Elsevier Editorial System(tm) for Earth and Planetary Science Letters
Manuscript Draft

Manuscript Number: EPSL-D-13-01232R1
Title: The H20 content of granite embryos
Article Type: Letters

Keywords: nanogranite; NanoSIMS; melt inclusions; granite H20 content; crustal melting; granite
embryos

Corresponding Author: Dr. Omar Bartoli,

Corresponding Author's Institution: University of Padova

First Author: Omar Bartoli

Order of Authors: Omar Bartoli; Bernardo Cesare; Laurent Remusat; Antonio Acosta-Vigil; Stefano Poli

Abstract: Quantification of H20 contents of natural granites has been an on-going challenge owing to
the extremely fugitive character of H20 during cooling and ascent of melts and magmas. Here we
approach this problem by studying granites in their source region (i.e. the partially melted continental
crust) and we present the first NanoSIMS analyses of (remelted) nanogranites. Nanogranites are
crystallized melt inclusions (MI) hosted in peritectic phases of anatectic rocks and represent the
embryos of the upper-crustal granites. The novel approach based on the combination of nanogranites
and NanoSIMS has been here tested on amphibolite-facies migmatites at Ronda (S Spain) that
underwent fluid-present to fluid-absent melting at ~700 °C and ~5 kbar. Nanogranites trapped in
garnet have been remelted using a piston-cylinder apparatus. We measure high and variable H20
contents (mean of 6.5+1.4 wt%) in these low-temperature, low-pressure granitic melts. We
demonstrate that, when the entire population from the same host is considered, MI reveal the H20
content of melt in the specific volume of rock where the host garnet grew. Mean H20 values for the MI
in different host crystals range from 5.4 to 9.1 wt%. This range is in rather good agreement with
experimental models for granitic melts at the inferred P-T conditions. Our study provides a well-
characterized snapshot of the partially melted natural continental crust, in particular of the onset of
anatexis, and documents for the first time the occurrence of H20 heterogeneities in granitic melts at
the source region. These heterogeneities are interpreted to reflect the birth of granitic melts under
conditions of "mosaic” equilibrium, where the distinct fractions of melt experience different buffering
assemblages at the micro-scale, with concomitant differences in melt H20 content. These results
confirm the need for small-scale geochemical studies on natural samples to improve our quantitative
understanding of crustal melting and granite formation. The same novel approach adopted here can be
successfully applied to nanogranites hosted in higher-temperature, granulite-facies rocks that
represent the parents of many upper-crustal granites.
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ABSTRACT

Quantification of HO contents of natural granites has been an on-going challenge owing to
the extremely fugitive character ob® during cooling and ascent of melts and magmas.
Here we approach this problem by studying granites in their source regidhéipartially
melted continental crust) and we present the first NanoSIMS analysesnedt@gd)
nanogranites. Nanogranites are crystallized melt inclusions (Ml) hostedtectic phases

of anatectic rocks and represent the embryos of the upper-crustal gramgesvel

approach based on the combination of nanogranites and NanoSIMS has been here tested on
amphibolite-facies migmatites at Ronda (S Spain) that underwent fluidaptedtuid-

absent melting at ~700 °C and ~5 kbar. Nanogranites trapped in garnet have béed reme
using a piston-cylinder apparatus. We measure high and varigBledtitents (mean of
6.51£1.4 wt%) in these low-temperature, low-pressure granitic melts. We deatertisat,
when the entire population from the same host is considered, Ml reveaQheohitent of

melt in the specific volume of rock where the host garnet grew. Mg@nvilues for the

MI in different host crystals range from 5.4 to 9.1 wt%. This range is in rather good
agreement with experimental models for granitic melts at the inferreddpditions. Our
study provides a well-characterized snapshot of the partially meltedIraintaental

crust, in particular of the onset of anatexis, and documents for the first timectineesace

of H,O heterogeneities in granitic melts at the source region. These hetbtiegeare
interpreted to reflect the birth of granitic melts under conditions of “mosaiclil@gumn,

where the distinct fractions of melt experience different bufferingnalskages at the micro-
scale, with concomitant differences in mefHcontent. These results confirm the need for
small-scale geochemical studies on natural samples to improve our guantitat

understanding of crustal melting and granite formation. The same novel approa&udadopt
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here can be successfully applied to nanogranites hosted in higher-temperaturkte-

facies rocks that represent the parents of many upper-crustal granite
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melting; granite embryos

Resear ch highlights:

- First time in literature of NanoSIMS applied on nanogranite inclusions;

- H,O content of embryos of the upper-crustal anatectic granites;

- Mean HO values for the selected host crystals between 5.4 and 9.1 wt%;

- H,O content heterogeneities of granitic melts at the source region



56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

1. Introduction

The formation, extraction and ascent of hydrous granitic melts and magmastto uppe
crustal levels represent the most important mechanisms for the reworkivegEdirth’s
continental crust (Brown et al., 2011; Sawyer et al., 2011; Vielzeuf et al., 1990). In this
scenario, the D content of melts and magmas is of prime relevance in the formation and
evolution of granites, as recognized by the pioneering works of Goranson (1931) and Tuttle
and Bowen (1958). For these reasons, Campbell and Taylor (1983) stdteel; is
essential for the formation of granite and granite, in turn, is essential for the formation of
continents. Earth, the only inner planet with abundant water, is the only planet with granite
and continents’ As a matter of fact, the influence o$® on the chemical and physical
properties of granitic (s.l.) magmas has a long history of investigation Bermham,

1967, 1975; Burnham and Ohmoto, 1980; Clemens and Vielzeuf, 1987; Dingwell, 1987;
Keppler, 1989; Kushiro, 1978; Scaillet et al., 1996; Shaw, 1963).

