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The sources of granitic melt in Deep Hot Zones 
Catherine Annen, Jonathan D. Blundy and R. Stephen J. Sparks 

ABSTRACT: A Deep Hot Zone develops when numerous mafic sills are repeatedly injected at 
Moho depth or are scattered in the lower crust. The melt generation is numerically modelled for 
mafic sill emplacement geometries by overaccretion, underaccretion or random emplacement, and 
for intrusion rates of 2, 5 and lOmm/yr. After an incubation period, melts are generated by 
incomplete crystallisation of the mafic magma and by partial melting of the crust. The first melts 
generated are residual from the mafic magmas that have low solidi due to concentration of H 2 0 in 
the residual liquids. Once the solidus of the crust is reached, the ratio of crustal partial melt to 
residual melt increases to a maximum. If wet mafic magma, typical of arc environments, is injected 
in an amphibolitic crust, the residual melt is dominant over the partial melt, which implies that the 
generation of I-type granites is dominated by the crystallisation of mafic magma originated from the 
mantle and not by the partial melting of earlier underplated material. High ratios of crustal partial 
melt over residual melt are reached when sills are scattered in a metasedimentary crust, allowing the 
generation of S-type granites. The partial melting of a refractory granulitic crust intruded by dry, 
high-T mafic magma is limited and subordinate to the production of larger amount of residual melt 
in the mafic sills. Thus the generation of A-type granites by partial melting of a refractory crust 
would require a mechanism of selective extraction of the A-type melt. 

KEY WORDS: crust melting, emplacement geometry, heat transfer, intrusion rate, mafic sills, 
magma generation, numerical simulation, partial melt, residual melt 

Granitic magmas can originate either from the differentiation 
of mafic magmas, or from the partial melting of the crust. In 
some cases, as for the High Himalayan Leucogranites, the 
mechanisms invoked for the partial melting of the crust are 
thickening of a crust rich in radiogenic elements (England & 
Thompson 1984), shear heating along major faults (England 
et al. 1992; Harrison et al. 1998), and heat refraction at the 
interface of rocks with contrasting conductivities (Jaupart & 
Provost 1985). However, many granitoids around the world 
are associated with mafic igneous rocks as enclaves or sheeted 
intrusions (e.g. Barbarin 2005; Blundy & Sparks 1992) and 
mafic magmas play a fundamental role in silicic melt gener­
ation either as parents or as heat and fluid sources for crustal 
melting. 

Chappell & White (2001) distinguish between S-type gran­
ites and I-type granites. In the Lachlan Fold belt (Australia) 
these two contrasting types were defined, based on geochemi-
cal, mineralogical and isotopic differences, although there can 
be overlap in chemical and isotopic compositions. According 
to Chappell & White (2001), relative to I-type granites, S-type 
granites have higher molar Al/(Na + Ca+K) ratios. The expla­
nation proposed by Chappell & White (2001) for these char­
acteristics is that S-type granites originate by partial melting of 
supra-crustal metasedimentary rocks, depleted in Na and Ca 
by sedimentary processes, and I-type granites are generated by 
partial melting of source rocks of intermediate to mafic 
igneous origin. The relative homogeneity of large volumes of 
I-type granite is attributed to their origin by partial melting 
of rocks formed in earlier episodes of crustal underplating 
(Chappell & White 1984). However, according to Patino 
Douce (1999), except for peraluminous leucogranites, other 
types of granitic magmas are not pure crustal melts and have a 
significant basaltic component. 

Arc magmatism produces considerable volumes of granites, 
as exemplified by the American cordilleran batholiths. Al­
though isotope based models are non-unique, they are widely 

used to determine the source of igneous rocks. For example, 
the isotope signatures of the Mesozoic to Tertiary Andean 
granites indicate a dominant mantle component (Lucassen 
et al. 2004). Sr, Nd, and O isotope data for the Sierra Nevada 
granitoid batholith (California) suggest hybrid magmas with 
mixed mantle and crustal sources (DePaolo 1981a; Domenick 
et al. 1983; Kistler et al. 1986; Kistler & Peterman 1973). In the 
central Sierra Nevada batholith the similar ages of the mafic 
intrusions and the granodiorites (Coleman et al. 1995) and the 
chemical similarity between the gabbros and granites (Sisson 
et al. 1996) suggest that they are genetically linked. Magma 
mixing has been proposed as an important process in granite 
generation (Patino Douce 1999; Reid et al. 1983; Sisson et al. 
1996). The isotopic similarities between deep mafic and ultra-
mafic xenoliths sampled by Miocene volcanic rocks through 
the central part of the Sierra Nevada batholith and the 
granodiorites suggest that the xenoliths are either restites or 
cumulates resulting from granite generation (Ducea & Saleeby 
1998). 

Metaluminous, alkaline and peralkaline granites, character­
istic of anorogenic tectonic environments, have been defined as 
A-type granites (Collins et al. 1982). A-type granites corre­
spond to a wide variety of rocks and it is possible that different 
processes play a role in their generation in different circum­
stances (Clemens et al. 1986). A-types granites have been 
defined as anhydrous, but Clemens et al. (1986) showed 
experimentally that the melt H 2 0 content of the metaluminous 
Watergums A-type Granite was between 2-4 wt% and 4-3 wt%. 
The mechanisms proposed for generation of A-type granites 
include the fractionation of mantle-derived melts (Bonin 2007; 
Foland & Allen 1991; Kerr & Fryer 1993; Turner & Foden 
1996; Turner et al. 1992), the deep partial melting of a 
melt-depleted I-type source (Clemens et al. 1986; Collins et al. 
1982; Whalen et al. 1987), and the low-pressure, high tempera­
ture fluid-absent melting of hornblende and biotite bearing 
granitoids (Patino Douce 1997). 
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1. Melt generation in Deep Hot Zones 

