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A B S T R A C T

Quantifying the distribution of granitic melt at all scales in mid- to lower crustal migmatitic terranes is critical to
understand crustal melting processes, chemical differentiation of the crust and its rheological behavior during
deformation. We propose a new method to determine the fraction of frozen granitic melt on a hand specimen
scale based on the relative volumes of newly precipitated to total zircon (FPZ = Fraction of newly Precipitated
Zircon) as obtained by image analysis on dated zircon cores and rims. Using the calculated Zr-solubility [Zr]sat in
the melt at the inferred melting temperature and the Zr concentration in the bulk sample [Zr]bulk, the fraction of
melt Fmelt can be determined through Fmelt = FPZ × [Zr]bulk / [Zr]sat. The such obtained Fmelt corresponds to the
melt fraction in the hand specimen at the time the system closed for melt mobility. Thermodynamic modelling
further allows estimation of H2O-contents required to maintain the melt fraction obtained from the melt-o-meter
in a molten stage. The applicability of this method has been tested on eight migmatitic samples with peak
temperatures between 725 and 925 °C. Most of the lower temperature migmatites (<750 °C) retained Fmelt of
0.15–0.25 (±0.03–0.05), a melt fraction below or at the static melt escape threshold. In contrast, most of the
higher-temperature migmatites (>800 °C) retained Fmelt of 0.35–0.50 (±0.07–0.10). At these melt fractions,
melt extraction and melt migration from and within the source should be efficient. Consequently, these samples
are likely open-system migmatites affected by melt accumulation or depletion processes. The melt-o-meter re-
quires that the rock types under consideration produced a granitic melt that remained zircon-saturated and is
therefore restricted to migmatitic meta-sediments and meta-granitoids. When applied carefully, this melt-o-
meter offers a new and powerful tool to not only quantify melt distribution but also evaluate the extent of melt
mobility in migmatites.

1. Introduction

Crustal melting and related magmatic weakening are key factors
controlling the thermo-mechanical behavior of crustal rocks (Labrousse
et al., 2015). In fact, with melt fraction reaching 7–10 vol% (the melt
connectivity threshold, Rosenberg and Handy, 2005), rock strength
dramatically drops by 90%. In addition, deformation-enhanced melt
segregation (Rutter and Neumann, 1995; Holtzman et al., 2003), ex-
traction and accumulation control melt flow through the crust and in
turn, crustal differentiation (Sawyer, 1994). Therefore, quantifying the
amount of melt in crustal rocks and melt distribution on a larger scale is
crucial to deciphering the rheological and compositional architecture of
migmatitic terranes and their response to deformation (e.g.
Vanderhaeghe, 2009). Unfortunately, the accurate quantification of the
amount of melt in migmatites remains difficult. In this context, visual

estimates of the fraction of leucosome present in an outcrop is futile as
leucosomes are not equal to melt but represent crystal mushes con-
stituted by liquid and solid phases (residual and peritectic) or melt-
infiltrated or melt-fractionated domains (Sawyer, 1987, 2008; Brown
et al., 1995; Stevens et al., 2007).

Commonly, the quantification of melt fraction in migmatites relies
on thermodynamic modelling and is based on pseudosections contoured
for vol% of melt (e.g. White et al., 2001). Two intrinsic limitations ir-
remediably affect such melt estimates: first, melt fractions strongly
depend on bulk H2O at the time of melting, a parameter that is not
conserved and cannot be determined directly. This dependence on H2O-
content becomes increasingly important as the bulk rock composition
approaches that of eutectic granite. Secondly, melt has to be stepwise
re-integrated into the residual composition to retrieve the fertile source
rock composition before melting (White et al., 2004). This is
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particularly challenging in granulites at temperatures above the biotite-
dehydration melting (e.g. Bartoli, 2017), where large amounts of melt
may have been lost (White et al., 2004; Mayne et al., 2016).

The amount of melt calculated in pseudosections of a given bulk
composition corresponds to the quantity of melt at pressure, tempera-
ture and an estimated H2O-content. This melt fraction does not ne-
cessarily coincide with the amount of melt ever formed, ever transited
or finally preserved in this rock. De facto, melt segregation, extraction,
migration, depletion and accumulation are efficient mechanisms to
redistribute melt at all scales through the crust (Sawyer, 1994). Melt in-
and out-fluxes from micro- to macro-scales are not quantifiable with
thermodynamic modelling alone.

During crustal melting, accessory zircon is partly or totally dissolved
into the melt, the solubility [Zr]sat depending on temperature and melt
composition as described by zircon saturation equations (Watson and
Harrison, 1983; Boehnke et al., 2013). Complete zircon dissolution is
rarely reached, as testified for by abundant inherited zircon cores in
crust-derived granites (Villaros et al., 2009), in residual granulites
(Villaseca et al., 2011) and by multiple age domains in zircons from
high-grade poly-metamorphic rocks (Gerdes and Zeh, 2009). Mass
balance dictates that besides [Zr]sat, the extent of zircon preservation
during melting depends on the zircon content of the source rock and on
melt fraction (Kelsey et al., 2008; Watson, 1996). Surprisingly, the in-
fluence of these parameters has not been fully explored yet, although
this potentially offers a powerful tool to relate zircon dissolution/pre-
cipitation during anatexis to melt fraction present in a given rock vo-
lume at the time of zircon crystallization.

In this study, we propose a melt-o-meter that provides the amount
of melt present in the rock when zircon rims crystallized from the melt.
Our approach does not inform on rock fertility but quantifies the frac-
tion of melt at the time the system closed for melt mobility, being
therefore complementary to pseudosections. The fundamental data re-
quired are obtained through zircon grain image analysis and a statis-
tical treatment thereof, and by UePb dating of zircon cores and rims.
The zircon-rim-volume melt-o-meter is applied on eight samples from
three well-documented migmatite terranes at various P-T conditions
and rock compositions. We further discuss closed vs. open system be-
havior, fluid-fluxed vs. fluid-absent melting and implications for the
rheology of migmatitic rocks.