Despite all these critical phenomenaCHjuantification in natural granitic systems
remains an on-going challenge in granite petrology. The primary difficeitysstrom HO
exsolution and diffusion from granitic melts and magmas during cooling and éseent
Burnham, 1967; Candela, 1997; White and Powell, 2010). Moreover, crustal granites may
not represent pure melts (e.g., Clemens and Stevens, 2012; Stevens et al., 2007). Clemens
(1984), reviewing different approaches to quantify th® ldontent of silicic to
intermediate magmas at that time, concluded that the most promising methods for
crystalline rocks were the experimental approaches. Accordingly, insthéeleades a
phase equilibria-based experimental approach has been largely appliedricobs#iaints
on the HO content of granites (e.g., Clemens et al., 1986; Clemens and Wall, 1981,

Dall’Agnol et al., 1999; Holtz et al., 2001; Maalge and Wyllie, 1975; Scalillet et al., 1995).
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On the other hand, the huge amount of experimental works performed since the 80’s to
investigate the melting of natural metapelites and metagreywackestlety mixtures

(e.g. Carrington and Harley, 1995; Holtz and Johannes, 1991; Icenhower and London,
1995; Le Breton and Thompson, 1988; Montel and Vielzeuf, 1994, 1997; Patifio-Douce and
Beard, 1995; Patifio-Douce and Harris, 1998; Patifio-Douce and Johnston, 1991; Spicer et
al., 2004; Stevens et al., 1997; Vielzeuf and Holloway, 1988; Ward et al., 2008) has
suffered from the lack of proper analytical tools for measuring dirdaly#O content of
qguenched granitic glasses.

Recently, a comprehensive database g Ebntents of granitic magmas has been
compiled using melt inclusions (MI) hosted in minerals of granite, mostly qaagttopaz
(Thomas and Davidson, 2012). This approach is totally based on natural occurrences (i.e.
Ml in granite) and has provided information largely ignored before. The fregukamgram
of the HO content measured in granite MI provided three maxima at 4.0, 5.9 and 8.1 wt%
which have been related to different stages of magma evolution (Thomas and Davidson,
2012). Indeed, Ml in granites are representative of evolved, and sometimes highly
fractionated, magmas (Thomas and Davidson, 2012; Webster and Rebbert, 2001; Webster
and Thomas, 2006) and, therefore, they are considered not to be useful for discussing the
initial conditions of formation of granitic magmas (Clemens and Watkins, 2001).

Large volumes of granitic melts are widely thought to form by incongrueltihme
reactions (Clemens and Vielzeuf, 1987; Clemens and Watkins, 2001; Sawyer et al., 2011).
Such reactions produce peritectic solid phases that may trap droplets of méii—i.e
produced simultaneously (Cesare et al., 2009; Darling, 2013; Ferrero et al., 2012). Upon
slow cooling, these MI generally crystallize to cryptocrystalline agges named

“nanogranites” (Cesare et al., 2009). To obtain the composition of trapped melts,
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nanogranite inclusions must be remelted to a homogeneous liquid (Bartoli et al., 2013b).
More rarely, in some exceptional geological contexts such as anatectic srinatex in
lavas, melt can be quenched to glass during eruption of the host volcanic rocks (Acosta-
Vigil et al., 2007; Cesare et al., 1997, 2003; Di Martino et al., 2011; Ferrero et al., 2011;
Frezzotti et al., 2004). Because nanogranite and glassy Ml hosted in peritestis pha
anatectic rocks correspond to the first batches of melt, whose subsequeratgegreg
redistribution, ascent and accumulation out of the source regions result in thediommhat
granitic bodies at shallow crustal levels (Brown, 2013; Brown et al., 2011), {hegeat

the embryos of the upper-crustal anatectic granites and may provide a wealth of
information on granite genesis (Acosta-Vigil et al., 2010, 2012a; Bartoli et al., 2013b).
However, the accurate compositional characterization of these recentiyatiesd, small

data repositories is still challenging owing to their size (commonly < 15penBartoli et

al., 2013a; Ferrero et al., 2012), which is close, or below, the limits of resolution of
conventional analytical techniques.

Here we make use of considerable advances in secondary ion mass spectrometry
and present the first NanoSIMS analyses £ ldn remelted nanogranites. This cutting-
edge analytical tool, useful to quantify volatile concentrations with the potéotial
submicrometric spatial resolution, has been recently applied to the study afizolca
phenocryst-hosted MI (Hauri et al., 2011) and of nominally anhydrous minerals
(Mosenfelder et al., 2011). Our novel approach, resulting from the combination of
nanogranite inclusions and NanoSIMS, permits in situ measurements eQtehtent of
any specific granitic melt produced in the partially melted Earth’s migdlewer
continental crust. The presented NanoSIMS data are used to discuss the potential post

entrapment modifications occurring in the studied M, th® ldontents of natural granitic
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melts at the source region, and the mechanisms that may lead to the observed

heterogeneities.

2. M1 entrapment during cooling vs. heating: the conceptual model

Primary Ml in peritectic phases of regionally metamorphosed and partialted crustal
rocks represent a novel petrologic tool, their occurrence being described arfgw

recent papers (e.g. Bartoli et al., 2013b; Cesare et al., 2009, 2011; Darling, 204r®; &err
al., 2012, 2014; Gao et al., 2012, 2013). Conversely, Ml in minerals from igneous rocks
were first recognized in the $Zentury by Sorby (1858), and the studies using or
mentioning them have grown to the present level of about 200 per year (see Kalsler et
2013). Among them, the majority deals with Ml in olivine phenocrysts, as they are
generally considered to be pristine Ml (see Danyushevsky et al., 200202001,
Schiano, 2003; and references therein). Owing to the lack of a thorough theoretical
treatment comparing these two different modes of entrapment and their consequenc

MI compositions, one might expect the MI formed in migmatitic and granulitiartes to

be involved in, and affected by, the same processes occurring in olivine-hosted Ml in
magma plumbing systems. Here we show that this is not the case, and discussysome ke
differences between the two modes of occurrence, from entrapment methan®ost-
entrapment processes (Fig. 1) before presenting and interpreting theedadleta.