Annen et al. (2006) proposed a model of intermediate and 
silicic melt generation in Deep Hot Zones, based on numerical 
simulations of heat transfer and the constraints of phase 
equilibria. In this model, mafic sills are successively emplaced 
in the lower crust at the mantle-crust interface or at higher 
levels in the crust. The first emplaced sills completely solidify 
and transfer their heat to the crust, which progressively rises 
in temperature. After an incubation period that depends on 
sill emplacement rate, the temperature at the injection depth 
reaches that of the mafic magma solidus. Subsequent mafic 
intrusions do not completely crystallise and residual melts 
start to accumulate. Partial melting of the crust can start when 
the fluid-absent solidus of the particular crustal rock types is 
reached. When enough heat has been advected by the mafic 
magma, melts are simultaneously generated by incomplete 
crystallisation of the mafic magma, by partial melting of 
old crust and by remelting of formerly emplaced mafic intru­
sions. AFC (assimilation and fractional crystallisation) and 
MASH (melting, assimilation, storage and homogenisation) 
processes can occur in the hot zone (DePaolo 1981b; Hildreth 
& Moorbath 1988). It is noted that fluid-present crustal 
melting can also be triggered by release of volatiles from the 
basaltic intrusions, but this topic is not developed in the 
present paper. 

The mantle-lower crust boundary is a likely level for mafic 
magmas to stall because it acts as a rheological trap. For 
example a 10 km thickness of mafic rocks in the Ivrea Zone 
(European Alps) has been interpreted as basaltic underplating 
of the lower crust (Quick et al. 1994). The presence of deep 
ullramafic roots, below the Sierra Nevada, foundering into the 
underlying mantle has been inferred from seismic images 
(Zandt et al. 2004). In contrast, mafic or ultramafic bodies do 
not form a significant component of the upper crust. 

The deep crust is a favourable location for generation of 
silicic melts. Temperature increases with depth and the higher 
the temperature the easier it is to generate evolved residual 
melts and reach conditions for partial melting. In regions of 
high heat flow and sustained magma flux through the crust, the 
temperatures in the lower crust can exceed the solidi of both 
the mafic magmas and the crust. In the deep crust, H 2 0 , 
concentrates in melts residual from mafic magma crystallis­
ation and remains dissolved due to high pressure. As a 
consequence, evolved melts have low viscosities and densities. 
These buoyant, low-viscosity melts can be extracted by com­
paction on geologically reasonable timescales of 104-106 years 
(McKenzie 1984) and more rapidly if segregation by non 
co-axial deformation is involved (e.g. Brown 1994; Petford 
2003). Volume changes during fluid absent melting can also 
provide a driving force for melt segregation (Rushmer 2001). 
The released melts can ascend rapidly (on timescales of hours 
or days) to supply the formation of granitoid plutons in the 
middle and upper crust (Clemens & Mawer 1992; Petford et al. 
1993). 

The objective of this present paper is to present new 
modelling data on the respective contribution in the generation 
of granitic melts in Deep Hot Zones of the partial melting of 
the crust and of the crystallisation of mafic magmas and to 
discuss the results with reference to some general models of 
granite generation that have been described in the literature. It 
is not possible to test the numerical model with all the possible 
source rocks that have been proposed for the various granite 
types. Therefore, tests were carried out on three different 
common crustal lithologies, covering the range of possible 
crust fertilities from a highly fertile pelitic crust to a very 

refractory granulitic crust. The intermediate case is an amphi-
bolitic crust. 

The respective contribution of mafic magma crystallisation 
and crustal melting is quantified using numerical simulations 
of the incremental addition of mafic sills into the crust. The 
temperatures and melt fractions of the hot zone are calculated 
with equations of heat transfer, including sensible heat and 
latent heat. The model is one-dimensional and uses forward 
finite differences and iterative approximations encoded in the 
Delphi language. Details of the numerical simulations and of 
the values of input parameters are found in Annen & Sparks 
(2002) and Annen et al. (2006). In the present paper, the melt 
generated by incomplete crystallisation of the mafic magma 
(mantle source) will be called 'residual melt' and the melt 
generated by partial melting of the crust (crustal source) will be 
called 'partial melt'. 

2. Progressive emplacement of mafic magma 

Models of heat transfer between mafic magma and crust have 
typically involved a single mafic sill instantaneously emplaced 
in contact with crustal rocks (Barboza & Bergantz 1996; 
Bergantz 1989; Huppert & Sparks 1988; Jackson et al. 2003; 
Raia & Spera 1997). The amount of crustal melt generated in 
these models depends on the thickness of the mafic sill, and on 
the initial temperatures and physical properties of the mafic 
magma and crust. However, mafic intrusion into the crust is 
more likely to be incremental with accretion of successive 
smaller intrusions. Petford & Gallagher (2001), Annen & 
Sparks (2002) and Annen et al. (2006) have modelled the heat 
transfer between successive mafic sills and crustal rocks, and 
Dufek & Bergantz (2005) simulated intrusions of randomly 
orientated dykes. These models indicate that the volume of 
melt produced by the fluid-absent melting of an amphibolitic 
lower crust is more than one order of magnitude smaller than 
the volume of mafic magma needed as a heat source. However, 
Annen & Sparks (2002) and Annen et al. (2006) showed that 
significant quantities of melt are produced by incomplete 
crystallisation of the intruded mafic magma. 

In a system of accreting sills, the amount of melt generated 
depends on the initial temperature of the crust (i.e. of the 
position of the sill on the geotherm), and on the physical 
properties of mafic magmas and crustal rocks. In the model of 
multiple intrusions, the rate of crustal melt generation is also 
controlled by the mafic magma emplacement rate and by the 
physical position of successive sills relative to each other. 

In the present paper, three types of sill emplacement geo­
metries are simulated (Fig. 1): 

1. Overaccretion: all sills are emplaced at a fixed level above 
the former one; 

2. Underaccretion: each sill is emplaced below the former one 
and the sill emplacement level deepens with time; 

3. Random emplacement: the level of emplacement is random 
between an upper and lower limit. 

In each case, space for each new sill is made by moving 
down the rocks below it. In the case of overaccretion, and 
partly in the case of random emplacement, formerly injected 
sills are moving down along the geotherm when a new sill is 
intruded (Fig. 1). 

