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Abstract A combined petrologic, textural and chemical
approach is used to interpret the relationship between
chemical exchange and deformation during partial
melting of a granodioritic gneiss in the contact aureole
of the Bergell Pluton (Central Alps). In contrast to most
regional metamorphic anatexites, chemical equilibrium
between residue and segregated melt was attained and
preserved by several elements, as shown by their present
distribution. Equilibrium involved both the major and
the trace elements hosted in the rock-forming minerals
and the light rare earth elements (LREE), hosted pri-
marily in allanite. Equilibrium with respect to LREEs
was achieved because allanite had a reactive behaviour
during water-present melting, in contrast to the refrac-
tive behaviour of xenotime, which mostly controls the
distribution of the HREE’s. The attainmenfffft and
preservation of equilibrium between leucosome and
residue requires peculiar boundary conditions. We pro-
pose that the achievement of equilibrium between melt
and residue was promoted by deformation, operating via
a mechanism of melt present granular flow (i.e. disso-
lution-accommodated grain-boundary sliding active
during partial melting). Microstructural observations
indicate that melt-present granular flow was the domi-
nating deformation mechanism in these anatexites. The
preservation of residue–melt equilibrium is inferred to
result from rapid cooling under contact metamorphic
conditions and from the lack of deformation below the
solidus.

Introduction

The occurrence of chemical equilibrium between residue
and melt is a fundamental assumption in petrogenetic
studies of the formation of granitic melts (e.g. Hanson
1978). Unfortunately, inferred granitic melts can rarely
be followed from the plutons back to their source region
and, hence, chemical equilibrium or disequilibrium in
the source region cannot be evaluated.

Partial melting can be best studied in anatexites,
where former melts as well as residues are preserved. A
fundamental problem in the geochemistry of anatexites
as it pertains to granite genesis is the commonly ob-
served discrepancy between element distribution in nat-
ural anatexites and in experiments. The high
temperatures needed for partial melting make melt–res-
idue equilibrium possible, but such equilibrium is rarely
found. With few exceptions (e.g. Obata et al. 1994;
Whitney and Irving 1994), most investigations docu-
mented that the composition of mineral phases in leu-
cosomes and residues of anatectic rocks are similar. This
is specially true for feldspar compositions (e.g. Misch
1968; Fitzsimonis 1996; Jung et al. 1998). In contrast,
experiments show that plagioclase in the residues has a
higher Ca/Na ratio than in the melt (Ashworth 1985; for
a summary see also Johannes and Holtz 1996). The same
discrepancy is found when comparing the trace element
concentrations of minerals in leucosomes and melano-
somes of migmatites (e.g. Bea et al. 1994).

In order to explain the unexpected compositional
similarity of leucosome and residue in natural systems,
different processes have been proposed (cf. Sawyer 1991;
Johannes et al. 1995; Bea 1996; Watt et al. 1996; Sawyer
1998). This discussion must be subdivided into (1)
achievement of residue–melt equilibrium during melting
and (2) preservation of such an equilibrium during
cooling and crystallization. Some authors, concerned
about the achievement of equilibrium, have invoked
disequilibrium melting (e.g. Johannes et al. 1995;
Nabelek and Glascock 1995) in order to explain the final
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composition. Others, concerned about the possible
preservation of equilibrium compositions, attributed the
similar trace element composition of melanosome and
leucosome to mineral–mineral equilibrium formed dur-
ing cooling and crystallization (Fourcade et al. 1992;
Nabelek 1999). The latter studies observed a mineral–
mineral re-equilibration with respect to trace elements,
but a preserved mineral–melt equilibrium with respect to
the major elements.

In order to understand the geochemical evolution of
crustally derived, partially molten rocks, the parameters
controlling the achievement and preservation of chemical
equilibration or dis-equilibration must be investigated.
Chemical equilibrium depends mainly on diffusion and/
or surface-controlled processes. Both processes are time
dependent at any given temperature and, therefore,
related to the time interval of melting (e.g. Sawyer 1991).
The effect of syn-magmatic deformation on the chemical
composition of migmatites has received little attention in
previous geochemical studies. However, dynamic recrys-
tallization and/or deformation by diffusion creep may
affect the chemical equilibrium of grains and melt. Dif-
fusion creep in the presence of melt involves dissolution
and re-precipitation, which destroy old mineral zoning
and favour equilibration of grains with an interstitial
melt. Dynamic recrystallizationmay also favour chemical
exchange, as experimentally shown by Yund and Tullis
(1991). In addition, melt infiltration along grain bound-

aries is also enhanced by deformation (Jin et al. 1994;
Tullis et al. 1996; Rosenberg and Handy 2001), thus
allowing a greater interaction between grains and melt.

The present paper presents a geochemical investigation
of a syntectonic, partially molten metagranitoid. The
well-preserved syn-magmatic microstructures of these
migmatites allow us to distinguish areas where melt was
present from areas that were melt-free (Rosenberg and
Berger 2001). We, therefore, use microstructural criteria
to discriminate between former melt and residues. We
then make comparisons between the composition of
microstructurally homogeneous rocks with the composi-
tions of former residues and crystallizedmelts. Finally, we
infer the operative deformation mechanisms, based on
microstructural observations, and discuss their influence
on chemical equilibration.

