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Abstract  

Many crustal magmatic reservoirs are fundamentally powered by basalt injection at their base. 

Asides from transfer of silicate liquid and crystals and accompanying heat, basaltic magma 

also provides large amounts of fluids to the overlying magma. This work explores how water 

activity and temperature, hence degree of crystallisation, of magmatic reservoirs are affected 

by such a mechanism at various levels in the crust. By using recent experimental phase 

equilibria, thermodynamic relationships between gas and silicate melts, and heat balance, it is 

shown that, depending on the level of magma storage, diffusive exchange during bubble 

uprise and stalling may produce either crystallisation or melting of magmas. Long term 

fluxing of felsic to intermediate magma bodies stored in upper crust by mafic volatiles will 

generally lead to their near isothermal solidification. Conversely, for bodies stagnating in the 

mid to deep crust, such a process almost inevitably enhances melting, driving or maintaining 

magmas beyond the threshold of mobility needed for upward material transfer, unless the 

percolating fluid is very CO2-rich. Compilation of basaltic melt inclusion data gathered in arc, 

hot-spot and ridge settings, shows that the two last categories coexist with CO2-rich fluids at 

high pressures (XH2Ofluid<0.1), which will almost always enhance crystallization. In contrast 

arc basalts record a wide and continuous range of fluid compositions, from dry to almost 

H2O-saturated conditions, which may either favour (low pressure) or inhibit (high pressure) 

the crystallization of felsic reservoirs which they underplate. Crustal growth may thus be in 

part limited by the difficulty of crystallising deep-seated magma bodies, in particular in arc 

settings. This pressure controlled effect is related to the contrasted solubilities of H2O and 

CO2 in silicate melts, and to the much stronger non-ideal behaviour of CO2 relative to H2O as 

pressure increases. Asides from tectonic and density inversion processes, a thick crust may 

fundamentally reflect the fact that basalt underplating in the lower crust has proceeded at a 

rate sufficiently slow so as to prevent remelting of earlier intrusions (or melting of lower crust 
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lithologies) or that the outcoming fluid was CO2-rich, or both. Application to other terrestrial 

planets is hindered by the paucity of data regarding crust thickness and composition, and it 

can be only conjectured that the thin crust of large planets (Earth, Venus) reflects in part the 

operation of subduction process during their evolution, while the comparatively thicker crust 

inferred for smaller bodies (Mars, the Moon, Vesta) reflects in turn processes related to a 

primordial crust. 
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INTRODUCTION 

Magma underplating is an essential process on planets, being by virtue of progressive sill 

accumulation, the fundamental mechanism of crust production, be it basaltic or andesitic in 

composition. Upon crystallization, magmas lose their volatiles which may rise and percolate 

into overlying rocks, including former intrusions. Late intrusions may partially melt early 

ones (e.g., Bergantz, 1989) and give rise to differentiation processes (e.g., Hildreth and 

Morbath, 1988), in particular in the lower crust (e.g., Annen and Sparks, 2002; Dufek and 

Bergantz, 2005; Annen et al., 2006). In upper crust, gas percolation into silicic magmas from 

underlying crystallising basalt has been shown to affect in several ways the fluid mechanics of 

magma reservoirs, including density inversion leading to large scale overturn (e.g., 

Eichelberger, 1980 ; Huppert et al., 1982; Ruprecht et al., 2008), magma mixing (e.g., 

Thomas et al., 1993), inhibition of convection (Cardoso & Woods, 1999), filter pressing of 

residual liquids (Sisson & Bacon, 1999), or remelting due to advective heat transfer (e.g. 

Bachmann & Bergantz, 2005 ; Huber et al., 2010). However, whilst the physics of gas 

advection have been well studied (e.g., Parmigiani et al., 2014, 2016, 2017; Degruyter et al., 

2019), little attention has been paid to evaluate the chemical effects of such a process. Yet, 

gas transfer from basalts is widely believed to be the ultimate source of volatiles in silicic 

magma bodies (e.g., Hattori, 1993 ; Wallace, 2005 ; Edmonds et al., 2010). The case for the 

transfer of CO2-rich gas through shallow magma reservoirs in arc settings has been made 

previously (e.g., Blundy et al., 2010) and  modelled in particular in the low pressure range 

(Yoshimura and Nakamura, 2011, 2013; Carrichi et al., 2018). These studies show that such a 

process may alter magma physical and chemical behaviour during or prior to eruption, leading 

in particular to enhanced crystallization of felsic magma reservoirs at rest, as expected from a 

thermodynamic viewpoint. Here I study the same process, but explore higher pressure 
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conditions and consider also the role of H2O/CO2 ratio of the injected fluid into the reservoir. 

I build upon recent phase equilibrium studies on a variety of magma compositions that 

constrain the combined effects of H2O/CO2 and temperature on magma crystallization up to 

12 kbar, therefore encompassing the full range of common crust thickness, allowing insight 

into a pressure range where existing thermodynamic softwares, such as MELTs (e.g., Gualda 

et al., 2012), are not yet well calibrated, in particular because they miss important phases of 

hydrous magmas such as amphibole, which can be a preponderant crystallising phase at lower 

crustal conditions (e.g., Pichavant and Macdonald, 2007; Davidson et al., 2007). In the 

following I first present the conceptual framework related to bubble percolations through 

partly or fully molten magmas, and their expected effects of water activity. I then explore 

what happens when basaltic fluids (ie CO2-richer as compared to those in more felsic 

magmas) ingress the magma reservoir, considering successively rhyolitic, dacitic, andesitic 

and basaltic compositions. The input fluid is considered to ingress the reservoir at a 

temperature not far from that of the stagnant felsic magma, which is an important assumption. 

The rationale for that stems from the following considerations: (1) on a long term basis, 

underplating is likely to proceed from the base of the felsic intrusion downwards (e.g., Annen 

and Burgisser, 2021). In such a situation, the fluid released by a newly arrived and 

crystallising mafic layer will percolate through the previous overlying intrusions which for the 

most part have come to thermal equilibrium with the felsic magma. This geometry will likely 

buffer the temperature of incoming fluids to that of the resident felsic body; (2) perhaps more 

importantly, the fundamental process of fluid addition from a mafic source, at least in arc 

systems, is due to the crystallization of the mafic end-member (e.g., Eichelberger, 1980; 

Huppert et al., 1982), i.e. its abrupt cooling resulting from its blending with the cold felsic 

magma, hence released mafic fluid will not be at the initial temperature of the mafic intrusion. 

It may well be however, that some mafic forerunners violate this geometry and arrive in the 
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upper reservoir while being still very hot: in such a circumstance, which is not explored in the 

present work, the excess heat brought by the hot fluid may counteract to some extent the CO2-

induced crystallization documented to occur at low pressure (see below). As concerns felsic 

magmas, the sole documented instance where this might occur is the Erebus system, whose 

permanent phonolitic lava lake is possibly sustained by continuous CO2 flushing sourced from 

underlying basanitic magma (Oppenheimer et al., 2011).  

 An additional word of caution is needed at this point. In all calculations presented 

below, although no specific mention is made, nor is needed, for that, the source of percolating 

fluids is assumed to be mafic, since basaltic magmatism is the fundamental process powering 

crustal growth or destruction (e.g. Hildreth, 1981). Yet, magma underplating processes need 

not to be exclusively represented by a mafic underneath silicic scenario, but could be also one 

in which an intermediate magma (ie andesite or dacite) encounters a more silicic one, or could 

be even that of a silicic injection into a more mafic reservoir (Eichelberger et al. 2000). These 

scenarios are not simulated here on the premise that the injection of a basalt into a silicic 

reservoir represents the commonest situation.  

 

Expected crystallization/melting trends for felsic magmas underplated by basalts 

To illustrate the chemical effects explored here, consider a reservoir at 2 kbar in which 

a partially crystallised magma is stored at 800°C with a melt water content of 5-6 wt% which 

corresponds to a mole fraction of water in the coexisting fluid phase, XH2Ofluid, of 0.8 (A,  

Fig. 1). If such a reservoir is underplated by a basalt magma which supplies its volatiles upon 

crystallisation (e.g., Eichelberger, 1980; Huppert et al., 1982), four possibilities can occur 

(Fig. 1). The first case (A) is when the mafic gas has a composition (XH2Ofluid) similar to that 

of the silicic host, in which case the influx of volatiles cannot alter the state of equilibrium 

and the system remains unchanged (ignoring heat contribution). The second case (B) is when 
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the mafic gas has a lower XH2Ofluid than that of the resident magma, which forces the latter to 

crystallise (e.g., Carrichi et al., 2018). The third case (C), is the reverse of case B, ie the mafic 

gas composition is richer in H2O than the resident one, and gas infiltration is accompagnied 

by remelting of the silicic mush. The fourth case (D) is when the mafic gas has an XH2Ofluid 

equal to, or lower than, that of solidus. Excluding kinetics factors, the extent to which gas 

infiltration will alter the prevailing state of chemical equilibrium depends on the amount of 

gas supplied, the relationships between melt fraction and melt water content, and the contrast 

between the equilibrium fluid phase composition and that originated from the underlying 

basalt. Hydrothermal phase equilibria on magmas (e.g., Scaillet & Evans, 1999; Martel et al., 

1999; Pichavant et al., 2002, Klimm et al., 2003) give the equilibrium relationship between 

melt fraction, melt H2O content and fluid phase composition (Fig. 1), and from these works 

the general contours of wt% proportions of crystals in magmas can be drawn (Fig. 1). Below, 

I first briefly review some general considerations about the physics of bubble transfer through 

crystal mushes. For a detailed account on such a topic the reader is referred to Parmigiani et 

al. (2016) and references therein. 