3. The sources of melts 

A critical parameter in the model is the respective fertility of 
mafic magma and crust, described by relationships between 
temperatures, pressures, and melt fractions. The models were 
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Figure 1 Schematic representation of the emplacement of the mafic 
sills in the modelled hot zone. Mafic sills are emplaced by overaccre­
tion (a, b), underaccretion (c, d), or at random throughout the lower 
crust (e, f). The system is shown at the onset of intrusion (a, c, e) and 
after the emplacement of a series of sills (b, d, f). Each new sill volume 
is accommodated by downward displacement of the crust, previous 
sills and mantle below the injection level. Temperature is represented 
by the dashed line. The initial temperature is determined by a 
geothermal gradient of 20°Ckm~'. The temperature of individual 
sills evolves with time and with their evolving position along the 
geotherm. The temperatures at the Earth's surface and at 60 km depth 
are fixed. 

run with a mafic magma injected at 1285°C, with an H 2 0 
content of 2-5 wt%, and with a mafic magma injected at 
1346°C, with an H 2 0 content of 0-3 wt%. The first case 
represents, for example, wet primitive arc basalts or alkali 
basalts in continental and some intraplate volcanoes, while the 
second represents primitive hot dry basalts that can be found 
in diverse tectonic settings. The mafic magma is assumed to 
intrude at its liquidus temperature. The temperature-melt 
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Figure 2 Modelled melt fraction vs temperature curves at 10 kbar for 
basalt with 0-3 and 2-5 wt% H20, and pelite, amphibolite, and a dry 
mafic granulite. The curve for basalt with 2-5 wt% H20 have a slope of 
0-325°C~ ' between the liquidus temperature and the temperature of 
amphibole crystallisation Ta, based on extrapolation of experimental 
data from Muntener et al. (2001). The curves kink at T„ to fall linearly 
to Ts, the H20-saturated mafic magma solidus. The curve for basalt 
with 0-3 wt% H20 is exponential to account for the low fertility 
of a dry mafic magma. The amphibolite curve is from Petford and 
Gallagher (2001). The pelite curve is based on the model of Clemens & 
Vielzeuf (1987). The mafic granulite curve is based on Green (1982) 
and Mysen (1981) for anhydrous basalt. 

fraction curves were parameterised using experimental data 
(Muntener et al. 2001; Sisson et al. 2005) and the equation 
proposed by Wood (2004) for the relationship between H 2 0 
content and liquidus temperature. For the mafic magma with 
2-5 wt% H 2 0 , the temperature-melt fraction relationships are 
linear, with an inflexion at the temperature of amphibole 
crystallisation (Fig. 2). The equations describing the 
temperature-melt fraction curves can be found in Annen et al. 
(2006). The liquidus and the amphibole crystallisation tem­
peratures are estimated by extrapolation of the Muntener et al. 
(2001) data for a pressure of 12 kbar and an H 2 0 content of 
2-5 wt% at 1285°C and 1075°C, respectively. The role of 
pressure on melt productivity is taken into account by modi­
fying the liquidus temperature by 9°C/kb and the amphibole 
crystallisation temperature by 12°C/kb (Foden & Green 1992). 
For mafic magma with 0-3 wt% H 20, an exponential curve is 
adopted to account for the lower fertilities of H20-poor mafic 
magmas (Fig. 2). The solidus temperatures for both types of 
mafic magmas are taken as 720°C, because H 2 0 concentrates 
in the residual melt during mafic magma crystallisation and the 
solidus corresponds to the H20-saturated basalt solidus (Liu 
et al. 1996). 

Three crust compositions are modelled: a dry mafic granu­
lite, an amphibolite and a pelite. The mafic granulite represents 
a dehydrated refractory lower crust. The mafic granulite 
melt-temperature curves are linear with solidus and liquidus 
temperatures based on Mysen (1981) and Green (1982). The 
amphibolite composition (Fig. 2) is taken from Petford & 
Gallagher (2001). The liquidus and solidus temperatures are 
modified for pressures different from 10 kbar by 6°C/kbar 
(Foden & Green 1992). The temperature-melt fraction curve 
for the pelite is based on the theoretical models of Clemens & 
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Vielzeuf (1987). The modelled pelite contains 1-23 wt% HzO 
bound in 10% muscovite and 20% biotite (Clemens & Vielzeuf 
1987). Steps in the curves correspond to the breakdown of 
muscovite and biotite. Between those steps the curves are 
exponential. The temperatures for breakdown of muscovite 
and biotite at 10 kbar are 760 °C and 860 °C and are modified 
with pressure at a rate of 12°C/kb. 

The incubation time is defined as the time interval between 
the intrusion of the first mafic sill and the beginning of silicic 
melt formation. Which is produced first, mafic magma residual 
melt or crust partial melt, depends on the respective solidus 
temperatures of the emplaced mafic magma and crustal rocks. 
In the present model, at a depth of 30 km (P= 10 kbar) the 
solidus of the mafic magma is lower than the solidus of the 
crust (Fig. 2). Thus the incubation time for the production of 
residual melt from the mafic magma is always shorter than the 
incubation time for fluid-absent melting of the crust. The 
incubation times for mantle and crustal melts strongly depend 
on the mafic magma intrusion rate. The mafic magma intru­
sion rate is calculated by dividing the thicknesses of sills by the 
time interval between intrusions of sills. As long as this time 
interval is small compared to the total time, the exact thickness 
and time interval is unimportant, and the rate of melt gener­
ation is controlled by the average mafic magma intrusion rate 
(Annen & Sparks 2002). For reasons of computing efficiency, 
the thickness of the modelled sills is 50 m. Intrusion rates of 10, 
5, and 2 mm/yr (corresponding to time intervals between sill of 
5000, 10 000, and 25 000yrs respectively) are tested corre­
sponding to realistic rates based on estimates of magma 
productivities (Crisp 1984; Dimalanta et al. 2002; Shaw 1985; 
White et al. 2006). At the end of the simulation, 16 km of 
mafic magma have been emplaced which corresponds to 
simulation durations of 1-6 Myr, 3-2 Myr and 8 Myr depend­
ing on the intrusion rates. Evidence for large thicknesses of 
mafic magma accumulating at the base of the crust is discussed 
later. The mafic magma intrusion rate also controls the time 
interval between the beginning of residual melt accumulation 
and the beginning of crustal melt accumulation. Results, 
involving the emplacement of mafic magma with 2-5 wt% H 2 0 , 
are detailed first, for different mafic magma emplacement 
geometries. The case of mafic magma with 0-3 wt% HzO is 
described later. 

