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Partial melting of crustal rocks is responsible for the formation of silicic magmas and crustal differentiation. De-
termining themechanisms and effects of partial melting is necessary to understand the geochemical signature of
the magmas and the transport of melt and volatiles in the crust. To this end, we have experimentally reproduced
the partialmelting of granitic rock under three different conditions: i) partial melting in a closed system (dry and
hydrous conditions); ii) partial melting in the presence of a discontinuity, represented by a channel of synthetic
haplogranite and iii) assimilation of granitic rock by a hydrous trachyandesitic melt. Experiments were per-
formed at temperatures between 750 and 1000 °C and pressures between 300 and 500 MPa, with durations
ranging from24 to 240 h. Partialmelting initiates at temperatures higher than 750 °C as a result of both dehydra-
tion melting of hydrous minerals and melting at grain boundaries. The interplay between the two mechanisms
determines the complex evolution of melt composition at the various degrees of partial melting. Core-to-rim
compositional profiles of residual feldspars in contact with the melt attest to a rapid mineral-melt re-equilibra-
tion (240 h). When a melt channel intersects the granite, the melt produced at the grain boundaries is rapidly
segregated within the channel and mineral-melt exchange reactions are inhibited. In turn, the melt in the chan-
nel is enriched in H2O and incompatible trace elements. When in contact with a hydrous, partially molten
trachyandesite, complete dissolution of the granite occurs at 900 °C, assisted by the migration of H2O from the
crystallizing trachyandesiticmelt. Themelting-assimilation process results in a systemcharacterized by a crystal-
line trachyandesite enclosing a hybrid trachytic melt, produced by the chemical mixing of the granitic melt with
the melt segregated from the crystalline trachyandesite.
Our experimental results indicate that partialmelting could be extremely common in granitic bodies and yield no
traces in the residual rock after segregation of the interstitial melt. In contrast, core-to-rim profiles of feldspars
may preserve a record of the interaction between residual minerals and the extracted melt. Fast segregation of
melts enriched in volatiles and incompatible trace elements, produced by breakdown of hydrous minerals,
may represent a possible mechanism for generation of pegmatites.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Partial melting is responsible for the production of large volumes of
granitic melt in the Earth's crust (Kriegsman, 2001). Melting of crustal
rocks typically occurs as a result of the intrusion of hot magmas, in
amounts related to the temperature and mass of the intruding magma
(Al-Rawi and Carmichael, 1967; Holness et al., 2005; Holness and
Watt, 2002; Kaczor, 1988; Philpotts and Asher, 1993). The newly-
formed melts can either concentrate into felsic domains within the
host rock (i.e. migmatites) or segregate into dykes and apophyses,
sometimes inducing further melting (Hersum et al., 2007). These two
.

alternatives mostly depend on the mechanical state of the host rocks,
as well as on the amount and physical conditions of the melt produced.
In turn, the amount of melting determines the enrichment in volatile
and incompatible trace elements, pointing to partial melting of granitic
rocks as one of the possiblemechanisms for the formation of pegmatites
(London and Morgan VI, 2012).

The role of volatiles is of primary importance in controlling both the
kinetics and degree of partial melting. When H2O is present in the sys-
tem, larger amounts of melts can be produced by partial melting of gra-
nitic rocks, since melting temperatures of quartz-feldspatic mineral
assemblages are significantly lower (Clemens and Droop, 1998; Luth,
1969; Stevens and Clemens, 1993; Tuttle and Bowen, 1958). However,
due to the low amount of H2O that can be stored within mineral grain
boundaries, a contribution of external water is generally required to
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Fig. 1. (a) Photograph of the granite sample used for experiments and (b) back scattered
electron (BSE) image of the sample. Abbreviations: Qtz, quartz; Kfs, K-feldspar; Ms.,
muscovite; Ab, albite; Opq, Opaque mineral.
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increase the amount of partialmelting (Gaeta et al., 2018;Weinberg and
Hasalová, 2015). In contrast to hydrous (i.e. volatile-assisted) partial
melting, anhydrous partial melting (i.e., no external volatiles involved)
occurs at temperatures higher than the solidus of dry assemblages and
involves the breakdown of hydrous minerals such as micas and amphi-
boles (Fyfe, 1970; Thompson, 1982). Only in some cases, when the H2O
available from hydrous minerals is significant, the amount of melt may
far exceed the amount of melt produced by hydrous partial melting,
reaching values up to 30 vol% (Clemens, 1984; Clemens and Vielzeuf,
1987).

The physical conditions under which partial melting of igneous
rocks occurs have been constrained by many experimental studies
(Acosta-Vigil et al., 2006; Attrill and Gibb, 2003a, 2003b; Brearley
and Rubie, 1990; Le Breton and Thompson, 1988; Masotta et al.,
2018; Patiño-Douce and Beard, 1995; Qian and Hermann, 2013;
Scaillet et al., 1995; Vielzeuf and Holloway, 1988; Wolf and Wyllie,
1995). Much interest has been focussed on the granitic system on
the basis of simplicity (a haplogranite can be described by the three
pure components Ab, Or, Qz) and because it represents, to a first ap-
proximation, the composition of the Earth's upper crust. Following
the first work on the haplogranitic system by Tuttle and Bowen
(1958), further experimental studies investigated the effects produced
by adding components such as CaO, FeO and MgO, in order to account
for the presence of plagioclase and mafic minerals in natural rocks
(Johannes and Holtz, 1996 and references therein). On the other
hand, the main inconvenience of using granitic systems for experi-
mental studies is the slow approach to thermodynamic equilibrium,
which would require very long experimental times. For this reason,
only few experimental studies have been carried out on natural gra-
nitic systems. Among these, Acosta-Vigil et al. (2006) investigated
the textural and chemical relationships between partial melt and re-
sidual phases, whereas Attrill and Gibb (2003a, 2003b) performed
partial melting and recrystallization experiments to investigate the ca-
pability of granitic rocks for radioactive waste disposal. All of these
studies highlighted the paramount importance of the volatile phase
(H2O) in decreasing the temperature at which partial melting initiates,
facilitating the melting reaction over relatively short time scales.

In this paper, we investigate experimentally the conditions at which
partial melting in a natural granitic system occurs using three different
experimental setups: i) simple partial melting of a granitic cylinder
under both anhydrous and hydrous conditions, ii) melting in the pres-
ence of a solid-liquid interface (constituted by a melt channel) and iii)
melting induced by contact with a hydrous intermediate magma com-
position. The goal of these different experimental setups is not to repro-
duce partial melting at thermodynamic equilibrium, but rather to
provide the possibility to determine spatial and compositional relation-
ships between the source rock and its partial melt, the efficiency of melt
segregation upon melting at grain boundaries and the mobility of in-
compatible trace elements in crustal granitic rocks undergoing partial
melting.

