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ABSTRACT

Most studies of migmatites examine how anatexis occurred in the most fertile units and what hap-
pened to that melt, whereas the associated minor lithologies are typically ignored. The Kinawa
migmatite in the southern Sao Francisco Craton of Brazil is the product of water-fluxed melting of a
leucogranodiorite that contained dykes of amphibolite. The migmatite consists mostly of pink
diatexites, metatexites and leucosomes, but it also contains schollen of amphibolite. This study
examines the behaviour of these minor mafic rocks during anatexis to determine what role they
play in the formation of migmatites and development of granitic magmas in their source
region.The amphibolites are massive or banded Hbl + PI, and rarely Hbl + Pl + Cpx, schollen in the
diatexite migmatite. The amphibolite schollen melted very little, and show a complex morphology
suggesting mechanical and chemical interaction with the enclosing leucocratic pink diatexite mig-
matite. Diatexites and leucosomes immediately adjacent to the schollen have a considerably higher
proportion of amphibole (up to 12%) and/or biotite (up to 10%) compared with the diatexite a few
tens of centimeters farther away. Six stages of disaggregation and interaction of mafic schollen
with the enclosing diatexite magma are recognized: (1) amphibolite layers break up to form schol-
len, but are mineralogically and texturally unchanged; (2) melt infiltrates into fractures and foliation
in the schollen; (3) schollen disaggregate into swarms of single amphibole crystals within the
diatexites; (4) amphibole is partially replaced by biotite; (5) flow of the enclosing diatexite magma
arranges the detached amphibole crystals into schlieren and aggregates of biotite; (6) detached
crystals are completely replaced by biotite and dispersed by magmatic flow to produce a
mesocratic to melanocratic homogeneous diatexite. Geochemical modelling indicates that the
composition of the diatexites and leucosomes is changed by the wholesale entrainment of the dis-
aggregated mafic schollen or in some cases by the preferential entrainment of detached horn-
blende or plagioclase crystals. This contamination increases the maficity of initially felsic, leucodia-
texite magma, by the addition of FeO+MgO, CaO and TiO, (which results in a concomitant
decrease in SiO,), to become a mesocratic to melanocratic diatexite magma that is comparable
with typical I-type granites found around the world. Entrainment of mafic material and hornblende
in particular strongly influences the behaviour of the rare earth elements, lowering Lay/Yby ratios.
Thus, non-protolith mafic lithologies within migmatites represent a source of contamination for
anatectic melts that results in a significant increase in maficity.
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INTRODUCTION

High-grade metamorphic terrains show that deep levels
of the continental crust are reworked by partial melting
and deformation-driven melt segregation (Vielzeuf
et al., 1990; Sawyer et al., 2011) and are mostly migma-
tite. The formation of migmatites depends not only on
the temperature, pressure and a0, but also on the
bulk-rock composition. However, the principal require-
ment is that there is enough heat to raise a significant
volume of rock to temperatures above its solidus.

Fertility is a relative term that describes the propen-
sity of a rock to produce melt (Clemens, 2006). Fertile
rocks melt at the imposed P-T conditions; a more fertile
rock produces more melt than a less fertile one,
whereas an infertile rock does not melt, although it
might at higher temperature. The fertile rocks partially
melt and became the neosome; the infertile ones do not
and become the paleosome in the resulting migmatite
(Sawyer, 2008).

Most studies of partial melting have concentrated on
the neosome generated from the most fertile rocks in
the migmatite, such as those derived from metapelite,
or metagreywacke. The less fertile and infertile rocks
that melted a little, or not at all, are generally ignored.
Yet the presence of these less fertile rock types appears
to play a significant role in the development of migma-
tites. For example, Skjerlie et al. (1993) showed that
bulk compositions that produce small amounts of melt
on their own may be much more fertile when inter-
layered with other lithologies that have components
that destabilize hydrous phases. Recently, Ganzhorn
et al. (2016) showed that the stronger, relatively infertile
layers in a partially molten heterogeneous gneiss
strongly influence the distribution of melt and enhance
its segregation and flow during coaxial deformation.
Therefore, lithological heterogeneity positively influ-
ences the formation of migmatites.