3.1. Mafic magma emplacement by overaccretion 
For overaccretion, sills are emplaced at a fixed depth and the 
temperature maximum is close to the mafic magma-crust 
contact (Fig. 3). The incubation times strongly depend on the 
mafic magma intrusion rate (Fig. 4). The differences in incu­
bation time between the residual and partial melts decreases 
with crust fertility (Fig. 5), reflecting the decrease in differences 
between the solidi of the mafic magma and the crust (Fig. 2). 
The differences in residual and partial melt incubation times 
also depend on mafic magma emplacement rates (Fig. 5). For 
example, for a mafic magma intrusion rate of 2 mm/yr and an 
amphibolitic crust, the difference in incubation times is tens of 
thousands of years. However, for high mafic magma intrusions 
rates (10 mm/yr), the difference in incubation times is of ten of 
thousands of years (Fig. 5b). 

The total volume of melt generated is equal to the integra­
tion of the melt fraction over the thickness of partially molten 
material. As soon as the temperature of the crust exceeds the 
solidus of the mafic magma, the total volume of residual melt 
increases with each sill that is added to the hot zone. The 
quantity of residual melts in the mafic sills also increases with 
time due to an increase in the melting degree as the tempera­
ture of the hot zone raises. Thus the rate of residual melt 
generation is controlled by the intrusion rate. In contrast, the 
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Figure 3 Temperatures (a, c, e) and melt fractions (b, d, f) distri­
bution in a crust that has been intruded by a total of 16 km of mafic 
sills. The mafic magma is injected at 1285°C and contains 2-5 wt% 
H20. (a, b) The mafic magma emplacement rate is 2 mm/yr and mafic 
magma has been injected over 8 My. (c, d) The mafic magma emplace­
ment rate is 5 mm/yr and mafic magma has been injected over 3-2 My. 
(e, f) The mafic magma emplacement rate is 10 mm/yr and mafic 
magma has been injected over 1 -6 My. The crust is pelitic. The con­
tinuous line is for overaccretion; the dashed line is for underaccretion. 

generation of the partial melt is controlled by the diffusion of 
heat, transferred from the mafic magma through the crust. The 
heat transfer from the mafic magma is balanced by the heat 
lost by conduction through the crust towards Earth's surface. 
The rate of crustal melt generation starts rapidly and corre­
sponds to a rapid increase in the melting degree close to the 
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(a) Crust is mafic granulite (b) Crust is amphibolite (c) Crust is pelite 
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Figure 5 Differences between the incubation times for the partial melts and the incubation times for the residual 
melt, for different mafic magma intrusion rates and emplacement geometries: (a) The crust is mafic granulite; (b) 
The crust is an amphibolite; (c) The crust is a pelite. The mafic magma is injected at 1285°C and contains 2-5 wt% 
H20. In the case of underaccretion, after the emplacement of 16 km of mafic magma, no partial melting of the 
crust occurs for a mafic granulite crust at any of the tested emplacement rate, and for an ampholitic crust with 
an emplacement rate of 2 mm/yr. 

contact with the mafic magma. The rate of crustal melt 
generation then slows down because further increase in melt 
volume requires an increase in thickness of the partially molten 
crust, and this thickness increase is limited by heat diffusivity. 
The rate of partial melt generation is less sensitive to the mafic 
magma emplacement rate than the rate of residual melt 
generation. These differences in melt generation mechanisms 
explain the evolution of the ratios of partial melt over residual 
melts (Fig. 6). The residual melt is generated first as it has a 
lower solidus temperature and consequently a shorter incu­
bation time (Fig. 4). After the incubation time for partial melt 
is reached, the volume of partial met increases rapidly, result­
ing in a peak in the curve of partial melt over residual melt. 
The value of the ratio at the peak depends on the fertility of the 
crust and on the emplacement rate. In most cases, it 
is below 1, i.e. the quantity of residual melt is always greater 

than the quantity of partial melt. For a very fertile crust and a 
fast emplacement rate, the peak can be > 1 and the amount of 
partial melt is dominant. However, after a time, which depends 
on the mafic magma emplacement rate, the residual melt 
always comes to dominate over the partial melt because its 
volume increases with each new mafic magma injection more 
rapidly than the volume of crustal rock that is partially melted. 

3.2. Mafic magma emplacement by underaccretion 
In the case of mafic magma emplacement by underaccretion, 
the level of magma injection becomes deeper with time and 
moves away from the mafic magma-crust boundary. The 
maximum in the thermal anomaly develops at the bottom of 
the mafic magma column. As a consequence, the partial 
melting of the crust is more limited than in the case of 
overaccretion (Fig. 3). No partial melting of the crust is 
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Figure 6 Ratio of the thickness of accumulated melts generated by crust partial melting over the thickness of 
accumulated melts residual from mafic magma crystallisation for mafic magma intrusion rates of 2, 5 and 
10 mm/yr and a mafic magma emplacement by overaccretion. The mafic magma is injected at 1285°C and 
contains 2-5 wt% H20. In abscissa is the total thickness of emplaced mafic magma, (a) The crust is mafic granulite 
(b) The crust is an amphibolite; (c) The crust is a pelite. Note the change in scale of partial melt/residual axis from 
mafic granulite to amphibolite to pelite. 
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Figure 7 Ratio of the thickness of accumulated melts generated by crust partial melting over the thickness of 
accumulated melts residual from mafic magma crystallisation for different emplacement rates and a mafic magma 
emplacement by underaccretion. The mafic magma is injected at 1285°C and contains 2-5 wt% H20. (a) The crust 
is an amphibolite; (b) The crust is a pelite. This ratio is very low in the case of an amphibohtic crust and 
emplacement rate of 5 and 10 mm/yr. For an emplacement rate of 2 mm/yr, there is no melting of an amphibohtic 
crust. No partial melting of a mafic granulite crust is achieved for any of the emplacement rates. 