 

Bubble percolation in crystal mushes 

The terminal ascent rate of bubbles in silicate melts can be calculated from Stokes’law: 

Vs = (2 r
2
 g d/9 ). f(c) (1) 

where r is the bubble radius, g the gravitational constant, d the density contrast and  the 

viscosity of the melt. The term f(c) is an empirical function that takes into account the effect 

of crystal content on ascent velocity (e.g., Bachmann and Bergantz, 2004) such that in a 

magma with 50% crystals the rising velocity is decreased by a factor of 10 relative to the 

crystal-free case. Application of the above equation to natural silicic to intermediate magmas 

in convergent settings is shown in Figure 2, using melt viscosities as constrained from phase 
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equilibrium data (Scaillet et al., 1998). The size distribution of bubbles in magma chambers is 

poorly known. Phase equilibrium experiments in which the silicate melt is equilibrated with 

H2O-CO2 bubbles show them to have radii in the range 10-100 microns, however, which is 

taken as a first order approximation for such a parameter. For such sizes, ascent rates in silicic 

reservoirs having 50% volume crystals are constrained to be on the order of a cm/y at best 

(Fig. 2). This value can be compared to the distance of volatile diffusion over the same 

duration. Both H2O and CO2 have diffusivities in the range 10
-7

-10
-8

cm
2
/s for a rhyolite melt 

with 6-8 wt% dissolved H2O at 800°C (e.g., Watson, 1994; Zhang et al., 2007). This yields a 

transport distance of about 1 cm/year, or a value similar to bubble ascent rates. Thus, although 

the above figures will vary depending on the specific case considered, they suggest that 

bubble migration through a partially molten magma is likely to proceed along with chemical 

exchange between gas and silicate melt, in particular when the percolated body is a crystal-

rich magma with a viscous rhyolitic residual melt, since both factors act to decrease the ascent 

rate of bubbles.  

 

Method of calculation 

Calculations have been performed so as to find the final equilibrium fluid composition 

considering that the process is isenthalpic, since recent modelling has shown that heat 

advection via bubbles can lead to small but significant temperature increase (Bachmann & 

Bergantz, 2005; Carrichi et al., 2018). In most cases, amounts of fluid added up to 50 wt% 

have been considered which, though possibly unrealistic, constrain the limiting conditions 

towards which any system evolves for a given fluid composition. Considering that mafic arc 

magmas contain several wt% of H2O (about 4 wt% Plank et al., 2013; Rasmussen et al., 

2022), to > 6 wt% (e.g. Pichavant et al., 2002)), and possibly abundant CO2 as well (e.g., 

Blundy et al., 2010; Plank and Manning, 2019), i.e. an amount of volatiles which is equivalent 
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to that inferred for felsic magmas, a supply of say 5-10 wt% fluid to a felsic body would 

require that the mass of mafic magma source of that fluid is broadly equal to that of the 

percolated silicic reservoir (see below). The case for other settings is less clear but there is 

growing evidence for enhanced fluid content of mafic magmas, in particular for those in hot-

spot environments (several wt% as well, e.g., Dixon et al., 1997). The magma compositions 

used in this work, as well as the references corresponding to the studies having established the 

corresponding phase equilibria are listed in Table 1. 

The following procedure was adopted : 

For each composition at fixed pressure, the relationship between H2O dissolved in melt 

(H2Omelt, in wt%), percent of crystallisation (wt% melt ) and temperature (T, in °C) was fitted 

to a linear function of the form : 

wt% melt = (a T  + b ) H2Omelt + c T + d (2) 

The regressed parameters a,b, c and d are listed in Table 2. At pressures up to 400 MPa, for 

each composition at any given P and T, the relationships between H2Omelt and fH2O was 

calculated using the following empirical equation : 

fH2O = e H2Omelt
f  

(3) 

The parameters e and f of equation 3 were derived at any P and T (Table 3) for each 

composition so as to produce the H2Omelt obtained at H2O saturation in the experiments, using 

fH2O for pure water at the relevant P and T from Holland and Powell equation of state 

(Holland & Powell, 1991). For experiments at higher pressures, it was found easier to use 

different mathematical expressions (see Table 3). Although derived from H2O-saturated 

experiments, equation (3) was also used for calculating the melt water content at under-

saturated conditions (ie CO2-bearing). The reason for regressing systematically e and f values 

specific to any composition at P and T is to facilitate the finding of the numerical solution 

during the iteration procedure seeking for the conditions of equilibrium distribution of H2O 
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and CO2 between melt and fluid. Use of a single general equation may yield spurious values 

of melt fraction (ie slightly negative values) that prevent from finding the exact solution. This 

was avoided by ensuring that the melt fraction at H2O saturation is exactly consistent with the 

melt solubility defined by the experiments. 

To relate dissolved CO2 to fCO2, the same functional relationships than for water was 

used. In contrast to water, however, many phase equilibrium studies do not report dissolved 

CO2 content of quenched melts, hence this parameter has to be estimated. For silicic to 

intermediate liquids, owing to their much lower solubility of CO2 relative to H2O, and the 

small compositional dependence of CO2 solubility of such melts, only one set of e and f 

values (e=8.23 10
-6

, f=0.5145) was adopted: e and f were fitted so as to give a solubility of 0.5 

wt% CO2 at 10 kbar for a pure CO2 fluid, in agreement with high pressure solubility data on 

silicic melts (Stolper et al., 1987 ; King & Holloway, 2002 ; Tamic et al., 2001 ; Behrens et 

al., 2005). For basalts the relationships derived by Lesne et al (2010a,b) for the Stromboli 

basalt were used. There are some uncertainties as to whether incorporation of H2O enhances 

significantly CO2 solubilities at high pressures. However, calculations performed in which the 

equation was tuned so as to give twice the solubility value of CO2 showed only a trivial effect 

on the final calculated melt fraction.  

Knowing the H2O and CO2 initially dissolved in the magma, the amount of fluid added 

to it, as well as its composition (XH2Ofluid), the total amount of H2O and CO2 present in the 

system can be calculated (H2Otot and CO2tot).  

The fluid phase is assumed to be a binary mixture of H2O and CO2. The fugacities of 

H2O and CO2 in the fluid (fH2Ofluid, fCO2fluid) are calculated using fugacity coefficients of pure 

H2O and CO2  (H2O°,CO2°), calculated at P and T from the equation of state of Holland & 

Powell (1991), from the following standard thermodynamic relationships : 

fH2Ofluid = XH2Ofluid H2O° P  (4) 
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fCO2fluid = XCO2fluid CO2° P  (5) 

together with the constraint : 

XH2Ofluid+XCO2fluid = 1 (6) 

Arc magmas contain sulfur bearing species (H2S and SO2) as well as halogens. The 

mole fraction of sulfur species in magma reservoirs is in general lower than 0.05 (Scaillet & 

Pichavant, 2003; Lesne et al., 2015); that of halogens is even lower, and for the sake of 

simplicity they have been neglected in this work. Incorporation of these species will lower the 

calculated XH2Ofluid by a small extent (less than 0.05). The addition of fluid is assumed to 

take place at constant redox state, which is unlikely to be true in real systems. However, there 

are only limited quantitative experimental data on fO2 variations in magmas, which do not 

allow to properly evaluate the effect of changing fO2 on melt fraction trends, and even less to 

model them quantitatively in an approach such as the present one. In Fe-poor silicic magmas 

they can be anticipated to be of second order importance, if fO2 affects mostly the stabilities 

of Fe-bearing minerals (but see Scaillet et al., 1997). The experimental work of Martel et al. 

(1999) explored the effect of varying fO2 on phase relations and proportions of andesite 

magmas. They show that modest changes in fO2 may produce significant variations in melt 

proportions. For instance, a series of runs performed at around 2.2 kb and 930°C and H2O 

saturation but different fO2 (runs X10, X9 and X6) show the following melt proportions : 87 

wt% at NNO+2.2, 77 wt% at NNO+1.2 and 72 wt% at NNO+0.9 (fO2 being referenced to the 

NNO solid buffer). This suggests that if fluid infiltration goes along with fO2 change, it may 

also contribute to alter significantly the melt fraction. 

For a given composition, and P, T, bulk volatile conditions, the program seeks 

iteratively the melt fraction and temperature set of values which fullfills the following criteria: 

fH2Omelt = fH2Ofluid (7) 

fCO2 melt = fCO2 fluid (8) 
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H2Otot = H2Omelt+H2Ofluid (9) 

CO2tot=CO2melt+CO2fluid (10) 

in addition to the condition of energy conservation. Values adopted in this work for the heat 

capacities of liquid, solid and gas, and for the latent heat of solids are given in Table 4. 

Iterations are stopped when species fugacities between two iterations differ by less than 0.1 

bar and heat balance differs by less than 0.1 joule.  

 

RESULTS 

The details of numerical calculations to evaluate the effect of fluid infiltration on the 

melt fraction of rhyolite, dacite, andesite and basalt compositions at various pressures using 

relevant phase equilibrium constraints are provided below.  