Most granites are produced during partial melting of
the lower and middle continental crust (Clemens et al.,
2010). However, the compositions of glasses produced
in quenched melting experiments using typical crustal
rocks (e.g. Patino Douce & Johnston, 1991; Patino
Douce & Harris, 1998; Acosta-Vigil et al., 2006) are too
felsic and have FeO+MgO contents far lower than
those of most granites (Chappell et al., 1987; Montel &
Vielzeuf, 1997; Stevens et al., 2007). Thus, it has been
widely proposed that it is the entrainment of crystals
into anatectic melt at the place where melting and seg-
regation occurred that produces a more mafic granitic
magma from which the typically mesocratic and mela-
nocratic granites found higher in the crust are derived.
The ‘restite unmixing’ model of White & Chappell
(1977) and Chappell et al. (1987) argues that the solid
(restite) and melt fractions separate, or unmix, to vari-
ous degrees at the site of melting, and that this process
is generally incomplete. The ‘restite unmixing’ model
identifies the phases involved variously as the ferro-
magnesian minerals (garnet, cordierite, pyroxene,

by FAC. MED. RI B. PRETO- Bl BL. CENTRAL- USP user

on 05 March 2018

biotite), plagioclase, quartz, zircon and apatite, but
makes no distinction as to whether they were peritectic,
excess or refractory phases. Other researchers have
argued that the geochemical features of S-type granites
result from the preferential entrainment of peritectic
phases, notably garnet (Stevens et al., 2007; Villaros
et al., 2009; Taylor & Stevens, 2010). However, examin-
ation of the early stages of melt segregation (Sawyer,
2014), the composition of included phases (Carvalho
et al., 2016) and the bulk composition of I-type granites
(Clemens et al., 2010) suggests that all the phases in the
source rock are entrained as the melt is segregated, not
just the peritectic phases; this amounts to a return to
the ‘restite unmixing’ model. Both models apply to the
fertile, most melted rocks; no consideration has been
given in the literature to the contribution that less
melted and non-melted lithologies in the source might
make in providing the components, especially via ferro-
magnesian minerals, essential to making a mesocratic
or melanocratic granite magma.

This contribution is focused on the minor mafic rocks
in the Kinawa migmatite, part of a reworked Archean
tonalite-trondhjemite—granodiorite (TTG) terrane in the
southern Sao Francisco Craton, Brazil. We use detailed
field and microstructural information together with
bulk-rock and mineral compositions to evaluate (1) how
the minor mafic, non-protolith lithologies behaved as
their granodiorite host underwent partial melting and
magma flow, (2) what textural and compositional con-
sequences arise from the interaction of these mafic
rocks and partially melted host granodiorite in the over-
all migmatite, and (3) what are the implications of these
interactions for the formation of granitic magmas in the
continental crust.

GEOLOGICAL BACKGROUND

Regional geology

The Sao Francisco Craton (SFC) is a Precambrian shield
(De Almeida, 1977; Alkimin & Marshak, 1998) within the
South American continent. It consists of Mesoarchean
granite—greenstone terranes reworked during the
Neoarchean and Paleoproterozoic (Teixeira &
Figueiredo, 1991; Teixeira et al., 1996, 1998; Carneiro
et al., 1998).

The Kinawa migmatite occurs within the Claudio
Shear Zone (CSZ in Fig. 1), a significant regional struc-
ture that Campos et al. (2003) identified as having dex-
tral displacement. This migmatite occurs within the
granite—gneiss terrane of the Campo Belo Metamorphic
Complex (CBMC) located in the southern portion of the
SFC. Much of the CBMC consists of TTG gneisses meta-
morphosed mainly at amphibolite facies; however,
granulite-facies rocks have been described from a few
localities (Campos et al., 2003).