During ascent and eruption, basaltic magmas are generally close t@thdus
temperature (1100-1300 °C) and follow a nearly adiabatic path. Because olivine is the low-
pressure liquidus phase in mantle-derived magmas (Fujii and Kushiro, 1977), olivine
phenocrysts form along this crystallization path, trapping droplets of the oralisfhich

they are crystallizing (path b in Fig. 1). Hence olivine-hosted Ml may deber
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composition of basaltic melts at the liquidus curve (i.e. a parental melt; Fijpvigyver
they do not necessarily reflect the melt produced at mantle depths at the onsdbtifgper
melting (i.e. a primary melt). This is because olivine does not constituteecpenphase
that forms during partial melting and generation of the mantle magmantineeal that
crystallizes during the evolution of the magma upon its ascent to the Earfhces
(Danyushevsky et al., 2000).

On the other hand, the continental crust melts=a6%0-700 °C, commonly via
incongruent reactions of the form, e.g. biotite + sillimanite + plagioclageattz = liquid +
garnet, with growth of solid phase(s) in the presence of a melt of fixed ¢iejite
composition, and with the possibility of MI entrapment (paths a and a’ in Fig. 1). In this
scenario where the mineral host and the melt form at the same time, the trdppedriyl
the primary composition of near-solidus anatectic melts (Fig. 1), along adraiyaic
heating path related to the specific orogenic setting.

The two contrasting mechanisms of primary Ml entrapment described above (i.e
entrapment on the liquidus during crystallization of magmas vs. entrapment on, or close to,
the solidus during incongruent melting), together with the contrasting P-T ésstori
commonly recorded in the two settings (Fig. 1), also result in different pospieina
processes affecting the volatile,(®) content of the trapped melts.

When mass transport by diffusion is considered, the mass flux vector is composed
of four contributions (see equation 5.87 in Brodkey and Hershey, 2003): i) mass diffusion
due to concentration gradients, ii) pressure diffusion, iii) mass transport duenwaéx
forces, and iv) thermal diffusion (Soret effect). Given the small size (bvi)®f M,
contributions iii) and iv) are negligible, so that only the first two mechanismgdhbe

operative. This means that the potentially driving forces (@ #iffusion from/to Ml at
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supersolidus conditions are gradients of concentration and/or pressure. For diffugon dri
by concentration gradients (i.e. gradients of chemical potentials in thermadyteams),
Fick’s second law indicates that the time (t) needed for a diffusing spe&gsitibrate is
proportional to the square of the diffusion distance (x), but inversely proportional to its
diffusivity (D):

x =~ VDt (1)
(from Crank, 1975; Zhang, 2010).

During its ascent, a wet basaltic magma may exsolve an aqueous fluid @k nat
consequence of near-isothermal decompression and eruption, but the Ml trapped in olivine
phenocrysts are resistant to degassing due to the isochoric behavior of timetheelt i
inclusion (path b in Fig. 1). Indeed, the internal pressure of these MI remaindyirtual
unchanged at supersolidus temperatures, and can be several kbar greater dfiétmethat
magma hosting the phenocryst (Fig. 1) inhibiting the exsolution of volatileswithi
during magma ascent. In such situations, important gradientgo€éhcentration
[contribution i) to diffusion] and pressure [contribution ii) to diffusion] may be
continuously established between the melt within inclusions and the external magma
forcing diffusion of hydrogen/molecular,8 out of MI. Given the coupling of very high
hydrogen diffusivities in olivine at T> 1100 °C (D~1a0* m?/s; Farver, 2010; Hauri,

2000) with the small size of olivine phenocrysts —and hence very short distancesibetwee
MI and the host boundary (tens to hundredgmj—, olivine-hosted MI within magma
batches represent the most suitable system for diffusic@aléiequilibration, as recently
demonstrated by experimental studies (e.g. Chen et al., 2011, 2012; Gaetani et al., 2012;

Massare et al., 2002; Portnyagin et al., 2008).
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Compared with magma plumbing systems, the conditions and evolution of
migmatitic and granulitic terranes are very different. When crystalbcks experience
prograde anatexis at temperatures close to their solidus (paths a and alin Hig
bearing peritectic phases are expected to coexist with discreterfeacf melt scattered as
pockets and films in a predominantly solid matrix. Under these conditions the extent of
H,O diffusional re-equilibration between MI and the external matrix would be lesshtat
in mantle magmas due to: i) the lower temperatures resulting in much lower (g to f
seven orders of magnitude) hydrogen diffusivities in silicate mineralsqB-10"° m?/s at
700-800 °C; Farver, 2010), ii) the lack of significant pressure gradients betweeroimclus
and external matrix at conditions slightly above the solidus, i.e. the absenceraj ticie
for pressure diffusion (Fig. 1), and iii) the commonly larger grain size okpgdtminerals
in high-grade metamorphic rocks and hence the longer diffusion distances betirsamh M
the mineral boundary (a few mm to several cm). Taking into account equation (lgéhe la
differences in physical parameters reported above can account for adjoiiltiimes
regarding hydrogen between MI and matrix melt much greater (>10 ordexgriitudes) in
anatectic terranes compared to plumbing magmatic systems. ThetiafilwdH,O-rich
fluids into the migmatitic front would increase the(Hcontents of matrix melt, likely
imposing a concentration gradient towards MI. Because, when a rock is pantitibyl,
melt occludes all the pores even at the lowest degrees of melting (Acostet¥lg 2006),
the mass transfer of aqueous fluid must take place via diffusion through the melverowe
calculations based on diffusivity of H through hydrous bydHdndersaturated granitic

melts indicate that the newig will be imposed to the entire melt reservoir over long

timeframes —e.g. 30 Ma to 3 Ga in the case of an anatectic front of 100 mto 1 Km in

dimension (Acosta-Vigil et al., 2012b). These timeframes represent an additistedle
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to the HO re-equilibration between Ml and the matrix melt. Upon cooling, the only major
driving force for H diffusion may then be a concentration gradient geddrgitdhe deep
infiltrations of near-surface 1@-rich fluids (Yardley et al., 2014) that break down the
original assemblage (see reaction 6 in Fig. 1), potentially resultingQrgliin to MI.
Additional complexity may arise if crustal melting continues up to temyresat
much higher (100-200 °C) than trapping temperature (not shown in Figure 1). In this case
the amount of melt in the rock matrix may strongly increase, becoming sivgtggrier.
This situation can potentially produce the diffusiv®He-equilibration through the
peritectic hosts, i.e. Ml may lose a fraction of their initiaDHtontent. It is important,
however, to note that melt may be rapidly drained from the high-temperatueetamat
zones, leaving residual granulites enriched in peritectic minerals (B&8¢3). High-
temperature conditions, therefore, do not implicitly indicate that MI within pogbihgsts