achieved for a refractory granulitic crust. Due to the deeper 
level of the temperature anomaly compared to the overaccre­
tion case, the melting degree in the mafic magma is higher and 
more residual melt is produced (Fig. 3). The incubation times 
for the generation of the residual melt by underaccretion and 
by overaccretion are similar. The incubation time for partial 
melting is longer for underaccretion, especially at low emplace­
ment rates (Fig. 5). Due to the low temperatures at the mafic 
magma-crust boundary, the melting degree of an amphibolitic 
crust is very low (less than 4% for an emplacement rate of 
10 mm/yr) and the quantity of melt produced represents less 
than 10% of the total melt (Fig. 7). More partial melt is 
generated from a pelitic crust, but still significantly less than in 
the case of overaccretion (Figs 6, 7). With an emplacement rate 
of 2 mm/yr, the amphibolitic crust does not melt during 8 Myr 
of mafic injection. 

3.3. Random emplacement of mafic magma 
For random emplacement of the mafic sills, each sill emplace­
ment depth is selected randomly between the Moho and an 
upper limit in the lower crust according to a continuous 
uniform distribution law. Screens of crust become sandwiched 
between sills. The model is run with an emplacement upper 

limit of 29-5 km, 25 km, and 20 km, in order to test the 
influence of sill scattering on melt production. In all cases, the 
lower limit was the Moho, which is initially set at 30 km depth 
and then displaced downwards with each intrusion. If the 
emplacement upper limit is far from the initial Moho (upper 
limit is 20 km), the sills dispersion is high and many lower crust 
screens will be sandwiched by sills. In contrast, if the upper 
limit is close to the initial Moho (upper limit is 29-5 km), the 
sill dispersion is low and sills mostly intrude previously em-
placed mafic intrusions (Fig. 8). 

The incubation times for residual melt and for partial melt 
generation are longer than in the case of mafic magma 
emplacement at a fixed depth, because the heat advection by 
the magma is less focused and the resulting thermal anomaly is 
broader and situated at higher levels in the crust (Fig. 8). The 
duration of the incubation period increases with sill dispersion 
(Fig. 9). After the mafic magma solidus is exceeded, less melt is 
produced by mafic magma crystallisation than in the case of a 
fixed depth of mafic magma emplacement, because of the lower 
temperatures. For a mafic granulite crust, partial melting is not 
achieved if the mafic magma emplacement rates are less than 
10 mm/yr. With sills scattered in the lower crust, partial 
melting is enhanced by the sandwiching of crustal screens that 
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Figure 8 Temperatures (dashed lines) and melt fractions (continuous lines) distribution in a crust that has been 
intruded by a total of 16 km of mafic sills with an emplacement rate of 5 mm/yr. The mafic magma is injected at 
1285°C and contains 2-5 wt% H20. The crust is pelitic. The sills are randomly emplaced between (a) 29-5 km and 
the Moho; (b) 25 km and the Moho; (c) 20 km and the Moho. The initial Moho is at 30 km and moves 
downwards with each sill intrusion. The spikes in the melt fractions curves correspond to screens of crust 
sandwiched by the sills. 
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Figure 9 Incubation times between the injection of the first mafic sill 
and production of the first residual (a) and partial melts for a mafic 
granulite (b) an amphibole (c) and a pelite crust (d), for different mafic 
magma intrusion rates. The mafic magma is injected at 1285°C and 
contains 2-5 wt% H20. Results are given for sills randomly emplaced 
between 29-5 km and the Moho, 25 km and the Moho, and 20 km and 
the Moho. In abscise is the total thickness of emplaced mafic magma. 
For a mafic granulite crust partial melting is achieved only at an 
emplacement rate of 10 mm/yr. 

are heated from both their upper and lower sides by mafic 
magma. However, this process is counterbalanced by lower 
temperatures, due to less focused heat advection. Thus the 
amount of partial melt is comparable to that produced by 
overaccretion. The production of residual melt is more limited, 
and thus the ratio of partial melt to residual melt exhibits a 
high peak shortly after the crustal solidus is exceeded (Figs 10, 
11). However, the intimate interstratification of regions of 
partial melt and residual melt makes it more likely that hybrid 
magmas can be segregated. 

For a pelitic upper crust, this ratio reaches 10, in the case of 
an upper limit of sill emplacement at 20 km, and is higher for 
higher emplacement rates (Fig. 11). The dominance of partial 
melt over residual melt lasts several million years and is more 
pronounced with highly scattered sills. After 16 km of mafic 
magma have been randomly emplaced in the whole lower crust 
(from 20 km depth to Moho) with an intrusion rate of 5 mm/ 
yr, the ratio of partial melt over residual melt is still 0-76 (Fig. 
1 lb), almost twice as much as in the case of a fixed emplace­
ment depth (Fig. 6b). For an amphibolitic crust, the residual 
melt stays dominant relative to the partial melt for the 
duration of the simulation (Figs 10a, 11a). For a mafic 
granulite, the partial melting with a mafic magma emplace­
ment rate of 10 mm/yr produces a thickness of partial melt of 
less than 50 m resulting in extremely low ratios of partial melt 
to residual melts (less than 10 ~ 2 ) . 

3.4. Dry and hot mafic magma 
The model was also run with a primitive mafic magma 
emplaced at 1346°C and containing only 0-3 wt% H20. The 
mafic magma has the same solidus as the mafic magmas richer 
in H 2 0 because of the concentration of the H 2 0 in the residual 
melt, but its fertility is significantly lower (Fig. 2). Because the 
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Figure 10 Ratio of the thickness of accumulated melts generated by crust partial melting over the thickness of 
accumulated melts residual from mafic magma crystallisation for mafic sills randomly emplaced between 20 km 
and the Moho, at emplacement rates of 2, 5, and 10 mm/yr. The mafic magma is injected at 1285°C and contains 
2-5 wt% H20. (a) The crust is an amphibolite; (b) The crust is a pelite. 
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Figure 11 Ratio of the thickness of accumulated melts generated by crust partial melting over the thickness of 
accumulated melts residual from mafic magma crystallisation for mafic sills randomly emplaced between 29-5 km 
and the Moho, 25 km and the Moho, and 20 km and the Moho, at an emplacement rates of 5 mm/yr. The mafic 
magma is injected at 1285°C and contains 2-5 wt% H20. (a) The crust is an amphibolite; (b) The crust is a pelite. 