2. A new melt-o-meter based on zircon rim volumes

2.1. FPZ – fraction of (newly) precipitated zircon

Most of the major minerals involved in melting reactions of crustal
felsic rocks at temperatures <900 °C, i.e. feldspars, quartz and micas,
have negligible Zr concentrations of <10 ppm (Bea et al., 2006). Only
garnet and amphibole can potentially incorporate larger amount of Zr,
even so only <80 ppm at T < 900 °C (Kohn et al., 2015). Among the
accessory phases, zircon has orders of magnitude more Zr (ca.
500,000 ppm) than titanite, ilmenite and rutile (max. 600–5000 ppm)
or monazite and apatite (<15 ppm, Bea et al., 2006). Thus, at supra-
solidus conditions <900 °C, the bulk of the Zr budget in meta-sedi-
mentary and -granitic rocks is partitioned between residual zircon and
melt. Likewise, the budget of Zr dissolved in anatectic melts essentially
relates to zircon dissolution.

During prograde melting, quartzo-feldspathic melts dissolve tens to
hundreds of ppm Zr, which, for a given temperature and melt compo-
sition, may be calculated as Zr saturation concentration [Zr]sat fol-
lowing Watson and Harrison (1983) and Boehnke et al. (2013). The
partial or complete dissolution of zircon is much faster than the dura-
tion of crustal melting events (103–104 years vs >106 years, respec-
tively, Harrison and Watson, 1983; Harris et al., 2000; Kelsey et al.,
2008; Villaros et al., 2009), rendering prograde zircon dissolution likely
an equilibrium process. In a partially molten zircon saturated rock, one
may express the mass fraction of zircon precipitated from this melt, i.e.

(caption on next page)
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a zircon rim formed upon cooling and/or decompression (Kelsey et al.,
2008), relative to total zircon (preserved core + new rim) as “fraction
of precipitated zircon”.

=
+

V
V V

FPZ zircon
rim

zircon
rim

zircon
core (1)

where Vzircon
rim and Vzircon

core are the volumes of zircon rims and cores
in the sample. Below, we propose a method to estimate these volumes
based on cathodoluminescence (CL) images.

Simple mass balance relates FPZ to the melt fraction Fmelt, Zr-solu-
bility and bulk Zr concentration [Zr]bulk (see Supplementary Data):

= ×FPZ F [Zr] /[Zr]melt
sat bulk (2)

Zr solubility with respect to zircon is given by [Zr]sat

=
×( ) M

500000

exp 1.16 ( 1) 1.48
T

10108 in ppm (Boehnke et al., 2013), where T is

temperature in K and M a molar melt composition parameter based on
the cation fraction (Na + K + 2 × Ca) / (Al × Si). At a given tem-
perature and melt composition, FPZ therefore only depends on [Zr]bulk

and Fmelt (Fig. 1). Fmelt can then be calculated as (Fig. 1):

= ×F FPZ [Zr] /[Zr]melt
bulk sat (3)

Note that in quartzo-feldspathic rocks, Fmelt is mainly controlled by
the availability of fluid. However, H2O itself does not control Zr-solu-
bility in granitic melts and is not included in the melt compositional
parameter M, so that knowing H2O-concentrations is not required to use
Eq. (3).

2.2. Effect of temperature, melt composition and [Zr]bulk on FPZ

Implicit to the zircon saturation models, the primary parameter
controlling zircon dissolution is temperature. At constant M, [Zr]bulk

and Fmelt, Zr-solubility and hence the FPZ increases with increasing
temperature (Fig. 1). Of course, in any closed system, Fmelt increases

Fig. 1. Plots of the Fraction of newly Precipitated Zircon (FPZ) as a function of
bulk rock Zr-concentration, calculated for different fractions of melt (red
curves) using Eq. (2). The gray area indicates the characteristic [Zr]bulk of
(meta-) granitoids and metapelites. The yellow symbols represent the samples
used for testing of the melt-o-meter, error bars are 2σ. Note that the isopleths
are for 700, 800, and 900 °C and a M value of 1.3 (corresponding to an average
eutectic granite melt), samples are simply plotted in the diagram of the nearest
temperature value. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 2. Schematic illustration of the geometrical approximations applied to calculate zircon rim volumes for three different, end-member zircon geometries, i.e. 2
cones + cylindrical (a); spherical (b) and prolate ellipsoidal (c), with corresponding 3D rotational models.
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with temperature further enhancing the effect of temperature. The M
values of most crustal melts derived from meta-sedimentary or meta-
igneous sources fall in a rather restricted range (at most M from
1.1–1.4) as melts are close to the granitic minimum, yielding a max-
imum inaccuracy on [Zr]sat of ±10% relative (see Supplementary Data,
Fig. S1).

On the other hand, at constant temperature and M (i.e., given
[Zr]sat), the fraction of dissolved zircon, which is equal to the FPZ in a
closed system, is inversely proportional to [Zr]bulk and directly pro-
portional to Fmelt (Eq. (2)). For a [Zr]bulk of 150–250 ppm, as char-
acteristic for most crustal rocks (Rudnick and Gao, 2003), a melt frac-
tion of 1.00 leads to a maximum dissolved zircon fraction of 0.65 of
zircon at 700 °C (Fig. 1a), whereas all zircon dissolves completely at
melt fractions of 0.60–1.00 at 800 °C and at melt fractions of 0.25–0.45
at 900 °C (Fig. 1b, c).