2. Methods

2.1. Geological setting of the starting material

A fine-textured pink metagranite from Gennargentu Igneous Com-
plex (Sardinia, Italy) was selected as starting material for the experi-
ments because of the small (b500 μm) and regular grain size and the
homogeneous composition ofminerals (Fig. 1a). Themetagranite (sam-
ple GG24gf from Gaeta et al., 2013) was collected at the contact be-
tween a peraluminous granite (310 ± 6 Ma) and a quartz-diorite
(306 ± 26 Ma; Gaeta et al., 2018). The intrusion of the quartz-diorite
in the peraluminous granite produced a 20m thick metamorphic aure-
ole, consisting of pink and red metagranites, and abundant veins and
lenses of porphyry that homogeneously cut the contact region between
the two intrusive bodies. The mineral assemblage of the granite is
constituted by quartz, albite (An3-6Ab93-97Or0–2), K-feldspar (An0–2

Ab1-5Or95–98), muscovite, and traces of tourmaline, biotite and opaque
minerals (Fig. 1b). The contacts between K-feldspar and albite are irreg-
ular, whereas those with quartz are usually sharp and faceted. This fea-
ture, as well as the homogeneous chemical composition of minerals,
was preserved from the texture of the protolith (Gaeta et al., 2013).
The bulk composition of the pink metagranite (hereafter referred as
granite), as well as the composition of mineral phases are reported in
the electronic appendix (Tables EA1 and EA2).

2.2. Sample preparation and experimental methods

Experiments were performed in piston cylinder presses at tempera-
tures between 750 and 1000 °C and pressures between 300 and 500
MPa, with durations ranging from 24 to 240 h. Cylindrical-shaped plat-
inum capsules (3.5 mm OD, 3.1 mm ID) were filled with different com-
binations of starting materials, depending on the experimental setup
(Fig. 2): setup 1 was used for both anhydrous partial melting (APM)
and hydrous partial melting (HPM) experiments, setup 2 for segrega-
tion partial melting (SPM) experiments and setup 3 for assimilation
melting experiments (ASM). Sample capsules for APM and HPM exper-
iments (setup 1) were filled by 3-mm tall cylindrical granitic cores.
About 5 wt% of deionized water was added to HPM capsules only. For
SPM experiments (setup 2), a 1-mm diameter hole was drilled along
the axis of the granitic cores and filled with a powder of synthetic
haplogranite. For ASM experiments (setup 3), capsules were filled
with a core of granite that was centred in the capsule and surrounded
by powder of a synthetic hydrous trachyandesite (H2O = 5 wt%). The
granitic cores used as starting materials were directly drilled from the
bulk granite sample and used for experiments after checking under an
optical microscope for homogeneous grain size and mineralogy. The
trachyandesitic and haplogranitic glasses are the same ones used in
Masotta and Keppler (2015). These were synthesized by melting a



Fig. 2. Schematic representation of the three experimental setups adopted.
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mixture of analytical grade oxides and carbonates in a platinum crucible
that was placed in a chamber furnace at 1600 °C for 2 h, resulting in
clear, bubble-free glasses. Hydrous glass was prepared by melting the
synthetic trachyandesite plus 6 wt% of deionized water in a platinum
capsule at 1100 °C and 200MPa in a cold sealed TZM apparatus.

The same experimental procedure (“hot piston in”)was followed for
all the experiments: the assembly is cold pressurized to a pressure 10%
lower than the desired experimental pressure, temperature is then in-
creased at a constant rate (100 °C/min) before the pressure is increased
to the target pressure. At the end of the experiment, a nearly isobaric
Table 1
List of experiments.

Experiment T (°C) P (MPa) t (h)

Setup 1 - Anhydrous Partial Melting (APM)
24hAPM-750 750 500 24
120hAPM-750 750 500 120
24hAPM-800300 800 300 24
24hAPM-800 800 500 24
120hAPM-800 800 500 120
24hAPM-850300 850 300 24
24hAPM-850 850 500 24
120hAPM-850 850 500 120
240hAPM-850 850 500 240
24hAPM-900300 900 300 24
24hAPM-900 900 500 24

Setup 1 - Hydrous Partial Melting (HPM)
24hHPM-800 800 500 24
72hHPM-800 800 500 72
24hHPM-850 850 500 24
24hHPM-900 900 500 24

Setup 2 - Segregation Partial Melting (SPM)
72hSPM-850 850 500 72
24hSPM-900 900 500 24
240hSPM-900 900 500 240
24hSPM-950 950 500 24

Setup 3 - Assimilation Partial Melting (ASM)
24hASM-900 900 500 24
24hASM-950 950 500 24
240hASM-950 950 500 240
24hASM-1000 1000 500 24

a Degree of partial melting indicated as fraction of melt produced (vol%).
quench is obtained by shutting off the power supply and compensating
the pressure drop upon cooling. Temperature during the experiments
was constantly monitored using factory calibrated S-type thermocou-
ple,with amaximumerror of±5 °C.Most experimentswere performed
in an end-loaded piston cylinder press at the Bayerisches Geoinstitut
(BGI, University of Bayreuth, Germany), using standard 19 mm crush-
able alumina-borosilicate glass-talc assemblies to reach a target pres-
sure of 500 MPa. Experiments carried out at 300 MPa were performed
in a non-end-loaded piston cylinder (QUICKpress by Depths of the
Earth Co.) installed at the HP-HT Laboratory of Experimental Volcanol-
ogy and Geophysics of the Istituto Nazionale di Geofisica e Vulcanologia
(INGV, Rome, Italy). These latter experiments were conducted using a
19–25 mm crushable MgO-borosilicate glass-NaCl assembly specific
for experiments at pressures below 500 MPa. The assembly materials
yield an intrinsic oxygen fugacity close to NNO + 2 (Masotta et al.,
2012a).

All capsules from experimental runs were cut in half, mounted in
epoxy disks and polished to expose the surface of the granite fragments
or the haplogranite-filled cavity. A summary of experimental conditions
is reported in Table 1.

2.3. Analytical methods

Images were collected both at the INGV using the backscattered
electron (BSE) mode of a field emission gun-scanning electron micro-
scope (FE-SEM) JEOL 6500F equipped with an energy-dispersive spec-
trometer (EDS) detector. Chemical analyses on glasses and minerals
were obtained with a JEOL JXA-8200 electron microprobe (EMP)
installed at BGI, using a 10-μm defocused beam, accelerating voltage
of 15 kV and current of 15 nA. The following standardswere used: albite
(Si, Na), rutile (Ti), spinel (Al), andradite (Ca, Fe), forsterite (Mg), ortho-
clase (K) and barium sulphate (S). Acquisition time was set to 20 s for
peak and 10 s for background. Alkalis were analysed before other ele-
ments to minimize their loss during analysis. Trace elements were
analysed using a LA-ICP-MS system installed at BGI, composed of a
%PMa Residual minerals New minerals

0% Qtz + Kfs + Ab+Ms. + Opq –
0% Qtz + Kfs + Ab+Ms. + Opq Crn
b5% Qtz + Kfs + Ab+Ms. + Opq –
b5% Qtz + Kfs + Ab+Ms. + Opq –
b5% Qtz + Kfs + Ab+Ms. + Opq Crn + Kfs + Bt
5–10% Qtz + Kfs + Ab+Opq Crn + Kfs + Bt
10–15% Qtz + Kfs + Ab+Opq Crn + Kfs + Bt
10–15% Qtz + Kfs + Ab+Opq Crn + Kfs + Bt
10–15% Qtz + Kfs + Ab+Opq Crn + Kfs + Bt
15–20% Qtz + Kfs + Ab+Opq Crn + Kfs + Bt
15–20% Qtz + Kfs + Ab+Opq Crn + Kfs + Bt

20–25% Qtz + Kfs + Ab+Opq Crn + Kfs + Bt
25–30% Qtz + Kfs + Ab+Opq Crn + Kfs + Bt
30–40% Qtz + Kfs + Opq Kfs
70% Qtz + Opq –

– Qtz + Kfs + Ab+Opq –
– Qtz + Kfs + Ab+Opq Kfs
– Qtz + Kfs + Ab+Opq Kfs
– Qtz + Kfs + Ab+Opq Kfs

100% – Cpx + Fsp
100% – Cpx + Fsp
100% – Cpx + Fsp
100% – Cpx + Fsp
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193 nm Excimer Laser (Lambda Physik, Germany), special energy ho-
mogenization optics (Microlas, Germany), and an Elan 6100quadrupole
mass spectrometer (Perkin Elmer, Canada). Technical information on
the instrument and details of the analytical technique are given in
Audédat and Pettke (2006) and Pettke et al. (2004).

