days

P5 Opx 3.15(7) 10−10 1.5
Srp 3.15(7) 10−10 1.5 11% 20 days

P12 – – 11%a –

P13 – – 48%a 6 days

a Not from in situmeasurements.
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For orthopyroxene, Eaapp could not be determined because the reaction
rate at 340 °C was so slow that we could not expect any observable re-
action at 200 °C under reasonable working time.

The previousworks ofMartin and Fyfe (1970) andWegner and Ernst
(1983) are the only ones available for quantitatively evaluating the ef-
fect of Al on conversion rates of olivine and/or orthopyroxene into ser-
pentine at 1–2 kbar, 200–360 °C, with comparable grain size but in
pure water. In comparison with the results of Wegner and Ernst
(1983), the present ones show that olivine serpentinization rate is sig-
nificantly enhanced by Al, as previously reported by Andreani et al.
(2013), and that the effect of Al increases with increasing temperature
(Fig. 6). A t = 11 days, the conversion of olivine increased from 6% to
30% at 200 °C and from 15% to 85% at 340 °C. Half of the olivine is con-
verted in 7 h at 200 MPa, 340 °C. This tendency is also observed when
the present results are compared to those of Martin and Fyfe (1970) at
340 °C; however it is less obvious at 200 °C. This mainly results from
the bell shape evolution of the reaction yield as a function temperature,
with amaximumat 270 °C, thatwas deduced byMartin and Fyfe (1970)
whileWegner and Ernst (1983) described an optimum temperature for
serpentinization at 305 °C, before olivine become stable. Malvoisin et al.
(2012) proposed the same peak temperature at 300 °C for P = 50 MPa
while describing a slower reaction rate. This definitely underlines the
role of pressure on the serpentinization rate of olivine. For
orthopyroxene, we obtained a half-conversion time without Al at
340 °C t1/2 = 6 days that is similar to the one of Martin and Fyfe
(1970), t1/2 = 5.5 days. However, in presence of dissolved Al we ob-
served amuch lower conversion rate limited to 11% after 6 days, leading
to t1/2 = 20 days. Hence, Al has a contrasted effect on olivine and
orthopyroxene serpentinization. Results on Ol + Opxmixtures displays
an intermediate value of t1/2 = 4.5 days, but plots very close to the oliv-
ine curve after 15 days (Fig. 6). Again, these results at 340 °C are very
close to the one of Martin and Fyfe (1970) for Ol + Opx mixtures at
200 °C, whereas their data at 340 °C plot well below, and even below
the data for olivine or orthopyroxene only. This awkward effect of tem-
perature described by Martin and Fyfe (1970) is not yet explained and
makes any further detailed comparison very difficult.

4.2. Effect of aluminum on reaction mechanisms and reaction products

Understanding the contrasted effect of aluminum on the
serpentinization rate of olivine and orthopyroxene requires that we
consider their structural differences and their dissolution mechanisms.

The dissolution of olivine as a function of pH and T has attracted a lot
of attention over the past decades (see review in Oelkers, 1999). It is pro-
posed that the dissolution of olivine is initiated by either the protonation
under acidic conditions or deprotonation under basic conditions of its
surface. This tends toweaken theMg-O-Si linkages in the adjacent struc-
ture of the mineral, leading to bond breaking. Compared with other pro-
tonation/deprotonation reactions, the breaking of Mg-O bonds is
relatively slow but leads to the simultaneous release of magnesium and
silica from the structure of the olivine, i.e. to the complete destruction
of its structure (see review by Rimstidt et al., 2012 and references there-
in). Much less data exits for orthopyroxene dissolution. The available
data describe its dissolution by an exchange mechanism of one Mg2+