2.3. Estimating zircon rim volumes in migmatites

For each single zircon crystal, the volume of zircon rim (Vzircon
rim) is

calculated as the difference between the total zircon volume (Vzircon
total)

and the volume of zircon core (Vzircon
core). The latter are obtained by

measuring the length, width or radius of each crystal in 2D longitudinal
main sections in cathodoluminescence (CL, Fig. 2). As will be discussed
below, it is crucial for the 2D/3D conversion to mount well sorted grain
sizes in order to approximate best the longitudinal main section, i.e. the
section containing the 4-fold symmetry axis. Depending on the grain,
the outer zircon shape and the zircon core shape are approximated ei-
ther as ideal spheres or prolate rotational ellipsoids or as a combination
of a cylinder and two cones (Fig. 2a, b, c), the rotational axis of these
bodies always being identical with the zircon c-axis. The cath-
odoluminescence-distinction between newly formed zircon rim and
preserved zircon core has to be confirmed by spatially resolved (LA-ICP-
MS or SIMS) UePb dating. To obtain a true average and to enable a
meaningful statistical analysis, all measurable zircons have to be con-
sidered, even if no rim or core are visible. The uncertainty in the rim
volume estimate depends upon how accurately the core/rim volume
ratio is described by the geometrical approximation used. In principle,
geometrically simple, intact zircon grains polished to their longitudinal
main section should be used to minimize inaccuracy and uncertainty.
Nevertheless, it is strongly recommended that a sufficiently large zircon
population is taken into account (see Figs. 4, 7 and Section 4 for de-
tails).

3. Application of the melt-o-meter to natural migmatites

3.1. Tested samples

Our melt-o-meter is applied to eight well-documented migmatitic
samples spanning a broad range of crustal melting conditions and bulk
rock compositions (Table 1). Samples HvGr15 and PeGr5 are migma-
titic orthogneisses from the Gruf Complex in the European Central Alps,
characterized by Oligocene melting conditions of 700–750 °C and
7 kbar (Galli et al., 2012, 2013). Both samples are homogeneous at the
hand specimen scale, slightly foliated and mostly composed of quartz,
plagioclase, alkali feldspar and biotite (10–15%). Samples TN46 and
TN17 are migmatitic paragneisses formed at 750–850 °C and 4.5 kbar
(Barbey et al., 2015) in the Carboniferous Velay Complex of the French
Massif Central. TN46 is mainly composed of quartz, plagioclase, alkali-
feldspar, biotite (10–20%), TN17 is mainly made of centimetric quartz-,
plagioclase- and alkali-feldspar-rich leucosome bands alternating with
biotite-rich melanosome bands and fine- to medium-grained mesosome
bands (Chelle-Michou et al., 2017). Sample TN12 is a banded migma-
titic orthogneiss from the same area. It is constituted by alternating
leucocratic bands rich in quartz, plagioclase and alkali-feldspar and
more melanocratic, biotite-rich bands equilibrated at 750 °C and 9 kbar
(Gardien et al., 1997).

Samples Iz422, Iz409 and Iz405 are migmatitic metapelites from the
Ivrea Zone in the European Southern Alps formed in Permian time.
They crystallized along a P-T gradient, with melting conditions of
750 °C and 6 kbar; 825 °C and 8 kbar; and 925 °C and 9 kbar, respec-
tively (Redler et al., 2013; Kunz et al., 2018). The three sample are
made of quartz, plagioclase, alkali-feldpsar, sillimanite, biotite and
garnet. With increasing temperature, the amounts of garnet and rutile
increase while that of biotite decreases.

3.2. Zircon morphology and estimated FPZ and corresponding Fmelt

Representative CL images of zircon crystals from these samples are
presented in Fig. 3. Zircons from the two samples of the Gruf Complex
(HvGr15 and PeGr5) occur as homogenous elongated and prismatic
grains, with a grain size varying between 200 and 600 μm in length and
100 and 200 μm in width (Fig. 3a, b). They display oscillatory zoned
Permian cores, generally surrounded and truncated by bright and
homogenous Oligocene rims, interpreted as the result of partial melting
(Galli et al., 2012). In both samples, the calculated rim volume fractions
show a Gaussian distribution (Fig. 4a, b) ranging mostly between 0 and
0.30, corresponding to average FPZs of 0.17 and 0.16, respectively
(Table 1).

Zircons from the three samples of the French Massif Central (TN12,
TN46 and TN17) are prismatic to rounded in shape. Their grain sizes
vary between 100 and 400 μm in length and 100 to 200 μm in width.
These zircons have planar and oscillatory zoned cores, which are
Neoproterozoic in TN46 and TN17 (Fig. 3e, f) but Ordovician in TN12
(Fig. 3d) (Chelle-Michou et al., 2017). Cores are surrounded and trun-
cated by dark rims of Carboniferous age, interpreted to be formed as
result of partial melting (Fig. 3d, e, f) (Chelle-Michou et al., 2017).
Calculated rim volume fractions in samples TN12 and TN46 range be-
tween 0 and 0.50, with a non-homogenous distribution for TN12
(Fig. 4d) and a Gaussian distribution for TN46 (Fig. 4e), both samples
yielding an FPZ of 0.15 (Table 1). Sample TN17 is characterized by
strongly heterogeneous rim volume fractions (Fig. 4f). Three zircon
populations occur: one with no visible rims, one with fully neoformed
grains and one characterized by zircon with clearly discernable rim/
core relationship, but variable rim proportions. The average FPZ is 0.50
(Table 1).