Four main periods of magmatism and crustal re-
working are recorded in the southern SFC (Lana et al.,
2013; Romano et al., 2013; Farina et al., 2015). The
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Fig. 1. Geological map showing the location of the outcrops examined in the southern Sao Francisco Craton, Brazil. K, Kinawa
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oldest, termed the Santa Barbara event (3212-3210 Ma),
represents the formation of Mesoarchean TTG crust.
The second (2930-2900 Ma), called Rio das Velhas | by
Lana et al. (2013), is characterized by crustal growth
involving the emplacement of granitic magmas and the
tectonic accretion of mafic-ultramafic greenstone belt
terranes. The third (2800-2760 Ma), called Rio das
Velhas Il, consists of a regional metamorphic event, and
the youngest (2750-2680 Ma) was recently named the
Mamona event (Farina et al., 2015) and involved contin-
ental convergence and voluminous coeval potassic
magmatism (Romano et al., 2013).

Neoarchean supracrustal sequences near the Kinawa
migmatite comprise ultramafic rocks, amphibolites,
garnet-sillimanite schists and quartzites, and banded
iron formations (Oliveira & Carneiro, 2001), and are cor-
related with the Rio das Velhas Supergroup (Dorr, 1969;
Baltazar & Zucchetti, 2007). Younger mafic bodies (gab-
bros, gabbronorites and diabases) occur throughout the
region, typically as NW-SE dykes (Fig. 1).

A late Paleoproterozoic event (2-2-1-9 Ga) is recog-
nized in some parts of the SFC (e.g. Noce et al., 1998,
2000; Teixeira et al., 2015) and represents a very
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significant period of crustal growth for the South
American continent (Teixeira & Figueiredo, 1991). In the
southern SFC, this event, renamed the Minas accretion-
ary orogeny by Teixeira et al. (2015), is related to the
formation of the Mineiro Belt (Avila et al., 2014).

The Kinawa migmatite

The protolith for the Kinawa migmatite is a leucograno-
diorite gneiss, part of typical Archean TTG crust formed
at 2-7 Ga (Carvalho et al., 2016). U-Pb (sensitive high-
resolution ion microprobe; SHRIMP) dating (Carvalho
et al., 2017) of zircon from leucosomes in the Kinawa
migmatite indicates that anatexis along the Claudio shear
zone (Fig. 1) occurred at~ 2-05 Ga and is therefore coeval
with the Minas orogeny, and much younger (>600 Myr)
than previously thought (Teixeira et al., 1998).

Carvalho et al. (2016) used mineral chemistry and the
paragenesis of the main rock types to estimate a max-
imum temperature of 730°C and pressures between 5-1
and 6-1 kbar for partial melting at Kinawa, which
correspond to the upper amphibolite facies. The anatexis
of the leucogranodiorite protolith did not involve the
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breakdown of biotite and was the result of water-present
melting via a reaction such as Pl + Kfs + Qz + H,O = melt.

Migmatites at Kinawa are easily recognized because
the pre-existing S, structures of the protolith have been
partially, or completely, overprinted by a steeper syn-
anatectic S, foliation and structures (e.g. magmatic flow
banding and leucosomes) oriented between 308/80 and
124/80, characteristic of the Cldudio Shear Zone. Partial
melting was therefore synchronous with strong pene-
trative deformation in the shear zone. The Kinawa mig-
matite consists mainly of diatexites and leucosomes,
with minor metatexites, grey gneisses, and amphibo-
lites. Diatexite is the most abundant variety of migma-
tite and is subdivided into three types (Fig. 2a); grey,
schlieren, and homogeneous diatexites [see Carvalho
et al. (2016) for more detail].