The whole rock trace element content of the granite and
haplogranite glass was determined by Inductively Coupled Plasma -
Mass Spectrometry (ICP-MS) using a Perkin-Elmer NexION® 300×
spectrometer at the Department of Earth Sciences at the University of
Pisa (Italy). The geochemical reference samples WS-E (basalt) and
RGM-1 (rhyolite) were dissolved and analysed along with the samples
to check the accuracy of the results. About 50–100 mg of each powder
were dissolved in amixture of HF andHNO3 on a hot plate at ~120 °C in-
side screw-top perfluoroalkoxy (PFA) vessels. At the end of the dissolu-
tion, the sample solutions were diluted to 50mL in polypropylene vials.
In each step of sample preparation, Mill-Q® purifiedwater (18.2 M cm)
and ultrapure HF and HNO3 were used. The sample solutions were in-
troduced into the plasma after onlinemixing with a solution containing
20 ng/mL each of Rh, Re and Bi as internal standards. The elements Li,
Be, Ga, Rb, Sr, Y, Zr, Nb, Mo, Cs, Ba, REE, Hf, Ta, Pb, Th and U were deter-
mined in “standard mode”, whereas the elements Sc, V, Cr, Co and Ni
were determined in “kinetic energy discrimination mode, KED” using
a He flow of 3.7 mL/min. Analyses were done using an external calibra-
tion performedwith a solution of the BEN (alkaline basalt) geochemical
reference sample. The analytical precision is between 3 and 5% RSD for
elements with concentrations N5 μg/g and between 5 and 10% RSD for
elements with concentrations b 5 μg/g.

3. Results

3.1. Textural features of experimental products

Anhydrous Partial Melting (APM) experiments performed at 750 °C
with run durations of 24 and 240 h did not produce partial melting of
the granite. However, in contrast to the 24 h experiment that preserved
the original texture and mineral assemblage, the 240 h experiment
displayed signs of incipient breakdown of muscovite with formation
of corundum and K-feldspar within the reacting muscovite crystals
(Fig. 3a–b). At 800 °C partial melting occurred along some of the al-
bite-quartz and K-feldspar-quartz boundaries, forming a 5 μm thick
layer of melt in the mantle of reacting muscovite crystals. In the 120 h
experiment, corundum, K-feldspar and biotite crystallized within melt
pockets produced by incomplete breakdown of muscovite (Fig. 3c).
Crystal habits range from acicular for corundum to tabular for K-feld-
spar and biotite, and show a characteristic orientation parallel to the
(001) cleavage of muscovite (Fig. 3c). The amount of melt produced at
this temperature is lower than 5 vol%, independent of pressure and
run duration. Complete breakdown of muscovite is observed at 850 °C,
where the amount of melt increased significantly (up to 15 vol%),
forming an interconnected network along mineral boundaries (albite-
quartz, K-feldspar-quartz and some albite-K-feldspar boundaries). The
melt layer has a nearly constant thickness of 20 μm. Tabular crystals of
K-feldspar and biotite formed within the melt pockets left after the dis-
solution of muscovite, along with acicular-prismatic crystals of corun-
dum (Fig. 3d). Euhedral facets of large K-feldspars in contact with the
melt indicate that this mineral formed by epitaxial growth on pre-
existing crystals. All these features are more pronounced in the 240 h
experiment at 850 °C, and in the 24 h experiment at 900 °C, where
sieve-textures composed by a mixture of relic and new feldspars are
produced (Fig. 3e–f).

Hydrous Partial Melting (HPM) experiments showed a signifi-
cantly higher degree of partial melting compared to APM experi-
ments performed at the same temperature (Table 1). In
experiments performed at 800 °C with run durations of 24 and 72
h, the melt layer formed at the grain boundaries has an average
thickness of 100 μm and constitutes N20 vol%, which is about 4–5
times the fraction determined under the same conditions but for
dry samples (APM). The breakdown of muscovite is complete and
produced pockets of melts from which corundum, K-feldspar and bi-
otite crystallized in acicular to tabular shapes, most likely aligned
parallel to the (001) cleavage plane of the dissolved muscovite. In
contrast, the dissolution of albite and K-feldspar crystals (mostly
along cleavage planes), followed by epitaxial growth at the crystal
rims, produced a sieve-texture representing a mixture of relic and
new feldspars (Fig. 3g). In the experiment at 850 °C, the thickness
of the melt layer at the K-feldspar-quartz grain boundaries is N100
μm and large pockets of melt formed among crystal aggregates (the
amount of melt is 30–40 vol%). Where preserved, relic crystals of
K-feldspar display sieve-textures that indicate a pervasive dissolution
along cleavage planes followed by epitaxial recrystallization. The
melt fraction increases with temperature, reaching about 70 vol% at
900 °C. In this experiment, all minerals are completely dissolved with
the exception of quartz, occurring in rounded grains surrounded by
bubbles (Fig. 3h). Run duration appears to have no effect on hydrous
partial melting.

Segregation Partial Melting (SPM) experiments were performed in
the temperature range 850–950 °C in order to produce different degrees
of partial melting in the granite (10 to 25 vol% melt), as deduced from
APM experiments (Table 1). The amount of melt observed at the grain
boundaries, however, was much smaller than that observed in APM ex-
periments, with an average thickness of melt network veins of b10 μm
(Fig. 4). Notably, melt interconnectivity decreases from the centre to
the outer parts of the capsule (which is far from the haplogranite chan-
nel). In the experiment performed at 850 °C for 72 h, the contact be-
tween the haplogranitic melt and the granite core is straight and
consists of a thin (b10 μm) layer of K-feldspar crystallized at the edge
of the residual feldspars (Fig. 4a). Such a K-feldspar layer is absent
from the experiment conducted at 900 °C for 24 h, although the contact
between the haplogranitic melt and the granite core is equally straight
(Fig. 4b). At the same temperature but longer run duration (240 h),
the contact becomes irregular and the haplogranitic melt infiltrates
within mineral grains adjacent to the haplogranite melt channel,
disassembling the granite (Fig. 4c). The same texture is observed at
950 °C. K-feldspars embedded in this pervasive melt show evidence of
dissolution and recrystallization at their rims. In all the experiments,
small patches of melt, corundum, K-feldspar and biotite formed inside
the granite core where muscovite underwent breakdown. Bubbles are
observed in these patches of melt, in melt veins at the grain boundaries
and in the central haplogranite melt channel, adjacent to themelt veins
(Fig. 4b).