Zircon from the three samples of the Ivrea Zone (Iz422, Iz409 and
Iz405) is mainly sub-euhedral and rounded, even spherical in Iz409 and
Iz405. Grain sizes range between 50 and 300 μm in length and 30 to
150 μm in width. Sample Iz422 and Iz409 show oscillatory to sector
zoned, bright Ordovician to Precambrian cores, surrounded by thin,
inclusion-rich, bright rims attributed to fluid-induced (re-)crystal-
lization (Kunz et al., 2018; Fig. 3c). The cores and the bright rims are
further surrounded and truncated by homogenous or slightly oscillatory
zoned, dark rims of Permian age, crystallized during partial melting
(Kunz et al., 2018, Fig. 3c, g). In contrast, zircons in sample Iz405 are
bright, oscillatory zoned or exhibit rare cores surrounded by thick,
bright oscillatory to sector zoned rims (Fig. 3h). The bright, oscillatory
to sector zoned domains are Permian in age and related to partial
melting (Kunz et al., 2018). In sample Iz422, zircon grains have a rim
volume fraction of 0 to 0.80, but most of the measurements are within
0–0.20 (Fig. 4c), this sample yields an FPZ of 0.17 (Table 1). Zircons in
sample Iz409 display a clear bi-modal population of rim volume frac-
tion (Fig. 4g), with modes at around 0.20 and >0.90, yielding an
average FPZ of 0.72. Zircon grains in sample Iz405 have a Gaussian rim
volume distribution of 0.90–1.00 (Fig. 4h), corresponding to an average
FPZ of 0.92 (Table 1).

We have applied our melt-o-meter on all test samples, using for each
sample the published [Zr]bulk, the inferred melting temperature, and
the M parameter corresponding to melt composition obtained from
thermodynamic modelling for each sample at their peak temperature
conditions (Table 1). Two samples at 725 °C (HvGr15, PeGr5) yield
Fmelt = 0.23 and 0.21, two sample at 750 °C (TN12 and Iz422) yields
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Fmelt = 0.24 and 0.27, two samples at 800 °C (TN46 and TN17) give
Fmelt = 0.13 and 0.52, one sample at 825 °C (Iz409) yields Fmelt = 0.47,
and one sample at 925 °C (Iz405) gives Fmelt = 0.34 (Table 1).

3.3. H2O content obtained by thermodynamic modelling

At a given temperature, pressure and bulk composition, the ob-
tained Fmelt using the melt-o-meter corresponds to a certain bulk H2O
content. This amount of bulk H2O is required to maintain the melt in a
liquid state at the given conditions.

Assuming a closed system (except for H2O), Fmelt obtained from our
melt-o-meter can therefore be combined with thermodynamic model-
ling to determine bulk and melt H2O-contents at these conditions. For
this purpose, we calculated T-XH2O pseudosections which quantify Fmelt

as a function of H2O-content (Fig. S3). These pseudosections were
calculated in the NaCaKFMASTiOH system using Perple_X (Connolly,
2005), the dataset of Holland and Powell (2011) and mineral solution
models listed in the supplementary data. Calculations were performed
for 650–950 °C and 0.1–4 wt% bulk H2O, covering most melting con-
ditions reported for continental crust (Weinberg and Hasalová, 2015).
For each sample, melt fraction (Fmelt) and composition (M) were re-
trieved each 10 °C along isobaric temperature paths calculated for H2O
intervals of 0.5 wt%. Fmelt and M were then used to calculate [Zr]sat

(Boehnke et al., 2013) and FPZ from Eq. (2). Using the measured FPZ at
a given temperature, H2O concentrations in the melt and bulk can thus
be determined from the isopleth of bulk H2O, necessary to maintain the
calculated amount of melt in a liquid state (Fig. 5).

For samples HvGr15 and PeGr5 formed at 725 °C and TN12 and
Iz422 formed at 750 °C, calculated bulk H2O contents are 2.2–3.5 wt%
(Fig. 5a–d). This amount of H2O corresponds to the H2O soluble in the
melt at Fmelt = 0.21–0.27, and to some minor H2O in biotite. Samples
TN46, TN17 and Iz409 crystallized at 800–825 °C display variable Fmelt

of 0.13–0.52, which yields bulk H2O contents of 0.9–3 wt% (Fig. 5e–g).
Sample Iz405, which experienced temperatures of 925 °C, yields
~1.4 wt% bulk H2O at Fmelt = 0.34 (Fig. 5h). Note that these H2O-
contents have uncertainties in the order of 1 wt-% absolute (Fig. 5).

4. Discussion of rim fraction determination and resulting melt
fraction

4.1. Robustness of zircon rim fractions

The analysis of zircon rim volume fractions is not necessarily
straightforward. Besides essential geometrical considerations, critical
issues are a selectiveness on grain size when preparing mounts that
leads to a non-representative zircon population, a grain size

dependence of rim fraction, and bimodal or more complex zircon rim
volume distributions.

Any deviation from the longitudinal main section affects calculated
rim fractions (FPZ). However, if zircons are exposed within 10% (with
respect to the grain radius) of their 4-fold symmetry axis, FPZ is cor-
rectly estimated within a percent of relative rim volumes. At 20 and
30% from the 4-fold symmetry axis, variations are within 3 and 8%,
respectively (see Supplementary Data, Fig. S2). A systematic deviation
from the main section will lead to an overestimation of rim fractions,
underlining the importance of a meticulous size sorted mount pre-
paration.

Secondly, older and in particular corroded zircon cores may not be
centered with respect to the newly grown outer crystal shape, such that
if the main section does not cut the core center, rim fractions of in-
dividual grains can then be both over- and underestimated (Fig. S2). As
a net-effect, irregular growth rims broaden the statistical rim fraction
(FPZ) distribution, i.e. increase the standard deviation. This underlines
the necessity of analyzing a sufficient number of zircons to obtain a well
constrained statistical FPZ-distribution.