Grey diatexites have the smallest grain size, and
highest modal plagioclase, quartz, biotite and accessory
phases, and are broadly granodiorite in bulk compos-
ition. They are enriched in the residual components and
correspondingly depleted in the melt component rela-
tive to the other diatexites. The schlieren diatexites are
the most common variety at Kinawa. They are mostly
medium-grained, grey to pinkish rocks with a heteroge-
neous aspect characterized by portions with variable
amounts of biotite-rich schlieren separated by more
homogeneous quartzo-feldspathic, formerly melt-rich

domains. In contrast, the homogeneous diatexites are
coarse-grained pink rocks that range in composition
from granodiorite to monzogranite. They have a more
felsic aspect owing to a lower modal proportion of bio-
tite, which is generally randomly distributed in the rock.
Leucosomes are also abundant at Kinawa and they
show a wide range of compositions, from tonalite to
alkali-feldspar granite.

Other rocks in the migmatite

Grey gneisses

Grey gneisses are banded mesocratic metatonalites (Fig.
2b) that commonly occur as schollen in the diatexites.
Owing to their high biotite content, the S, fabric is more
strongly developed in these rocks and is a gneissosity.
They contain up to 5% K-feldspar and display a fine-
grained lepidoblastic metamorphic texture. Some exhibit
local evidence for a small degree of partial melting and a
retained melt fraction as small leucocratic patches and
narrow delicate leucosomes with diffuse margins.

Amphibolites

The leucogranodiorite gneisses outside the Claudio
Shear Zone are considered the likely protolith to the
migmatites (Carvalho et al., 2017) and they contain scat-
tered mafic layers interpreted to originate from mafic

Fig. 2. Macroscopic features of the studied rocks in the field. (a) Typical overall heterogeneous aspect of the Kinawa Migmatite
showing schlieren and homogeneous diatexites. (b) Banded grey biotite gneiss with asymmetric folds. (c) Schollen diatexite con-
taining abundant large blocks of amphibolite, which represent resister mafic dykes dismembered during the flow of the diatexite
magma around them. (d) Close-up of stromatic metatexite formed by local partial melting.
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dykes or sills. These layers have been deformed and
metamorphosed; they have the S; foliation, locally
show boudinage and are amphibolites with the mineral
assemblage Hbl+ Pl + Cpx. Similar metamafic rocks
also occur within the Kinawa migmatites and are pre-
dominantly fine- to medium-grained amphibolites. The
S, foliation is poorly developed in the thickest layers
(>1 m), which have a massive microstructure domi-
nated by coarse, decussate amphibole. However, com-
positional banding and the S, foliation are present in
some thinner amphibolites, which also commonly
show boudinage. The banding is defined by variation in
the modal proportions of plagioclase and amphibole
and locally, in the centre of some layers, by pyroxene
and plagioclase. In a few places thin amphibolite layers
are folded. The amphibolite layers become disrupted
and form dark-coloured schollen, or rafts, in the diatex-
ite migmatites (Figs 2c and 3). The amphibolite layers
probably represent the competent mafic dykes in the
leucogranodiorite protolith that were transposed paral-
lel to the S, foliation and subsequently dismembered
and recrystallized during the Paleoproterozoic anatectic
event that created the Kinawa migmatite. The amphibo-
lite layers do not contain patches of neosome, and the
expected peritectic phases (e.g. orthopyroxene, garnet)
from hornblende-consuming fluid-absent incongruent
melting reactions are absent. Thus, they appear not to
have partially melted sufficiently to leave macroscopic
evidence of it. Therefore, in the field, the amphibolites
are considered to be paleosome, or resister, layers in
the migmatite.

Metatexites

Metatexite migmatites are not abundant, but are dis-
tinctive because they conserve the S, foliation. In con-
trast to the grey gneisses, metatexites are melanocratic
and contain stromatic leucosomes (Fig. 2d) and/or small
patches of leucosome located between boudins or in
small shear bands. In many metatexites the leucosomes
are surrounded by melanosomes.

