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PSL University, Sorbonne Université, CNRS, 75005 Paris, France
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«	Expliquer	du	visible	compliqué	par	
de	l’invisible	simple	»	

Jean	Perrin,	Les	atomes	(1913)	



Liquides : une variété de comportements
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Liquides : une variété de comportements
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Description atomistique – théorie cinétique des gaz
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microscopiques

Entropie : S = kB logW /N!

(kB = R/NA = 1.38× 10−23 J/K)
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Simulations de dynamique moléculaire

On résoud numériquement et de façon itérative les équations de
Newton de la dynamique

ma = mr̈ = f

pour une assemblée de N particules dans un volume V .

Algorithme de Verlet (Loup Verlet, Orsay, 1967)

r̈(t) ≈ r(t + dt)− 2r(t) + r(t − dt)

dt2
=

f(t)

m

v(t) = ṙ(t) ≈ r(t + dt)− r(t − dt)

dt



Les années pionnières : 1955-1970

Bernie Alder (debout), Mary-Ann Mansigh (assise), Tom Wainwright (assis)



Une simulation d’eau liquide



Structure microscopique tétraédrique de l’eau!,1$8,$1.+,1"?/"#.)*"()).%%.+
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Propriétés ”anormales” de l’eau

Haute température d’ébullition

Glace flotte au-dessus de l’eau

Maximum de densité à 4◦C



Forces s’exerçant sur les atomes

Comment calculer les forces ?

Par un modèle mécanique (ressort, liaisons, torsions...)

Par un calcul explicite de la structure électronique

Simulations ab initio

Permet de décrire la formation de nouvelles liaisons chimiques

Premier grand succès : Transport de H+ dans l’eau
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Par un modèle mécanique (ressort, liaisons, torsions...)

Par un calcul explicite de la structure électronique
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Simulations ab initio

Permet de décrire la formation de nouvelles liaisons chimiques

Premier grand succès : Transport de H+ dans l’eau



Transport de H+ dans l’eau



Mécanisme de Grotthuss

Transport de H+ par sauts entre molécules d’eau :

Mais deux formes en équilibre rapide : H5O+
2 (Zundel) et

H9O+
4 (Eigen)

Récentes expériences de spectroscopie ultra-rapide confirment
cette image [Dahms, F., et al. Science 357, 491-495 (2017).]
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Fluides du manteau terrestre riches en carbone

Bien que le manteau soit très pauvre en carbone
(10-500 ppmw), les magmas carbonatés jouent un rôle
important de la dynamique du manteau

Très peu d’informations en comparaison des silicates
!"" !"#$%&'($#)$&'*+,-"./ *+,0"#+1$'2$31%'+#.'*+,0"#+141$% !"#

pockets within dunite xenoliths from the Kerguelen Archipelago (Moine et al. 2004b) indicates 
that oceanic carbonatites may be more widespread. Geographical areas of carbonatitic activity 
are often very long-lived and, where unrelated to the migration of mantle plumes, a direct 
relationship with underlying lithosphere is likely (Genge 1994; Woolley and Bailey 2012), yet 
others are thought to be related to deep mantle plumes, for example Kola Peninsula (Marty et 
al. 1998), Canary Islands (Widom et al. 1999), Cape Verde Islands (Holm et al. 2006), Brazil 
(Toyoda et al. 1994), Deccan Traps (Simonetti et al. 1998), and Greenland (Larsen and Rex 
1992). New regions with carbonatites are still being discovered, for example in the Middle 
East including Saudi Arabia, United Arab Emirates, and ophiolite-related carbonatite in 
Oman (Woolley 1991). A remarkable series of books dedicated to reviewing the systematic 
geographical distribution with individual maps of all carbonatites sourced from thousands of 
references, is provided by Woolley and has been used to publish a comprehensive global map 
and database of all known carbonatites (Woolley and Kjarsgaard 2008a). 