ion by two aqueous protons near the mineral surface, leading to the
breakdown of exposed Mg-O bonds and to the partial release of silica
from the tetrahedral chains. Breaking of Si-O-Si linkageswithin the tetra-
hedral chains is a slow process (Schott et al., 1981; Oelkers, 1999) and
leads to a non-simultaneous release of magnesium and silicon in the
structure of orthopyroxene (Luce et al., 1972; Schott et al., 1981;
Berner and Schott, 1982; Schott and Berner, 1985; Petit et al., 1987;
Schott and Petit, 1987; Peck et al., 1988; Casey et al., 1993; Oelkers,
1999). These differences between the dissolution mechanisms of olivine
and orthopyroxene create different mineral surface environments. At
ambient conditions, which are the only conditions investigated so far to
the best of our knowledge, the pH of the point of zero charge (pHZPC)
of olivine is ~10, and its surface is therefore positively chargedduring dis-
solution for pH b 10 (Oelkers, 1999; Pokrovsky and Schott, 2000). In con-
trast, the cation-exchange mechanism described for enstatite for
pH ≤ 7 at least, leads to the formation of a neutral surface, and a depen-
dence of the dissolution rate on the aqueous activity of magnesium at
ambient conditions (Schott et al., 1981; Oelkers and Schott, 2001).

In the present study, we could show that the serpentinization of ol-
ivine is accelerated in presence of Al in solution, whereas it delays the
serpentinization of orthopyroxene. The pH of the solution that reacted
with olivine and/or orthopyroxene was calculated to be 5.1 at 2 kbar
and 340 °C at the beginning of the reaction; i.e. close to neutrality
under those conditions (EQ3/6; Wolery and Daveler, 1992). Calcula-
tions also showed that the dominant aluminum species in solution
was Al(OH)4− (99.9% or more) under such conditions and throughout
all experiments run at 2 kbar and 340 °C, and Al could reach concentra-
tions of ca. 200 ppm. The concentrations of Al(OH)4− in the solution
were comparable, whether themineral source of aluminumwas corun-
dum or plagioclase that is a source of Al more relevant to the oceanic
lithosphere (EQ6; Wolery, 1992). This negatively charged species can
be adsorbed on the positively charged surface of olivine where the dis-
solving interface simultaneously release magnesium ions Mg2+(aq) and
silicate groups H4SiO4(aq). At 300 °C and 86 bars, Salvi et al. (1998)
showed that in presence of H4SiO4(aq) and Al(OH)4− in solution, the
dominant species becomes an Al-Si complex in the form of Al(OH)
3H3SiO4

−, which may still be stable in the kilobar range. Some of these
complexes as well as the remaining silicate groups SiO4

4−
(aq) and alu-

minum species in solution could interact with Mg2+(aq) ions to form
the first seeds of serpentine near olivine surface where it is observed
to nucleate. In such a model, the serpentinization reaction occurs via a
dissolution-complexation-precipitation mechanism on the olivine sur-
face. The formation of Al-Si complexes should favor the release of Si
from the dissolving interface and the interactions between the species
that aremandatory for serpentinenucleation, hence accelerating olivine
serpentinization relative to Al-free systems. This effect may be extrapo-
lated to conditions under which the olivine surface is still positive dur-
ing dissolution and the dominant Al species in solution is negatively
charged (Salvi et al., 1998; Pokrovsky and Schott, 2000). This corre-
sponds to pH conditions between 4 and 10 at ambient conditions,
which cannot be extrapolated to the high-pressure and temperature
conditions of the present experimental study, since the point of zero
charge ofmineral surfaces is experimentally and theoretically unknown
under such conditions.

Fig. 6. Kinetics of serpentinization of olivine and orthopyroxene measured in the present
study compared with few previous results available in the literature for comparable grain
size and P-T conditions (Martin and Fyfe, 1970; Wegner and Ernst, 1983).
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In contrast to olivine, the cation exchangemechanismat the onset of
orthopyroxene dissolution results in an electrically neutral surface, for
pH ≤ 7 under ambient conditions. Hence, Al(OH)4− may not adsorb on
the mineral surface preventing or limiting the formation of Al-Si com-
plexes at its vicinity. This mechanism could explain the lack of positive
effect of Al on the dissolution rate of orthopyroxene. The actual negative
effect of Al on the serpentinization rate of orthopyroxene cannot be ex-
plained at this stage.