The melanosomes exhibit a medium-grained lepido-
blastic texture and are mainly composed of plagioclase
(45-50%), brown biotite (up to 30%), and quartz (20%).
Anhedral hornblende (up to 3%) occurs within aggre-
gates of biotite; thus, initially some melanosomes may
have had more hornblende, which was later replaced
by biotite as the melt in the leucosome crystallized.
Plagioclase is anhedral and some grains have corroded
shapes (Fig. 4a). Similarly, some biotite grains have ir-
regular outlines (Fig. 4a) indicating that biotite may
have been a reactant phase with plagioclase and quartz
to produce melt (e.g. Pl+ Qtz + Bt + H,0 =melt+ Ttn).
K-feldspar occurs as rare (up to 2%) interstitial films
along the junctions between corroded plagioclase and
biotite (Fig. 4a), and is interpreted to pseudomorph for-
mer melt.

The accessory phases (Fig. 4a and b) in the melano-
some are apatite (0-5-0-7%), allanite (0-2-1-1%), titanite
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(~0-3-1-8%), ilmenite (0-5-1%), zircon (0-1-0-5%) and
rarely rutile. Some samples have remarkably high con-
tents of accessory phases (e.g. K75) suggesting that
melanosomes could be sites where incompatible elem-
ents, such as P, Ti, Zr and rare earth elements (REE)
were concentrated.

METHODS

Major element contents of plagioclase, K-feldspar,
pyroxene, amphibole and biotite from 16 samples were
obtained by electron microprobe (see Table 1 and
complete dataset in Supplementary Data Electronic
Appendix Table 1; supplementary data are available for
downloading at http://www.petrology.oxfordjournals.
org). The concentration of trace elements in plagioclase,
K-feldspar, pyroxene, amphibole and biotite was deter-
mined by laser ablation quadrupole inductively coupled
plasma mass spectrometry (LA-Q-ICP-MS) on four rep-
resentative samples (see Table 3 and complete dataset
in Supplementary Data Electronic Appendix Table 2). A
subset of 19 samples was selected for whole-rock ana-
lysis of major and trace elements by X-ray fluorescence
(XRF) and ICP-MS (see Table 4).

A detailed account of all the analytical procedures is
given in the Supplementary Data Electronic Appendix,
Analytical Methods.

MICROSTRUCTURE AND MAJOR ELEMENT
MINERAL COMPOSITIONS

Interaction between diatexite and schollen
Throughout the Kinawa migmatite, diatexites display
magmatic flow structures and contain abundant leuco-
somes (Carvalho et al., 2016), which indicate that they
were melt-rich rocks (i.e. the diatexite was a magma).
The diatexites also contain abundant fragments, mostly
rounded, but some angular (Figs 2c and 3), of amphibo-
lite as schollen. In most places there is strong evidence
for both mechanical and chemical interaction between
the host diatexite magma and the mafic schollen.
Typically the diatexite close to (<30cm) a mafic scholle
contains a higher proportion of ferromagnesian min-
erals (hornblende and/or biotite) and has a different col-
our from that farther away (>1m; diatexites are usually
pink, but when around the schollen they are white; see
Fig. 3a—c). Examination of many schollen indicates that
some are modified more than others; this suggests that
there is a progression in the extent to which and the
manner in which the mafic schollen and enclosing melt-
rich migmatite have interacted (see summary of stages
in Table 2).