Assimilation Melting (ASM) experiments were performed at tem-
peratures of 900 to 1000 °C in order to prevent extensive crystalliza-
tion of the trachyandesite (as deduced from experimental results
from Masotta and Keppler, 2015). The higher temperature and the
presence of water diffusing from the trachyandesite favoured the
complete dissolution of the granite rock fragments. In all the exper-
iments, the dissolution of granite produced a large batch of melt in
the middle of the capsule, with small isolated patches (b400 μm)
of clinopyroxene crystals (size of b20 μm), and bubbles of variable
size from 50 μm to over 500 μm (Fig. 5). Conversely, in the
trachyandesite portions, small (b10 μm) crystals of clinopyroxene,
Fe-Ti-oxides and plagioclase crystallized in variable amounts, de-
pending on experimental temperature (the crystal fraction increases
from 30 vol% at 1000 °C to about 60 vol% at 900 °C). Notably, in all
the experiments, a 50 μm thick layer of feldspar (Fig. 5b) and a
200 μm thicker layer of small (b2 μm) bubbles formed at the inter-
face between the molten granite and the hydrous trachyandesite
(Fig. 5d). Bubbles were also observed in the hydrous trachyandesite
portions in amounts increasing with increasing crystal content. In
this set of experiments, the duration seems to have no effect on
the variability of the features observed or on the degree of mingling
between the two domains.



Fig. 3. BSE microphotographs of anhydrous (a-f) and hydrous (g–h) partial melting experiments. Partial melting initiates at 800 °C and increases with temperature. Melt is located at the
grain boundaries and in pockets left after muscovite dissolution (d–e). Abbreviations: Qtz, quartz; Kfs, K-feldspar; Ms., muscovite; Bt, Biotite; Ab, albite; Crn, corundum; Opq, Opaque
mineral.
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3.2. Chemical features of experimental products

3.2.1. Glass
At low degrees of partial melting (melt up to 20 vol%), themelt com-

position of both APM and HPM experiments ranges in SiO2 from 69 to
79 wt% and in total alkali (Na2O + K2O) from 8 to 11 wt% (Fig. 6a;
Table EA1). Spot analyses plot along trends defined by the composition
of the minerals that contribute to partial melting, which are muscovite,
quartz and alkali feldspars. The melt composition is overall similar to
that of the bulk granite in terms of SiO2 and total alkali, although FeO
and CaO concentrations slightly differ, and the Na2O/K2O ratio is lower
in the experimental products. At increasing degree of partial melting
(with melt ranging from 20 to 70 vol%), melt composition evolves to-
wards less felsic composition, with SiO2 decreasing from 77 to 67 wt%
and total alkali increasing from 8 to 13 wt%. The manifest linear trend
defined by HPM experiments appears directly correlated with the de-
gree of melting, with the melt produced at 900 °C showing the lowest
SiO2 content, as a result of the melting of all the minerals except quartz



Fig. 4. BSE microphotographs of segregation partial melting (SPM) experiments showing the transverses performed during microprobe (solid line) and laser ablation (filled circles)
analyses. The insets indicate the location of the images on the right sides. Abbreviations: Qtz, quartz; Kfs, K-feldspar; Ab, albite. The melt layer on top of the granite in panel (a) is the
haplogranite powder that remained in the capsule after filling the channel during sample preparation.
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(Fig. 3h). The amount of H2O in the melt from APM experiments (esti-
mated by difference from the EMP total; Devine et al., 1995) is inversely
proportional to the amount of melt produced, increasing from 2 wt% in
the experiment performed at 900 °C and 300 MPa (melt = 20 vol%) to
8 wt% in the experiment performed at 800 °C and 500 MPa (melt b 5
vol%) (Table EA1). In a similar fashion, the Alumina Saturation Index
(ASI), calculated as the molar ratio Al2O3/(CaO + Na2O + K2O), de-
creases from about 1.3 to about 1.1 with increasing degree of partial
melting (0–20%) and shows a positive correlation with the water con-
tent in the melt (Fig. 6b). At degrees of partial melting higher than
20%, as in the case of the HPM experiments, the ASI values further de-
crease from about 1.1 to about 1.0 (Table EA1).

In SPM experiments, the SiO2 content of the haplogranitemelt chan-
nel increases from 76 wt% at 850 °C to almost 80 wt% at 950 °C,whereas
the total alkali shows a negative correlation with temperature and SiO2

(Fig. 6c). The melt analysed at the grain boundaries yields lower SiO2

and slightly higher total alkali content (Table EA1). The negative corre-
lation between the ASI value and the Na2O (Fig. 6d) results from an in-
creasing contamination of the haplogranite by the melt produced by
partial melting of the granite at increasing experimental temperature.
Compositional transverses across the central melt channel display
rather smooth and homogeneous profiles, with weak variations of
SiO2 and Na2O towards the contacts where mineral-melt cation ex-
change between the feldspars and the haplogranitic melt occurred
(Fig. 7a). Trace elements were also analysed across the central
haplogranite channel following the same transverses used for the anal-
ysis of major elements (Fig. 4a–b) or, where the original shape of the
melt channel was not preserved (i.e. 240 h experiment at 900 °C),
trace element analyses were performed randomly in the haplogranitic
melt (Fig. 4c). The haplograniticmelt is always enriched in incompatible
trace elements released during the partial melting of the granite and
eventually concentrated in the melt channel (Fig. 7b). The enrichment
varies with the progress of partial melting, with some elements (Li, B,
Sr, Y, La, Ce, Nd, and Dy) being more enriched at low degrees of partial
melting (i.e. 24 h experiments at 850 and 900 °C) and other elements
(Cs,W, Pb, U, Th) becoming enriched at higher degrees (i.e. 240 h exper-
iment at 900 °C; Table EA3). It is worth noting that the elements
enriched at lower degrees of partialmelting (i.e. Li and Sr) display anop-
posite concentration profile compared to those enriched at higher de-
grees of partial melting (i.e. Cs and Pb), yielding the maximum
concentration in the centre and at the border of the melt channel, re-
spectively (Fig. 7b).

Compositional transverses for major elements were carried out
along the axes of the molten area of ASM experiments (some



Fig. 5. BSE microphotographs of assimilation partial melting (ASM) experiments showing the transverses performed during microprobe (solid line) and laser ablation (filled circles)
analyses. The orange inset in (c) indicates the location of the image on the right side. Abbreviations: Cpx, clinopyroxene; Pl, plagioclase.