experienced diffusive ¥ re-equilibration

3. Samples and methods

The MI studied in this work are hosted in peritectic garnet of Ronda migmatéges (B
Cordillera, S Spain; N 36°3@87.6 1, W4°49115.61). These rocks have been interpreted
as formed during the tectonic emplacement of a mantle slab (i.e. the Rondatpsridoti
Obata, 1980) over metasedimentary sequences, producing high-temperaturerpiesam
and partial melting in the underlying crustal rocks (Acosta-Vigil et al., Z00kia et al.,
1997). The studied migmatites are metatexites showing a stromatic stnwdtuthin

layers of leucosome surrounded by a fine-grained mesocratic matri2@yig hey show a

stable mineral assemblage composed of biotite, fibrolitic sillimanite, ganaghite,

11



246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

quartz, plagioclase and K-feldspar (Bartoli et al., 2013c). MI-bearing tgasneur as small
(50-200 um in diameter) crystals both in leucocratic domains (Fig. 2b) and close to the
biotite+sillimanite clusters (Fig. 2c¢) that define the foliation in the rBtlase equilibria
modeling constrains the formation of peritectic garn@=&60-700 °C and=4.5-5 kbar
(Fig. 3a). Tiny (~ 5 um) primary inclusions of melt occur in the garnet €age %) and
mostly appear now as nanogranites containing quartz, muscovite, biotite, lplseaed

rare K-feldspar (Fig. 3b). Partially crystallized inclusions may sbekong with
nanogranites in the same MI cluster. To recover complete compositional dataanéesg
have been remelted using a piston cylinder apparatus at conditions (700 °C, 5 kbar) that
approach those of trapping (see Bartoli et al., 2013a). Experimental remeltimdhigide
confining pressure prevents Ml decrepitation (Bartoli et al., 2013a; Espositp2t14),
producing the complete rehomogenization of nanogranites (Fig. 3c). Because Ml
experimentally remelted at 700 °C do not show clear evidences of overheatimggsuc
irregular walls, cuspate corners and occurrence of peritectic phases prbgluce
incongruent melting of garnet at the Ml walls), trapping temperatures tbae 670-680

°C are unreasonable. Quenched glass obtained from remelting experiments at 700 °C
displays a peraluminous leucogranitic composition (Bartoli et al., 2013b) imagmewvith
results from melting experiments of metasedimentary rocks (Clemer®, Zabne CQis
dissolved in the melt, as suggested by the presence of exsolyed@id bubbles formed

after experiments conducted at temperatures higher than 700 °C (Bartoli et al., 2013a, b

After a detailed optical and Scanning Electron Microscope (SEM) investigzt
the experimental run products to check for Ml homogeneity and absence ofinrboks
minerals, we identified 26 remelted nanogranites in 8 garnet crystals fonohetigon of

H,O abundance in glasses. Analyses were performed using the Cameca Nano $econdar
12
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lon Mass Spectrometry 50 (NanoSIMS) installed at Muséum National d’'Hidtiaiturelle
(Paris). Polished experimental capsules with Ml exposed on the garneesamthstandard
glasses were mounted in In (Aubaud et al. 2007). MI were identified by collecting
secondary ion images of Si, K and Fe. For every analysis location, we figthpeafa pre-
sputtering step on a 3x3 [rsurface area for 2 minutes with a 400 pA primari/l@sam to
remove the gold coating, surface contamination and to reach a steadpstaieng)
regime. Then a primary beam of 37 pA was used for data acquisition. Data ggredc
by rastering a 3x3 pfsurface area and collecting only ions from the inner 1x4 (beam
blanking mode) to reduce surface contamination (Fig. 4a). Each analysisak af 280
cycles, a cycle being 1.024s lofi®OH (used as a proxy for#), 2®si’, ¥k *°0" and
*’Fe'®0” were recorded simultaneously in multicollection mode. We checketf@tat
/?®Si ratio was stable during MI analyses (see Supplementary material). Sgtionda
were collected by electron multipliers with a dead time of 44 ns. Massitiesolvas set to
10000. One inclusion was large enough for replicated analyses. For NanoSIMSicalibrat
we used a 5.5 wt% J-bearing leucogranitic glass from Acosta-Vigil et al. (2003), a 4.3
wt% H,O-bearing leucogranitic glass from Behrens and Jantos (2001) and an anhydrous
leucogranitic glass from Morgan and London (2005) (Fig. 4b). Data correctionsthesing
aforementioned calibration, and error calculations were performed usingptiogf@m.
Errors combine counting statistic and uncertainty of the calibration cuigy.el.
However, the errors reported in Table 1 are dominated by the uncertainty of ibinaticedi
curve, which corresponds to prediction interval at 68%. During the session, the vacuum in
the analysis chamber remained between 2.5 and & Xor.

The major-element composition of some MI was obtained before NanoSIMS

analysis using a JEOL JXA 8200 Electron Microprobe (EMP) at the Dipartnaent
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Scienze della Terra, Universita di Milano (ltaly). Analytical pararsewere as follows: 15

kV accelerating voltage, 2nA current and a counting time of 10 sec on peak and 2 sec on
background. The micrometre scale of the Ml required the use of a focused libasizavi

of ~1 um. To overcome the alkali loss during EMP measurements, we followed the
analytical recommendations of Morgan and London (1996, 2005) and analyses were
corrected by using secondary leucogranitic glass standards y@tkedthtents as close as
possible to the target samples. Details concerning the composition and provenance of the
standard glasses are given by Bartoli et al. (2013b) and Ferrero et a). @0d2g

analysis, the loss of Na and K was estimated as 26% and 12% relative respectivel

4. Resultsand discussion

4.1 H,O contents

The HO concentrations of the remelted nanogranites determined by NanoSIMS span a
wide range of values from 4.7 to 9.8 wt% (mean value of 6.5+1.4 wt%; Table 1 and Fig. 5).
Replicated analyses within a single inclusion show simij&@ ebntent within error and
therefore an homogeneous distribution g©HComparing NanoSIMS analyses collected
from MI within the same host garnet crystal, most Ml show relatively umitegO
concentrations (standard deviations up to ~13% of the mean concentrations; Fig. 5).
However, in two garnet crystals (OB8-7 and OB3-2) th® Eontents of coexisting re-

melted nanogranites may differ significantly (up to 38 and 41% relative, resbgckig.