Rhyolite 

Calculations for silicic magmas are first shown for the minimum melt composition in 

the ternary hapogranite system at 200 MPa (Fig. 3a,b). The starting conditions are 700°C and 

a melt H2O content of 4 wt% (XH2Ofluid=0.6), which give a crystal content of ca 30 wt%. 

These are conditions broadly similar to those inferred for some rhyolites ejected during 

caldera forming eruptions (e.g., Hildreth, 1981; Wallace et al., 1995). The effect of flushing 

of such a magma by fluids having XH2Ofluid ranging from 0.9 down to 0.05, is shown on Fig. 

3a, whilst the corresponding temperature changes are given on Fig. 3b. For these starting 

conditions, it can be seen that fluids with XH2Ofluid lower than ca 0.6 produce an increase in 

magma crystallinity, whilst the reverse is observed for XH2Ofluid >0.6. In contrast, infiltration 

of such a magma by fluids having an XH2Ofluid =0.6 will not change crystallinity. The more 

different from this equilibrium XH2Ofluid value is the composition of the infiltrating fluid, the 

more important is the change in crystallinity. Changes are not symmetrical, however, ie they 

are more pronounced for fluids with XH2Ofluid <0.6. Crystallinity changes are also not linearly 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



correlated with amount of fluid added, being more important during the first increments of 

fluid addition (ie up to 10-15wt%), after which trends tend to flatten toward near equilibrium 

values, except for the driest fluids (XH2Ofluid <0.3). The calculated temperature changes 

remain in all cases relatively modest, being less than 20°C for the driest case explored (Fig. 

3a). They are positive when the magma crystallises, and negative in the converse case. 

The same calculations are shown for a natural rhyolitic composition (Klimm et al., 

2003), which differs from the previous case by having Fe, Ca, Ti and Mg elements, which 

impart different melt fraction trend (Fig. 3c). In the case shown, the starting magma is at 

700°C with 6 wt% dissolved H2O, corresponding to a crystal load of about 20 wt%. In that 

case the equilibrium fluid composition has an XH2Ofluid = 0.95, reflecting the near water 

saturated condition (at 200 MPa). As a result, fluid infiltration invariably results in 

crystallisation of the pervaded magma, the extreme case explored (XH2Ofluid =0.4) even 

reaching solidus conditions after addition of 35 wt% fluid. It is worth noting that the addition 

of 1 wt% fluid to such a felsic reservoir leads already to a dramatic increase of its 

crystallinity, from about 20 wt% to over 40 wt% for an incoming fluid having XH2Ofluid =0.4 

(corresponding to a shift of the equilibrium XH2Ofluid from 0.95 down to 0.83): as stated 

above, the mass of mafic magma needed to supply such an amount of fluid would be broadly 

similar to that of the resident magma. The corresponding temperature changes are more 

significant than for the haplogranite, reaching +60°C for the case XH2Ofluid =0.4. As in the 

previous case, it can be seen that most of the changes occur during the first 10 wt% of fluid 

addition. The differences between the haplogranite and natural rhyolite are related to the 

differences in melt fraction trends, the first composition having lower crystallisation 

temperatures than the latter. The third case correspond to a silicic magma stored at 400 MPa 

(Scaillet et al., 1995), with 6 wt% dissolved H2O at 700°C (Fig. 3e,f). The same general 

patterns of crystal changes are observed, the equilibrium fluid composition having an 
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XH2Ofluid of 0.55. A difference in temperature change can be noted, however, for the case of 

melting (XH2Ofluid>0.55) : melting results first in a drop of temperature of ca 15°C, followed 

by a small increase after 8 wt% of fluid addition : this feature corresponds to the heat added 

by the H2O-rich incoming fluid, part of the water being dissolved in the liquid. 

Dacite 

 The case of a dacite composition is shown in Fig. 4a,b, at 200 MPa, 780°C, and  H2O-

rich conditions (6-7 wt% H2O), corresponding to crystal contents of 40-60 wt%, typical for 

arc dacites (Scaillet & Evans, 1999; Prouteau and Scaillet, 2003) or the so called monotonous 

crystal-rich intermediate magmas in arc settings (Christiansen, 2000; Bachmann et al. 2002). 

A melt water content of 7 wt% being close to H2O saturation at 200 MPa implies that 

virtually any incoming fluid will end up increasing magma crystal content, most of the 

increase again occurring over the first 10 wt% of fluid increment. Associated temperature 

changes remain in all cases small, <15°C, being more marked when crystallisation takes place 

at low XH2Ofluid (Fig. 4b). For the case of 6 wt% H2O (60 wt% crystals), an ingress of a near 

H2O-pure fluid (XH2Ofluid = 0.95) produces a decrease in crystal content of less than 10 wt% 

(Fig. 4a). Increasing pressure to near 400 MPa does not alter these crystallisation/melting 

changes resulting from the incoming of fluids with different compositions relative to that of 

the equilibrium one (Fig. 4c), except that temperature changes are even smaller (±5°C, Fig. 

4d), being slightly negative when the system crystallises.  

The case at 960 MPa (Fig. 4e, f) simulates deep crustal storage  and processing of 

magma bodies (Hildreth, 1981, 2020; Hildreth and Moorbath, 1988), as also elaborated on 

experimental and thermal grounds in models for silicic magma production in arc settings (e.g., 

Prouteau and Scaillet, 2003; Annen et al., 2006; Cashman et al., 2017). Infiltration of H2O-

rich fluids (XH2Ofluid =0.8, 0.7) into a dacitic mush at 750°C, with 10 wt% dissolved H2O and 

45 wt% crystal, will produce a drastic decrease of its crystal content after 10 wt% fluid 
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addition (Fig. 4e), associated to a rise in temperature of about 30°C (Fig. 4f). Conversely, as 

observed at lower pressures, a fluid with an XH2Ofluid =0.5 will led to further crystallisation 

(Fig. 4e), accompagnied by a drop in temperature (Fig. 4f). It is hence immediately apparent 

from this example alone that in the deep crust there is more room for remelting partly 

crystallised magma bodies, as compared to what can occur in upper crust, where most of 

intermediate to felsic reservoirs have H2O conditions close to water saturation.  

Andesite 

For the andesite composition (Fig. 5), the P-T conditions were selected so as to mirror 

those derived for pre-eruption conditions at Mt Pelée and Montserrat andesitic volcanoes 

(e.g., Martel et al., 1998 ; Barclay et al. 1998). As for their more silicic counterparts, melt 

fraction evolution shows significant changes upon the first 1-5 wt% addition of fluid (Fig. 

5a,c). Thereafter any increment of fluid produces relatively modest changes, near steady state 

melt fraction being reached at > 20 wt% fluid. In all cases, temperature changes remain small 

(Fig. 5b,d), <15°C, being more marked at 400 MPa (Fig. 5d). As shown for the dacite 

composition, infiltration of a near H2O-saturated andesite magma body stored in shallow crust 

(Fig. 5a, case 6.9 wt% H2O), as inferred for both Mt Pelée and Montserrat magma reservoirs 

(e.g., Martel et al., 1998 ; Barclay et al. 1998), is inevitably characterised by an increase in its 

crystal content. Although the crystal increase remains relatively minor in the cases shown, 

(10-15 wt%), it is large enough to drive the system beyond the critical rheological threshold 

separating immobile from mobile magma mushes. For instance, as shown in Fig. 5a, an 

andesite magma at 850-875°C percolated by 5-10 wt% fluid at XH2Ofluid=0.2-0.5 would see 

its crystal load to increase from 43 wt% to near 60 wt%, ie higher than the mobility threshold 

of crystal-rich mushes, which is thought to occur at around 50 wt% crystallisation (Vigneresse 

et al., 1996). 
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At Montserrat, petrological and experimental studies have come to the conclusion that 

basalt input at the base of the shallow reservoir lead to partial rejuvenation of the andesite 

body (Couch et al., 2001; Devine et al., 2003), marked by a 30-50°C temperature increase, 

with little to no mass transfer from underplated basalt, other than volatiles. Remelting has 

been attributed to convective self mixing (Couch et al., 2001) but could be due to advective 

heat transport via bubbles (Bachmann and Bergantz, 2005). The results shown above show 

that the latter mechanism is probably not powerful enough to explain the documented T 

increase (unless the temperature of the incoming gas is much hotter than the resident magma, 

as discussed above). On the other hand, volcanic gas data suggest that a significant part of 

gases vented from this active dome, but others as well, must come from basalt degassing (e.g., 

Young et al., 1998; Bani et al., 2022). This suggests that fluid supply from degassing basalt 

reached steady state across the andesite magma column, or at least that a significant part of 

the basaltic fluid supplied had time to percolate through the andesite mush so as to reach the 

open atmosphere. The fact that evidence of remelting is documented rather than 

crystallisation suggests that in this specific case advective heat transfer has been much more 

efficient than chemical exchange between bubbles and melt on this time scale of observation. 