Fig. 6. (a) Total alkali vs. silica diagram reporting the composition of melt formed in APM and HPM experiments. Grey arrows indicate the change of melt composition resulting from
addition of 10 wt% of a mineral (Ms: muscovite, Fsp: feldspars, Qtz: quartz) to the bulk composition of the granite. The alignment of points along the two left arrows indicates the
prevailing melting of muscovite and feldspars. All the data that plot to the far left to the bulk granite composition represent analyses performed on melt pockets left after muscovite
dissolution. (b) Alumina Saturation Index (ASI) of melt formed in APM and HPM experiments plotted against water content measured “by difference”. The bulk ASI of the granite is
reported for comparison (red dashed line). (c) Total alkali vs. silica diagram reporting the composition of the melt in the channels of SPM experiments. Grey arrows indicate the
change of melt composition resulting from addition of 10 wt% of a mineral to the bulk composition of the haplogranite. (d) ASI plotted against Na2O (wt%) in the melt. The bulk
compositions of the granite and haplogranite are shown for comparison.
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Fig. 7. (a) Na2O (wt%) and (b) selected trace element (Li, Sr, Cs, Pb) profiles measured
along the A'–B′ and C′–D' lines in the central haplogranitic melt channel of SPM
experiments (see location in Fig. 4). Solid lines are the visual interpolation of the data.
Dashed lines indicate the bulk composition of the granite (red) and haplogranite (light
blue).

Fig. 8. (a) Total alkali vs. silica diagram reporting the composition of melt in ASM
experiments. The bulk compositions of the granite and trachyandesite are shown for
comparison. (b) Selected elements (Na2O, SiO2 and H2O) profiles measured along the A
″–B″ lines in granitic melt (see location in Fig. 5).

441M. Masotta et al. / Lithos 318–319 (2018) 434–447
transverses were interrupted due to the presence of a large bubble in
themiddle of themolten area). These transverses are not apparently af-
fected by the initial heterogeneity of the granite and display rather lin-
ear compositional gradients with the highest SiO2 concentration in the
middle of the molten area (Fig. 8). The 240 h experiment at 950 °C dis-
plays a roughly homogeneous trachytic composition, intermediate
between the bulk compositions of the trachyandesite and the granite.
In contrast, the 24 h experiments showmixing trendswithmelt compo-
sition departing from the two end-members (Fig. 8a). Trace elements
were analysed along the complete melt transect of the 240 h experi-
ment and yielded values comparable to those of the bulk granite
(Table EA3).

3.2.2. Minerals
Feldspars in APM experiments exhibit chemical compositions that

diverge from those of the feldspars analysed in the starting granite
with increasing degree of partial melting (Fig. 9a–b). As a result of the
reaction with the melt formed during partial melting, albite becomes
more potassic with a composition varying from the initial Or0–2 to
Or14, whereas K-feldspar becomes more sodic with a composition vary-
ing from the initial Ab1 to Ab34. Newly formed feldspars display a ter-
nary composition (An3-4Ab62-67Or31–35) similar to that of the



Fig. 9. Composition of feldspars analysed in (a-b) APM and (c) SPM experiments in a
section of a ternary diagram Anorthite-Orthoclase-Albite (missing). Experiments with
run durations of less (a) and N24 h (b) are reported separately for clarity. Compositions
of feldspars analysed in the granite are shown for comparison (red crosses). Grey
arrows indicate core-to-rim compositional variations.

Fig. 10. (a) BSE image of a K-feldspar from theAPMexperiment run at 850 °C for 240 h and
(b) compositional core-to-rim profile (XOr) determined using EMP.
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recrystallized feldspar rims (Table EA2). Variations in the compositions
of feldspars are more evident along core-to-rim transverses, where
smooth profiles are observed: an example of a compositional transverse
of a K-feldspar from the 240 h experiment at 850 °C is shown in Fig. 10.
The profile clearly shows a smooth change of composition from
Ab20Or80 at the core to Ab40Or56 at the rim (An never exceeds 3 wt%).
It is important to note that neither the core nor the rim preserved the
initial composition of the K-feldspar (before partial melting) and that
the core displays a rather homogeneous composition (Ab20–24Or73–79).

Feldspars analysed in SPM experiments exhibit smaller composi-
tional variations compared to those in APM experiments (Fig. 9c), lim-
ited to the minerals in contact with either the haplogranitic melt
channel or with the intergranularmelt produced during partialmelting.
Similar to APM experiments, albite and K-feldspars are enriched in the
Or and Ab components, respectively (Table EA2), and exhibit core-to-
rim variations, whereas the newly formed feldspars have ternary sodic
compositions (An0-5Ab40-70Or27–58).
4. Discussion

4.1. Mechanisms of partial melting

The variability of texture and mineral assemblage observed in this
study is the result of two main mechanisms of partial melting operat-
ing separately or conjointly: (1) dehydration melting (i.e. breakdown)
of muscovite and (2) melting at grain boundaries. The first reaction
depends solely on the local mineral assemblage whereas the second
is regulated by the texture of mineral grains and depends on the gen-
eral equilibrium minimum melting (Patiño-Douce, 1999). In the gran-
ite used in our experiments, muscovite breakdown and (subsolidus)
formation of corundum initiates at 750 °C, whereas melting occurs
pervasively at the quartz-feldspar grain boundaries and in fractures
within quartz only at temperatures above 800 °C, assisted by the
water released during the breakdown of muscovite. The two mecha-
nisms are more effective with increasing time, temperature and
water content. At 800 °C and anhydrous conditions, muscovite break-
down is still incomplete even in the long duration run (120 h). At 850 °C
muscovite is completely dissolved and replaced by large patches of
melt, K-feldspar and corundum (Fig. 3c–d). Upon complete muscovite
breakdown, the melt fraction increases from 5 to 10 vol%, resulting in
a decrease of melt water content from 7 to 8 wt% to 4–6 wt% (experi-
ments at 500 MPa; Fig. 6b). Under hydrous conditions, complete mus-
covite breakdown is observed already at 800 °C and the amount of
partial melting is twice that of the anhydrous experiment at 850 °C,
suggesting that the influence of muscovite breakdown on melting at
the grain boundaries is of secondary importance compared to partial
melting assisted by fluids. Although no hydrous experiments were
performed below 800 °C, we hypothesize that the presence of water
would probably shift the breakdown reaction to temperatures as low
as 750 °C. A similar result was obtained by Brearley and Rubie
(1990), who pinpointed the breakdown of muscovite + quartz
mineral assemblage in the presence of water at 757 °C, obtaining a tex-
ture similar to that of our APM experiments at 800 and 850 °C. In addi-
tion to biotite and K-feldspar, the experiments of Brearley and Rubie
(1990) produced mullite (Al6Si2O13), which is absent from our partial
melting experiments because of the co-saturation of corundum and K-
feldspar.
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Our experimental observations are consistent with muscovite
breakdown reactions occurring in the quartz-saturated KASH system,
producing K-feldspar and aluminosilicate according to the reaction
(Spear, 1993; Spear et al., 1999):

Muscoviteþ Quartz→Aluminosilicateþ K−feldsparþmelt ð1Þ

The crystallization of corundum (Al2O3), rather than aluminosilicate
(Al2SiO5), and biotite is due to the supersaturation of alumina (ASI N 1)
and thewater in themelt consequent to the rapid dissolution of musco-
vite. Patches of corundum, K-feldspar and biotite are in fact observed in
the HPM experiment at 800 °C (Fig. 3g), despite the relatively high de-
gree of partial melting (25–30 vol% melt; Table 1). At degrees of partial
melting higher than 30%, the increasing melting of the quartz + feld-
spar mineral assemblage (muscovite is already dissolved) decreases
the ASI of themelt to a value of about 1 and corundum is no longer pres-
ent (Table EA1).

