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AbstrAct

The ascent of hydrous, silica-rich magmas from the lower crust drives volcanic eruptions, builds the 
upper crust, and concentrates metals such as Cu, Au, and Mo into ore deposits. Owing to the negative 
slope of the melting curve for granitic materials in the presence of water, it has long been assumed that 
water-saturated magmas move into the subsolidus field and freeze upon ascent; therefore, for magma to 
rise it must be water-undersaturated at a temperature well above the solidus. This assumption ignores 
the considerable energy released by crystallization. Here I show that if magma ascent is treated as an 
adiabatic, reversible process, then water-saturated magma can rise to the surface, following the solidus 
to shallow depth and higher temperature as it undergoes modest crystallization and vapor exsolution. 
Decompression heating is an alternative to magma recharge for explaining pre-eruptive reheating seen 
in many volcanic systems and accounts for paradoxical growth of quartz during a heating event. The 
viscosity increase that accompanies vapor exsolution as magma rises to shallow depth explains why 
silicic magmas tend to stop in the upper crust rather than erupting, producing the observed composi-
tional dichotomy between plutonic and volcanic rocks.
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IntroductIon

Abundant silicic magmatism distinguishes the Earth from 
other bodies in the solar system, and Earth’s continents were 
built largely by distilling silicic and intermediate magmas 
from the mantle in subduction systems. Silicic magmas can 
be produced from basaltic magma by crystal-liquid separation 
(Bowen 1915) or by partial melting of a wide variety of crustal 
materials including silicate-rich igneous and metamorphic rocks 
(Clemens and Wall 1981; Brown 1994; Patiño-Douce and Beard 
1995) and hydrous mafic rocks such as amphibolite (Beard and 
Lofgren 1991; Sisson et al. 2005), with water playing a key 
role in both promoting melting and controlling the composition 
of the resulting melt.

The continental crust is chemically stratified, with rela-
tively high-SiO2 rocks concentrated in the upper crust (aver-
age 67 wt% SiO2; Rudnick and Gao 2013). These estimates 
are consistent with exposed sections of arc crust (Jagoutz and 
Kelemen 2015), and the shallow crust exposed in many extinct 
arcs contains great volumes of relatively high-SiO2 granites 
and granodiorites (Fig. 1) that were emplaced at upper-crustal 
depths (Hamilton and Myers 1967; Myers 1975; Ague and 
Brimhall 1988; Singh et al. 2007; Bagdonas et al. 2016). 
Although plutons emplaced at greater depths are common 
worldwide, the dominant granites, granodiorites, and tonalities 
in many arcs were emplaced at depths of <15 km.

Tuttle and Bowen (1958) showed that partial melting and 
fractional crystallization in the granite system albite-orthoclase-
quartz-H2O produce eutectic high-silica rhyolitic compositions 
that match granites found in nature, and this work led to the 
acceptance of granites as fundamentally igneous. They also 

showed that the solidus is dramatically depressed in the pres-
ence of water under pressure, falling some 300 °C as pressure 
increases from one atmosphere to 400 MPa (Fig. 2). This was 
in turn interpreted to mean that, owing to the negative slope 
of the water-saturated solidus, a melt parcel rising from the 
solidus along a near-isothermal path will freeze as it moves 
into the subsolidus field (Cann 1970; Harris et al. 1970; Fig. 
2, path A-B), preventing water-saturated rhyolitic magmas 
from ascending.

This hypothesis provided a simple explanation for the long-
standing observation that low-SiO2 rocks seem to predominate 
among volcanic rocks, whereas granites predominate among 
shallow intrusive rocks (Daly 1914). Compilations of chemical 
analyses from various continental geologic provinces (Fig. 1) 
bear this out; volcanic rocks tend to have a mode in the andes-
ite range, whereas plutonic rocks tend to have a mode in the 
granite range, ~70 wt% SiO2. These compilations are clearly 
subject to collection bias, exposure bias, and other sources of 
uncertainty, but the pattern of silicic compositions dominat-
ing plutonic rocks and more mafic compositions dominating 
volcanic rocks is widespread.

The supposed inability of water-saturated silicic magmas to 
rise led to a conundrum: there is little evidence for generation 
of granitic magmas in the upper crust, because the residues of 
such a process (e.g., partially melted crustal rocks or the mafic 
complements of fractional crystallization) are rarely found 
there; thus, how do such magmas rise from deeper sources to 
their emplacement levels? The explanation generally offered is 
that the magmas form by dehydration melting at temperatures 
well above the solidus (Clemens 1984; Johannes and Holtz 
1996), or are heated to such temperatures. Such magmas are 
significantly water-undersaturated, allowing them to avoid 
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