5). For instance, a variation of 1-1.5 wt% is observed between two MI separated by only 30
pm. No systematic relationships are observed between the setiddtent and the
microstructural position of Ml in the host, i.e. the distance to the co@ elstimated by

EMP-difference, i.e. differences of EMP totals from 100 %, generallysysdightly higher
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318  H,O contents, up to approximately 15 % relative (Table 1), and only in one inclugion H
319 by difference is25 % relative higher. The NanoSIMS mean values for the Ml in different
320 host crystals range from 5.4 to 9.1 wt % (Fig. 5), in agreement with experimeaalsm

321 that predict HO contents in granitic melts from approximately 6 to 10 wt% at the P-T

322  conditions inferred for melt formation and entrapment (Fig. 3a), depending if thes me

323 undersaturated or saturated in an aqueous fluid. Indeed, the liquidus@usoIdbility

324  curves for eutectic or minimum compositions in the system Qz-Ab-Or{Hig. 3a) are

325 considered to predict adequately the minimum and maximg®nddntents in granitic

326 melts at the appropriate P-T conditions (Holtz and Johannes, 1994; Holtz et al., 2001).
327 However, natural rocks are more complex than a model composition such as the

328 haplogranite system. For example, for each silicate phag®g4dtib)system (e.g.

329 plagioclase-HO system) there is a wide field in which thgdHcontent of melt is poorly

330 constrained (cf. Fig. 3 in Robertson and Wyllie, 1971). Moreover, Behrens and Jantos
331 (2001) observed that additional components (e.g. Mg, Fe, Ca and Li) play an impetant r
332 on HO solubility in granitic melts. Additional components stabilize Fe-Mg phasedjlyota
333  biotite and garnet, therefore modifying the liquidus surface@tithdersaturated

334 conditions. This suggests that thgdHcontents predicted by model compositions such as
335 the haplogranitic system have to be considered as approximate values when afipdied to
336 case of natural melts.

337 Previous attempts to measurgCHn remelted nanogranites included in Grt from
338 the same migmatite, using Raman spectroscopy and SIMS, provided singles taut

339 lower concentrations of 3.1-7.6 wt% and 2.3-8.1 wt%, respectively (Bartoli et al. 2013a, b).
340 Because the large beam of SIMS sputtered not only glass of the remeltedd\icbut

341 material from the host crystal, the underestimation of SIMS data withctesp@ose
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collected by NanoSIMS is likely due to the assumptions made during mass balance
calculations to correct the SIMS measurements (see Bartoli et al., 2Ra&agn

spectroscopy is considered a valuable method $@r &halysis of glassy MI owing to the
high-spatial resolution and non-destructive nature of this method (e.g., Thomas, 2000).
However, different protocols were proposed in the relevant literature focqoestion and
processing of spectra (e.g., Behrens et al. 2006; Chabiron et al., 2004; Le Losq et al. 2012
Thomas, 2000), and different spectra treatments may significantly affeetstiigng

estimates (Behrens et al. 2006; Zajacz et al. 2005). A comprehensive undersiatiting
discrepancy between Raman and NanoSIMS data is beyond the scope of this paper and
would require an independent “ad hoc” test of techniques on standard glasses. However, it
is important to note that i) the discrepancy is only moderate (approximately &latier

on the average value), and ii) theQHcontents inferred by difference of EMP totals from

100 % are in better agreement with the NanoSIMS values.

4.2.Reliability of the melt inclusions data
The most evident feature of the dataset presented in Table 1 is the spre@dcohiénts
measured in remelted nanogranites. However, before using tb@ssoHcentrations to
make inferences about processes during anatexis and generation of cangied gre have
to assess to what extent thgHvariations are primary or could be caused b tbss or
gain.

Our remelting experiments were performed both under dry aBeadded
conditions with a run duration of 24 h (Bartoli et al., 2013b), and previous Raman
spectroscopy measurements yielded simil# Eontents in Ml rehomogenized during dry

and wet runs (Bartoli et al., 2013b). Moreover, nanogranite rehomogenization occurred at a
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366 temperature (700 °C) similar to, or approaching that, of trapping. These observdtitns re
367 concerns about the occurrence gOHoss during piston cylinder remelting experiments at
368 700 °C, such that our data, obtained from remelting under dry conditions, can be considered
369 reliable.

370 In nature, HO loss from MI may occur both above the solidus, where molecular

371 HyO is dissolved into the melt, and below the solidus, whe@islmostly present in the

372 studied MI as liquid KO in micro- and nano-bubbles or structurally bound within any

373 remaining glass within Ml (see Bartoli et al., 2013b). Mechanisms respofwilthe HO

374  loss from MI at suprasolidus conditions are the diffusion of hydrogen and molegGar

375 through the host (e.g. Danyushevsky et al., 2002; Frezzotti, 2001; Severs et al., 2007). As
376 noted above, however, diffusion processes would require a driving force, i.e. gradients in
377  molecular HO/hydrogen chemical potential or in pressure (see Section 2). To the best of
378 our knowledge, no arguments can be found to support the existence of these processes in
379 the studied rocks. Indeed, Ronda metatexites did not experienééd °C and the

380 associated high degree of melting with formation of large amounts of higietatare,

381  HyO-poor matrix melts and marked MI overpressure. This situation would have favored the
382  HyO/hydrogen reequilibration between Ml and external melt (see Sectionv2ys®¢ al.