In contrast to the melt pockets produced during the breakdown of
muscovite, no crystallization occurred in the melt layers formed during
melting at the grain boundaries. The average thickness of these layers
increases as partial melting progresses, up to values of about 30%. At
higher values, melting occurs pervasively within feldspars (preferen-
tially oriented along cleavage planes), producing sieve textures in relic
feldpsars and leaving space for large pockets of melt around relic quartz
crystals (Fig. 3h). The textural evolution during partial melting is con-
trolled by the size and distribution of mineral grains, determining the
number of triple junctions where melting initiates (eutectic melting)
and the consequent melt percolation along mineral boundaries or
withinmineral fractures. The lattermechanism is indeed required to in-
duce melting even at temperatures below two-minerals eutectics,
through the transfer of eutectic chemical components (Mehnert et al.,
1973).

4.2. Partial melting and melt composition

The interplay between dehydrationmelting andmelting at the grain
boundaries controls the evolution of melt composition at increasing de-
grees of partial melting. Indeed, the two mechanisms produced melts
with different compositions that mixed in variable proportions. At rela-
tively lowdegrees of partialmelting (b10 vol%melt), the composition of
the melt at the grain boundaries is similar to that of the bulk granite in
terms of SiO2 and total alkali (thoughwith different FeO, CaO and Na2O/
K2O ratio), whereas themelt in the pockets yieldsmuch lower SiO2 con-
centrations and higher K2O due to dissolution of muscovite (Fig. 6a;
Table EA1). At increasing degrees of partial melting (10–20 vol% melt)
and upon complete dissolution of muscovite, the melt produced by
muscovite breakdown mixes with the more silicic melt produced at
grain boundaries, and the overall melt composition becomes more ho-
mogeneous, though not exactly reproducing the composition of the
bulk granite. The mixing of the two melt components is evident from
the alignment of glass analyses along trends defined by the mineral
phase undergoingmelting (Fig. 6a). The evolution of themelt composi-
tion is consistent with previous experimental work (Mehnert et al.,
1973; Watson and Jurewicz, 1984; Devineau et al., 2005) and confirms
the systematic behaviour of the kinetics of melting for natural mineral
aggregates (Acosta-Vigil et al., 2006). At increasingly higher degrees of
partial melting (N20 vol% melt; HPM experiments), the changing min-
eral proportions determine an abrupt change of melt composition. The
presence of relic quartz in the experiment at 900 °C indicates that
non-modal melting occurs until all other minerals are consumed, thus
explaining the unexpected depletion of the melt in SiO2 at degrees of
partial melting increasing from 20 to 70 vol% (Fig. 6a). Further melting
of the relic quartz crystals would in fact move the composition of the
melt towards the bulk composition of the granite.

Glass compositions of SPM experiments plot along a negative trend
in a SiO2vs. total alkali diagram, with the bulk composition of the
synthetic haplogranite lying in the middle of this trend (Fig. 6c). In par-
ticular, the composition of the haplogranite glass is shifted either to-
wards compositions less enriched in SiO2 (24 h experiments at 850
and 900 °C) or towards compositions more enriched in SiO2 (240 h ex-
periment at 900 °C and 24 h experiment at 950 °C). The shift in compo-
sition depends on the composition and amount of the melt produced
during partial melting and eventually mixed with the haplogranite.
This confirms that, although not evident from the texture of the granite,
partial melting occurred in an amount comparable to that observed in
APM and HPM experiments performed at a given temperature. The de-
pletion or enrichment in SiO2 is thus related to the variable contribution
of dehydration melting and melting at the grain boundaries prevailing
at lower (melt b 10 vol%) and higher (melt = 10–20 vol%) degrees of
partial melting, respectively. In parallel, the increasing partial melting
produces a depletion in Na2O and an increase of the ASI value that is
consistent with themixing between the haplogranite and amelt having
a composition more similar to that of the bulk granite (Fig. 6d).

The extensive crystallization of the hydrous trachyandesite in ASM
experiments increased the concentration of water in the melt phase,
causing the completemelting of the granite at all experimental temper-
atures. This result was somehowunexpected, as relic quartz grainswere
present in theHPM experiment at 900 °C. The faster dissolution kinetics
observed in ASM experiments can be thus explained by amore efficient
melting at the grain boundaries, in the presence of a H2O-saturatedmelt
carrying the chemical components of missing eutectic phases (Mehnert
et al., 1973). Relevant to this point, it is worth mentioning the primary
effect of hydrous melts in reducing the timescale of assimilation, as de-
duced from short duration (i.e. minutes) experiments of carbonate as-
similation by a hydrous andesitic melt (Blythe et al., 2015). In our
experiments, the flux of H2O and other chemical components from the
trachyandesitic towards the granitic melt was regulated by both chem-
ical diffusion and migration of a fluid phase exsolved from the crystal-
rich trachyandesite. The combination of the two mechanisms overall
produced a rather homogeneous concentration of dissolved H2O at the
length scale of the capsule already at 24 h and the formation of a hybrid
trachytic melt at 240 h (Fig. 8). The thick layer of bubbles along the con-
tact with themolten granite (Fig. 5d), however, suggests that migration
of the exsolved fluid phasewas themost efficientmechanism in hydrat-
ing the granitic melt. The fast kinetics of volatile transfer are consistent
with experiments by Pistone et al. (2017), who also observed a rapid
(b24 h) migration of H2O from a hydrous trachyandesite to an anhy-
drous dacite. Besides favouring the rapid assimilation of the granite,
the flux of H2O from the crystallizing trachyandesite decreased the vis-
cosity of the granitic melt and favoured the chemical homogenization
(as observed from the chemical profile derived at 240 h; Fig. 8b). This
is in apparent contradiction to the common assumption that melt ho-
mogenization is caused by convective stirring (e.g. in silicic magma
chambers; Lindsay et al., 2001; Christiansen, 2005). Instead, we specu-
late that, at the scale of the experiment, chemical homogenization was
simply driven by chemical diffusion, since sodium is able to diffuse
over several millimetres during the longest experiments (Na diffusivity
~ 4.10−11 m2/s in rhyolite; Henderson et al., 1985). Another remarkable
point is the rapid time-scale of segregation of interstitial melt formed
within the trachyandesite domains and of its mixing with the granitic
melt, producing a nearly homogeneous composition intermediate be-
tween the bulk granite and trachyandesite (Fig. 8a). The crystal layers
at the interface between the two domains act as a selective barrier,
allowing only the transfer of melt and H2O. The absence of mingling re-
sults in a lack of deformation features: to mingle, crystal-rich magmas
(N50 vol%) have to deform together, which occurs only under specific
rheological conditions (low viscosity contrast between end-members,
for instance; Laumonier et al., 2014a). However, mixing textures may
still develop even without deformation in dry or hydrous magmas
(Laumonier et al., 2014b, 2015). Therefore, the few patches of
clinopyroxene crystals embedded in the felsic molten component can-
not be mingling features between the trachyandesite and the granite
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(Fig. 5). We interpret these clinopyroxene patches to be the result of
local heterogeneities from the granite, or gravitational movements like
sinking parcels of trachyandesite or blobs segregated by rising bubbles
(Wiesmaier et al., 2015). The large size of those clinopyroxene grains
(up to 80 μm) and the skeletal shape compared to clinopyroxene from
the trachyandesitic magma suggests that they grew relatively fast in
the felsic host, likely doped by chemical components originating from
the felsic magma.