Geological setting and physical conditions of melting

The studied area is located in the Bergell Massif and
represents the easternmost occurrence of Penninic nap-
pes in the Central Alps (Fig. 1). A tectonic window ex-
poses the floor of the Bergell tonalite and the underlying
anatexites and gneisses that are described here. The same
contact is also exposed along the western margin of the
Bergell tonalite (Fig. 1; Rosenberg et al. 1995; Davidson
et al. 1996).

Fig. 1 a Simplified geologic
map of Bergell area (central
Alps; Switzerland–N Italy).
Modified from Rosenberg et al.
(1995). b NW–SE profile as
indicated in a (modified from
Davidson et al. 1996). The
enclosing rocks of the Bergell
pluton are exposed in a tectonic
window, along the hinge of an
antiform
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The anatexites are directly in contact with the Bergell
tonalite and partial melting is induced by the intrusion
of the tonalite (Fig. 1). ‘Al-in-hornblende’ barometry
indicates a pressure of 0.66±0.04 GPa during crystalli-
zation of the tonalite (Davidson et al. 1996). Therefore,
this pressure is inferred during partial melting in the
contact aureole.

The temperatures for partial melting cannot be di-
rectly estimated because classical geothermometers for
quartzo-feldspathic rocks are not available. Thermal
modelling applied to the eastern contact of the Bergell
pluton (Trommsdorff and Conolly 1996) suggests that a
temperature of �700 �C was achieved at the pluton’s
contact. Compared with the eastern margin, in our study
area, the thickness of the tonalite is smaller and the pre-
intrusive temperature of the country rock was higher
(Davidson et al. 1996). These two parameters probably
balance each other, suggesting that the peak temperature
was about 700 �C or slightly higher. The occurrence of
biotite in the residue and protolith indicates that melting
did not involve this hydrous phase. Moreover, none of
the expected anhydrous phases that form during biotite-
dehydration melting are present. The absence of biotite
dehydration melting gives an upper temperature limit of
760 �C for anatexis (Singh and Johannes 1996).

A temperature estimate based on zircon solubility in
the leucosomes (Watson and Harrison 1983) yields
temperatures between 704 and 780 �C for different leu-
cosome compositions. The lower temperature (�700 �C)
is consistent with the estimate above, whereas the upper
temperature (780 �C) appears to be too high, because
any solid product of incongruent biotite dehydration
melting are missing. Note, however, that the use of Zr
concentration as an geothermometer assumes that the
investigated rock crystallized without solid particles as
solid Zircon minerals. This is unlikely for most leuco-
somes.

However, these temperatures are sufficient for mus-
covite dehydration melting, but even in this case, none of
the solid products of muscovite dehydration is found
(i.e. sillimanite). Moreover, the protolith does not con-
tain primary muscovite. Therefore, eutectic melting of
plagioclase, quartz and K-feldspar must have been in-
duced by the infiltration of a free aqueous fluid, most
likely released by the crystallizing magmas of the Bergell
pluton. An upper boundary for the duration of melting
can be estimated from T–t paths typical for contact
metamorphism (e.g. Hanson and Barton 1989). Given
the P–T conditions discussed above, the solidus of the
studied rocks was probably overstepped for no longer
than 1 Ma.

Microstructures and deformation mechanisms

On the outcrop scale, the percentage of melting appears
to have been higher in the vicinity of the pluton. The
structurally lower unit, which is more distant to the
pluton, consists of a K-feldspar-bearing augen gneiss

and lacks any microstructural evidence for partial
melting (e.g. Sawyer 1999). Closer to the pluton contact,
centimetre-wide leucocratic veins, both parallel and
discordant to the host foliation occur. Still closer to the
contact the orthogneisses are progressively transformed
into a heterogeneous rock with a weakly foliated granitic
matrix, containing clasts of well foliated gneiss, varying
from a few centimetres to approximately 50 cm across
(Fig. 2a, b). Based on the mineral chemistry and the
microstructures, we inferred that the augen gneisses
represent the protolith, the leucocratic veins the segre-
gated melt and the clasts the residues (Rosenberg and
Berger 2001). The granitic matrix warping around the
clasts was interpreted as a melt-crystal mush, which
formed where melt did not segregate out of the rock. A
detailed description of all these rock types and their
microstructures may be found in Rosenberg and Berger
(2001). Here, we will only describe the relevant micro-
structures of the clasts and of their granitic matrix.

On the scale of a thin section, clasts have a banded
structure consisting of alternating monophase aggre-
gates of quartz, plagioclase and biotite (Fig. 2c), which
form a pronounced foliation. Quartz grains are elongate,
they have lobate grain boundaries, undulose extinction,
subgrains and deformation bands, suggesting that
quartz deformed by dislocation creep associated with
grain boundary migration recrystallization. Plagioclase
grains also have lobate grain boundaries, folded twin
planes and a weakly elongated shape (Fig. 2d). Hence,
flow of plagioclase also occurred by crystal plasticity
associated with dynamic recrystallization. Biotite forms
elongate aggregates and the (001) plane of most grains is
parallel to the foliation.