The mechanisms proposed above definitely deserve further investi-
gation, especially under high P-T conditions, a regime inwhich values of
pHZPC ofminerals are nominally unknown either experimentally or the-
oretically, and Al, Al-Si speciation is still poorly constrained.

Our detailed observations of the reaction products also show that
aluminum has an effect on the nature, composition and morphology
of reaction products. For instance, the formation of well-crystallized
platy crystals of lizardite, variably enriched in aluminum, was observed
in all Al-bearing experiments (e.g. Fig. 2) instead of chrysotile, which is
usually observed. Wicks and Whittaker (1975) suggested that the sub-
stitution of Si orMg byAl in tetrahedral and octahedral position, respec-
tively, can occur in natural serpentine. These partial substitutions,
although not necessary for a flat structure, help to reduce the lattice
misfit between the tetrahedral and octahedral layers in the serpentine
structure and stabilize lizardite (Wicks and Whittaker, 1975; Caruso
and Chernosky, 1979). Mellini (1982) also proposed that the substitu-
tion of cations in the tetrahedral and octahedral layers by trivalent cat-
ions (e.g. Al3+)would alter the charge balance and result in an excess of
negative charges on the tetrahedral layer and positive charges on the
octahedral layer. Such a charge distribution would lead to a stronger
electrostatic interaction between the layers and could well explain the
exclusive precipitation of flat serpentine in the present experiment.

5. Conclusions

Compared to the results available in the literature, the present study
shows that dissolved Al accelerates the serpentinization of olivine and
delays orthopyroxene's serpentinization in the P-T range 200 MPa –
200 °C–350 °C. This contrasted effect on olivine and orthopyroxene
may be attributed to the difference in the electrical charge of mineral
surface during the first stage of dissolution, i.e. positive for olivine and
neutral for orthopyroxene. In the case of olivine, Al facilitates the disso-
lution of olivine and the nucleation of Al-enriched serpentine through a
dissolution-complexation-precipitation mechanism that includes the
formation of Al-Si complexes on the surface olivine, a mechanism that
cannot occur on the surface of orthopyroxene. The present-day lack of
data on Al-speciation in aqueous fluids at high pressure and tempera-
ture conditions limits our understanding of such fluid-rock reactions.
Magnetite formed in experiments run with olivine at 340 °C and
200MPa, which testifies of the oxidation of iron most probably coupled
to the reduction ofwater, i.e. to the release of H2 under our experimental
conditions. According to the results of the present study, the release of
hydrogen in natural environments can occur more readily in Al-rich
area such as metasomatic zones. This would necessarily create strong
redox gradientswith locally highly reduced environments. Those exper-
imental results are relevant to a wide range of geological settings and
fluid pH, in particular those of hydrothermal reactions in the oceanic
lithosphere, at mid-oceanic ridges and subduction zones. They also un-
derline the need for experimental data and thermo-chemical predic-
tions relevant to the complex fluid chemistry in the high P-T
conditions relevant to those settings.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.chemgeo.2016.08.007.
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Tableau 5.1 :



                                                                                                                                     Chapitre 5                              
  

175 
 

5.1.  Phase solide  
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Figure 5.1: Images de MEB des produits de la réaction de l’olivine avec un fluide en 

présence d’Al d’après (a) 1 mois (flacon 24) et (b) 24 mois (flacon 10) de réaction à pHi 4. La 

serpentine, riche en aluminium, a été déterminée par EDX-SEM. La précipitation de l’amésite 

et de la brucite d’après 24 mois de réaction ont été aussi identifiées par l’analyse chimique 

EDX-SEM.  