On Fig. 6 are shown the crystallisation/melting and temperature trends obtained from 

the high pressure phase equilibria of a mafic andesite (Alonso Perez et al., 2009). The 

calculations consider the case of an andesite with 10 wt% dissolved H2O intruded at either 

800 or 1200 MPa. It is indeed conceivable that high pressure fractionation of an H2O-rich arc 

basalt may produce such H2O-rich derivatives (e.g., Sisson and Grove, 1993; Pichavant et al., 

2002a). Compared to previous examples, the most remarkable feature is that, except for very 

H2O-poor fluids (XH2Ofluid <0.2), fluid infiltration is accompagnied by significant re-melting 

of the original andesite magma body (Fig. 6a,c). For instance, the dacite case shows that a 

fluid with XH2Ofluid=0.5 arriving into a dacite magma with 12 wt% H2Omelt at about 10 kb, 
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leads to its crystallization (Fig. 4e). The  decrease in crystal content is accompagnied by a 

considerable temperature increase, up to 70-90°C in the case of andesite stored at 800 MPa 

and fluxed by a fluid with an XH2Ofluid =0.9 (Fig. 6b). As pointed out previously, this 

temperature increase is the consequence of the addition of H2O-rich fluids whose heat 

capacity is 2-3 times higher than those CO2-rich, and as a consequence they bring more heat 

to the system. As a test of this phenomenon, a simulation with a heat capacity of H2O tuned to 

a value identical to that of CO2 produced a temperature increase of 15°C for the case of 

andesite at 900°C and 800 MPa  fluxed by a fluid with XH2Ofluid =0.9 (as opposed to 90°C). 

Basalt 

Although basalt is ultimately the source of fluids percolating through felsic to 

intermediate magma bodies, there is growing evidence that fluid flushing of basalt plumbing 

systems is also common (e.g., Spillaert et al., 2001; Aiuppa et al., 2007; Allard, 2009). The 

calculations done for basalt compositions (Berndt et al., 2005 ; Di Carlo et al., 2006 ; Freise et 

al. ; 2009) are displayed in Fig. 7. At 200 MPa, a basalt at 1140°C with 2-3 wt% H2O, which 

are close to near liquidus conditions inferred for some primitive arc basalts (e.g., Di Carlo et 

al., 2006; Pichavant et al., 2009), will require incoming fluids particularly dry (XH2Ofluid 

<0.2) in order to crystallise further (Fig. 7a). Lowering temperature to 1050°C at the same 

H2O content increases the starting crystal load to over 70 wt% (Fig. 7a), and any fluid wetter 

than XH2Ofluid =0.2 will induce melting, the extent of which remains limited however, <20 

wt% (Fig. 7a). The temperature change associated to this process remains very small, except 

for the case of crystal-rich conditions, where it decreases by ca 25°C (Fig. 7b). Increasing 

pressure to 500 MPa (Fig. 7c,d), does not alter significantly those patterns, changes in 

temperature being virtually non existent. The case of Stromboli is also shown (Fig 7e,f) since 

this volcano is the archetype of CO2-flushing through the plumbing system of basaltic arc 

volcanoes (e.g., Allard, 2009). A reservoir at 400 MPa, holding a basalt magma at 1140°C 
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with 3 wt% dissolved H2O, will remain immune to fluid fluxing at this depth as long as the 

fluid has a composition of XH2Ofluid =0.2 (Fig. 7e). Conversely, if the same reservoir contains 

a basalt magma at 1050°C, 2 wt% dissolved H2O, its infiltration by fluids with XH2Ofluid >0.2 

will induce its re-melting (Fig. 7e). As noted above, in all cases, associated temperature 

changes do not exceed 15°C. This last feature is a consequence of the high latent heat value of 

mafic magmas (Table 3), whose re-melting thus requires more energy input relative to the 

case of silicic magma bodies. 

 

DISCUSSION 

The above calculations show that variations in the composition of fluids entering 

stagnant magma bodies may give rise to contrasted patterns of melt fraction evolution, even 

under near isothermal conditions. Magmas at low temperatures are more sensitive to fluid 

infiltration than those hotter, because the range in melt H2O content between H2O-saturation 

and solidus increases with temperature (Fig. 1) and thus for a given melt H2O content the melt 

fraction increases with T. As a result, a magma has a larger buffering capacity against the 

external infiltration of fluids at higher T relative to lower T. The calculations demonstrate also 

that relatively minor amounts of fluid (i.e. less than 5 wt%, see for instance the steep curves in 

Fig. 3c in the range of 1-5 wt% of fluid added) may lead to dramatic changes in crystallinity, 

and thus magma rheology, provided that the incoming fluid composition is different from that 

of the host magma. Thus, the possibility for a magma body to have its crystal load radically 

altered by chemical exchange with the added fluid is a factor that needs to be considered 

when modelling the fluid dynamics of magma bodies (e.g., Carrichi et al., 2018). The ultimate 

effect depends obviously on the amount of mafic magma underplating the silicic layer at any 

one time, as well as on the volatile endowment of the former: as a rule of thumb, a mafic 

magma batch carrying 2 wt% volatiles, of which half is CO2 (i.e. 1 wt%, as inferred for 
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primary arc magmas (e.g., Plank and Manning, 2019)), will need to be half the size of the 

silicic reservoir if this one is to be fluxed by 1 wt% mafic fluid (dominated by CO2 owing to 

its low solubility in silicate melts in upper crust). The rate of volcanic output of basalt 

magmas ranges widely from 10
-5

 to 1 km
3
/year, but average values are in the 10

-2
 to 10

-3
 

km
3
/year range in most tectonic settings (White et al., 2006), except for hot spot which ranges 

from 10
-2

 to 10
-1

 km
3
/year. These rates imply that a 1 km

3
 silicic body could be underplated 

by an equivalent volume of basalt in about 100-1000 year in arcs, or 10-100 years in hot-

spots. Considering an extrusive to intrusive ratio of 1/5 (White et al., 2006), these time 

intervals could be reduced by up to a factor of 5. In all likelihood, small silicic reservoirs will 

be more affected than larger ones by telescoping dykes, if both reservoirs are fed at the same 

rate (i.e. at the same frequency of upward propagating magma batches delivering the same 

amount of magma), but transient crises with enhanced mafic recharge at large silicic centers 

may also occur (e.g., Druitt et al., 2012) and release potentially large amounts of CO2 on 

shorter time scales. In any case, whether this fluid permeates the main body or escapes 

sideway will be also a controlling factor.  

Temperature changes associated to fluxing have been computed here using standard 

values for thermodynamic parameters (Cp, latent heat), and range from significative (>50°C) 

to less than 20°C: in the latter case, the temperature change would be barely detectable even 

by the best calibrated thermometer (ie the FeTi oxides geothermometer, (Ghiorso and Evans, 

2008)).  It is worth stressing out that those parameters are not well constrained for hydrous 

silicate magmas, owing to the technical difficulties in retrieving thermodynamic constants at 

the elevated pressures and temperatures required to hold volatiles in solution into silicate 

melts (e.g. Clemens and Navrotsky, 1987), and the above results might need to be 

reconsidered in light of future development in this field. A further potential limitation is that 

the effect related to the heat of water exsolution has been neglected, a valid assumption at low 
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pressure and for silicic melts (exsolution decreases slightly T), but not necessarily at high 

pressures and for mafic melts (Richet et al., 2000). The calculated T changes are however 

similar in magnitude to those retrieved by Carrichi et al. (2018) using the MELTs 

thermodynamic model. Asides from this aspect, the calculations illustrate that the direction of 

change, that is whether a decrease or an increase in T occurs, strongly depends on the 

prevailing conditions, including magma composition, prior to fluid infiltration. Perhaps most 

interesting is the fact that crystallisation may occur at increasing temperature (for instance 

Fig. 3 E,F), while re-melting can be accompagnied by a decrease in temperature, both trends 

being opposite to what common sense generally predicts. This is the case in particular of 

silicic magmas stored at pressures higher than 200 MPa (Fig. 3). The same trend is observed 

for a crystal-rich basalt magmas, which remelts upon ingress of an XH2Ofluid =0.8, producing 

a decrease of 30°C (Fig. 7A,B). This is due to the latent heat either consumed or released by 

the magma during fluid ingression and equilibration. From the petrological standpoint, such a 

phenomenon will give rise to compositional zoning of minerals that may not be easy to 

interpret (note again here that if the temperature of the incoming fluid is much hotter than the 

resident magma, the heat brought by the fluid may overcome the crystallization effect arising 

from CO2 addition). 

Near liquidus basaltic magmas (that is, crystal-poor) are relatively little affected by 

fluid flushing (with respect to their crystal load), even when extremely dry fluids are 

percolating (XH2Ofluid <0.1) (Fig 7A, B), and in such a case, the petrological imprint of fluid 

fluxing may be revealed merely via its record in melt inclusions volatile contents provided 

that kinetic factors are not at work (Pichavant et al., 2013). This is a significant aspect that 

warrants to be stressed: basaltic magmas, if not quenched against cold silicic reservoirs, may 

serve as effective media of bubble percolation and transport, hence of mantle degassing, in 

particular along crustal sections where hydraulic connection between the deep and shallow 
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parts of the plumbing system is maintained: Erebus system may be one such an example 

(Oppenheimer et al., 2011). 

 

The critical role of the pressure of magma emplacement 

The main reason for the effect of pressure illustrated above lies in the contrasted 

solubilities of H2O and CO2 species in silicate melts on the one hand, and, on the other hand, 

on the fact that volatile solubilities are controlled by species fugacities, other intensive 

parameters exerting a second order control. In other words, for a fixed melt water content and 

composition, the corresponding water fugacity will be little affected by variations in P and T. 