Table 1 Incubation periods in My between the emplacement of the first sill and the accumulation of melts for different 
emplacement geometries in the case of a basalt with 0-3 wt% H20 injected at 1346°C at a rate of 5 mm/yr 

Residual 
Crustal: Pelite 

Crustal: Amphibolite 

Crustal: Granulite 

Overaccretion 

006 
009 

0-16 

1-53 

Underaccretion 

0-05 
0-1 

0-25 
>3-2 

Random 
29-5 km-Moho 

0-06 
01 

016 
1-93 

Random 
25 km-Moho 

0-22 
0-33 

0-41 

2-12 

Random 
20 km-Moho 

0-42 
0-61 

0-68 

2-85 

mafic magma is emplaced at high temperature, the incubation 
periods are slightly shorter in comparison with models involv­
ing cooler magmas (Table 1). The main effects of emplacing 
hot mafic magma are that significantly less residual melt is 
produced because of the lower melt fractions in the mafic 
magma at any given temperature, and more crust partial 
melting is predicted because more heat is transferred to the 
crust. Higher ratios of partial melt to residual melt are 

predicted (Figs 12, 13). Even with an amphibolitic crust the 
partial melt can dominate over the residual melt if the mafic 
magma is emplaced randomly or by overaccretion (Figs 12b, 
13b). For a pelitic crust, the peak in the ratio of partial melt to 
residual melt exceeds 10 in case of overaccretion and 100 for 
random emplacement (Figs 12c, 13c). However, for a mafic 
granulite crust, the production of partial melt is very limited 
and the residual melt dominates (Figs 12a, 13a). 
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Figure 12 Ratio of the thickness of accumulated melts generated by crust partial melting over the thickness of 
accumulated melts residual from mafic magma crystallisation for mafic magma emplacement by overaccretion 
and underaccretion at a rate of 5 mm/yr. The mafic magma is injected at 1346°C and contains 0-3 wt% H 2 0 . (a) 
The crust is a dry mafic granulite; (b) The crust is an amphibolite; (c) The crust is a pelite. For an emplacement 
by underaccretion, there is no melting of a mafic granulite crust. 
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Figure 13 Ratio of the thickness of accumulated melts generated by crust partial melting over the thickness of 
accumulated melts residual from mafic magma crystallisation for mafic sills randomly emplaced between 29-5 km 
and the Moho, 25 km and the Mono, and 20 km and the Moho, at an emplacement rate of 5 mm/yr. The mafic 
magma is injected at 1346°C and contains 0-3 wt% H 2 0 . (a) The crust is a dry mafic granulite. (b) The crust is 
an amphibolite; (c) The crust is a pelite. 

4. Discussion 

4.1. The contribution of crust partial melting 
Heat transfer calculations show that the partial melting of the 
crust with mafic magma as a heat source implies the simul­
taneous generation of silicic residual melt by crystallisation of 
the mafic magma. The proportions of residual and partial 
melts strongly depends on the respective fertility of the mafic 
magma and crust, on the mafic magma emplacement rate and 
on its emplacement geometry. Since the incubation period for 
the residual melt is shorter than for partial melt, the first melts 
to be generated are residual from the mafic magma and would 
carry a mantle signature, assuming that mantle and crust 
isotope signatures are discernable. The Adamello batholith, 
Italy, provides an example in which geochemical and isotopic 
data indicate that the oldest rocks were generated by basalt 

fractional crystallisation and younger granites exhibit an 
increasing crustal component (Kagami et al. 1991). The dura­
tion of the period of pure residual melt is limited if the crust is 
fertile and if the mafic magma emplacement rate is high. After 
the solidus of the crust has been exceeded there is a peak in the 
ratio of partial melt to residual melt. If the mafic magma is 
cool and wet, this peak is transient and the residual melt 
always dominates in the long term. If the mafic magma is dry 
and hot, and if the crust is fertile enough (e.g. amphibolitic or 
pelitic crust), the amount of partial melt can be one to two 
orders of magnitude higher than the amount of residual melt. 
In this case, the partial melt can remain dominant for pro­
tracted periods. However, the present results indicate that the 
partial melting of a refractory mafic granulitic crust cannot 
provide significant quantities of melt without being accom­
panied by voluminously more abundant production of residual 
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melt, even when the crust is intruded by a high-temperature 
magma. This result implies that models of A-type granite 
generation that involve the remelting of an already melt-
depleted protolith must allow for a sufficiently fertile crust to 
be realistic, i.e. a crust that still retains some hydrous minerals 
(Clemens et al. 1986; Collins et al. 1982). 

4.2. Emplacement of mafic magma in a fertile 
metasedimentary crust: Implications for the generation 
of S-type granites 
S-type granites are believed to be generated by the melting of a 
metasedimentary protolith, although, on the basis of experi­
mental data, Patino Douce (1999) argues that only peralumi-
nous leucogranites are pure crustal melts and that other S-type 
granites originate by mixing of basalts and crustal melts. 
According to the present results, one way to produce a very 
high proportion of crustal melt and generate S-type granites is 
to scatter mafic sills in a fertile crust. In this particular case the 
intense melting of the crust can produce ten times more partial 
melt than mafic magma residual melts. If the mafic magma is 
hot and dry, this proportion is even higher. The pelitic crust 
that is used to model a fertile metasedimentary crust is an 
end-member in terms of fertility and many S-type granite 
may be derived from a less fertile metagreywacke protolith 
(Clemens & Wall 1981). Even in the case of a slightly less fertile 
source rock, abundant crustal melts would be produced if the 
mafic magma is hot and dry and is randomly distributed in the 
crust. 