In the granitic matrix, interphase boundaries are
more randomly distributed, i.e. the existing phases do
not concentrate into bands of monophase aggregates
(Fig. 2e). K-feldspar is present in these rocks, there is no
evidence for a competence contrast between the different
minerals, and only the shape-preferred orientation of
anisotropic grains defines a weak foliation. Biotite grains
do not form interconnected layers, nor aggregates. Most
biotite grains are isolated, and their (001) planes do not
show a pronounced preferred orientation parallel to the
foliation. Intergranular films of K-feldspar, quartz and
biotite commonly coat the boundaries between quartz
and plagioclase grains (Fig. 2f). Following the inter-
pretation of Rosenberg and Riller (2000) and Sawyer
(2001), we infer that these films crystallized from an
intergranular granitic melt.

The lack of competence contrast between minerals
and the weak or absent shape preferred orientation in
the granitic matrix suggest that deformation occurred by
granular flow, i.e. by sliding of grains past each other,
grain shape readjustments and dissolution and re-pre-
cipitation (e.g. Paterson 1995, 2001). Deformation by
this mechanism does not create elongated grain shapes
nor interconnected monophase bands. In fact, in the
absence of strain markers, the microstructure of a rock
that was deformed by granular flow may be difficult to
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distinguish from the microstructure of an unstrained
rock. We infer, however, that deformation was in fact
concentrated in the matrix because it wraps around the
more competent clasts (Fig. 2).

Mineral and bulk rock chemistry

Analytical methods

The major elements in plagioclase and biotite were measured with
an electron microprobe Cameca SX50. We used silicate standards,
an acceleration voltage of 15 kV, a beam current of 10 mA and a

Fig. 2a–f Photographs and microphotographs of the investigated
samples. aHand sample showing a gneissic clast (A) in amatrix.Note
the occurrence of residue material; (B) with diffuse contact with the
matrix. White arrows indicate foliation parallel leucocratic veins.
b Residue consisting of a competent clasts in the granitic matrix.
Note the intense foliationof the clast in contrast to thematrix. cPlane
light microphotograph of a residual clast. Note the layered
arrangement of quartz aggregates, plagioclase aggregates and biotite
aggregates, which form the foliation of this rock. d Plagioclase
aggregate in a residual clast. Note the lobate grain boundaries,
suggesting dynamic recrystallization by grain boundary migration.
e Part of the matrix deforming by melt-present granular flow. Note
the lack of monomineralic aggregates and the weak shape preferred
orientation of all mineral phases (Q quartz;P plagioclase;Bt biotite).
fPhotomicrograph of intergranularK-feldspar film (see black arrow)
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counting time of 20 s. The raw data were corrected using PAP
procedures. Trace elements in biotite and feldspars were deter-
mined with a l-XRF (Cheburkin et al. 1997). The spatial resolution
of the l-XRF was 35 lm, nearly one order of magnitude smaller
than the mean grain size (100–500 lm). Absolute concentrations
could not be determined because the necessary standards were not
available. However, relative comparisons can be made. Counting
times varied between 20–40 min per analysis using a primary Mo-
tube operating at 45 kV and 20 mA. Major elements and Sr, Rb,
Ba, Pb, Ni, V, Zr, Zn and Y in bulk rock were determined by
standard X-ray fluorescence on glass pellets.

Mineral chemistry of leucosome, matrix and residue

The anorthite content of plagioclase in the matrix and in
the leucosomes ranges between An28 and An25. In
contrast, the composition of plagioclase in the residues
ranges between An37 and An44 (Table 1). Intragranular
compositional variations in plagioclase are small.
l-XRF analyses indicate that the feldspars are the main
carriers of Sr, and to a minor extent of Rb and Fe.

The XMg (=Mg/Mg+Fe) of the biotite grains varies
systematically between the residues, the protoliths and
the leucosomes (Table 2, Fig. 3). The slight change in
Fe/Mg ratio in biotite occurs in combination with the
growth of Fe- and Fe–Ti oxides. The different XMg
values do not result from a temperature variation, as
indicated by the constant Ti content of biotite in all
samples investigated. Small variations of Ti-content
within one sample are locally caused by exsolution of
ilmenite. The trace elements in biotite are mainly Zn and
Rb.

Whole-rock chemistry

Microstructurally homogeneous parts of the hand
specimens (i.e. homogeneous modal composition and
microstructures pointing to the same dominant defor-
mation mechanism) were selected with care. Hence, the
sample-volumes were sometimes small. The data are
presented in several co-variation diagrams (Figs. 4, 5

and 6, Table 3). This discrimination of the anatexite
parts is based on structural/microstructural observa-
tions. However, different degrees of melt segregation in
some of the matrix samples is responsible for the spread
of chemical data.