Thirdly, in many samples zircon grains <20 μm are more common
than larger ones, yet, for good reasons the larger grains are generally
selected for mounting and dating. Kawakami et al. (2013), investigating
the zircon size distribution in migmatitic metapelites, found a log-linear
grain size distribution cumulating at ~80 μm. Although the size frac-
tion <20 μm contained ~80% of the grains, this amounts to only 12%
of the total zircon volume proportions. Hence, focusing on the more
measurable grains >20 μm does not strongly bias rim volume pro-
portions (Fig. 6a). Nevertheless, Ostwald ripening, i.e. the preferential
dissolution of small grains and preferential precipitation on or of larger
grains (Nemchin et al., 2001), may lead to a grain size dependence of
rim fractions. To test this effect, we investigated a sample with a het-
erogeneous size distribution (Iz409). As shown in Fig. 6b, rim volume
fractions of each size category corresponds within uncertainty to the
average rim fraction (FPZ) determined from the whole population
(0.72 ± 0.06). The lack of correlation between rim fraction and crystal
size suggests that proportionate crystal growth (Eberl et al., 2002),
rather than ripening (Nemchin et al., 2001), controlled the formation of
zircon rims in this sample.

In summary, we emphasize that (i) correct sectioning (Fig. S2) and
(ii) a sufficiently large zircon population (Figs. 4, 7) is a requirement for
successful application of the melt-o-meter based on rim volume frac-
tions. Furthermore, (iii) it may be difficult to determine correct rim
fractions if zircons are not sub-idiomorphic or at least large fragments
of the original idiomorphic crystals.

Table 1
Summary of the studied samples and parameters used for calculation.

Samples Melt-o-meter Thermodynamic modelling (literature)

Name Location Rock types T°C M [Zr]bulk ppm N* FPZ Fmelt Fmelt
pseudosection

HvGr15 Gruf Og 725 1.4 186 30 0.17(2) 0.23(3) 0.10–0.30a

PeGr5 Gruf Og 725 1.4 185 42 0.16(3) 0.21(4)
Iz422 Ivrea Mp 750 1.3 255 49 0.17(5) 0.27(8) 0.05–0.15c

TN12 M. Central Og 750 1.4 283 29 0.15(6) 0.24(10) 0.05–0.25b

TN46 M. Central Mp 800 1.3 213 45 0.15(3) 0.13(3) 0.15–0.40b

TN17 M. Central Mp 800 1.3 261 27 0.50(15) 0.52(16)
Iz409 Ivrea Mp 825 1.3 204 127 0.72(6) 0.47(4) 0.10–0.30c

Iz405 Ivrea Mp 925 1.2 220 35 0.92(6) 0.34(2) 0.30–0.50c

N* correspond to the number of zircons measured to calculate FPZ (= Fraction of newly Precipitated Zircon). Og and Mp correspond to orthogneiss and metapelite
respectively.

a Estimated melt fraction from Galli et al., 2012.
b Estimated melt fraction from Barbey et al., 2015.
c Estimated melt fraction from Redler et al., 2013. The digits between brackets in the FPZ and Fmelt columns correspond to the uncertainty on the last significant

digit(s). Note that uncertainty on Fmelt are a minimum, as they only correspond to the relative uncertainty on FPZ.
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4.2. Rim fraction populations

Our samples from natural migmatites reveal that the statistical
distribution of zircon rim fractions strongly varies from one hand spe-
cimen to another (Fig. 4). Two extreme population types have been

identified (Fig. 4). In the first case, i.e. samples HvGr15, PeGr5, TN46,
zircon rim fractions show narrow and nearly Gaussian distributions
with full widths at half maximum (FWHM) of 0.10–0.12 (i.e.
±0.05–0.06). Here, the relative zircon rim fraction is homogeneous
across a sample, the average corresponding to the FPZ. As an example,

Fig. 3. Cathodoluminescence images of typical zircon grains from the migmatitic samples used in this study. Ages of cores and rims are UePb dating results in the
corresponding studies (see text for references). Relative rim volume fraction FPZ ranging from 0.12 to 0.99. The geometrical model used to calculate the volumes (see
Fig. 2) is indicated in blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the migmatitic fairly homogeneous orthogneiss HvGr15 yields a nar-
rowly distributed rim fraction at 0.17 with a FWHM of 0.10 (Fig. 4a).
The sample is dominated by a quartzo-feldspatic matrix with <15%
biotite that itself is also homogeneously distributed. When accumu-
lating measurements, the average FPZ becomes stable after only 5
measurements and varies <5% relative with the addition of any further
measurements (Fig. 7a).

In the second case, i.e. samples Iz409 and TN17 (Fig. 4f, g), dis-
tributions of zircon rim fractions are heterogeneous, mostly bimodal.
For example, in sample Iz409 a large number of grains have no or al-
most no core, but about ¼ of all grains show variable rim fractions
averaging at ca. 0.25. The FPZ of 0.72, calculated averaging the rim
fractions of all grains, corresponds to a low-frequency part of the sta-
tistical distribution (Fig. 4g). This sample is a migmatitic metapelite
formed at 825 °C and 8 kbar with a characteristic heterogeneous texture
and mineral distribution. It is not a surprise that macroscopically het-
erogeneous samples yield a heterogeneous zircon population. In biotite-
rich, quartz-poor domains, shield effects of residual minerals (e.g.
biotite or garnet) on their zircon inclusions would hinder direct contact
between included zircons and anatectic melt, preventing zircon dis-
solution and re-precipitation (see also Yakymchuk and Brown, 2014).
Watson et al. (1989) proposed that this shielding effect would pre-
ferentially affect small zircons over large ones, however, there is no
significant variation of the average rim volume fraction with grain size
in sample Iz409 (Fig. 6b). This is consistent with the rim-poor zircons,
irrespective of their size, originating from unmolten (or less molten)
domains rather than being included in single grains in the largely
molten domain. In the quartzo-feldspathic matrix such shielding would

be much less important and the bimodal distribution of rim fractions
likely reflects the sample heterogeneity in terms of largely molten
quartz-rich vs. to a lesser degree molten biotite-rich domains. Here,
~70 measurements are required to obtain a stable average FPZ (Figs. 4,
7b) suggesting that heterogeneous samples require 50–100 individual
measurements for obtaining a representative statistically robust FPZ.