The relationship between fugacity (fi) and composition (Xi) in a fluid is given in equation 4: 

fH2O = XH2OfluidH2O° P 

in which H2O° is the fugacity coefficient that describes departure from non–ideal behaviour. 

For the sake of simplicity but also to a first good approximation, H2O° (and of other volatile 

species) can be considered as dependent on both T and P but little on fluid composition (i.e. I 

assume that the fluid can be described as an ideal mixture of non-ideal fluid species). For a 

silicate melt of known dissolved H2O content, thermodynamic models allows to calculate the 

corresponding H2O fugacity, fH2O (e.g., Blank & Holloway, 1994; Dixon et al., 1995; Zhang, 

1999). Since at equilibrium H2O fugacities in melt and gas phases are equal, it follows that 

equation (2) allows to calculate the XH2Ofluid of fluids coexisting with hydrous silicate melts 

at various pressures. Figure 8 shows the results of such calculations performed for various 

fH2O (i.e. melt H2O contents) and temperatures so as to encompass the range of melt T-H2O 

conditions of arc magmas. The calculated XH2Ofluid strongly decreases with increasing 

pressure, such that at 9-10 kb, any magma with melt H2O contents in the range 2-7 wt% must 

coexist with  a gas phase with XH2Ofluid lower than 0.1. As a result, even CO2-rich fluids 

(XH2Ofluid<0.1), such as the one released by a deep-seated basalt, may trigger melting in the 
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deep crust. In contrast, enhanced crystallisation is an inescapable consequence of fluid 

migration within silicic magmas if stored at 2 kb with 6 wt% dissolved H2O (or at 1 kb with 4 

wt% dissolved H2O), unless the mafic fluid has little or no CO2 at all (Fig. 8). A 6 wt% H2O 

magma resting at 2 kb will be melted only if the incoming fluid has an XH2Ofluid >0.96 (ie the 

fluid composition falls on the right side of the 6 wt% H2O/780°C curve on Fig 8).  

 There is no direct control on the composition of fluids coexisting with magmas at mid 

to low crustal depths. Some insight can be gained from the analyses of melt inclusions (MI) 

which remain the main source of information on volatiles at depth (e.g., Roggensack et al., 

1997 ; Métrich et al., 2001; Luhr, 2001; Cervantes & Wallace, 2003; Métrich and Wallace, 

2008), in addition to matrix glasses of lavas erupted in oceanic settings (e.g., Dixon et al., 

1988, 1997). To calculate XH2Ofluid from melt inclusions (or matrix glass) in basalts, it is also 

assumed that only H2O and CO2 are present.  The XH2Ofluid at equilibrium with the melt 

inclusion data was calculated by rearranging equation (4): 

XH2Ofluid = fH2O/H2O° P 

using P as tabulated in the original works, and the thermodynamic model of Dixon et al. 

(1995) of H2O solubility in basaltic melts. The relationships between H2O fugacity and 

concentration in liquid was retrieved from Dixon et al. (1995), using a second order 

polynomial function : 

fH2O = 75.603(wt%H2O)
2
 + 70.099 (wt%H2O) - 31.647  (R

2
 = 0.9999) 

 

To be consistent with this work, the fugacity coefficient of pure water was also calculated 

using a second order polynomial function fitted to the data listed in Dixon et al. (1995) :  

H2O° = 10
-08 

P
2 
– 2 10

-05
 P + 0.9987 (R

2
 = 0.9988) 

 

Although primitive arc basalts have liquidus temperatures lower than the 1200°C run 

temperature of Dixon et al. (1995), in agreement with their elevated water content (e.g., 

Sisson and Grove, 1993; Plank et al., 2013), possibly at around 1150°C (e.g., Métrich et al., 
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2001; Pichavant et al., 2002), this difference introduces a negligible error of the calculated 

XH2Ofluid values. The slightly lower temperatures will increase H2O° (ie increase departure 

from ideal behaviour) which will thus increase slightly the calculated XH2Ofluid.  

Restored mafic fluid compositions using melt inclusions or matrix glass in mafic arc 

magmas display are shown on Fig. 8, distinguishing the three main geodynamic settings of 

magma production, arc, hot-spot and mid-ocean-ridge/rift contexts. The considered works 

(see figure 8 caption), although not exhaustive, provide already a comprehensive view on the 

dissolved H2O and CO2 contents of basaltic magmas.  

This MI/matrix glass-based data on basalt fluids can be compared to the equilibrium 

XH2Ofluid of felsic magma reservoirs. For this category, I use data retrieved mostly from phase 

equilibrium experiments which, though less abundant because time consuming, provide 

improved constraints on pre-eruptive conditions (see Scaillet  and Pichavant, 2003; Scaillet et 

al., 2016). In the vast majority of cases, corresponding MI also yield similar fluid 

compositions (XH2Ofluid> 0.8 e.g., Wallace et al., 1999), though the occurrence of MI trapped 

syn-eruptively will drive some data further toward the XH2O-rich part of the diagram. 

The use of MI assumes that they faithfully mirror the magma volatile contents, which 

is known not to be the case, however (see Barth and Plank, 2021; Wallace et al., 2021, Rose 

Koga et al., 2021). Melt inclusions can be affected by several post-entrapment processes, in 

particular loss of H-bearing species during decompression (e.g., Gaetani et al., 2012) or 

exsolution of CO2 in a separate bubble (e.g., Hanyu et al., 2020). While the first process will 

tend to decrease calculated XH2Ofluid, the second will increase it (if not corrected for): though 

it is difficult to evaluate their respective role, which will vary depending on local conditions, 

it is likely that CO2 exsolution skews the MI data base toward H2O-rich conditions in many 

instances. In the following, the published values of H2O and CO2 contents are nevertheless 

used at face value, keeping in mind that they may be altered to some extent (in particular by 
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the occurrence of CO2-rich bubbles), depending on the conditions specific to the case studied. 

Yet, the patterns shown below are sufficiently robust that corrections for the above factors are 

unlikely to change the general conclusions derived from the present analysis. 

The XH2Ofluid of arc basalts essentially covers, in an evenly way, all XH2Ofluid-P 

domain up to 4 kbar (Fig. 8). The highest pressures recorded correspond to dry fluids with 

XH2Ofluid<0.1. The scarcity of high pressure fluids is remarkable, reflecting either the lack of 

crystallization at high pressure or the re-equilibration of high pressure MI once arriving in 

shallow magma reservoirs. The extreme variability in fluid composition of arc basalts likely 

mirrors a similar extreme variation of their sources in terms of their water content (e.g., 

Cooper et al., 2020). This in turn reflects also the variable conditions reigning in arc settings 

for magma production, which depends, inter alia, on the lithology being subducted (fresh or 

altered oceanic crust, serpentinites, contribution of sediments etc…) (e.g., Walowski et al., 

2015) and on the geophysical conditions governing subduction (angle and velocity of 

subduction, age of subducted crust, thickness of mantle wedge…) (e.g. Syracuse et al. 2010). 

Regardless, the main point is that the vast majority of basalt fluids tends to be significantly 

H2O-poor relative to the fluid compositions prevailing in felsic reservoirs in arc settings as 

inferred from phase equilibria (e.g., Scaillet and Pichavant, 2003). The XH2Ofluid of the latter 

readily cluster in the H2O-rich part of the diagram, showing that basalt underplating at 

pressures below 4 kb will lead to crystallization of the magma body on a long term basis. 

Note that this trend will be further exacerbated if CO2 exsolution into separate bubbles would 

be accounted for in the data base, since bubble occurrence accommodates a significant part of 

the CO2 budget of MI (40 to 90%, Moore et al., 2015). 

The two other geodynamic contexts display radically different patterns, plotting in the 

left part of the diagram, showing that corresponding basalts coexist with CO2-rich fluids until 

near surface conditions, as amply demonstrated by previous work (e.g., Moore, 1970, 1979; 
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Dixon et al., 1988; Bottinga and Javoy, 1989; Javoy and Pineau, 1991; Pineau and Javoy, 

1994; Dixon et al., 1997; Bureau et al., 1998; Saal et al., 2002; Aubaud et al., 2004, 2005; 

Chavrit et al., 2014; Hauri et al., 2018; Jones et al., 2020). Ridge-related basalts define the 

driest and smallest field in such a projection, while hot-spot basalts produce fluids that extend 

towards higher XH2Ofluid at low pressure, reflecting their higher water content compared to 

MORBs (e.g., Hudgins et al., 2015), hence occupying an intermediate position between arc 

and ridge magmas. As with arc magmas, these two patterns reflect source conditions, i.e. a 

dry depleted mantle for ridge basalts (e.g., Saal et al., 2002) and a somewhat wetter (and 

deeper) and enriched mantle for hot-spot magmas (e.g., Dixon et al., 1997). The fact that hot 

spot magmas trend toward H2O-richer fluids at low pressure reflects in part the shallower 

pressures recorded by matrix glasses of pillow lavas relative to those of MI (see for instance 