Tableau 5.2:

Elément
Pourcentages atomiques (%)
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Figure 5.2: Spectres Raman obtenus pour chaque temps de réaction avec un fluide composé 

de NaCl+AlCl3 à pHi 4. Ils mettent en évidence la transformation partielle de l’olivine en 

lizardite et brucite au cours du temps.  
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Figure 5.3: Diffractogrammes des

produits solides de réaction de l’olivine 

avec une solution aqueuse en présence 

d’Al à pHi 4.
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Figure 5.4: Images de MEB obtenues après un mois de réaction avec un fluide composé de        

(a) sans Al (flacon 4) et (b) avec Al (flacon 12). 
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Figure 5.5: Images de MEB obtenues de la réaction de l’olivine avec un fluide composé de       

(a) sans Al, mais avec NaHCO3 (flacon 6) et (b) avec Al (flacon 14) après 24 mois. Sans Al, la 

formation de la magnésite et d’une zone riche en carbone sont observées et confirmées par les 

analyses chimiques EDX-SEM. Avec Al, la lizardite et le talc ont été identifiées par les 

analyses chimiques EDX-SEM.  
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Tableau 5.3:

Elément
Pourcentages atomiques (%)

 

Figure 5.6: Spectres Raman qui mettent en évidence la transformation partielle de l’olivine 

en lizardite pour l’exemple de la réaction contenant de l’Al en solution à pH 4.
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Figure 5.7: Diffractogrammes des produits solides de réaction de l’olivine avec une solution 

aqueuse (a) sans Al à pHi 9 et (b) avec Al à pHi 4.
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5.2.  Phase aqueuse 
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Figure 5.8: Concentrations en magnésium et silicium dans des solutions aqueuses : a) et d) 

avec NaCl+NaHCO3 pHi 9, b) et e) avec NaCl+AlCl3 pHi 4, c) et f) avec 

NaCl+NaHCO3+AlCl3 pHi 4.  
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Figure 5.9: Comparaison des concentrations en magnésium et silicium obtenues dans cette 

étude avec autres études dans des conditions de réaction similaires.  
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Figure 5.10: Spectres Raman des fractions aqueuses. Ils montrent les bandes des ions HCO3
-

et CO3
2- formés fluide (a) NaCl+NaHCO3 (flacon 6, pHi = 9) et           

(b) NaCl+NaHCO3+AlCl3 (flacon 14, pHi = 4). 
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Figure 5.11: Spectres Raman obtenus des phases aqueuses dont l’espèce prédominante est le 

SiO(OH)3
- à 718 cm-1 (a) NaCl+NaHCO3 (flacon 6), (b) NaCl+AlCl3 (flacon 10) et (c) 

NaCl+NaHCO3+AlCl3 (flacon 14 ).  
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5.3.  Phase gazeuse 



                                                                                                                                     Chapitre 5                              
  

193 
 

Tableau 5.3 :

#
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Composition 

du fluide

Temps 

(mois)

pHi pHf Composition du gaz (ppmV ± 4)

H2 CH4 CO CO2
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Figure 5.12: Composition des gaz mesurée dans des blancs (sans olivine) avec différentes 

compositions de fluide. 
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Tableau 5.4 :

#

Flacon

Composition du 

fluide

pH 

initial

Temps  

(mois)

Composition du gaz (ppmV ± 4)

H2 CH4 CO CO2
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Figure 5.13: Quantité d’H2 et de CH4 produite à partir des expériences avec différentes 

compositions de fluide.    

 NaCl+NaHCO3 pHi=9,    NaCl+AlCl3 pHi=4,     NaCl+NaHCO3+AlCl 3  pHi=4.

         NaCl+NaHCO3 pHi=11,    NaCl+AlCl3 pHi=11,    NaCl+NaHCO3+AlCl 3  pHi=11.
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Figure 5.14: Quantité de CO et de CO2 produite à partir des expériences avec différentes 

compositions de fluide.     