The transition metals

The Mg/Fe ratio of the whole rock does not change
systematically in the different rock types (Fig. 4). In
contrast, the transition metals (e.g. Ti, V, Zn) increase
from leucosomes to restites (Fig. 5). As shown by in-situ
l-XRF analyses (see before), biotite is the main carrier
of the transition metals (i.e. Ti, Zn). These trace

Table 1 Mineral chemistry of plagioclases. Additionally, An con-
tents from whole-rock analysis are presented using CIPW norm

BM17 (Residue) C9947 (Leuco)

SiO2 58.39 60.47
Al2O3 26.69 23.40
CaO 7.9 5.41
Na2O 7.25 8.37
K2O 0.26 0.351
Sum 100.62 98.08
Si 2.588 2.74
Al 1.394 1.249
Ca 0.375 0.263
Na 0.623 0.735
K 0.015 0.02
XAn 0.37 0.26
XAb 0.61 0.72
XOr 0.015 0.02
An aus CIPW 34 24

Table 2 Mineral chemistry of biotite

Sample C9946 (Residue) C9947 (Leuco)

SiO2 34.895 34.368
Al2O3 15.652 16.943
TiO2 3.444 3.766
FeO 20.947 21.335
MnO 0.406 0.339
MgO 9.833 8.032
CaO 0.016 0.054
K2O 9.71 9.598
Na2O 0.092 0.103
F 0.526 0.665
H2O (calc) 3.581 3.492
Sum 99.105 98.695
On the base of 32O
Si 5.920 5.861
Al (tot) 3.130 3.405
Ti 0.440 0.483
Fe 1.320 1.777
Mn 0.058 0.049
Mg 2.487 2.042
Ca 0.003 0.010
Na 0.030 0.034
K 2.102 2.088

Fig. 3 Composition of the biotite in different parts of the
anatexites. Note the similar TiO2 content at variable XMg
[=Mg/(Mg+Fe)]
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elements are expected to be partitioned into biotite
during partial melting (see Mahood and Hildreth 1983;
Nash and Crecraft 1985; Green 1994 for a review). No
other main rock-forming phase contains any transition
metals and, therefore, no significant changes of trace
element concentrations in biotite are expected. In sum-
mary, the total amount of transition metals is simply
related to the abundance of biotite in the sample. This
behaviour of the transition metals is expected to be
markedly different under conditions of biotite dehydra-
tion melting (Sawyer 1998).

The alkali and alkali earth elements
and the behaviour of feldspars

Feldspars are the main carriers of Ca, Na, Pb and Sr.
The chemical distribution of these elements is essential
to understanding geochemical transfers during partial
melting. Controversies about the generation of partial

Fig. 4 Co-variation diagrams of the bulk-rock chemistry between
Mg/(Mg+Fetot) versus SiO2. Symbols are the same as in Fig. 3

Fig. 5 Co-variation diagrams for Zn versus SiO2. Symbols are the
same as in Fig. 3

Fig. 6 Co-variation diagrams for different elements: a Pb versus
K2O; b Rb versus K2O; c Sr versus K2O; d CaO/Na2O versus SiO2.
Symbols are the same as in Fig. 3. See text for discussion
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melts are to a large extent based on differences between
feldspars grown experimentally and feldspars in
anatexites (cf. Ashworth 1985; Sawyer and Barnes 1988).

In our samples, Sr shows a negative correlation with
K2O (Fig. 6), in contrast to most data on anatexites
reported in the literature (e.g. Bea et al. 1994; Nabelek
1999). Sr has a high partition coefficient (KD) for both
feldspars (Green 1994; Icenhower and London 1996).
Therefore, Sr is expected to be enriched into the solid
residue and not into the melt. Pb contents show a weak
correlation with K2O, and a negative correlation with
CaO. Based on experimentally-derived KD values, Pb is
expected to be partitioned into K-feldspar (Nash and
Crecraft 1985). The initial volume of K-feldspar is
consumed during melting and only a small portion of the
Pb will distribute into the plagioclase. Therefore, most
of the Pb is expected to concentrate into the melt if
K-feldspar is absent from the residue. In our samples,
the highest concentrations of Pb are in the leucosomes,
whereas the lowest concentrations are in the residues
(Fig. 6). This type of final concentration of Pb could also
be explained by mineral–mineral equilibria because no
significant difference is expected between plagioclase–
melt equilibria and plagioclase–alkali-feldspar equilib-
ria. Therefore, Pb cannot be used to discriminate
between achievement and preservation of mineral–melt
and mineral–mineral equilibria.

The Ca/Na ratio of the whole rock and the Ab/An
ratio of the plagioclase grains in residue and leucosome
vary systematically (Fig. 6, Table 1). As expected, the
An content of plagioclase is low in the leucosomes and
the highest in the residues. These data suggest equili-
bration of residual plagioclase grains with the melt.
This is particularly important because the Ca/Na ratio
in plagioclase is controlled by the coupled exchange

(CaAlNa–1Si–1), which is very slow (e.g. Yund 1986;
Bascheck and Johannes 1995). The equilibration of the
feldspars is also demonstrated by the minimum melt
composition of the segregated melts (Fig. 7). The mini-
mum melt composition also indicates high water activi-
ties, as already inferred from petrological consideration.