Dixon et al., 1991; Oppenheimer et al., 2018). Interestingly, from the viewpoint of H2O-CO2 

composition, both ridges and hot-spot basalts extend toward a common “point” at high 

pressure, in stark contrast with the widely dispersed pattern shown by arc basalts. This is 

obviously the consequence of the elevated solubility of water in silicate melts relative to CO2, 

and of the relative limited variability of the H2O content in ridge and hot-spot (ie 0.1-1 wt% 

H2O) compared to arc (>1 to over 10 wt% H2O) basalts: at high pressure essentially all H2O is 

strongly partitioned into the liquid. As a result, the significant variability inferred for the sub-

oceanic mantle CO2 content worldwide (e.g. Le Voyer et al., 2019) does not reflect in the 

fluid composition at high pressure. Available experimental or analytical constraints on the 

pre-eruptive conditions of felsic reservoirs in such settings indicate that, apart from a few 

cases (ex Erebus phonolite with an H2Omelt of 0.1 wt%, corresponding to a XH2Ofluid<0.1 at 

0.2-1 kbar, Moussallam et al., (2013)), felsic magmas in such environments are quite H2O-

rich (e.g., Webster et al., 1993; Wilding et al., 1993; Scaillet and Macdonald, 2001; 2006; 

Harms et al., 2004; Freise et al., 2003; Andujar et al. 2010, Andujar and Scaillet, 2013; Di 
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Carlo et al., 2010; Lucic et al., 2016; Romano et al., 2018; Iddon and Edmonds, 2020), with 

pre-eruptive H2O content of 3-5 wt%, very little if any CO2 (hence XH2Ofluid =1), at pressures 

of 1-3 kb, ie occupying a position similar to those of arc-magmas. This reflects the overall 

incompatible behaviour of H2O in crystallising magmas, and the extreme degree of 

fractionation of parental magmas that felsic daugthers produced in ridges or hot-spot contexts 

require (e.g., Macdonald et al., 2021). Anyway, the very CO2-rich nature of high pressure 

fluids in ridges and hot spot settings indicates that underplating of magmas in the crust of 

such settings will likely favour crystallization rather than melting. A significant outlier to this 

rule is represented by the Erebus system (rift context), whose phonolite lava lake (hence filled 

by nearly dry melt) is fluxed permanently by CO2-rich gases (e.g., Oppenheimer et al., 2011): 

in that case, the heat brought up by basaltic fluids seems capable of maintaining the magma 

column significantly melted up to the surface, overcoming the dessicating effect of CO2 

percolation. A possible facilitating factor may be the relatively low viscosity of phonolitic 

liquids relative to rhyolites in arc settings (Andujar and Scaillet, 2012), which allows faster 

CO2 transfer (ie fast enough to prevent full chemical equilibrium, but slow enough to allow 

heat transfer and bubble uptake of fast diffusing species such as H2O). 

For arc systems, the partial overlap of XH2Ofluid between silicic and basalt fluids 

shows that in some cases mafic fluids may remelt felsic magma bodies stored in upper crust, 

which will thus amplify any thermal effect associated to heat advection by bubbles 

(Bachmann & Bergantz, 2005). In general, however, the data suggest that fluid supply from 

mafic arc magmas in the upper crust will crystallise, rather than melt, shallow felsic magmas 

(unless the fluid injected is much hotter than the resident magma). Thus, although basalt 

intrusion at the base of shallow silicic reservoirs can impart transient remelting with fluid 

dynamic instabilities driving the system toward eruption (e.g., Couch et al., 2001), on a long 

term basis, the dominant effect of mafic fluid supply to magma bodies in the shallow crust is 
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one of crystallisation. Complete crystallisation under near isothermal conditions is even 

conceivable, provided that the fluid has a composition akin to reach the solidus of the plutonic 

body (case D, Fig. 2,). In this respect, solidification of magmas may occur at a different rate 

than by heat dissipation alone, be it via conduction or convection, basically at a rate 

controlled by bubble flux (as long as bubbles can move across the mush). Thus, bubble 

migration is likely to exert a significant control on the longevity of shallow crustal reservoirs, 

that could partially offset the thermal effects associated to heat input from basalt. At the other 

end of the pressure range, fluid supply to plutonic bodies in the deep crust may trigger, or 

maintain, partially molten conditions, which should enhance the potential for silicic magma 

production and differentiation at depth. This finding is in line with recent thermal modelling 

results that have shown that the deep crust is a more favorable locus for silicic melt generation 

and storage over protracted periods than is the shallow crust (e.g., Dufek and Bergantz, 2005; 

Annen et al., 2006 ; Solano et al., 2012). Prolonged partial melting of the deep crust to sustain 

batholith growth in arc settings is required not only by thermal arguments, but also by 

chemical considerations. Below I address the questions of how rich is the lower crust in fluid 

and what could be the composition of fluids entering the lower crust in arc settings. 

 

Amount, composition and flux of fluid in the deep crust 

In arc settings, the amount of fluid potentially available at the base of the crust, as well as its 

composition, have been variably assessed combining He fluxes and isotopes, melt inclusion 

and volcanic gas constraints (e.g., Fischer & Marty, 2005; Wallace, 2005; Plank and 

Manning, 2019). Such studies have concluded that primitive melts in the mantle wedge have 

CO2 contents close to, or in excess of, 1 wt%. The amount of H2O carried by mantle melts in 

the sub arc is more difficult to constrain but estimates range up to 16 wt%, for 20 % partial 

melting of the mantle source assuming a molar H2O/CO2 ratio of 25 (e.g., Fischer & Marty, 
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2005). Based on melt inclusion systematics, Wallace (2005) estimated that a H2O/CO2 ratio of 

4 is more reasonable. Regardless the exact initial H2O/CO2 ratio, the retrieved volatile 

contents of arc magmas in the mantle are generally high enough to promote fluid saturation of 

silicate melts at the base of a normal arc crust (ie 30 km thick), in particular if some 

fractionation is to occur there to shift from melts at equilibrium with mantle residue (high 

MgO basalts) toward more common high alumina basalts (e.g. Pichavant et al., 2002b) which 

are likely to feed upper crustal reservoirs. For instance, the calculated XH2Ofluid at 10 kbar of 

an hypothetical mantle magma (basalt) having a bulk volatile content of 16 wt% with a mole 

H2O/CO2 ratio of 4, using the approach outlined above, is 0.79. According to Fig. 8, such a 

XH2Ofluid value implies that, depending on the local geotherm, the first fluids released by arc 

basalts ponding at the base of the crust may trigger crustal melting. Modelling has shown that 

temperatures of around 800°C prevail at the base of a 30 km thick arc crust beneath the 

volcanic front (e.g., Furukawa, 1993). This is well above the H2O-saturated solidus of silicic 

or basaltic composition at this depth (<700°C, Schmidt & Poli, 1998; Ebadi and Johannes, 

1991), but below that defined by CO2-rich fluids (see below). Considering that the XH2Ofluid 

of the bulk volatile carried by mantle melts in arcs is at least of 0.79 (for a H2O/CO2  ratio of 

4, or 0.96 for a H2O/CO2 ratio of 25), complete solidification of mantle magmas at the base of 

the crust should release fluids whose compositions are more than likely able to initiate crustal 

melting even without the associated heat input (see Figures 4,7). In the two other settings, 

high pressure fluids have XH2O<1 (Fig. 8). The solidus of granite at 10 kb for an XH2Ofluid of 

0.1, is around 900°C, or 1000°C for XH2Ofluid=0.05 (Ebadi and Johannes, 1991), ie 

significantly higher than dehydration melting temperatures of amphibole-or micas-bearing 

lithologies (750-850°C) (e.g., Rapp and Watson, 1995; Patino Douce and Harris, 1998). Thus, 

the melting of the lower crust under such conditions (fluid present and CO2-rich) requires 

higher temperatures, hence high fluxes of basalt injection (e.g., Dufek and Bergantz, 2005; 
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Annen et al., 2006). Overall, it appears that the very CO2-rich nature of ridges and hot-spot 

deep fluids (Fig. 8) makes the conditions reigning in the lower crust of such settings much 

less favourable to melting than in arcs. As a final note, it is worth stressing that the 

simulations presented above assume that crustal melting occurs under fluid present 

conditions, while evidence has been put forward for fluid-absent crustal melting in the lower 

crust (e.g., Clemens and Vielzeuf, 1987; Vielzeuf and Montel, 1994; Clemens and Watkins, 

2001; Vielzeuf and Schmidt, 2001). It is worth recalling also that thermal modelling has also 

generally assumed fluid-absent reactions to model the partial melting of lower crustal 

lithologies (e.g., Dufek and Bergantz, 2005; Annen et al., 2006), which requires higher 

temperatures than H2O-present conditions but lower than those with CO2-rich fluids. If fluid-

present conditions in the lower crust readily represent the common situation attending crustal 

melting, as the MI and petrological evidence seems to demand, notably in arc settings, this 

requires a revision of current models of crustal growth based on fluid-absent melting 

reactions. 