Temporal distribution of carbonatites. Globally from just 56 known in 1987 (Fig. 10), 
there are now ~527 carbonatite occurrences, of which 49 are extrusive, ranging in age from 
Archaean to present (Woolley and Church 2005; Woolley and Kjarsgaard 2008a). The most 
commonly reported oldest dated carbonatite and associated silicate rocks are from Phalaborwa 
carbonatite in South Africa at 2063 to 2013 Ma (Masaki et al. 2005) and Siilinjarvi, Finland 
circa 2047 million years old (Puustinen 1972; Woolley and Kempe 1989). The Siilinjarvi age 
is typical, and based upon K-Ar dates of 1790±30 to 2030±30 Ma on phlogopite, 2530±45 
Ma on richterite, and 2260±42 Ma on actinolite (Puustinen 1972), as well as 1850±40 Ma and 
2280±40 Ma on phlogopite and richterite respectively from the main carbonatite. However, 
older ages are also discussed for Siilinjarvi, with reports of U-Pb dating of zircon from sövite 
indicating an age of 2580±200 Ma (Patchett et al. 1982) along with unpublished Sm-Nd data 
supporting an age of 2600 Ma (Basu et al. 1984). 

Of the known extrusive carbonatites, 41 are calcio-carbonatites, 7 are dolomitic carbonatites, 
and only one extrusive carbonatite is alkaline natrocarbonatite (Woolley and Church 2005). 
Carbonatites tend not to occur as single rock units but rather as a suite in association with 

alkaline silicate rocks, including a wide variety of ultrama"c to felsic silicate igneous rocks 
from dunites to syenites, as in the Siberian Massif (Egorov 1970; Kogarko and Zartman 2007; 
Vladykin 2009), with only ~20% of carbonatites occurring without associated silicate rocks 
(Woolley and Kjarsgaard 2008a). 

Despite the occurrence of carbonatites throughout the majority of geological periods since 
the Archean, their increase in frequency with decreasing age, and episodic clustering of activity, 
has led to the suggestion that conditions required for carbonatite formation are becoming more 
widespread (Woolley 1989). Alternatively Veizer et al (1992) argue that the apparent increase 
is a preservation artifact, with crustal erosion and preferential recycling of orogenic-related 
carbonatites, with a geodynamic half-life of carbonatite bodies close to ~445 m.y. Carbonatite 
rocks (orogenic and anorogenic) are relatively easily weathered in comparison to silicate rocks, 
so bias towards young ages in the geological record might be expected. However the argument 
for carbonatite age bias due to preservation presented by Viezer et al (1992) has been further 
debated through the consideration that cratonic material in which carbonatites are concentrated 
and not readily subducted; therefore, the backward projection through Precambrian time of the 
modern pace of recycling by subduction is not valid. Instead, Woolley and Bailey (2012) argue 
that the concentration of carbonatite material in late Archean cratonic regions is the result of 
re-opening and use of pre-existing lesions during plate movements. This activity is thought to 
occur in episodes, with some areas showing up to "ve events, with gaps of millions of years 
between episodes. 

Geochemistry of carbonatites 

Carbonatites occur as intrusive, extrusive and hydrothermal or replacement bodies that 
contain more than 50 vol% primary igneous carbonate minerals derived from carbonate magma 
(Streckeisen 1980) and with less than 20% SiO2 (Le Maitre 2002). A summary classi"cation 

Figure 10. Global distribution of carbonatites from Le Bas (1987); this early compilation shows 56 carbon-
atites distributed across all continents, but mostly associated with continental modern and ancient rifting. 
In just over 25 years the number has transformed to over 500 today, culminating in a new metabase called 
“Carbonatite occurrences of the world: map and database” compiled by Woolley and Kjarsgaard (2008a), 
which is held at the Site of the Natural Resources in Canada, and is free to access at http://geoscan.ess.nrcan.
gc.ca/starweb/geoscan/servlet.starweb.
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Figure 9. Electrical conductivity versus temperature shows very high values for molten carbonates com-
pared with molten silicates, hydrous olivine and dry olivine mineral phases stable in the mantle as a function 
of temperature. Drawn after Gaillard et al. (2008). See also Sifre and Gaillard (2012).