Intermediate cases are represented by samples Iz422 and TN12,
where the rim fraction distribution is skewed towards 0 (Fig. 4c, d). We
suspect that again, the low rim fraction population represents zircons
included within a single not molten mineral.

In any case, insofar bulk composition and Zr concentrations are also
representative of the heterogeneous distribution of melt-rich and melt-
poor domains, the calculated melt fractions for a given P-T condition
satisfy the conditions for Eq. (3). Therefore, the average zircon rim
fraction (e.g. 0.72 of Iz409) should represent the (average) FPZ at the
sample scale and can be used to calculate an average Fmelt. Never-
theless, the sharper the rim-fraction distribution, the more meaningful
the average and the more straightforward the interpretation. It is hence
in the best interest to take homogenous samples where ever possible.

4.3. Uncertainties on rim (FPZ) and melt fractions (Fmelt)

The uncertainty on average rim volume fractions should reflect the
probability of the measured value to be representative of the true
fraction of newly precipitated zircon FPZ at the sample scale. Using the
examples above, the FPZ of HvGr15 is 0.17 ± 0.02 (2 S.E.) whereas it is
0.72 ± 0.06 (2 S.E.) for Iz409, which in both cases reflects well the
variability of the running average (Fig. 7). Other uncertainties stem

Fig. 4. Statistic representation of relative rim volume measurements of individual grains and their mean for the different worked samples. Three samples have
narrow Gaussian populations (HvGr15, PeGr5, TN46). Two samples would have such populations but are skewed towards rimless zircons (Iz422, TN12), and two
samples have almost bi-modal distributions with one peak towards rimless zircons. Iz405 has generally tiny cores, only few of them being larger. The 0.95–1.00. bins
of TN17, Iz409 and Iz405 contain 8, 60, and 28 zircons without core, respectively. The complexity of distribution somewhat correlates with the heterogeneity of the
sample (on the scale of the processed hand specimen; see text for details). Histogram and corresponding kernel-density estimates (KDE) of relative rim volume
measurements.
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from [Zr]sat and [Zr]bulk, yet the uncertainty on [Zr]bulk (typically
5–10 ppm) is almost negligible relative to the other variables. As dis-
cussed earlier, the melt compositional parameter M does not vary much
in metagranitic and metapelitic sytems, such that the uncertainty on
[Zr]sat mostly depends on temperature. The latter is case-specific but
estimated to typically ±10 to ±30 °C. Note that there is no rigorous
error propagation in any of the thermodynamic programs commonly
used. The uncertainty on temperature propagates proportionally into
Fmelt, ±10 °C leading to about ±10% relative on Fmelt. Without con-
sidering the uncertainty in temperature, the propagated errors vary
between 7 and 40% relative on Fmelt, with a mean of 20% relative
(Fig. 5 and Table 1). Larger zircon populations and an effort on geo-
metrically reproducing rim shapes when calculating the 3D volumes
clearly minimize uncertainties on the resulting Fmelt.

4.4. Role of other Zr-bearing phases on the Zr budget and Fmelt

Our method is applied and tested on granitoids sensu lato (meta-
granites and -granodiorites) and on metapelites, in these the Zr budget
during partial melting up to ~900 °C is almost completely controlled by
zircon. At higher temperatures, and in particular in strongly residual
granulites, other minerals may play a non-negligible role in the Zr
budget. At T > 900 °C garnet may incorporate >80 ppm Zr (Kohn
et al., 2015) and rutile >5000 ppm Zr (Ewing et al., 2013). Also, in
mafic metamorphic rocks, amphibole and garnet can accommodate a
significant fraction of the Zr budget because of their high modal
abundance (Kohn et al., 2015). This precludes the use of the melt-o-
meter in mafic systems. In principle these phases can be measured for Zr
and corrections undertaken, however, the often strongly zoned nature
of these phases would lead to substantially larger errors than estimated

Fig. 5. Melt fraction (Fmelt) as a function of fraction of newly precipitated zircon rims (FPZ) for the bulk composition of each of the eight worked migmatitic
examples. Fmelt for a given temperature and H2O-content is computed using Perple_X. Pressure and temperature is known from the literature, Fmelt is determined from
the melt-o-meter (i.e. from FPZ) and hence, bulk H2O-content at the time when the system closes for melt migration remains the unknown to be determined.
The colored dashed lines indicate bulk H2O-contents necessary to maintain the calculated amount of melt in a liquid state. The blue area depicts conditions where
melting begins fluid-saturated, the gray area where it begins fluid-absent. The vertical black line represents the measured FPZ and the horizontal thin line the
corresponding Fmelt at peak temperature (red bold line). The yellow bands are the uncertainties on FPZ and Fmelt. The dotted line gives the maximum amount of melt
that can be formed in the given bulk composition at a given temperature (which corresponds to H2O-saturated conditions). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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here.
Two of the tested samples (Iz405 and Iz409) have garnet in their

mineral assemblages. Zr concentrations are reported for paragneisses
close to Iz405 and Iz409 and garnets therein contain 50 and 20 ppm Zr,
respectively (Bea and Montero, 1999; Bea et al., 2006). Applying a Zr-
in-garnet correction, we obtain Fmelt = 0.46 instead of 0.47 for Iz409
and 0.31 instead of 0.34 for Iz405. Iz405 contains also ~1 wt% rutile,
for which, in adjacent metapelites, an average of 2800 ppm Zr is re-
ported (Ewing et al., 2013). Correction for both garnet and rutile yield
Fmelt = 0.27. In summary, these corrections are minor and at the limit
of the uncertainty on Fmelt as determined by the melt-o-meter, however,
more residual, garnet and rutile-rich samples would necessarily require
such corrections.