 

Consequences for crust thickness in arcs 

 Crust thickness in arc settings is well known to correlate tightly with erupted magma 

major or trace element chemistry, basalts with tholeiitic affinity (high FeO/MgO ratio) 

occurring in thin arc crust, while those with a calc-alkaline signature (low FeO/MgO ratio) 

occur in thick arcs (e.g., Myashiro, 1974; Coulon and Thorpe, 1981; Plank and Langmuir, 

1988; Turner and Langmuir, 2015; Farner and Lee, 2017; Lieu and Stern, 2019). Crust 

thickness has also been proposed as a factor controlling ore-processes related to magmatism 

(e.g., Chiaradia, 2014; Rezeau and Jagoutz, 2020; Lee and Tang, 2020), stressing the 

importance of understanding processes driving crustal growth. It is noteworthy that above 7-

10 kb, essentially any fluid composition, except those really dry as in hot-spot or ridges 
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settings, will lead to remelting of deep seated felsic or intermediate magma bodies (i.e. fluids 

released by subduction processes will plot to the right of the 3 solid curves). Such a threshold 

between fluid imparted crystallisation and fluid triggered melting regimes (7-10 kbar, Fig. 8) 

corresponds to a pressure depth of about 25-30 km. Such a depth is similar to the average 

thickness of crust in arc settings, which is 28±11 km regardless of the subduction duration 

(Gill, 1980). Asides from tectonic processes (e.g., Haschke and Gunther, 2003), the process of 

crustal growth ultimately demands magma solidification at depth, and it will proceed as long 

as mafic inputs favour crystallisation instead of melting. This may be the case when the tempo 

of intrusion is sufficiently slow so as to allow the local geotherm to relax to background value 

between different intrusive events so that the bottom section of the crust remains below 

solidus (e.g., Bergantz, 1989; Annen et al., 2006) allowing the crust to grow thicker if not 

delaminated. In contrast, when the advection of heat is fast, it will raise the ambient geotherm 

to temperatures above the wet solidus, and the above analysis shows that fluid released by 

underplated basalts will trigger partial melting. The lower crust, if recurrently partially 

melted, remains easily remobilisable which allows, or facilitates, material transfer either 

upward owing to buoyancy or downward by dragging due the convecting mantle wedge or via 

density-driven foundering of dense rocks (e.g., Jull and Kelemen, 2001; Dufek and Bergantz, 

2005; Karlstrom et al., 2014; Zandt et al., 2004; Jagoutz and Behn, 2013; Kelemen and Behn, 

2015; Jagoutz and Kelemen, 2015). Hence, one reason for the broadly constant thickness of 

arc crust worldwide might be the difficulty to crystallise magmas at the base of thick arcs 

once they reach 25-30 km thickness. One of the limiting factors of crustal growth in arc 

settings may be, therefore, the extent to which the subducting plate loses its H2O and CO2, 

and how these volatiles are fractionated during transfer through the mantle wedge.  

 This work has explored essentially the consequences of fluid flushing in terrestrial 

magmatic systems, owing to the extensive data base available for volatiles in magmas on our 
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planet. What happens on other planets will depend on their endowment of volatile 

components (e.g., Greenwood et al., 2018), and the distribution of volatiles among the 

different envelopes (mantle, crust, atmosphere..) as well as the prevailing geodynamic regime 

and the various feedback between these parameters. Venus, often presented as the twin planet 

of Earth, may represent a special case characterized by its dry conditions. Regardless of the 

mechanisms which made Venus poor in water (initial endowment or late processes) e.g., 

Kasting and Pollack, 1983; Chassefière, 1997; Kurilov et al., 2006; Chassefière et al., 2012), 

the possible absence of such a component in Venusian magmas, and lack of plate tectonics, at 

least for recent times (ie magmatism operates via a hot-spot like process, e.g. Phillips et al. 

(1991)), may have been factors favouring the grow and stability of a relatively thick crust on 

this body. In detail, however, considering the errors associated to the estimate of crustal 

thickness of distant planets (see McLennan, 2022), both Earth and Venus can be said to have 

approximately the same crustal thicknesses, which contrast with the thicker crusts preserved 

by smaller bodies, such as Mars, the Moon, or Vesta (McLennan, 2022). These smaller bodies 

may in fact essentially bear witness of a primordial crust (produced from a magma ocean 

stage), as opposed to Earth and Venus which are covered by secondary (basalt issued from 

mantle) or tertiary crust (granite issued from basalt). Hence, since there is currently no way to 

draw any firm conclusion owing to the scarcity of observations, one can only speculate that 

the relatively thin crusts of large planets (Earth sized) could reflect inter alia the operation of 

a subduction regime of heat dissipation as we know it today on Earth or which may have been 

active in more ancient times on Venus. 
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Legend of figures 

 

Figure 1 :   T-XH2Ofluid position of solidus (100% crystals) and 1 % crystal proportion 

curves, for andesite, dacite, rhyolite and high silica rhyolite (HSR) compositions, as 

constrained from phase equilibrium data. At any given temperature, experimental data show 

that melt fraction varies nearly linearly with H2O dissolved in melt. Relative to arrow A, an 

influx of mafic gas may induce melting if XH2Ofluid > 0.8 (ex arrow C), or crystallisation for 

XH2Ofluid <0.8 (ex arrow B). A fluid having a composition of arrow D will drive the system 

toward full crystallisation. For a fixed temperature, the range of melt H2O content between 

H2O-saturation and solidus is strongly dependent on the bulk composition. At 700°C, HSR, 

for instance, displays a very narrow interval in H2O melt content, which implies that HSR are 

more sensitive to mafic fluid influx than are more mafic compositions. All magmas share 

approximately the same solidus, which is taken as that of the haplogranite system, a 

consequence of the fact that in typical arc magmas the residual liquid almost always trend 

toward high silica rhyolite composition. Note that the range of melt water contents between 

solidus and water saturation increases with temperature: for instance at 700°C it ranges from 

7 wt% to 5 wt%, while at 800°C, it ranges from 7 wt% down to 2.5 wt%. 
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Figure 2 : Relationship between ascent rate of bubble and its radius in a magma having a 

residual melt with a viscosity of 10
4.5

 Pa s and a crystal load of 0, 50 and 70 %, which 

encompass storage conditions of andesitic to rhyolite arc magmas. The solid lines are 

calculations for a fluid density of 500 kg/m
3
 (i.e. at around 2 kbar), while those dashed are for 

a fluid density of 1000 kg/m
3
 (10 kbar). 

 

Figure 3. Evolution of magma crystallinity and temperature with addition of fluid for the case 

of silicic compositions. A, B, Haplogranite at 200 MPa (Johannes and Holtz, 2012), with 

starting conditions prior to fluid infiltration being 700°C and 4 wt% dissolved H2O. Trends 

are calculated for various fluid compositions (XH2Ofluid). Note the rapid change upon the 

addition of the first 5 wt% fluid. In this case, temperature changes remain modest. C, D 

Rhyolite at 200 MPa with starting conditions prior to fluid infiltration being 700°C and 6 wt% 

dissolved H2O. In this case, complete solidification of the rhyolite occurs with infiltration of 

35 wt% fluid with XH2Ofluid=0.4, and is accompagnied by a temperature increase of about 

70°C. E,F panels are for the same rhyolite but at 400 MPa. See text for more explanations. 

 

Figure 4. Evolution of magma crystallinity and temperature with addition of fluid for the case 

of a dacite composition at three different pressures. A, B, at 220 MPa ; C,D at 390 MPa, and 

E,F at 960 MPa. Trends are calculated for various fluid compositions (XH2Ofluid). Note the 

significant decrease in melt fraction at 960 MPa for XH2Ofluid = 0.7 and 0.9, as compared to 

the moderate effect of similar fluid compositions at 220 MPa. See text for explanations. 

 

Figure 5. Evolution of magma crystallinity and temperature with addition of fluid for the case 

of an andesite composition at two different pressures. A, B, at 220 MPa ; C,D at 400 MPa. 
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Trends are calculated for various fluid compositions (XH2Ofluid) with T-H2O content 

corresponding to pre-eruptive conditions inferred for Mt Pelée and Montserrat volcanoes. 

Note that small amounts of fluid (<5 wt%) are required to produce significant changes in 

magma crystallinity, shifting the system accross the rheological threshold of magma mobility 

(ca 50 wt% crystals). See text for explanations. 

 

Figure 6. Evolution of magma crystallinity and temperature with addition of fluid for the case 

of a basaltic-andesite composition at lower crustal pressures. A, B, at 800 MPa ; C, D at 1200 

MPa. Trends are calculated for various fluid compositions (XH2Ofluid) and two different initial 

temperatures-H2O. Note that even the driest fluids (XH2Ofluid =0.1) produce a very small 

increase in magma crystallinity, in contrast to what happens at upper crustal pressures. See 

text for explanations. 

 

Figure 7. Evolution of magma crystallinity and temperature with addition of fluid for the case 

of a basaltic composition at mid to upper crustal pressures. A, B, at 200 MPa ; C,D at 500 

MPa, and E,F at 400 MPa for the Stromboli composition. Trends are calculated for various 

fluid compositions (XH2Ofluid) and different initial temperatures-H2O, selected to encompass 

those inferred for some near liquidus primitive arc basalt. See text for explanations. 