In order to quantitatively evaluate the existence of
melt–residue equilibrium, the distribution of Sr between
melt and minerals was modelled, using the batch
melting equation (e.g. Langmuir et al. 1992). Major
parameters by modelling partial melting is the melt
fraction (F) and the bulk distribution coefficient of an
element (D), which result from the sum of the mineral
fractions of all minerals and their related KD values .
The mineral fractions are estimated by point counting

Table 3 Representative XRF analysis of matrix, residue and protolith samples

Matrix Leucosomes Residues Protolith

BM23 BM18 BM 16 BM5 BM22 BM15 BM24 BM25 BM6 BM17/2 C9949 BM7 BM8 C9950

SiO2 (wt%) 69.92 70.54 72.23 73.17 74.66 73.69 62.42 61.21 59.43 59.79 67.89 71.70 69.04 68.28
TiO2 (wt%) 0.34 0.29 0.19 0.20 0.07 0.16 0.66 0.82 0.88 0.94 0.52 0.21 0.46 0.49
Al2O3 (wt%) 15.63 15.36 14.40 14.59 13.78 13.63 17.61 18.07 19.18 18.04 16.84 15.55 14.85 16.09
Fe2O3 (wt%) 2.40 2.02 1.24 1.62 0.54 1.06 4.61 5.92 6.07 5.98 3.99 1.63 3.38 3.64
MnO (wt%) 0.02 0.03 0.02 0.04 0.01 0.02 0.07 0.11 0.09 0.08 0.06 0.03 0.06 0.06
MgO (wt%) 0.81 0.73 0.60 0.48 0.19 0.47 1.41 1.67 1.64 1.69 1.29 0.44 1.03 1.11
CaO (wt%) 2.27 2.42 2.24 1.70 1.02 1.34 3.93 4.10 4.10 4.19 3.00 2.65 2.71 3.11
NaO (wt%) 4.55 4.16 4.99 3.80 3.24 3.36 4.47 4.47 5.11 4.67 6.34 4.35 3.71 4.06
K2O (wt%) 2.88 2.99 1.98 4.14 5.68 4.98 2.70 2.25 2.19 2.20 1.87 2.60 3.43 3.25
P2O5 (wt%) 0.05 0.10 0.11 0.07 0.08 0.14 0.54 0.31 0.28 0.33 0.06 0.05 0.16 0.16
LOI (wt%) 0.46 0.28 0.18 0.21 0.23 0.34 0.43 0.34 0.44 0.35 0.48 0.25 0.35 0.39
Sum 99.46 99.12 98.18 100.18 99.60 99.28 99.01 99.43 99.58 98.26 102.45 99.63 99.30 100.8
Ba (ppm) 633.08 1371 176.67 1097. 585.67 403.61 664.14 446.45 499.79 799.12 251.8 978.5 700.5 916.4
Nb (ppm) 12.94 6.98 11.98 7.98 5.99 11.96 22.90 24.91 19.91 21.92 9.95 7.98 10.96 11.95
Pb (ppm) 19.91 16.95 22.96 30.94 39.91 33.88 15.93 12.96 14.93 12.95 17.92 22.94 17.94 15.94
Rb (ppm) 57.73 62.82 87.84 111.77 120.73 178.39 118.49 125.56 124.45 87.68 74.65 61.85 121.57 107.59
Sr (ppm) 461.87 425.81 106.80 330.32 198.55 216.26 370.40 346.80 402.22 422.48 298.60 385.05 263.06 296.86
V (ppm) 19.91 34.90 13.97 18.96 4.99 11.96 66.71 81.72 77.66 73.73 47.78 20.95 48.83 43.83
Y (ppm) 10.95 14.96 12.98 17.96 29.93 9.97 60.74 55.81 37.83 44.84 24.88 11.97 25.91 18.93
Zn (ppm) 61.72 39.89 37.93 44.91 37.91 30.89 80.65 121.58 114.49 114.59 93.56 50.87 69.75 80.69
Zr (ppm) 194.10 150.58 164.69 136.72 68.84 96.67 290.75 383.67 371.36 365.68 266.75 151.62 215.23 256.02

Fig. 7 Qtz–Ab–Or triangular plot. The cotectic lines at water
activity of 1 are included (taken from Johannes and Holtz 1996).
Normative composition of the measured leucosomes are plotted,
which show nearly perfect minimum melt compositions
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of thin sections. We calculated F by optimizing the
K2O content between protolith and residue composi-
tion, using the given leucosome composition. This
calculation results in a segregated melt fraction of 0.32
for the residue that lost the greatest melt fraction.
However, the melt fraction equilibrated for each sam-
ple are impossible to estimate, and we computed
models for melt fractions between 0 and 0.5 (Fig. 8).
For the calculated melt fraction, the measured leuco-
some Sr concentration are slightly above the modelled
data. In addition, values for the intermediate samples
(granitic matrix) show a large spread. However, the
measured composition of the residues is in good
agreement with the modelled distribution at F=0.32
(Fig. 8). The Sr concentrations in leucosome and resi-
due of the Bergell anatexite are consistent with a batch
melting model (Fig. 8).