Unmodified mafic schollen

At the outcrop the least modified mafic rocks are gener-
ally banded, with different proportions of clinopyrox-
ene, hornblende and plagioclase from band to band.
Layers in the centres of some of the largest (~1m)
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Table 1: Representative microprobe analyses of plagioclase, K-feldspar, biotite and amphibole from the Kinawa migmatite

Sample Unit Analysis wt%
Si0, TiO, Al,O03 FeO Cr,03 MnO NiO MgO CaO Nay,O Total
Cpx
K22a HD Px4 5052 005 317 93 0-11 0-7 002 1153 2316 0-47 99
K24 A Px1 52.28 0-16 116 10-6 0-09 0-46 116 2362 042 100-4
Si0, TiO, AlLO; FeO MnO MgO CaO Na,O K50 F Cl Total
Bt
K93a HL Bt15 35.37 389 15-38 2416 028 727 002 006 937 039 007 962
K20a M Bt17 3549 292 155 2267 03 85 004 011 936 048 01 97
K5a A Bt3 3646 193 1581 1936 03 1199 001 012 961 054 005 963
K22b HD Bt21 3634 2.84 1499 2162 0-32 94 001 009 939 061 007 957
Si0, TiO, AlLO; FeO MnO MgO CaO Na,O K,0 F Cl Total
Amp
K24 A Am38 4217 134 1128 1771 034 958 121 126 149 03 0-04 976
K5a HD Am3 42.85 1.08 942 1826 052 1051 118 13 1.06 018 006 97
K89 HL Am7 4181 167 1033 221 0-65 733 112 147 134 02 0-08 982
K20a M Am1 4024 133 1058 2221 053 731 1154 1.3 1.32 012 008 965
Si0, TiO, AlLO3; FeO MnO MgO CaO Na,O K,O SrO Total
Plag
K24 A P27 574 0 2717 013 0 0 905 649 019 007 100-5
B2 HD PI55 62:49 0 2391 011 0-04 001 515 853 036 0 100-7
K22b HD P34 6125 0 244 016 0 001 563 823 023 013 100-03
K20d HL Pl48 6164 0 2407 015 0 001 531 839 023 007 99.9
Si0, TiO, AlLO3 FeO MnO MgO BaO CaO Na,0O K,0 Total
Kfs
K89 HL Kf4 6439 0 17.87 003 0 001 045 002 043 1627 99.5
K20d HL Kf34 6421 0 1848 016 0 002 032 003 035 1577 99-3
a.p.f.u. XMg
Si Al Ti Fe’* Mg Mn Ca Na Wo En Fs
Cpx
K22a 1.91 0-14 029 065 002 094 0-03 493 341 166 0-69
K24 1.96 0-05 001 033 065 002 095 0-03 488 333 179 066
Si Al Ti  Fe*™ Mn Mg Ca Na K F Cl XMg
Bt
K93a 5.55 2.84 046 317 004 17 0 002 188 039 004 0-35
K20a 5.59 288 035 299 004 2 0-01 003 188 048 0.05 0-4
K5a 5.6 2.86 022 249 004 274 0 004 188 052 003 0-52
K22b 5.68 276 033 283 004 219 O 003 187 061 0.04 0-44
Si Al Fe3t Ti Mg Fe2 Mn Ca Na K Cl F XMg
Amp
K24 6-38 201 033 015 216 191 0-04 196 037 029 001 015 0-53
K5a 6-46 1.67 075 012 236 155 0.07 191 038 02 0-01 0-09 0-6
K89 6-38 1-86 064 019 167 218 0.08 183 043 026 002 01 0-43
K20a 626 1.94 074 016 169 2.15 007 192 039 026 002 006 0-44
Si Al Fe2* Mn Mg Ca Na K Ab An Or
Plag
K24 514 286 001 0 0 087 113 0-02 55.9 43 11
B2 5.52 249 001 0 0 049 146 0-04 735 24.5 2
K22b 5.45 2.56 001 0 0 054 142 0-03 716 271 13
K20d 548 2.52 001 0 0 051 145 0-03 731 25-6 13
Si Al Fe?™ Mn Mg Ba Ca Na K Ab An Or
Kfs
K89 6-03 1.97 0 0 0 002 O 0-08 194 39 01 96
K20d 5.98 2.03 001 0 0 001 O 006 187 33 02 966