Carbonates fondus : des milieux très conducteurs
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Figure S8. Electrical conductivity of molten carbonates investigated in this study versus temperature. The 

conductivities of Ca-free melt containing 30% Li2CO3 and the conductivity of Li-free melts containing 50% 

CaCO3 differ by less than a factor of 3 indicating a very small compositional dependence. 
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Carbonatite Melts and Electrical
Conductivity in the Asthenosphere
Fabrice Gaillard,1* Mohammed Malki,2,3 Giada Iacono-Marziano,1,4
Michel Pichavant,1 Bruno Scaillet1

Electrically conductive regions in Earth’s mantle have been interpreted to reflect the presence
of either silicate melt or water dissolved in olivine. On the basis of laboratory measurements, we
show that molten carbonates have electrical conductivities that are three orders of magnitude
higher than those of molten silicate and five orders of magnitude higher than those of hydrated
olivine. High conductivities in the asthenosphere probably indicate the presence of small
amounts of carbonate melt in peridotite and can therefore be interpreted in terms of carbon
concentration in the upper mantle. We show that the conductivity of the oceanic asthenosphere can
be explained by 0.1 volume percent of carbonatite melts on average, which agrees with the
carbon dioxide content of mid-ocean ridge basalts.

Laboratory measurements on anhydrous pe-
ridotite and olivine single crystals indicate
that the electrical conductivity of the upper

mantle, if dry, should be ~10–4 to 10–2 S m–1, with
the higher values reflecting high mantle temper-
atures (1, 2) (Fig. 1). Deep magnetotelluric data,
however, indicate that the electrical conductivity
of somemantle regions exceeds these values (3–5).
In the Pacific Ocean mantle, for example, con-
ductivities of >10–1 S m–1 have been measured at
depths of >60 km (4, 5). Such zones require the
presence of conductive phases; silicate melts or
hydrated olivine crystals are commonly considered
(3, 5–8). Silicate melts have electrical conductiv-
ities of 10–2 to 10 S m–1 (6, 7, 9, 10) (Fig. 1) but
peridotite melting requires high temperatures or
high water content (11). The high mantle con-
ductivities have therefore usually been interpreted
as indicating trace amounts of hydrogen in olivine
(4, 5, 8, 12). Direct measurements in mantle
xenoliths provide compelling evidence for hydrated
mantle olivine (13). However, the magnitude of the
effect of water on olivine conductivity remains
under debate (14, 15) (Fig. 1). Furthermore, it is
unclear how hydrated olivine can produce high
electrical anisotropymeasured in the asthenospheric

mantle (15). We present here experimental data
showing that molten carbonates (i.e., carbonatites)
can potentially explain high mantle conductivities.

The carbon dioxide content of mantle-derived
magmas is a few hundred parts per million by
weight (ppmw) inmid-ocean ridgebasalts (MORBs)
and can reach a few thousand ppmw in specific
settings (16, 17), which constrains the CO2 content
of themantle source to a few tens to hundreds ppmw
(16–18). Under most of the pressure-temperature-
oxygen fugacity conditions prevailing in the upper
mantle, carbon is likely to be present in the form of
molten carbonates (19–22). Such carbonatite melts
have exceedingly largewetting properties (23): They
form interconnected liquid networks at olivine
grain boundaries even at very low-volume fractions
(23, 24) and could therefore contribute to the elec-
trical conductivity of the mantle. The available
data on the electrical conductivity of molten car-
bonates cover Li-rich compositions of industrial
interest (25). However, mantle carbonatites are par-
ticularly Li-poor and Mg, Ca-rich and have variable
K and Na (26). We measured the electrical con-
ductivity of molten Li-free and Ca-rich carbon-

1Centre National de la Recherche Scientifique (CNRS), Institut
National des Sciences de l’Univers (INSU), Université d'Orléans,
Université François Rabelais–Tours, Institut des Sciences de la
Terre d'Orléans, UMR 6113, Campus Géosciences, 1A, Rue de la
Férollerie, 41071 Orléans cedex 2, France. 2Conditions Extrêmes
et Matériaux: Haute Température et Irradiation (CEMHTI), CNRS,
UPR3079, 1D Avenue de la Recherche Scientifique, 45071
Orléans cedex 2, France. 3Ecole Polytechnique de l’Université
d’Orléans, 8 Rue Léonard de Vinci, 45072 Orléans cedex 2,
France. 4Istituto Nazionale di Geofisica e Vulcanologia, Sezione di
Palermo, Via Ugo La Malfa 153, 90146 Palermo, Italy.