The rare earth elements (REE)
and the accessory minerals

We analysed the REE concentrations by ICP-MS in six
samples (analysed in the Activation Laboratories, Can-
ada; Table 4). The bulk REE content is the lowest in the
leucosomes, whereas it is the highest in the residues
(Fig. 9). In order to investigate the potential differenti-
ation of the REE’s, we normalized the REE contents of
the six samples to the content of the protolith (Fig. 9).
The grey area in Fig. 9 indicates the variation of the
protolith defined by two samples. The residue shows an
increase in heavy rare earth elements (HREE) in com-
parison to the protolith. The two leucosomes show dif-
ferent trends in this normalization. The composition of
one leucosome clearly reflects a counterpart to the resi-
due. The distribution of the REEs and some other high
field strength elements (i.e. Y, Zr, Hf) depends on the
behaviour of their main host accessory minerals.

The accessory minerals in the protolith are mainly
allanite, zircon and minor apatite. The allanite is up to
0.7 mm in size and some crystals are weakly zoned. The
leucosomes contain no allanite, but rare apatite, zircon
and monazite. The residues are dramatically enriched in
apatite, monazite and zircon. Some rare residues also
contain allanite, but these grains are smaller than in the
protolith. The occurrence of monazite both in the leu-
cosome and in the residue suggests a mineral reaction
during partial melting because monazite is a newly-
formed mineral that is absent in the protolith. The ab-
sence of allanite in most of the residue suggests that
allanites were consumed during partial melting. There-
fore, allanite was not inert during partial melting, so that
the hosted REE could have reached equilibrium.

Zr and Hf decrease systematically with increasing
SiO2 content. This chemical correlation could result
from enrichment of zircons in the residue or from
equilibration of Zr between melt and zircon minerals. In
order to discriminate between these possibilities, a mass
balance calculation is done for variable melt fractions

Fig. 8 Modelling of strontium concentrations during batch
melting. Model 1 assumes equilibration between the residual
minerals observed in the residues and the melt (mineral fractions
are Plag =0.55; Bt =0.3). KD of plagioclase are taken from Arth
(1976) and for biotite from Nash and Crecraft (1985). Model 2 uses
the modal abundance of the protolith (mineral fractions are Plag
=0.45; Kfs =0.2; Bt =0.13) with the same KD values as model 1,
and additionally alkali-feldspar from Nash and Crecraft (1985).
Model 3 is identical to model 2, but with KD values for alkali-
feldspar from Icenhower and London (1996). In addition, the
measured values are shown as dots for F=0.32, which is calculated
for the most segregated residue. CL/Co is the concentration ratio
between the melt and the start material; CS/Co is the concentration
ratio between the residue and the start material

Table 4 REE analysis of structurally selected proportions of the
anatexites

Leucosome Residue Matrix Protolith

Sample C9947 BM5 BM17/2 BM23 BM8 C9950

La (ppm) 41.97 42.56 58.97 54.65 49.59 55.96
Ce (ppm) 85.04 85.72 122.55 110.80 98.38 111.97
Pr (ppm) 8.82 8.68 13.34 10.96 9.64 11.45
Nd (ppm) 36.20 35.21 55.25 43.40 36.25 44.01
Sm (ppm) 6.27 6.92 11.22 7.55 6.79 7.15
Eu (ppm) 1.72 1.22 2.36 1.55 1.18 1.47
Gd (ppm) 5.13 5.53 9.97 4.75 5.45 5.57
Tb (ppm) 0.68 0.81 1.58 0.52 0.87 0.74
Dy (ppm) 2.71 3.86 7.75 1.94 4.43 3.43
Ho (ppm) 0.38 0.74 1.40 0.27 0.78 0.56
Er (ppm) 0.85 2.47 4.24 0.68 2.26 1.58
Tm (ppm) 0.09 0.41 0.64 0.10 0.35 0.22
Yb (ppm) 0.49 2.80 3.99 0.64 2.19 1.26
Lu (ppm) 0.05 0.41 0.57 0.08 0.33 0.16
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and variable Zr content in the melt (solid lines in
Fig. 10). The observed Zr concentration can be ex-
plained by the extraction of relative high melt fractions
(F �0.5; Fig. 10). As pointed out in the geological set-
ting, the lowest Zr concentration are consistent with
expected values by solution of Zr in the melt. However,
segregation of pure melt may be unlikely for most leu-
cosomes.

Discussion

Trace element distribution between residues and leuco-
somes measured in natural anatexites often differ from
the concentrations calculated using experimentally de-
rived KD values. Three factors may explain this dis-
crepancy: first, mineral–melt equilibrium is not achieved
in natural anatexites. Second, during cooling and crys-
tallization, mineral–mineral equilibrium overprints and
deletes any previously achieved mineral–melt equilibri-
um. Third, mineral–melt equilibrium is achieved in
natural rocks, implying that most KD’s are close to 1
(Bea et al. 1994).