NaCl+NaHCO3 pHi=9,    NaCl+AlCl3 pHi=4,     NaCl+NaHCO3+AlCl 3  pHi=4.

         NaCl+NaHCO3 pHi=11,   NaCl+AlCl3 pHi=11,    NaCl+NaHCO3+AlCl 3  pHi=11.
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Figure 5.15: Comparaison de la quantité d’H2 et de CH4 produite par gramme d’olivine à 

différentes valeurs de pH  a) NaCl+NaHCO3, b) NaCl+NaHCO3+AlCl3 et c) NaCl+AlCl3. 
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Tableau 5.5 :
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5.4.  Modélisation des paramètres thermodynamiques avec les 

logiciels PHREEQC et EQ3/6    

Phase solide  
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Figure 5.16: Variation de l'indice de saturation (SI) pour chacune des phases minérales qui 

peuvent précipiter à partir de la réaction de serpentinisation à 80 °C et pression ambiante, 

obtenue avec le logiciel PHREEQC. 
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Figure 5.17: Variation des concentrations des phases minérales qui peuvent précipiter en 

fonction du rapport log eau/roche (log W/R ratio) obtenus avec le logiciel EQ3/6 version 8.0a 

(a) en présence d’Al à pH 4 et (b) en absence d’Al à pH 9 considérant la présence de ions 

bicarbonates. La ligne rouge représente la valeur du rapport eau/roche employée dans cette 

étude. 
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Phase aqueuse (fluide) 
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Figure 5.18: Valeurs du pH, de l’alcalinité et du pe obtenus avec la modélisation PHREEQC 

pour la réaction de serpentinisation avec différentes compositions de fluide à 80 °C et 

pression ambiante.    
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Figure 5.19: (a) logaH+ et (b) logaOH- pour chaque composition du fluide obtenus avec le 

logiciel PHREEQC: (A) NaCl, (B) NaCl+NaHCO3, (C) NaCl+AlCl3 et (D) 

NaCl+NaHCO3+AlCl3. 
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Figure 5.20: Variation des concentrations des ions dans le fluide à 25 °C, puis lorsque le 

système atteint à 80 °C, obtenues à partir de la modélisation avec le logiciel PHREEQC. 

Composition du fluide: (A) NaCl, (B) NaCl+NaHCO3, (C) NaCl+AlCl3 et (D) 

NaCl+NaHCO3+AlCl3. 
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Figure 5.21: Variation des concentrations de différentes espèces en solution et du pH en 

fonction du rapport log eau/roche (log W/R ratio) obtenus avec le logiciel EQ3/6 version 8.0a 

(a) avec Al à pH 4 et (b) sans Al à pH 9. La ligne rouge représente la valeur du rapport 

eau/roche employée dans cette étude. 
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Figure 5.22: log Q/K calculé à partir des données expérimentales avec le logiciel EQ3/6 

version 8.0a pour les espèces qui ont le magnésium dans leur structure. 
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Figure 5.23: Variation du log [Mg2+] en fonction du pH pour la forstérite, la brucite et la 

serpentine. 
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Figure 5.24: Rapport Al/Si obtenu avec le logiciel PHEEQC pour les solutions en présence 

d’Al.
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Figure 5.25: Espèces de silicium et d'aluminium pouvant être formées en solution dans les 

conditions de réaction utilisées dans cette étude (a) et (b) avec une composition de

NaCl+AlCl3, (c) et (d) avec une composition de NaCl+NaHCO3+AlCl3. 
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Phase gazeuse 
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Figure 5.26: Gaz formés à partir de la réaction de serpentinisation à 80 °C pression 

ambiante, données obtenues par le logiciel PHREEQC. (a) NaCl+NaHCO3, (b) NaCl+AlCl3

et (c) NaCl+NaHCO3 +AlCl3.
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Annexe B2: Phase aqueuse 
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