*To whom correspondence should be addressed. E-mail:
gaillard@cnrs-orleans.fr

10-5

10-4

10-3

10-2

10-1

1

10

102

103

900 1000 1100 1200 1300 1400

Temperature°C

C
on

du
ct

iv
ity

(S
.m

-1
)

(SO3)

(Yo)

(W)

(a)

(b)
(c)

(e)
(d)

Molten carbonates

Molten silicates

Hydrous Olivine

Dry Olivine

Fig. 1. Electrical conductivity versus temperature for the most important mantle phases (dry and hydrous
olivine, molten silicates, and molten carbonates). SO3 refers to anhydrous olivine conductivity (2). For
hydrous olivine, we show experimental data sets of (14, 15). The two curves labeled Yo, which exhibit the
lowest conductivity in the hydrous olivine field, are on oriented single olivine crystals containing 100 to 150
ppmw water (15). Each curve corresponds to crystallographic axes yielding the fastest and the slowest
conduction. The upper curve labeled W refers to olivine aggregates with 100 ppmw water dissolved in
olivine (14). For silicate melts, anhydrous results are shown in red and hydrous in blue. From the less to the
more conductive, results for (a) a dry MORB at 2 GPa (7), (b) a dry MORB at 1 bar (7), (c) a dry alkali basalt
at 1 bar (6, 10), (d) a hydrous silica-rich melt at 1 bar (9), and (e) a hydrous alkali basalt at 1 bar (10) are
shown. In the upper part of the diagram, the conductivities of molten carbonates are presented,
extrapolated from our experiments at 400 to 1000°C using Eq. 1 (see fig. S8). From the less to the more
conductive, we show (KCa0.5)2(CO3)2, (NaKCa0.5)2(CO3)3, (NaKCa)(CO3)2, (NaK)2(CO3)2, and (LiNaK)2(CO3)3.
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REPORTS

A l’origine de la grande conductivité mesurée (10−1 S.m−1) dans
certaines régions du manteau, comme l’asthénosphère sous la
dorsale océanique du Pacifique.

F. Gaillard et al., Science 322, 1363 (2008).



Volcan Lengai (Tanzanie) – natrocarbonatite Na2CO3



Piles à combustible au carbonate fondu

20 tonnes pour 250 kW, Température : 650 ◦C

Solubilité de CO2deux ordres de grandeur plus grand que dans
les autres sels fondus

Les carbonates pourraient être utilisés pour le piégeage et la
valorisation du CO2



CaCO3 pur



Equation d’état
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RV, A. P. Seitsonen, N. Sator and B. Guillot, Geochimica et
Cosmochimica Acta 141, 547-566 (2014)



Simulation d’une molécule de CO2 dans CaCO3 fondu



Pyrocarbonate C2O2−
5

Temps de vie CO2 C2O2−
5

CaCO3 0.88 ps 0.28 ps

LiKCO3 5.33 ps 1.0 ps



Transport de CO2 par un mécanisme de oxo-Grotthus

CO2 + CO2−
3 → CO2−

3 + CO2

DGrotthus = `2/τ ≈ 8.3× 10−9 m2/s (DCO2−
3

= 3.0× 10−9 m2/s)

D. Corradini, F.-X. Coudert, RV, Nature Chemistry 8 (2016) :
454-460.
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3 Génération de seconde harmonique



Spectroscopie : exemple de la génération de seconde
harmonique

La génération de seconde harmonique est un phénomène
non-linéaire

Absence de signal dans les systèmes centro-symétriques

Sonde de la structure des interfaces

Water

!
! 2!



SHG de l’interface eau-air

Application d’un champ électrique sur l’interface et calcul de
la réponse électronique

Excellent accord avec les données expérimentales

Yann Foucaud et al. sous presse à Chemical Science



SHG de l’interface eau-air : interprétation



Quelques défis actuels en simulation moléculaire

Echelles de temps et de longueur

Systèmes complexes et hétérogènes

Spectroscopies avancées

Processus hors d’équilibre

Systèmes chargés, électrochimie, conditions aux bords

Dynamique électronique, effets quantiques nucléaires,
dynamique quantique
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