In the Lachlan Fold Belt, Australia, the S-type granites are 
generally older than the I-type granites occurring in the same 
batholith (Chappell & White 2001), although in some parts of 
the belt the S-type granites have the same age or are younger 
of than the I-type granites. This is consistent with a model of 
scattered sills, where a high peak of partial melt is generated 
shortly after the end of the incubation period, with a possible 
enhancing of the peak and reduction of the incubation period 
due to fluid flux melting. With time, the residual melts become 
dominant, which would translate in the field by the appearance 
of I-type granite. However, the random character of the sills 
emplacement results in highly irregular trends of residual and 
partial melt generation. Thus depending on the possible fluc­
tuations in the intrusions rates and on the way the sills are 
scattered in the crust, varying age relationships between 
S-types and I-type granites are expected. 

4.3. Emplacement of mafic magma in an amphibolitic 
crust: implications for the generation of I-type granites 
The partial melting of an amphibolitic lower crust is a popular 
paradigm for the generation of I-type granite (e.g. Chappell & 
White 1984; Coleman et al. 1995; Petford & Atherton 1996; 
Topuz et al. 2005), although Roberts & Clemens (1993) argued 
that normal and high-K calc-alkaline melts could not be 
produced by the melting of a basaltic amphibolites and that 
the most suitable source for I-type melts are calc-alkaline and 
high-K calc-alkaline andesites and basaltic andesites. How­
ever, recent experimental work by Sisson et al. (2005) predicts 
that common granitic and rhyolitic melt can form by advanced 
crystallisation-differentiation or by low-degree partial melting 
of medium to high-K basalts. The present models indicate that, 
in an arc context, where the mafic magma is relatively cool and 
wet, the production of partial melt of amphibolite is subordi­
nate to the production of melt by crystallisation of the wet 
mafic magma. Moreover, as the residual melt is richer in H 2 0 
than the partial melt, it is less viscous, less dense and easier to 
extract. The partial melt derived from an amphibolitic lower 
crust can be dominant only if the mafic magma is dry and hot. 

Thus the present model predicts that the melt produced by 
emplacement of wet arc-type mafic magma in contact with an 
amphibolitic lower crust would carry a mantle signature, but 
possibly with some crustal contamination, depending on the 
geometry of sill emplacement and whether the amphibolite is 
old enough to have evolved a distinctive radiogenic isotope 
signature. The expected geochemical characteristics are ob­
served, for example, in the Sierra Nevada (Coleman et al. 1992, 
1995), in the central Andes (Lucassen et al. 2004) and in the 
Eastern Pontides granodiorites (Topuz et al. 2005). 

4.4. Emplacement of mafic magma in a refractory crust: 
implications for the generation of A-type granites 
Many models have been proposed for the generation of A-type 
granite, which include differentiation from mafic to intermedi­
ate magma (Bonin 2004; Foland & Allen 1991; Kerr & Fryer 
1993; Turner & Foden 1996; Turner et al. 1992) and low-
pressure melting of calc-alkaline rocks (Patino Douce 1997, 
1999). One model involves the partial melting of an already 
melt-depleted granulitic crust (Collins et al. 1982). The mafic 
granulitic crust that is used in the present simulation is an end 
member and is particularly refractory. With such a refractory 
crust, even in the most favourable conditions for crustal 
melting, i.e. hot mafic magmas and randomly emplaced sills, 
only insignificant quantities of partial melt can be produced. 

According to Clemens et al. (1986), A-type granite can 
originate from a source that contains residual biotite and that 
produces very small amounts of melts. This type of crust is less 
refractory than the mafic granulite that is used in the present 
models, but the production of the crustal melt would still be 
associated with the production of significantly larger amounts 
of melt residual from the mafic magma. Another model is the 
partial melting of calc-alkaline rocks at shallow depth (Patino 
Douce 1997, 1999). A calc-alkaline rock would be more fertile 
than a granulitic rock, however at shallow depth initial tem­
peratures are low and heat is lost rapidly because of the 
proximity of the Earth cold surface. Thus very large amounts 
of mafic magma are required to heat the crust at shallow depth 
(Annen et al. 2006; Annen & Sparks 2002). 

Because of the large quantities of mafic magma required to 
melt either a granulite crust or a calc-alkaline rock at shallow 
depth, the production of an A-type granite that is mostly of 
crustal origin would require a selective segregation and extrac­
tion of the crustal melt. If screens of partially melted crust are 
sandwiched between sills containing residual melt, mixing of 
the two melts seems unavoidable and the crustal melts would 
merely represent a minor contamination of the largely domi­
nant mantle melt. Further studies are needed to determine if 
selective extraction is feasible in the case of over-accreting sills, 
where the partially melted crust overlays the mafic magma. 

4.5. Melt diversity 
The diversity of granites can reflect the diversity of the 
protoliths. Moreover, in a deep hot zone a complex system 
builds up and a diversity of melt is generated because of the 
coexistence of crustal melts and mantle melts and because the 
melting degree of the crust and mafic magma varies both in 
space and time. The temperature distribution in the deep hot 
zone and thus the melting degree depends on the intrusion 
emplacement geometry (Fig. 3) and evolves with time depend­
ing on the mafic magma intrusion rate. 

With the present numerical simulations the proportions of 
residual melts and partial melts generated at the source level 
are estimated, but Jackson et al. (2003) showed that petrologic 
diversity is also acquired during melt segregation. If buoyancy-
driven, the melt segregation rates are controlled by the vis­
cosity and the melting degree. Both parameters are highly 
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variable in the deep hot zone, although the viscosity of the 
residual melt is lower than the viscosity of the crustal melt 
because of the concentration of H 2 0 in the residual melt. The 
viscosities were estimated to 102-104 Pa s for the residual melt 
and to higher values (105 up to 1012 Pa s) for the partial melt 
(Annen et al. 2006). Thus the actual proportion of the different 
melts at the granite final emplacement level might not exactly 
reflect the proportions of melts at the source because of 
differential segregation. More complexity is added to the 
system if the magma successively stalls at different levels in the 
crust (Bonin 2007). 