Atoms per formula unit were calculated using 8 oxygens for feldspar, 22 oxygens for biotite, and 23 oxygens for amphibole. Full
dataset is given in Supplementary Data Electronic Appendix Table 1. Cpx, clinopyroxene; Bt, biotite; Amp, amphibole; Plag, plagio-
clase; Kfs, K-feldspar; HD, Hbl-diatexite; A, amphibolite; HL, Hbl-leucosome, M, melanosome.
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Fig. 3. (a) Leucosome invading a mafic scholle and dividing it into smaller fragments. The leucosomes appear to root in the diatex-
ite, which suggests that melt from the diatexite penetrated into the amphibolite (Stage 2) and initiated its disaggregation (Stage 3).
(b) Close-up of (a) showing different composition of leucosome at the contact with amphibolite. Local disaggregation of the scholle
releases swarms of hornblende crystals into the diatexite, and in these places the diatexite is no longer pinkish but is white (see yel-
low arrows), indicating chemical reaction between solid fragments and the diatexite magma. (c) More advanced stage in the disrup-
tion of schollen, also showing contamination of the host pink diatexite around the schollen. It should be noted that the leucocratic
material close to the diatexite is white and contains crystals of hornblende, whereas it is pink farther away. (d) Close-up showing
the erosion of a fragmented scholle and formation of a tail leading to schlieren formation. (e) Pink schlieren diatexite containing nu-
merous rounded schollen with augen-like shapes that indicate flow of the diatexite magma around them. The diatexite in the lower
half has a high proportion of entrained hornblende. (f) Sketch of (e) emphasizing the principal features of the disaggregation of
schollen. (1) Mafic scholle as coherent fragments in the diatexite. (2) Fractured schollen as a result of infiltration of melt. (3) Swarm
of amphibole crystals formed by the disaggregation of smaller blocks during flow of the host diatexite. (4) Short wide amphibole-
rich schlieren parallel to the edges of a scholle. (5) Long thin biotite-rich schlieren with little amphibole. (6) Dispersion of the de-
tached crystals producing a mesocratic and homogeneous enclosing diatexite.

schollen have a granular well re-equilibrated meta-
morphic microstructure (Fig. 4c), with ~35 modal %
light green diopside (Xug~ 0-63-0-66), ~35% plagio-
clase (Ans;_s5) and ~20% dark green hornblende
(Xmg ~ 0-44-0-54). The crystals do not exhibit compos-
itional zoning. The accessory phases are titanite (2%),
magnetite (4%) and apatite (~1%). More commonly the
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amphibolites have recrystallized to a coarse-grained
decussate metamorphic microstructure composed of
55-60% pargasite (Xyg ~ 0-45-0-6), which contains relict
diopside (up to 15%) in its core (Fig. 4d), and ~25%
slightly more sodic plagioclase (Anyy_40). Thus, mineral
compositions change from the core to the margins of the
schollen. The accessory phases are mainly apatite,
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Fig. 4. Photomicrographs of the microstructures in schollen. (a) Metatexite scholle showing a narrow mineral film of K-feldspar be-
tween corroded plagioclase and biotite interpreted as microstructural evidence for partial melting. The abundance of accessory min-
erals in this residual rock should be noted. (b) Melanosome with high modal proportions of allanite, titanite, zircon and apatite. (c) Light
green diopside, locally replaced by dark green hornblende (upper left), plagioclase and ilmenite forming a granular texture in the core
of an amphibolite scholle. (d) Amphibolite scholle with a mineral assemblage containing hornblende with cores of diopside and plagio-
clase. This well-equilibrated microstructure indicates upper amphibolite-facies metamorphic conditions. Kfs, K-feldspar; Bt, biotite; Qz,
quartz; Pl, plagioclase; Amp, amphibole; Op, opaque minerals; Zir, zircon; Ap, apatite; All, allanite; Ttn, titanite; Cpx, clinopyroxene.