5. Geological interpretation of melt fractions

In migmatitic rocks, melt segregation, extraction, migration, and
depletion or accumulation are common processes (Sawyer, 1994).

During partial melting, commonly lasting for a few million years (Harris
et al., 2000; Kelsey et al., 2008), any in- or out-flux of melt will modify
the balance between residual zircon and the amount of Zr dissolved in
the melt. However, as long as the migrating melts are zircon-saturated
and temperature constant, the melt-flux does not interact with the
undissolved zircon population. During heating, melt mobility is
achieved when reaching the critical melt escape threshold, defined as
the limit at which melt segregation occurs over large distances. At static
or low strain conditions this threshold is thought to lie at 20–25 vol% in
granitic systems (Vigneresse et al., 1996). Instead, under intense de-
formation the segregation threshold may be lowered to as little as
~7 vol% (Rosenberg and Handy, 2005).

Melt mobility during prograde heating may change Fmelt and
[Zr]bulk, but will not be directly recorded by the melt-o-meter since this
is accompanied by zircon dissolution. However, the volume of zircon
rims (Vzirconrim) to be crystallized upon cooling would be proportional to
the net in- or out flux of Zr (and thus, melt) in the system. Therefore, the
melt-o-meter based on FPZ informs on the conserved and crystallized

Fig. 6. (a) Diagram representing the CSD (crystal size distribution) and the associated cumulative zircon volume proportions (using a spherical volume), after
Kawakami et al. (2013). The gray box highlights the contribution of grains <20 μm. (b) Relative rim fractions (blue circles) and the number of zircon grains per size
category (red circles) for Iz409 (8 kbar, 825 °C, Fmelt = 0.47). The black bold line represents the average FPZ of 0.72 ± 0.06 (2 S.E.) obtained for this sample. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Plots of measured relative rim volumes as a function of the number of measured grains, running average indicated as the thick black line, light blue area
representing 2 σ (standard error, S.E). Statistical representation of relative rim volume measurements for (a) sample HvGr15 with a narrow, near Gaussian rim
fraction distribution and (b) sample Iz409 with a heterogeneous rim fraction population (see Fig. 4). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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amount of melt in a given rock volume. The only case, where inter-
pretation becomes more complex is when significant amounts of melt
crystallize during cooling while melt still migrates through the rock. In
this case the zircon rim volume is still proportional to the frozen-in melt
but not all of this melt has been a liquid when the system became closed
to melt migration. This effect is expected to be of minor importance,
because any significant in- and/or out flux of melt along a retrograde
path is deemed unlikely (White and Powell, 2002).

Nevertheless, the melt-o-meter has several limits: It cannot inform
on previous melt fluxes and the amount of melt that passed through the
rock. As such, it does neither necessarily yield the maximum degree of
melting that occurred in a given rock at metamorphic peak conditions
nor does it directly provide information on the original rock fertility.
The melt fraction Fmelt obtained by our method is simply a snapshot of
the melt fraction present at the time where the rock volume became a
closed system in terms of melt mobility.

On the other hand, our melt-o-meter can be used as a first-order
approximation to discuss the physical state of e.g. a leucosome at peak
condition and melt mobility in migmatitic systems, the latter strongly
depending on melt fraction (e.g. Sawyer, 1994; Vigneresse et al., 1996).

5.1. Near-solidus melting

Our migmatitic samples from peak temperatures of 700–750 °C
(HvGr15, PeGr5 and TN12) yield Fmelt of 0.21–0.24, show little or no
evidence for syn-migmatitic deformation (e.g. dilatant sinks, shear
bands) and are (geochemically) not considerably melt depleted. This
suggests that these rocks remained nearly closed in terms of melt mo-
bility at the hand specimen scale, Fmelt is then an approximation of the
maximum melt fraction produced during anatexis. In Iz422, formed at
750 °C, the melt-o-meter yields a Fmelt of 0.27 ± 0.08 i.e. higher than
the degree of melting of <0.15 derived from the thermodynamic
modelling of Redler et al. (2013). This suggests either an accumulation
of melt in this sample or an underestimated H2O-content by Redler
et al. (2013). In fact, for closed-system melting to produce a melt
fraction of 0.27 in this rock, 3.5 wt% H2O are required (from our
thermodynamic calculation), while Redler et al. (2013) used 1.3 wt%,
consequently obtaining a lower melt fraction.

5.2. Melting at ≥800 °C

Contrasting the near solidus samples, the melt-o-meter indicates
that in the samples at T > 800 °C, the melt escape threshold is likely
reached and melt transfer at larger scale becomes feasible (Vigneresse
et al., 1996). Sample TN46 formed at 800 °C, and the Fmelt of
0.13 ± 0.03 calculated with our melt-o-meter is considerably lower
than the melt fraction estimated from thermodynamic modelling, i.e.
0.25–0.40 (Barbey et al., 2015, Table 1). This suggests that either part
of the anatectic melt has connected and escaped the system or that the
amount of H2O effectively present in the rock was much lower than the
H2O-content used in the thermodynamic modelling (1.5 wt%). Con-
versely, Fmelt of 0.47 ± 0.04 and 0.52 ± 0.16 are calculated with our
method for Iz409 and TN17, respectively, which are higher than the
melt fractions of 0.10–0.30 and 0.15–0.40 predicted by the thermo-
dynamic modelling of Redler et al. (2013) and Barbey et al. (2015)
(Table 1). This implies that both samples were most likely affected by
melt in-flux and accumulation, yet, it is still possible that the amount of
H2O-used in the thermodynamic modelling was underestimated.