4.3. Timescale for mineral-melt re-equilibration

At the conditions investigated by our experiments, re-equilibration
betweenmineral andmelt becomes effective within days. At anhydrous
conditions and run durations of 120–240 h, feldspars that underwent
re-equilibration with the melt exhibit distinct compositional trends
with increasing Ab (K-feldspar) or Or (albite) components towards
the rims (Figs. 9b). In particular, the An-Ab exchange constant (KD

(An-Ab)pl-liq) of the albitic feldspar (240 h experiment at 850 °C; Fig.
10) decreases from 0.42 at the core to 0.09 at the rim, approaching the
equilibrium value of 0.10 ± 0.05 expected at T b 1050 °C (Putirka,
2005, 2008). Similarly, the values of the Or-Ab exchange constant (KD

(Or-Ab)pl-liq) calculated for all feldspar-melt pairs are very close to the
equilibrium values predicted by the model of Mollo et al. (2015). The
presence of water in the system undoubtedly enhances the chemical
and textural re-equilibration of minerals, inducing the dissolution and
re-crystallization of the original feldspars and crystallization of new
ones. All the newly formed feldspars exhibit ternary sodic composition
and euhedral morphology (Fig. 3e, g; Fig. 9b, c). Consistent with our re-
sults, partial melting experiments of a leucogranite by Acosta-Vigil et al.
(2006), performed at PH2O of 200 MPa and at temperatures between
690 and 800 °C, demonstrate mineral breakdown and crystallization of
new feldspars in a relatively short time (generally within 24 h). How-
ever, equilibration between partial melt and residual minerals in the
leucogranite required much longer times than in the granite used in
this study: the melts produced by Acosta-Vigil et al. (2006) in experi-
ments performed at 800 °C and with durations of N7 days show quite
heterogeneous composition, whereas, in contrast, the melt produced
in all HPM experiments is rather homogeneous after 24 h (SiO2 and al-
kalis vary within 3 wt% and 1.5 wt%, respectively; Table EA1). These ob-
servations led the authors to conclude that both the near-minimum
composition of (disequilibrium) partial melt and the composition of re-
sidual feldspars may persist for up to at least three months. In contrast,
early re-equilibration was observed in partial melting experiments of a
felsite from Krafla volcano (Iceland) from Masotta et al. (2018), where
compositional changes of melt and minerals occurred after relatively
short run durations (48 h). Such different evolutions towards equilib-
rium between melt and mineral indicate that equilibration kinetics
strongly depend on the chemical composition of the system and the
mineral phases considered. In fact, it is worth noting that equilibration
of plagioclase is extremely slow compared to that of K-feldspar
(Johannes, 1978, 1989; Johannes and Holtz, 1992), which may explain
the relatively fast re-equilibration of alkali feldspars compared to the
anorthitic feldspar obtained by Acosta-Vigil et al. (2006).

4.4. Melt segregation and trace element transport

Melt veins formed at the grain boundaries within the granite regions
of the SPM experiments are significantly thinner (generally b5 μm or
even absent for run durations lower than 72 h) compared to those pro-
duced in APM experiments performed at the same conditions. Possibly,
this feature results from local pressure gradients, due to a different re-
sponse to the pressure of the grain matrix with respect to the melt re-
gion: newly formed melt is expelled out of the granite and segregates
in the central haplogranite channel. This hypothesis is supported by
the change in composition of the haplogranitic melt (Fig. 6c–d; see Sec-
tion 5.2) and the lack of distinct core-to-rim compositional variation of
feldspars within the granite regions (compared to those observed in
APM experiments; Fig. 10). The latter feature denotes a rapid time
scale for melt production and segregation that prevented any exchange
between the melt and the feldspars. Indeed, remarkable compositional
variations are observed only in feldspars in contact with the
haplogranitic melt channel and those that underwent dissolution and
re-crystallization (Fig. 9c).

Another possible mechanism generating pressure gradients and
explaining the segregation of the melt produced at grain boundaries
within the central haplogranite channel could be the change in vol-
ume during melting of the two domains. The volume of granite under-
going partial melting is expected to increase (ΔV N 0), whereas
melting of the haplogranitic glass powder in the central channel
would result in a volume decrease due to compaction and pore reduc-
tion during melting (this is deduced from the inward inflection of the
capsule lid in some experiments; Fig. 4b). A similar trade-off in the
volume change is expected to occur in igneous complexes when gra-
nitic rocks undergoing partial melting are cross-cut by silicic melt
veins, such as aplites.

As a result of the compaction-melt extraction process, the melt
pockets produced by the breakdown of muscovite are much smaller
than those observed in APM and HPM experiments. Given the lower
fraction of interstitial melt, early water saturation occurred by musco-
vite breakdown. Bubbles are indeed observed in the melt veins
connecting the melt pockets with the haplogranitic channel and within
the haplogranite adjacent to these veins, where small bubbles probably
coalesced into larger ones that did not have enough time to further dis-
solve in the haplogranite (Fig. 4b). The presence of these bubbles pro-
vides further evidence of melt and water transport from the granite to
the central melt channel, and indicates that permeability is achieved
even at very low degrees of partial melting, such as demonstrated ex-
perimentally in a partially molten olivine aggregate with lowmelt frac-
tions (b0.5%; Laumonier et al., 2017).

Based on our experiments, we confirm the strong link between the
degree of partialmelting and the evolution of themelt composition pro-
duced by transfer of volatiles and incompatible trace elements.
For instance, the lowest degree of partial melting (72 h experiment at
850 °C and 24 h experiment at 900 °C) produced the highest enrich-
ment of Li and Sr but the lowest enrichment of Cs and Pb (Fig. 7b). Li
and Sr are more compatible in feldspars than in other mineral phases
and their early enrichment indicates: (i) prevailing feldspar dissolution
at an early stage of partial melting and (ii) fast diffusion within the
haplogranite. The upward curved profiles of Li and Sr are in fact due to
the higher diffusivity of these elements (ranging from 10−9 to 10−12

m2/s; Jambon and Semet, 1978; Behrens and Hahn, 2009) with respect
to Pb and Cs (ranging from 10−13 to 10−15 m2/s; Jambon, 1982;
Roselieb and Jambon, 1997), whose profile rather indicates their con-
centration at the interface between the granite and the haplogranitic
melt. In contrast to Li and Sr, the enrichment in Pb and Cs is higher in
the experimentwith the highest degree of partialmelting (240 h exper-
iment at 900 °C), indicating that these two elements are released in
equal proportions frommineral phases undergoing dissolution. Indeed,
in this experiment, the concentration of Pb and Cs is maximum in sec-
ondary veins formed after the disruption of the granite, where intersti-
tial melt accumulated after segregation from the granite (spot analyses
#5 and #10 in Fig. 4c; Table EA3). In the same points, consistently, crys-
tallization of feldspar produced a depletion of both Li and Sr (Fig. 7b).
The peculiar distribution of these trace elements accounts for an initial
homogeneous cation distribution within the dissolving minerals,
which is consistent with the rather homogeneous composition of feld-
spars in the starting granite (Fig. 9).