383  (2007) observed that loss may result in the formation of empty bubbles within MI. On
384 the other hand, Danyushevsky et al. (2002) suggested that the 10£3 by diffusive re-

385 equilibration of H between the Ml and external magma should produce Fe-oxides within
386 Ml as a result of kD dissociation that increases the oxidation state of Fe. The absence of
387 these textures in the studied MI supports the negligible role played by diffugdvesH

388 equilibration. Gaetani et al. (2012) have shown that molecylarléks at weight-percent

389 levels may force the exsolution of @to vapor bubbles as a result of large pressure

17



390 drops within Ml. In factwe have artificially generated G®apor bubbles within some Mi
391 remelted at temperatures (750 and 800 °C) higher than the original temperature of
392  entrapment, where MI decrepitation resulted yHbss, a drop in pressure and

393  vesiculation of CQbubbles (Bartoli et al., 2013a). From all these considerations we
394  conclude that diffusive loss of moleculasg®and hydrogen did not appreciably affect Ml
395  H,O contents.

396 Concerning the loss of @ at subsolidus conditions, the occurrence of cracks at the
397 nanoscale close to MI cannot be ruled out (see Vityk et al. 2000; Ferrero €t13l. 20

398 However, the existence of liquid,8-filled micropores and nanopores that have survived
399 for several m.y. in the studied nanogranites (see Fig. 4 in Bartoli et al., 2013gtsubge
400 the fluid leakage along dislocations in the host mineral had limited influence dH the
401  H0 budget. In addition, there is no evidence of retrograde fluid infiltration in tke roc
402  matrix and within garnet crystals such as retrograde chlorite reglamtite and garnet.
403 Despite the range shown by collected dat&) Eontents of MI from the same host
404  crystal are remarkably uniform for the majority of garnets (Fig. 5). Athome cannot rule
405 out that the leakage of fluid along nanocracks might have affegteaéhtents of some
406 Ml in a few garnet crystals (e.g. garnet OB8-7, Fig. 5), all the abovederasons suggest
407  that, when the entire population from the same host crystal is considered, Mioviag p
408 reliable indications of the ¥ content of melt in the specific volume of rock surrounding
409  the growing peritectic host.

410

411 4.3 Melt compositional heterogeneity at the source region

412  The occurrence of similarJ@ contents in different Ml in the same host (see above) and the

413  lack of chemical zoning in rock-forming minerals (Bartoli et al., 2013c) sug¢jysisthe
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H.O content of melt fractions were close to equilibrium with the surrounding solidkmatri
at the time the MI were trapped. This is also supported by observation that thengeme
temperature of nanogranite inclusions (~700 °C) conforms to what is predicted by phase
equilibria (Fig. 3a)The observed range of meapHcontents (5.4 to 9.1 wt %) suggests
the presence of heterogeneities of the anatectic melts at the soiwoe Aéthough
disequilibrium in a rapidly heating rock volume cannot be excladedlori, here we

propose an explanation for these heterogeneities based on equilibrium behaviour.
According to Bartoli et al. (2013b, c), partial melting in the studied migmatidéeted in

the presence of an aqueous fluid phase produced by the subsolidus devolatilization of
hydroxylated phases, and melt was trapped in peritectic garnet at 680-700 °Cthdade
conditions, and taking into account that the rock is graphitic, a possible cause of
heterogeneity may be “mosaic” or domainal equilibrium affecting ttieityoof H,O in the
fluid attending melting. At given P and T and under fluid-saturated conditions, the amount
of H,O that can be incorporated in a granitic melt is dependent on the composition of the
fluid phase coexisting with melt. When the intergranular fluid is in contact kgth t

graphite crystals randomly distributed in the rock matrix, that specificiddmeequired to
contain a graphite-saturated COH fluid, whep®Hctivity must be <1 owing to the
presence of diluting carbonic species such ag&id/or CQ (Connolly and Cesare, 1993).
Elsewhere, in the graphite-free domains, the fluid can be pi@eTHerefore, just after
entering suprasolidus conditions, before melt connectivity is attained,shedaxisting
discrete fractions of melt produced in different microdomains (graphitéagess.
graphite-free) may contain different amounts e©HWhen the fluid phase in the rock is
essentially produced by,B release from phyllosilicates, tig(atomic fraction of oxygen

relative to oxygen+hydrogen) in the fluid is constrained at 1/3 (Connolly, 1995). Urgler thi
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initial condition and at ~5 kbar and ~700 °C, graphite-saturated COH fluids have a

maximum @,o around 0.83 (calculated considering EoS from Connolly and Cesare, 1993).

This scenario can justify the occurrence of coexisting fluid-saturasitigrmelts showing
H,O contents from approximately 8 to 10 wt% (Tamic et al., 2001).

It is evident that MI entrapment under fluid-present conditions cannot explain the
whole range observed in melt®l contents. Assuming that the studied metatexites contain
little amounts of aqueous fluid produced by the subsolidus devolatilization of hydrous
phases owing to low porosity of crystalline rocks (Sawyer et al, 2011), tleensgsgolves
toward a fluid-absent state, for a temperature increase in the range dejudeas of
degrees, i.e. the rock represents,®@+deficient (Robertson & Wyllie, 1971), rock-
dominated system. MI trapped in the selected garnets may represent a snaihsh oaitl
evolution from fluid-present to fluid-absent conditions, occurring over a very small
temperature interval (i.e. 10-20 °C) as supported by recent phase equilibrigngnodel
(Bartoli et al., 2013c). In this scenario where some garnets may trap metdfonder
fluid-absent conditions, an additional explanation fe©DHheterogeneity can be identified
in the control operated on the meliHcontent by the mineral assemblage of the rock. This
process can be explained by considering a model isobaric, isothermal chgmyagreh as
an Als-Opx-HO section in the BO-NaO-FeO-MgO-AbOs-SiO,-H,0O system (Fig. 6,
modified after Vielzeuf & Schmidt, 2001). Here, the grey field represent®sdible melt
compositions in the system at a single P-T condition. Compositional isopleths shiogving
melt H,O contents are labeled asand ¢. Note that these isopleths should be regarded for
topological considerations and not for a quantitative application, because theeatonhl|
of the liquidus surface in such complex system is still poorly constrainedeFgirows

that a bulk composition corresponding tomdll be composed by aluminosilicate, garnet,
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quartz, K-feldspar, plagioclase and a mdltkewise, a domain of composition will