In the Bergell anatexites, major and trace element
distributions of several elements are consistent with

those expected from experiments. For example, Sr has a
high partitioning coefficient (>1) for both feldspars in
equilibrium with a granitic melt (e.g. Green 1994).
Therefore, Sr is expected to be enriched into the solid
residue and not in the melt. Indeed, the Sr-content de-
creases in the rocks inferred to have crystallized from the
melt (Fig. 6), even though they contain K-feldspar-rich
leucosomes, because biotite and plagioclase act as sinks
for Sr during initial melt–residue equilibrium. In con-
trast, most examples in the literature (e.g. Bea et al.
1994; Nabelek 1999) report a positive correlation of Sr
with K2O content, which are generally high in leuco-
somes and low in residues. This indicates that late
mineral–mineral equilibration instead of mineral–melt
equilibria may have controlled the distribution of some
trace elements in the anatexites of the latter investiga-
tions.

The present work shows that equilibrium, residue/
melt distributions of major and trace elements can ap-
parently be achieved and preserved under some natural
conditions. This interpretation is supported by most of
our chemical data. (1) The leucosomes have a minimum
melt composition (Fig. 7). (2) The anorthite component
of plagioclase increases in the residue and decreases in
the leucosome (Table 1). (3) Sr is enriched in the residue
and lowest in the leucosome. (4) The different micro-
structures observed in the residue and protolith, on the
one hand, and in the leucosome and the granitic matrix,
on the other hand, are typical for melt-absent and melt-
present deformation, respectively.

Fig. 9 Behaviour of elements hosted by accessory minerals. a Sum
of REE + Th against SiO2. Notice the enrichment of REE in the
residue. Symbols are the same as in Fig. 3. b Spider diagram of the
REE normalized to the average of the protolith. The grey area
represent the variations of the protolith composition

Fig. 10 Element distribution of zircon between leucosome and
residue. Measured data are shown as individual symbols (symbols
are the same as in Fig. 3). Additionally, mass balance calculations
are done by extracting different melt fractions from an average
protolith. The expected residue should contain certain SiO2

contents. Therefore, the melt fraction is presented on top of the
diagram, which is connected with a certain SiO2 content. Model 1
uses the extraction of melt with 68 ppm Zr and model 2 uses the
same calculation with 137 ppm Zr in the melt. In addition, the
theoretical Zr saturation concentration is calculated from Watson
and Harrison (1983; =W&H83) using a temperature of 700 �C and
a water content of 6.5 wt%
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The fact that the distribution of the HREE between
the leucosome and residue does not reflect the expected
equilibrium between melt and residue is not a con-
tradiction of the above interpretation. It merely shows
that the attainment of an equilibrium distribution for a
given element is also dependent on the behaviour of its
host mineral. The HREE are hosted in the xenotime/
zircons that can be refractory during partial melting. As
a consequence, equilibrium distribution of HREE may
not be achieved. We argue that two main factors con-
tributed to the formation and the preservation of the
observed distributions. Deformation enhanced chemical
equilibrium between residue and melt, and rapid cooling
under contact metamorphic conditions, inhibiting min-
eral–mineral re-equilibration (e.g. Nabelek 1999). We
suggest that only in relatively fast cooling and crystal-
lizing anatexites are mineral–melt equilibria preserved.

The effect of deformation on chemical equilibrium

We believe that deformation enhances chemical equi-
librium mainly in two ways: by inducing dynamic re-
crystallization in the residue, and by activating diffusion-
accommodated grain boundary sliding in the granitic
matrix. We inferred above that the clasts of the residue
were deformed by dislocation creep involving grain
boundary migration recrystallization (see Fig. 2). As
experimentally demonstrated for plagioclase aggregates
(Yund and Tullis 1991), this recrystallization mechanism
enhances the exchange of elements between mineral
grains and fluid in a rock. Na/Si and Ca/Al exchanges
occur by diffusion along the high-angle grain boundaries
that sweep through a work-hardened grain. This process
may be responsible for a continuous compositional
change of the residue.

The granitic matrix deformed by granular flow in the
presence of melt (see the section Microstructures and
deformation mechanisms). This process involves disso-
lution of material into the melt and re-precipitation on
solid material and permanent switching of neighbouring
grains (e.g. Paterson 1995, 2001; Fig. 11). Thus, en-
hancing mineral–melt equilibrium mainly in two ways:
(1) continuous movement, by gliding of grains past each
other minimizes transport distances (Fig. 11); and (2)
deformation-induced dissolution and precipitation
causes the dissolution of large portions of the solid rock,
even if melt fractions are low.

To (1): Reaction kinetics and their progress are
controlled by the size of local chemical overstepping
(high chemical overstepping enhance reaction progress).
However, under static conditions, chemical gradients
decrease during ongoing reaction progress. In a material
deforming by sliding of grains past each other, contin-
uous switching of neighbouring grains (Fig. 11) may
enhance the maintenance of high chemical gradients
during ongoing reactions. In addition, mechanical
movements of grains (and melt) shorten the transport
distance of chemical components.

To (2): The transport of chemical components by
dissolution and precipitation is more effective than by
pure diffusion of cations through solids and melt. This
interpretation is also supported by experimental data,
indicating that the process of solution and precipitation
has a larger effect on equilibration than pure diffusional
transfer (Johannes et al. 1994). In addition, components
solved in the melt can be transported by convection.

