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Répartition bimodale des produits solides d’une chambre magmatique : modélisation

par cristallisation fractionnée avec couplage des échanges chimiques et du transport
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Répartition bimodale
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A B S T R A C T

Our aim is to explain the possible bimodality of the compositions of the magmatic rocks of

the same province. In order to do so, we present a model for the crystallization of a

magmatic chamber, coupling the three phenomena: solidification, sedimentation,

chemical reactions between the solid and the liquid. These three phenomena make

two independent dimensionless parameters appear: the ratios of the solidification rate to

the transport velocity, and of the chemical kinetics to the transport velocity. The model is

written for one independent chemical component. It is shown that, for certain values of the

dimensionless parameters, the chemical composition of the chamber can present a

bimodal distribution, starting from uniform initial conditions. This model shows that the

coupling between three elementary phenomena is enough to explain the bimodality, or

more generally the appearance of discontinuities of chemical compositions, without

making any additional assumption.

� 2010 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

R É S U M É

Nous cherchons à rendre compte de la bimodalité possible des compositions des roches

magmatiques d’une même province. Pour cela, nous présentons un modèle de

cristallisation d’une chambre magmatique couplant les trois phénomènes : solidification,

sédimentation, réactions chimiques entre le solide et le liquide. Ceux-ci font apparaı̂tre

deux paramètres sans dimension indépendants, exprimant les rapports respectifs de la

vitesse de solidification sur la vitesse du déplacement solide/liquide, et de la cinétique

d’échange sur la vitesse de déplacement. Le modèle est écrit pour un constituant chimique
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1. Introduction

Associated plutonic intrusions or volcanic emissions
within the same province frequently show composition
discontinuities (all compositions are not seen equally), on a
local or a larger scale (see, for example, Halmlyn and Keays,
1979; Leblanc and Ceuleneer, 1992). One also very often
observes bimodal distributions; for instance for the
volcanic rocks, on one side the basaltic terms, and the
other side the felsic terms (trachytes, phonolites) whereas
the intermediate compositions (andesites) are very little
represented (for the equivalent plutonic rocks: gabbroic
rocks on one side, granitic rocks on the other, with the
relative scarcity of intermediate rocks such as quartz
bearing diorites or syenites) (Baker, 1968; Bonnefoi et al.,
1995; Chayes, 1963; Clague, 1978; Daly, 1925; Gagnevin
et al., 2003; Marsh, 2002)). One speaks of the Daly gap for
the absence of intermediate terms in the volcanic series of
oceanic islands, but the situation is similar in the
continental series. In the present article, we wish to
explain these features, and particularly the bimodality of
the rock compositions, by way of simple models.

Many models have already been proposed for the first
understanding of the variety of the plutonic and/or
volcanic rock compositions of the same province. The
fractional crystallization model is the best example. It
suffers important limitations: in the models that are
derived from it, nonlinear (composition dependent)
chemical partition coefficients between the solid and the
liquid are not taken into account (the models are adapted
to trace rather than major elements); the relative
displacement between the solid and the liquid, and the
possible chemical exchanges along this displacement are
not taken into account: there is no space variable. This
model can be developed within larger models. For
convenience, we will distinguish three classes of process-
es: processes of chemical exchanges between liquids and
solids; processes of thermal transfer and solidification;
processes of relative movement between the solid and the
liquid (in relation to tectonics, or to the density differences
between the solid and the liquid). Each one of these classes
deserves more thorough development (see (Baker and
Mcbirney, 1985; Bons et al., 2004; Godard et al., 1995;
Jaupart and Tait, 1995; Jellinek and Kerr, 2001; Kuritani,
2004), for example).

However, the models remain generally specialized in
each of the three classes of processes. Coupled models
exist, but they only relate to partial aspects of the
phenomena, their variety being so large. Also, in the
end, the models do not allow a satisfactory answer to the
above questions (appearance of bimodality and of compo-
sition discontinuities). Many explanations were proposed

(see previous papers for example) and we will not discuss
them in detail. They generally take us away from the
elementary phenomena of fusion/solidification, relative
displacement and chemical exchange between the solid
and the liquid, and utilize some various additional
phenomena (multiple injections, contamination in an
open system etc.). In this work, we would like to go back
to the elementary phenomena, deciding to consider them
together. This can only be done at the price of a great
simplification of each of them, but the result is a fertile
overall picture. In particular, these three phenomena will
reduce to two independent dimensionless parameters.
These will enable us to discuss the important types of
behaviour of the systems. We will take as an example that
of the evolution of a closed magmatic chamber. This will be
a vertical column containing the magma (with or without
some solids) at time zero, along one space dimension, the
vertical axis (Fig. 1). The other case of an open system is
simpler, in that it corresponds to the subsystem of a larger
system, and will also be discussed briefly. The three classes
of phenomena are simplified as follows:

� Solidification is imposed by the thermal situation of the
chamber, in particular the temperature gradient at the
top. Without modelling all the heat transfers, we will

indépendant. On montre que, pour certaines valeurs des paramètres sans dimension, la

composition chimique de la chambre peut présenter une répartition bimodale, alors que

les conditions initiales sont uniformes. Ce modèle montre que le couplage entre trois

phénomènes élémentaires suffit à rendre compte de la bimodalité, ou plus généralement,

de l’apparition de discontinuités de compositions, sans faire intervenir d’hypothèse

additionnelle.

� 2010 Académie des sciences. Publié par Elsevier Masson SAS. Tous droits réservés.
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Fig. 1. Schematic view of a magmatic chamber: the vertical axis is the

dimensionless x-axis used in the text (variation between 0 and 1; it

corresponds to thicknesses of several hundreds of meters for natural

chambers). The solidification may take place in the upper part of the

chamber; the crystals formed subsequently settle and fill the bottom of

the chamber (solid).

Fig. 1. Schéma d’une chambre magmatique. L’axe vertical représente la

profondeur sans dimension figurée par la variable x, variant entre 0 et 1

(correspondant à des épaisseurs de quelques centaines de mètres pour

des chambres naturelles). La solidification peut se faire dans la partie

supérieure de la chambre ; les cristaux formés peuvent ensuite se

sédimenter et remplir le bas de la colonne (partie solide).
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