contain a meftin equilibrium with garnet, quartz, K-feldspar and plagioclase. \Nitl

melt, show different HO contents, cand ¢ respectively (with £ ¢;), as they pertain to
different equilibrium assemblages. It follows that, as metasedimeigky often consist

of compositionally different domains down to the submillimeter-scale, conditions of
“mosaic equilibrium” may be responsible for anatectic melts displadiffegrent HO

contents. The occurrence of MI-bearing garnet in different microstructomadins of the
investigated migmatite (Fig. 2) is consistent with this interpretation #naigh we do not
know the real location of the investigated garnets because they were isglatadiing

the rock. In addition, it is important to note that conditions of “mosaic” equilibrium
affecting the activity of KD in the fluid phase or the solid assemblages are both compatible
with the occurrence of garnet crystals showing similar composition inefhtf@ortions of

the rock, as suggested by phase equilibria modeling (L. Tajcmanova, pers. comm.) and by
the chemography of Figure 6.

Taking into account all the above considerations, we argue that the range shown by
collected data (5.4 to 9.1 wt %) is not inconsistent with primafy ébncentrations under
equilibrium conditions. We attribute this heterogeneity to a local control ofetiffe
buffering assemblages that pertain to compositionally different microdsrdaring the
rapid evolution of the system from fluid-present to fluid-absent conditions. In such a
situation, some peritectic garnets trapped discrete fractions of fluichtsd melt formed
on, or very close to, the wet solidus, whereas other crystals trapped fluid-undexdaturat
melts produced soon aft€€ommonly accepted models of crustal anatexis propose that
conditions of fluid saturation in melts are rare and limited to the onset of anatekithat

melting rapidly proceeds by fluid-absent reactions (e.g. Clemens armi¥fiel 987). It
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follows that the granitic melt formed under fluid-present conditions should be hardly
detectable owing to its imperceptible amounts (Sawyer et al., 2011). The studied Ml
represent therefore an uncommon and valuable natural occurrence and provide the
opportunity to characterize these early formed melts. Finally, by showingétis may be
initially heterogeneous in their source region even for t{@ ¢bntent, our study
corroborates the conclusions that allochthonous crustal granites can form fromuadivi
magma batches with variable compositions that represent, at least in gadgéeeities
inherited from the source (e.g. Deniel et al., 1987; Clemens and Benn, 2010; Prassley a

Brown, 1999).

5. Conclusions

Our approach provides an uncommon but well-characterized natural snapshot of the
melting process occurring in the Earth’s continental crust, and documents fosthient

the occurrence of #D content heterogeneities of granitic melts at the source region. The
most likely explanation for heterogeneities is that compositionally diffenécrodomains

in the fertile metasedimentary source result in different equilibrismnalslages (i.e.
different buffering assemblages) at the microscale, that play argrioia in constraining
the HO content of the coexisting discrete fraction of melts during the eastaggts of
crustal melting.

NanoSIMS represents the most promising technique to overcome the analytical
challenge that the size of nanogranites raises. The same novel approacth laeie@pos
amphibolite-facies migmatites can be successfully extended worldwiptartalitic
anatectic terranes, which are thought to be the source region of many uptsrgcamstic

magmas. This will lead to the construction of an important and new database e®the H
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contents of natural granitic melts complementing that proposed by Thomas and Davidson
(2012) for variably evolved magmas, that will provide new and additional constrathts t
evolution of granitic systems from genesis to emplacement, and to the geahemic
petrological and rheological models on the partially melted continentdl Betsause

peritectic phases in anatectic rocks seem to be valuable strongboxes where me
compositional heterogeneitias source region can be recorded and preserved, recovering
the pristine geochemical signatures hosted in these granite embryos re@esajus

advance in crustal petrology.
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Figure captions

Fig. 1. Two contrasting scenarios of Ml formation and post-entrapment processésxise
for details).Path arefers to Ml trapped by growing peritectic garnet (red dot) close to the
wet solidus of a metapelitic crustal section. As demonstrated by Barabli(2013c), small
amounts of peritectic garnet may be formed in metasediemntary rocks@ TC and at
medium-to-low P by continuous melting reactions involving biotite and/or muscovite.
During natural cooling, the trapped granitic melt crystallizes formioyatocrystalline
aggregate named nanogranite. Although crystalline basements may béecizaxdhby

very complex polymetamorphic evolutions, a general clockwise P-T path eéraedtby
isobaric heating is assumed here as typical of continental collisiamgse®ath a’as path

a, but here partial melting and formation of peritectic garnet begin under ffiséha
conditions, and MI are totally crystallized to nanogranites after crogsangHO-
undersaturated solidRath brefers to olivine phenocryst (blue dot) that crystallizing on
basaltic liquidus traps a-B@-saturated melt. Upon rapid cooling through the glass transition
temperature, Ml are generally quenched to homogeneous glasses. This exdynple
considers a subduction-related (i.eO+rich) basaltic magma and a closed-system
degassing path for simplicity. [1] from Vielzeuf and Schmidt (2001); [2] fromoBaat al.
(2013c); [3] from Patifio Douce and Johnston, (1991); [4]: wet granite solidus (from
Hermann et al., 2003); [5]: #-undersaturated haplogranite solidi for givepain melt

(from Johannes and Holtz, 1996); [6] from Spear and Cheney (1989). GT: range of possible
glass transition temperatures for basaltic melts (from Giordano et al., PaH)ed grey

lines refer to schematic isochores followed by Ml after entrapment. Baddhek lines

refer to HO solubility in basaltic melts (from Lesne et al., 2011). Dotted black lines
represent the liquidus curves for the haplogranite eutectic or minimum melt coorpasiti
specified HO contents interpreted to predict the minimup®Htontent of granitic melts

(from Holtz et al., 2001). Mineral abbreviations after Whitney and Evans (2010).

Fig. 2. a) Field aspect of the investigated stromatic metatexite at Ronda. b)
Photomicrograph of euhedral garnet surrounded by quartz and feldspars. Red arrow: Mi
cluster. ¢) Photomicrograph of MI-bearing garnet associated witheb#otd fibrolitic
sillimanite. Red arrow: MI cluster.