During diffusion-accommodated grain boundary
sliding, provided that finite deformation is large, the
entire volume of the solid rock may become dissolved
into the melt (not at the same time), irrespective of the
small melt fraction.

The role of chemical parameters
on the equilibrium of the REE’s

The attainment of chemical equilibrium for elements
hosted in the rock-forming minerals depends on the re-
action kinetics of these minerals. The accessory phases
are affected similarly, but their stability in different
chemical systems is less known. Previous studies suggest
that REE’s and high field strength elements rarely reach
equilibrium during crustal melting due to the refractory
behaviour of their host minerals (e.g. Nabelek and
Glascock 1995; Bea 1996; Watt et al. 1996). In contrast,
the Bergell samples show a reactive behaviour of some
accessory minerals. The occurrence of allanite in the
protolith versus the occurrence of monazite in residue
and leucosome suggests the reactive behaviour of alla-
nite during partial melting and melt segregation. The
parameters controlling stability of these phases are P, T,
aCa, fO2 and/or aH2O. However, the fO2 and aH2O are
coupled by the dissociation of water. P and T did not
vary substantially between leucosome, residue and pro-
tolith because all these rock types can be found on one
and the same outcrop.

In the leucosome, as well as in the residue, monazite
is the main carrier of LREE. The concentration of
LREE’s is high both in allanite and in monazite,

Fig. 11 Schematic drawing of processes active during melt present
granular flow. Granular flow includes grain boundary sliding and
transfer of material from local high stress sites to low stress sites. In
the case of melt presence, this transport occurs via local melting
and re-precipitation

425



although the major element composition of these min-
erals is different. The activity of some of these major
elements is suggested to control the stability of allanite
vs monazite. For example, Ca activity controls the sta-
bility of allanite, implying that monazite develops at low
aCa (e.g. Casillas et al. 1995; Broska et al. 2000 and
discussion therein) However, leucosomes and residues
differ substantially in their Ca concentration (Fig. 6),
which is markedly higher within the residue. Neverthe-
less, monazite is stable in the residue, suggesting that Ca
activity is not the only factor controlling the stability of
monazite.

Water activity changes during water-present melting
and crystallization (e.g. Holtz et al. 1996; Johannes and
Holtz 1996). Water activity is low as long as water is
solved in the melt (also during water-present melting).
The residue and leucosome preserved these conditions of
low water activity, which may have stabilized monazite
over allanite also in Ca-rich parts of the rocks. The
change of phase stability between the protolith and the
neosomes induced a change in the concentrations of the
LREE in the bulk samples. Therefore, we assume
equilibration for the LREE. In low aluminium-saturated
index (ASI) melts and at temperatures near 700 �C, the
solubility of SREE is low (e.g. Montel 1993; see also
Johannes and Holtz 1996). Using the equation of
Montel (1993), we expect SREE of 72 ppm at 700 �C
and water contents of 6.5 wt% in the melt. The mea-
sured concentrations of �190 ppm (=SREE) exceed this
theoretical value. This may be related to the behaviour
of the HREE-containing minerals (see also Zr concen-
tration in leucosomes). They may have a more refractory
behaviour in comparison to the allanite. The different
behaviour of the accessory minerals also influences the
REE pattern of the partially molten rocks and residues.
The residue shows an enrichment of HREE, whereas the
LREE shows similar patterns in protolith, residue and
leucosome (Fig. 9).

Concluding remarks

The results of the present study suggest that (1) under
natural conditions, chemical equilibrium of several ma-
jor and trace elements can occur between melt and res-
idue, (2) such equilibrium can be preserved through
cooling and crystallization, and (3) major and trace el-
ement distributions in natural anatexites are not neces-
sarily close to 1 and experimental KD values are useful
values.

The microstructures of the deformed anatexite indi-
cate that granular flow is the dominant deformation
mechanism where melt is present in the system. During
deformation, different degrees of melt segregation occur,
as evidenced by the chemical signature of the investi-
gated samples. All samples representing the matrix of
the residual clasts show chemical compositions ranging
between residues and segregated melt. This variation
reflects the chemical preservation of different amount of

melt segregation during partial melting and segregation.
In addition, the occurrence of inferred interstitial melt
films suggests that the ‘partially molten stage’ is pre-
served in the microstructure of the investigated rocks.
The preservation of both chemical and microstructural
signatures of melting probably results from fast cooling
and crystallization in the contact metamorphic aureole.
This is consistent with other examples of contact meta-
morphic aureoles showing the preserved microstructural
signature of former melt (e.g. Holness and Clemens
1999; Rosenberg and Riller 2000).

The absence of late mineral–mineral equilibration
allows us to test experimental and theoretical consider-
ations on diffusion, especially in feldspars. It is generally
considered that diffusion rates are too slow to equili-
brate rocks in geological time intervals (e.g. Johannes
and Holtz 1996 and literature therein). In contrast, the
present study suggests that repeated reaction between
mineral and melt can occur as a result of deformation-
induced dissolution and continuous switching of neigh-
bouring grains. Therefore, we may expect chemical
equilibration between melt and residue to occur in most
areas affected by syntectonic anatexis.
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