4.5. Implications for natural systems

Althoughmagmatic differentiation is likely themost efficient mech-
anism in subduction areas (Annen et al., 2005), in situ partial melting
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could dominate the crustal differentiation in orogenic convergent set-
tings (e.g.Bergantz, 1989; Vielzeuf and Holloway, 1988). The results
from the three experimental setups consistently indicate that granitic
melt can rapidly form by dehydration melting of hydrous minerals or
at feldspar-quartz boundaries and easily segregate into silicic dikes
and veins. Silicic segregations induced by partial melting of granitic
rocks have been commonly observed in natural systems (Hersum et
al., 2007; Petcovic and Grunder, 2003; Philpotts and Asher, 1993), yet
the mechanisms of melt segregation are quite complex and depend on
the interplay between volume changes during rock-melt interaction
and the grain-scale to regional stress regime. Rocks undergoing partial
melting are likely to expand, promoting the formation of fractures in
the host where the melt could escape. Partial melting is, indeed, fre-
quently observed as melt-filled intra-crystalline micro-cracks (Holness
andWatt, 2002). On the other hand, contraction duringmagma solidifi-
cation and relaxation of overpressure during fracture opening increases
the differential stress that favors the compaction of the rock undergoing
partial melting, improving melt segregation (Hersum et al., 2007). In
other words, segregation is likely to become self-sustaining once partial
melting has started and new fractures are created, so that themelt pro-
duced accumulates either on top of the intrusive body as a sill or into
newly opened fractures. An example of this situation could be the rhy-
olitic sill intercepted during perforation IDDP-1 at the Krafla caldera
(Iceland), a meters-thick sill of liquid magma emplaced within a par-
tially molten felsite (Zierenberg et al., 2013).

Melts produced by partial melting of granitic rocks display enrich-
ment in incompatible trace elements, in amounts that are inversely pro-
portional to the degree of partialmelting (Hanson, 1978). Trace element
profiles along and across the haplogranitic channel of SPM experiments
result from: (1) element mobility that depends on both diffusivity and
compatibility within the structure of minerals in contact with melt,
(2) partial melting of the source granite and (3) segregation into the
central haplogranitic channel. At open system conditions, likely corre-
sponding to natural conditions, chemical diffusion is of secondary im-
portance compared to mass transport controlled by melt and/or fluid
flowwithin the channel. The presence of a fluid phase (H2O, CO2, salted
solutions) undoubtedly enhances the mobility of some elements and
may favour their transport to a greater distance from their source. A
similar mechanism was proposed by Jahns and Burnham (1969) to ex-
plain the formation of pegmatites through buoyant separation of an
aqueous fluid from a silicate melt. Despite the fact that the channel of
haplogranite was artificially created, the configuration of SPM experi-
ments can be viewed as reproducing the emplacement of a pegmatitic
vein network. Pegmatites usually occur as segregations within granites
or as discordant dikes intruding igneous and metamorphic complexes,
and exhibit fabrics and mineral assemblages that distinguish from the
more common and voluminous plutonic igneous rocks (London and
Kontak, 2012). It is generally accepted that the peculiar texture ob-
served in pegmatites results from undercooling crystallization of resid-
ual melts, highly enriched in fluid and incompatible components,
fractionated after an extensive differentiation in an essentially closed
system (London, 2008). Based on our experiments, we conclude that
partial melting and segregation can transport melt with high volatile
and incompatible trace element contents, thus representing a plausible
mechanism to produce pegmatitic veins. Such a mechanism is an alter-
native to the typical late crystallization of a pluton associated with the
release of fluids (London, 2008).

Preserved heterogeneous domains produced in ASM experiments
mimic natural granitic complexes where the emplacement of mafic
magmas at shallow depths results in the assimilation of the granitic
host, thus producing hybrid lithologies. Natural examples of such a sce-
nario can be foundworldwide in complexes associatedwithmafic rocks
and containing abundant mafic magmatic enclaves (see Didier and
Barbarin, 1991 and references therein). Such enclaves often exhibit
bulk compositional diversities that reflect the different stages of hybrid-
ization and digestion by the host granitites (Barbarin, 2005). The
rheological contrast between bothmafic and felsic domains determines
the extent of the interaction. In the case of mafic and felsic domains
exhibiting very different crystal contents (as in the case of the ASM ex-
periments), the contrast in bulk viscosity is likely to prevent any inter-
action but rather favors the formation of heterogeneous parcels
limited to the interface between the two end-members (Laumonier et
al., 2014a). A natural equivalent of these heterogeneous domains is rep-
resented by crystal-rich rocks that show contrasting mineral assem-
blages with textural and chemical features that are often associated
with crystal mush settings (Holness and Bunbury, 2006; Masotta et al.,
2016; Tait et al., 1989). The differences in the physical state and me-
chanical behaviour of crystal-rich and crystal-poor domains in mush
settings are responsible for a number of processes, including defrosting,
remobilization and rejuvenation of crystal mushes as well as crystal-
melt separation and volatile transfer (Bachmann and Bergantz, 2004;
Burgisser and Bergantz, 2011; Huber et al., 2010; Masotta et al.,
2012b; Parmigiani et al., 2016). By analogy with the experiment
where the feldspar-rich layer represents a barrier through which melt
and H2Omigrate at different rates, crystal-rich boundary layers in natu-
ral systems are likely to permit mass transfer from one domain to an-
other, although preventing them from mingling. In particular, transfer
of volatiles through migration of an exsolved phase (e.g.Pistone et al.,
2017) may act on a very short time scale, allowing hydration melting
of the assimilated host, favouring segregation of the interstitial melt
and reducing overall the time scale for melt hybridization.

5. Conclusion

Three different experimental setups were used (with no pretention
to achieve thermodynamic equilibrium) to reproduce conditions
underwhichpartialmelting of granitic crust occurs in nature. The distri-
bution and chemical composition of the melt produced at anhydrous
conditions is essentially controlled by the abundance of hydrous min-
erals and, at increasing temperature, by the grain texture and mineral
proportions. A very low amount of water in the system (b1 wt%) is suf-
ficient to wet grain contacts, which lowers the temperature required to
initiate partial melting at anhydrous conditions by about 100 °C. Melt
produced at the grain boundaries can be rapidly segregated into silicic
dikes and veins, if lateral pressure gradients exist at the local/regional
scale or originate in response to system expansion and contraction dur-
ing partial melting. Residual minerals may not record partial melting if
they have insufficient time to re-equilibrate with the melt before melt
segregation. In this case, the melt segregated into dikes and veins be-
haves like a vector for incompatible elements that are accumulated
and transported, likely assisted by a fluid phase. Partial melting accom-
panied by fluid-assisted melt segregation thus represents a plausible
mechanism for generation of pegmatites. Lastly, full melting of granitic
rocks during the intrusion of a hydrous intermediatemagma can gener-
ate batches of hybrid rhyolitic melts. The difference in crystallinity be-
tween the two magma domains may prevent the mingling of the two
magmas, limiting their interaction to the flux of melt and volatiles be-
tween the two.
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