 

Figure 8 : Relationships between XH2Ofluid and pressure, calculated for various fH2O and 

temperatures, selected to be representative of T-H2O conditions of arc magmas. Calculations 

have been made for the following fH2O : 1480 bar (corresponding to ca 6 wt% H2O in silicic 

melts, or 5 wt% in mafic ones), 1000 bar (4 wt%), 500 bar (2 wt%). For a magma with a 

given dissolved H2O (or fH2O), the equilibrium XH2Ofluid can obtained if the pressure of 

storage is known. Infiltration of such a magma by a fluid having a lower XH2Ofluid than this 
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equilibrium value will lead to crystallisation. Conversely, if the infiltrating fluid has a higher 

XH2Ofluid, it will lead to melting. Because many silicic to intermediate arc magmas are stored 

at ca 2 kb with an equilibrium XH2Ofluid>0.8, their infiltration by CO2 bearing fluids 

emanating from underlying basalts is more likely to induce crystallisation than melting. Red  

circles represent silicic to andesitic arc magmas for which phase equilibrium data are 

available for their pre-eruptive conditions (Scaillet & Pichavant, 2003). Green dots 

correspond to pre-eruption conditions of felsic reservoirs in hot-spot and ridge settings. Note 

the unique position of the Erebus system, in the left part of the diagram. Sources for the 

different categories of basalts are given in the main text the sources of data are: 

Arc: Spillaert et al., (2006) (Etna), Métrich et al. (2010) (Stromboli) ; Bertagnini et al. 

(2003) (Stromboli) ; Johnson et al. (2009) (Mexican), Saito et al. (2010 ) (Miakejima), 

Marianelli et al. (1999,2005) (Vesuvius), Roggensack et al. (1997) (Cerro Negro) ; Sisson and 

Bronto (1998) Galunggung); Cervantes and Wallace (2003) (Chichinautzin); Luhr (2001) 

(Paricutin); Roggensack (2001)(Fuego); Zimmer et al. (2010)(Aleutians-Alaska); Ruscitto et 

al. (2010) (Oregon); Ruscitto et al. (2011)(Shasta); Ruth et al. (2016)(Llaima); Wehrmann et 

al. (2011),(Central America); Walowski et al. (2015); Vigouroux et al. (2012)(Sunda arc); 

Vigouroux et al. (2008)(TransMexican) ; Brounce et al. (2014)(Mariana arc) ; Johnson et al. 

(2008)(Jorullo) ; Kelley et al. (2010)(Mariana Arc); Le Voyer et al. (2010)(Shasta); Lloyd et 

al. (2014)(Fuego) ; Métrich et al. (2011)(Siwi) ; Maria and Luhr (2000)(Mexican) ; Moretti et 

al. (2013)(Ischia); Nichols et al. (2012)(Izu); Plechov et al. (2015)(Tolbachik); Robidoux et 

al. (2017)(San Cristobal); 

Hot Spot: Dixon et al., (1991) (Kilauea) ; Bureau et al. (1998, 1999) (Réunion) ; 

Métrich and Clocchiatti (1996)(Réunion) ; Dixon et al. (1997) (Hawaii) ; Wallace (2002) 

(Kerguelen) ; Borisova et al. (2002) (Kerguelen) ; Dixon and Clague (2001)(Loihi); Workman 

et al (2006)(Samoa); Hauri (2002)(Hawaii); Anderson and Brown (1993)(Hawaii); Colman et 
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al. (2015)(Galapagos); Davis et al. (2003)(Mauna Loa); Cabral et al. (2014)(Mangaia) ; Di 

Muro et al. (2014)(Réunion) ; Jackson et al. (2015)(Tuvalu) ; Jackson et al. (2015)(Ontong 

Java) ; Koleszar et al. (2009)(Galapagos) ; Longpre et al. (2016)(El Hierro) ; Métrich et al. 

(2014)(Azores) ; Pietruszka et al. (2011)(Loihi)  

Rift/ridges: Head et al. 2010 (Nyamuragira) ; Wanless et al. (2015)(Lucky Strike) ; 

Saal et al. (2002)(Siqueiros); Shaw et al. (2010)(Gakkel); Le Voyer et al. (2015)(MORB); 

Helo et al. (2011)(Juan de Fuca ridge).    
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Haplogran

ite :Johan

nes and 

Holtz 

(2012), 

Metalumi

nous 

rhyolite : 

Klimm et 

al., 2003 ; 

Peralumin

ous 

rhyolite :S

caillet et 

al., 1995 ; 

Dacite 

Pinatubo : 

Scaillet 

and 

Evans, 

1999 ; 

Andesite 

Mt Pelée : 

Martel et 

al., 1999 ; 

Andesite 

Huerto :P

arat et al., 

2008 ; 

Basaltic 

andesite : 

Alonso 

Perez et 

al., 2009 ; MORB : Berndt et al., 2005 ; Alkali basalt : Freise et al., 2009 ; Stromboli basalt : Di Carlo et al., 

2006.  

 

 

 

Table 2. Coefficients for calculating melt fraction with T and H2Omelt
1
 

Composition Pressure (MPa) a b c d 

Haplogranite 200 135.93 -0.0464 33.151 0.21

81 

Rhyolite 200 -0.2589 232.24 1.6569 -

1388.4 

Rhyolite 400 0.2200 -130.37 -1.8962 1231

.8 

Dacite 200 -0.1176 116.264 1.0751 -

952.8 

Dacite 390 0.0287 -11.372 0.1076 -

121.77 

Dacite 960 -0.0642 67.085 0.8837 -

795.85 

Andesite 200 0.1197 -94.136 -0.4301 359.

82 

Andesite 400 -0.0794 82.267 0.7901 -

Table 1. Magma compositions used for the 

simulations 
         

 Haplogra

nite 

 

Rhyol

ite 

AB42

2 

Rhyol

ite 

DK89 

Dacite 

Pinatubo 

Andesite 

Mt 

Pelée/D29 

Andes

ite 

Huert

o 

Basalti

c 

Andesi

te 

MORB 

B1 

Alkali 

basalt 

0B93-190 

Basalt 

Stromb

oli 

           

Pressure 

(MPa) 200 200 400 

200/390/

960 200 400 

800/12

00 200 500 400 

           

SiO2 76.14 73.61 73.48 65.57 62.20 62.79 58.19 

49.

56 48.84 50.61 

TiO2 - 0.38 0.13 0.45 0.50 0.82 0.97 

0.8

3 2.75 0.81 

Al2O3 13.53 13.28 15.41 16.37 17.49 16.62 19.16 

16.

32 16.14 15.24 

FeOtot - 2.54 0.91 4.50 6.39 6.07 6.31 

8.7

0 11.85 7.89 

MnO 
- 0.05 0.01 0.14 0.14 0.08 0.31 

0.1

6 0.17 0.10 

MgO 
- 0.49 0.20 2.11 2.28 1.96 3.00 

9.7

8 5.86 8.19 

CaO 
- 1.33 0.86 4.82 6.35 5.31 7.56 

12.

33 9.76 12.30 

Na2O 
4.65 3.37 3.87 4.45 3.59 3.55 3.00 

2.1

6 3.12 2.36 

K2O 
5.68 4.95 4.99 1.58 1.06 2.52 1.51 

0.0

7 1.12 1.87 

P2O5 - - 0.14 - - 0.29 - 

0.0

9 0.40 0.63 

Total 100 100 100 100 100 100 100 100 100 100 
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701.72 

Basaltic-andesite  800 -0.0098 9.6127 0.3734 -

274.76 

Basaltic-andesite  1200 -0.1033 104.895 1.3599 -

1274.54 

Basalt 200 -0.1009 124.28 0.8952 -

951.78 

Basalt 500 -0.0373 42.72 0.6882 -

657.32 

Basalt 400 0.0640 -58.944 0.1555 -

134.57 
1
T in °C and H2Omelt in wt% 

 
 
 
 

Table 3. Coefficients for calculating H2O contents of melts from fH2O 

Composition Pressure (MPa) e f Type of equation
1
 

Haplogranite 200 0.1250 0.5297 e fH2O
f
 

Rhyolite 200 0.0009 1.2530 e fH2O
f
 

Rhyolite 400 0.1618 0.4912 e fH2O
f
 

Dacite 200 0.3859 0.3869 e fH2O
f
 

Dacite 390 0.3859  0.3869 e fH2O
f
 

Dacite 960 2.1414 -8.6388 e ln fH2O + f 

Andesite 200 0.1007 0.5640 e fH2O
f
 

Andesite 400 0.2196 0.4468 e fH2O
f
 

Basaltic-andesite  800 0.0008 5.964 e fH2O + f 

Basaltic-andesite  1200 0.0008 5.964 e fH2O + f 
1
H2O in wt% and fH2O in MPa 

 
Table 4. Thermal parameters 

 
Cp liquid

1
, J g

-1
 K

-1
  1.4 

Cp solid
1
, J g

-1
 K

-1
  1.3 

Cp-H2O
2
,  J g

-1
 K

-1
  3.9 

Cp-CO2
2
, J g

-1
 K

-1
  1.4 

L felsic
1
, J g

-1
  270 

L mafic
1
, J g

-1
  400 

1
Bachman and Bergantz (2003) 

2
 Labotka (1991) 
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- Long term fluxing of felsic to intermediate magma bodies stored in upper crust by 
mafic volatiles generally lead to their isothermal solidification.  

- Conversely, for bodies stagnating in the mid to deep crust, such a process almost 
inevitably enhances melting, driving or maintaining magmas beyond the threshold of 
mobility needed for upward material transfer, unless the percolating fluid is very CO2-
rich 

- Crustal growth may thus be in part limited by the difficulty of crystallising deep-seated 
magma bodies, in particular in arc settings. 
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