At >900 °C, the production of considerable amounts of melt are
expected during anatexis. Sample Iz405 formed at 925 °C, the Fmelt

estimated with our melt-o-meter is 0.34 ± 0.02, whereas the melt
fraction estimated by the thermodynamic modelling of Redler et al.
(2013) is 0.30–0.50 (Table 1). Although both estimates overlap, melt
mobility is expected to be efficient at these conditions and it appears
unlikely that the system remained closed for melt.

5.3. Interpretation of calculated H2O contents

The results of our melt-o-meter may be combined with thermo-
dynamic calculations to estimate the amount of H2O at the time when
the system closed for melt mobility. For this purpose, temperature-XH2O

pseudosections were calculated using Perple_X (Connolly, 2005) and
phase modes analyzed. Such calculated H2O contents strictly corre-
spond to the amount of H2O necessary to maintain the determined
quantity of (granitic) melt at the given temperature and pressure in the
liquid state.

As discussed above, samples HvGr15, PeGr5 and TN12, formed at
725–750 °C, likely remained closed in terms of melt mobility.
Muscovite in these slightly peraluminous samples is absent (HvGr15
and PeGr5) or present in a small amount (TN12). The estimated tem-
peratures indicate that these samples were near the fluid-absent mus-
covite melting reaction (Chatterjee and Johannes, 1974). However, this
reaction should produce a melt fraction of only 0.07–0.15 (e.g. Vielzeuf
and Holloway, 1988; Villaros et al., 2018), which is lower than the Fmelt

calculated from our melt-o-meter (0.21–0.24). Consequently, the
amount of melting at melt fractions below the melt escape threshold is
likely controlled by the influx of fluid. This is consistent with H2O-
contents of 2.2–3.5 wt% (10–12 wt% H2O in the melt) obtained by
combining the melt-o-meter with thermodynamic calculations (Fig. 5),
i.e. with H2O-contents far in excess of what could be stored in hydrous
minerals at melting conditions. In addition, textural observations show
that fluid-absent melting of biotite has not yet begun (Chelle-Michou
et al., 2017; Galli et al., 2013), in agreement with experiments showing
that fluid-absent biotite melting commences only at 850-875 °C
(Vielzeuf and Holloway, 1988).

On the other extreme, melting in the granulite facies sample Iz405
(estimated peak temperature of 925 °C) is attributed to fluid-absent
biotite melting (Fig. 5h). The calculated bulk H2O-content is ~1.4 wt%,
Fmelt results to 0.34 (Fig. 5h). The H2O-concentration in the (now
frozen) melt was hence ~4 ± 1 wt%, consistent with the 2–3 wt% to be
expected from fluid-absent mica melting during which the mica/melt
ratio is roughly 0.5 (Vielzeuf and Holloway, 1988). This sample in-
dicates that despite a likely melt escape, the combination of the melt-o-
meter with thermodynamic modelling allows to reconstruct plausible
H2O-contens also at high grade melting conditions.

5.4. Rheological implications

The re-precipitated zircon melt-o-meter constitutes a tool to quan-
tify the amount of melt frozen in migmatitic rocks at a hand specimen
scale and, if applied to several samples, of a partially molten unit on a
larger scale. The ability to quantify and map the fraction of melt present
in migmatitic rocks at the time of crystallization is crucial to retrieve
the strength and viscosity of a rock and consequently understand its
rheology. The drop in strength observed at 7–10 vol% melt (Rosenberg
and Handy, 2005) strongly impacts the deformational behavior of rocks
and hence the bulk rheology of the crust and its response to buoyancy
and differential stress (Unsworth et al., 2005; Labrousse et al., 2015). As
commonly observed throughout migmatitic terranes (e.g. Sawyer,
2008), the distribution of melt and therefore of low viscosity zones is
heterogeneous and strongly controlled by anisotropy (e.g. shear zones),
local stress gradients and rheological contrasts in the original config-
uration of the crust (e.g. lithological contacts).

Similarly, heterogeneous distributions of melt-rich, low viscosity
zones concentrated in high-porosity domains are observed in de-
formation experiments (Katz et al., 2006), as well as in thermo-me-
chanical simulation of melt-assisted deformation (Gerya et al., 2015).
Instead, in granitic to gneissic terranes, it is difficult to identify the
amount of melt present at a given time. Our melt-o-meter allows for
quantification of the melt distribution within specific domains towards
the end of the last melting event. Similarly, if linked to field observa-
tions and applied on a regional scale on different domains, our
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approach may consent to identify former soft, melt-rich and strong,
melt-depleted domains, their distribution, array, size and extension,
ultimately leading to the rheological mapping of high-grade terranes.

6. Conclusions

This work provides a new tool to quantify the amount of melt frozen
in a hand sample of felsic, zircon saturated rocks in migmatitic terranes.
The method requires bulk rock analysis, zircon UePb dating by spa-
tially resolved techniques and careful determination of zircon rim vo-
lume fractions based on image processing. The melt-o-meter is in-
dependent from thermodynamic modelling, but combination with
thermodynamic calculations allows retrieving H2O-contents and to
approximate the extent of melt mobility in migmatitic rocks. Used in
combination, the two methods may further provide insights about the
fluid-present vs. fluid-absent nature of partial melting. The samples
tested here indicate that at temperatures insufficient for fluid-absent
melting, fluid-influx controls the amount of melt.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.chemgeo.2020.119755.
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