4.6. Flux melting 
In the present modelling, H 2 0 flux is not simulated. The H 2 0 
exsolved by mafic magma crystallisation is assumed to remain 
in the solidified mafic magma, and the solidus for mafic magma 
remelting is similar to the H20-saturated solidus for mafic 
magma crystallisation. In nature, the free H 2 0 may escape the 
mafic magma and flux the overlying rocks, favouring fluid-
present partial melting of the crust. In addition the loss of H 2 0 
from the mafic intrusions would make them difficult to remelt. 
These effects would result in a shorter incubation time for the 
partial melt and an increase in the ratio of partial melt over 
residual melt. However, these effects would be noticeable only 
when a significant part of the mafic magma crystallises enough 
for the residual melt to become saturated in H 2 0 , i.e. at the 
beginning of the hot zone formation, when the crust is still 
cold. In the case of low emplacement rates, and in the case 
of sills with random emplacement we would expect a higher 
peak of partial melt to residual melt. On the long term, 
however, when the hot zone is mature and the mafic magma 
equilibrates at higher temperature, no more H 2 0 would be 
released by the mafic magma and the residual melt would 
become dominant. 

4.7. The intruded mafic rocks 
According to the present thermal modelling, the generation of 
large volumes of differentiated melt to supply batholiths in 
Deep Hot Zones, involves the accumulation of kilometric 
thicknesses of mafic rocks. In the model presented the em­
placement of 16 km of mafic magma at the Moho or scattered 
in the lower crust has been modelled. This amount of mafic 
magma is consistent with observations. For example, in Sierra 
Nevada, the thermobarometric study of xenoliths brought to 
the surface by volcanic activity indicates the existence, in the 
Miocene, of as much as 35 km of garnet pyroxenite forming 
the roots of the batholith. This garnet pyroxenite is interpreted 
to be the restites or cumulates left over by the granitoid 
generation (Ducea 2002). The present results strongly suggest 
that most of these rocks must be cumulates produced by mafic 
magma differentiation rather than restites issued from melting 
of an amphibolitic crust. Ducea (2002) noted that the pyroxen­
ite cumulates would be seismologically interpreted as mantle. 
The present depth of the Moho in the Sierra Nevada has been 
estimated at 30 to 40 km (Fliedner et al. 2000; Ruppert et al. 
1998; Wernicke et al. 1996). At pressures over lOkbar, the 
mafic and ultramafic cumulates are denser than the underlying 
mantle and prone to foundering (Ducea 2002; Jull & Kelemen 
2001). The foundering of the roots of the Sierra Nevada into 
the mantle has been seismically imaged (Zandt et al. 2004). The 
Aleutian volcanic arc provides another example where ultra-
mafic rocks interpreted as cumulates have been seismically 
identified at the base of the lower crust (Fliedner & Klemperer 
2000). An arc lower crust that has been thickened by magmatic 
underplating is exposed in the Kohistan complex (Yoshino & 
Okudaira 2004; Yoshino et al. 1998). 

4.8. Sill emplacement geometry 
The emplacement geometry of the mafic magma intrusions 
strongly controls the ratio of partial melt to residual melt and 
the melt fractions. According to the models of Dufek & 
Bergantz (2005), if intrusions are randomly orientated dykes 
instead of horizontal sills, the production of both residual and 
crustal melt is more limited. The intrusion of numerous 
randomly oriented dykes poses the problem of how to accom­
modate the volume of such a complex geometry. Layered rocks 
that are interpreted as mafic sills are seen on seismic profiles 
(Franke 1992; Fuchs et al. 1987; Wenzel & Brun 1991). 
Laboratory experiments indicate that the level of sills emplace­
ment is controlled by rigidity contrasts (Kavanagh et al. 2006). 
The development of a temperature anomaly and the presence 
of melt at the level of intrusion of the first emplaced sills might 
act as a rheological trap for the successive intrusions, inducing 
a feedback effect and the focusing of magma injection. In the 
case of shallow magmatic bodies, geochronological, geophysi­
cal and structural data suggest underaccretion is a common 
emplacement style (Benn et al. 1999; Bridgwater et al. 1974; 
Coleman et al. 2004; Cruden 1998; Cruden & McCaffrey 2001; 
Harrison et al. 1999; Saint-Blanquat (de) et al. 2001). The 
sandwiching of crustal rock by sills is common. Septa of 
metasedimentary rocks crop out in the mafic complex of the 
Ivrea Zone (Quick et al. 1994). Quick et al. (1994) proposed a 
model for the formation of the Ivrea mafic complex where an 
active magma chamber is located at the top of the complex. 
This would roughly correspond to the present overaccretion 
model. Thus the three types of sill emplacement that have been 
modelled all seem to occur in nature, and further investigations 
are needed to understand how the emplacement geometry is 
controlled. 

5. Conclusions 

In Deep Hot Zones, melt can be simultaneously generated by 
incomplete crystallisation of intruded mafic magmas (mantle 
sources) and by partial melting of the crust (crustal sources). 
The contribution of each type of source depends on the 
geometry of the mafic magma emplacement, the fertility of the 
crust and the mafic magma emplacement rate. Numerical 
simulations of heat transfer show that the first melts are 
generated by mafic magma crystallisation, unless the solidus of 
the crust is lowered by flux of H 2 0 released by mafic magma 
crystallisation. The ratio of partial melt to residual melt 
exhibits a peak after the solidus of the crust is exceeded. If the 
injected mafic magma is cool and wet, typical of arc contexts, 
the crustal partial melt is dominant only if the sills are 
randomly emplaced into a fertile crust. In the case of an 
amphibolitic crust, the contribution of crustal partial melting 
would be very limited and the crystallisation of the mafic 
magma is the main mechanism of silicic melt generation. 

The emplacement of hot and dry mafic magma results in the 
generation large volumes of crustal melt if the crust is amphi­
bolitic or pelitic. However, the partial melting of a granulitic 
protolith only produces very limited amount of crustal melt 
dominated by larger amount of melts residual from mafic 
magma crystallisation. Thus the generation of A-type granites 
by partial melting of a refractory crust would require the 
selective segregation and extraction of the A-type melt. 
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