Fig. 3. @) P-T section for stromatic migmatite in the MnOQaCa0-K0-FeO-MgO-
Al,03-SiO-H,-0,-C system (calculated from Bartoli et al., 2013c). Solid yellow ellipse:
inferred P-T conditions for peritectic garnet formation and melt entrapmashed yellow
ellipse: shift of the estimated P-T conditions after addition and involvement oiGhe T
component in the system. (see details in Bartoli et al., 2013c). Grey ard&i:8IHPI-Kfs-
Qz-Gr-COH-Liq stability field corresponding to the observed stable mingsahablage.
Lig-in curve: fluid-saturated solidus. Dotted and dashed blue lines: liquidus curves of the
system Qz-Ab-Or for minimum and eutectic compositions and specifi@dcbintents
(expressed in wt %). Dotted lines are from Holtz and Johannes (1994). Dashed lines are
from Holtz et al. (2001). The discrepancy between the two sets of liquidus cumés res
from the different HO solubility data used in the calculations (see Holtz et al., 2001).
Dotted black lines: kD solubility isopleths for minimum and eutectic compositions in the
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system Qz-Ab-Or (from Johannes and Holtz, 1985F5EM BSE image of nanogranite
inclusions in garnet (Grt). Melt inclusions have a typical negative cisiségde and display
a diffuse micro- to nanoporosity (white arrows), which contains liqu(d, s evidenced

by micro-Raman mapping (Bartoli et al. 2013b); c) SEM BSE image of a Ml etehple-
homogenized at 700 °C and 5 kbar by piston cylinder. MI consists of an homogeneous
glass and still preserves the negative crystal shape, suggesting that geriets{Grt)
dissolved into the melt during heating experiments, and therefore that the trapping
temperature was not significantly exceeded.

Fig. 4. a) NanoSIMS correction curve used for this session. D, LGB1 and DL are
leucogranitic glass standards with 0, 4.3 and 5.5 wi@ tdspectively (see text for
details). Replicates on each standard are reported. We assumed thatitimsingda
between OH/Si and # content remains linear beyond 5.5 wt¥HFor each
measurement, errors arising from counting statistics are smalhethihaymbol. The
spread represents the reproducibility in the course of the session. The linessioggand
the prediction interval (at 68%) were determined thanks to the R program, using the
Graybill method (Graybill, 1976). OH/Si stands for tf@H/*’Si” determined by
NanoSIMS. Detection limit can be estimated at 0.33 wt% §@ ebntent in our analytical
conditions. b) BSE image of melt inclusion showing the typical 3x3pinfwhite arrow)
produced during NanoSIMS analysis. White square represents the inner 1atearfrom
which ions were collected (see text for details).

Fig. 5. H,O concentration of re-homogenized nanogranite inclusions from eight garnet
crystals determined by NanoSIMS. Black dots are averages within eaet. §&hite dot

reflects average of all melt inclusions. Horizontal bars are one standéataieon

average values. In one case, standard deviation is smaller than the symbol. The number of
analyses is indicated next to horizontal bars.

Fig. 6. Isobaric, isothermal section for metapelites and metagreywackesKa@hdNg.O-
FeO-MgO- AbOs-SiO-H; system at 950 °C and 10 kbar (redrawn after Vielzeuf and
Schmidt, 2001). Grey area: compositional field of mejt.ce melt HO content isopleths.
X1, X2:compositionally different domains. See text for details.
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914 Tablel
915  H»O concentrations measured in re-homogenized melt inclusions by NanoSIMS

Sample H20 content (Wt %) 10 error O'H /%S
OB8-1_1 5.6 0.3 1.66E-01
OB8-1_2 5.6 0.3 1.66E-01
5.6 (0.01§
0B8-3 1 4.7 0.3 1.40E-01
OB8-3 2 5.2 0.3 1.56E-01
0oB8-3 3 5.5 0.3 1.62E-01
OB8-3_6 5.3 0.3 1.57E-01
0B8-3 7 6.1 0.3 1.80E-01
5.4 (0.57§
OB8-4 1 5.2 0.3 1.55E-01
OB8-4 2 5.0 0.3 1.50E-01
OB8-4_3 6.2 0.3 1.84E-01
OB8-4 4 6.4 0.3 1.89E-01
OB8-4 5 6.0 0.3 1.77E-01
OB8-4_8 5.8 0.3 1.72E-01
5.5(0.55°
OB8-5_1 6.9 0.3 2.05E-01
OB8-5 2 6.0 0.3 1.77E-01
OB8-5_3 5.4 0.3 1.61E-01
6.1 (0.79§
OB8-7_2 9.2 0.3 2.69E-01
OB8-7_3 6.4 0.3 1.89E-01
OB8-7_4 5.4 0.3 1.62E-01
OB8-7_5 6.4 0.3 1.90E-01
6.8 (1.61j
OB3-1_3 9.1 (8.9) 0.3 2.68E-01
OB3-2_4 8.4 (8.2 0.3 2.48E-01
OB3-2_5 6.8 (8.19 0.3 2.00E-01
OB3-2_6 5.2 (7.19 0.3 1.56E-01
6.8 (1.60j
OB3-3_7 8.4 (9.0 0.3 2.46E-01
OB3-3_8 9.8 (11.19 0.4 2.86E-01
OB3-3 9 7.8 (8.6} 0.3 2.30E-01
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916

8.7 (1.01j

6.5 (1.42)

¢ Average value andalstandard deviation (in parentheses) regarding S8
measurements from the same host crystal

® Repeated analyses on the same inclusion

¢ Average value andalstandard deviation (in parentheses) regardindp@alNanoSIMS
measurements

9H,0 contents estimated by difference of EMP totalsnfl00 % are reported between
parentheses and are close to the NanoSIMS valuamed for the same Ml
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*Highlights (for review)

Highlights:

- First time in literature of NanoSIMS applied on nanogranite inclusions;

- H,O content of embryos of the upper-crustal anatectic granites;

- Mean H,0 values for the selected host crystals between 5.4 and 9.1 wt%;

- H,O content heterogeneities of granitic melts at the source region
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