magnetite, titanite, quartz, and rarely carbonate. The
microstructure and extent to which clinopyroxene is
replaced by amphibole appear to correlate with the size
of schollen; the smaller ones are dominated by large de-
cussate hornblende and plagioclase. The amphibole-
plagioclase geothermometer of Holland & Blundy (1994)
yields two different temperatures (calculated at 5 kbar)
from the amphibolites: 828°C from the Cpx-+ Hbl+ Pl
core and 773°C for Hbl+ Pl margin. At such tempera-
tures the studied rocks could have undergone fluid-
absent melting; however, there is no evidence for that. In
the literature, other researchers (e.g. Campos et al.,
2003) have shown that some regional rocks reached
granulite-facies conditions during the Archean. Thus, we
interpreted these temperatures as recording an Archean
metamorphism and not the Paleoproterozoic anatexis.

Stage 1: mafic schollen as coherent fragments in
the diatexite

In Stage 1 the schollen of amphibolite are discrete blocks
within the diatexite and range in size from tens to just a
few centimetres (Figs 2c and 3). They are mainly
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composed of ~50 modal % dark green pargasite (Xug
0-45-0-6), which in rare cases contains minor amounts
(~3%) of diopside (W047_49EN2g 35; Xug 0-59-0-69) in its
core, ~35% plagioclase (Anj,_s,0) and ~10% quartz.
Again at this stage, the crystals do not exhibit significant
zoning; all the compositional variations are between
grains and are related to position within the schollen
(e.g. centre to margin) and the stage of modification. The
accessory phases (<1%) are apatite, titanite, ilmenite
and carbonate. The microstructure (Fig. 5a) in these
schollen is well equilibrated and comparable with that in
the largest unaltered amphibolite schollen (Fig. 4d).

Thin quartzo-feldspathic films (<20 um), which con-
tain K-feldspar (Orgq_g7), outline the boundaries be-
tween adjacent hornblende crystals at the periphery of
some schollen. These films can be interpreted as evi-
dence either of local partial melting of the quartzo-
feldspathic domains between hornblende crystals in the
amphibolites, or of melt from the host diatexite that has
infiltrated along grain boundaries (Fig. 3a, b and d). In
some schollen, the rims of hornblende crystals in con-
tact with the quartzo-feldspathic films show minor
(<1%) replacement by biotite (X4 0-51-0-59). Applying
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Table 2: Summary description of microstructural stages during
the interaction of the melt and amphibolite schollen

Stage 1 Mafic schollen as coherent fragments in the
diatexite

Stage 2 Infiltration of melt and modification of blocks

Stage 3 Disaggregation of blocks and formation of
swarms of hornblende crystals

Stage 4 Hornblende is partially replaced by biotite

Stage 5 Aggregates of biotite and formation of schlieren

Stage 6 Dispersion

the Holland & Blundy (1994) Amp-PI geothermometer
indicates temperatures up to 758°C at 5 kbar for these
schollen.

Stage 2: infiltration of melt and modification of
blocks

The next stage, demonstrated by many mafic schollen,
is the presence along S, foliation planes, the compos-
itional banding and discordant, planar or curvi-planar
fractures (Fig. 3a) of pink quartzo-feldspathic material,
interpreted to have been melt from the surrounding dia-
texite. Where there was sufficient melt to form an inter-
connected network the schollen becomes sufficiently
weak that they start to break into smaller, typically an-
gular, fragments (Fig. 3b-f). Rare films of plagioclase
(Any1_06) and K-feldspar (Orgys_97) between the horn-
blende crystals may be vestiges of the infiltrated melt,
or, alternatively, the films could be the products of local
partial melting of the quartzo-feldspathic portions of the
schollen.

Stage 3: disaggregation of blocks and formation
of swarms of hornblende crystals

The onset of this stage appears to occur when the
quartzo-feldspathic mineral films between hornblende
crystals are developed in much of the interior of the
schollen. These films could be result of local partial
melting of the amphibolite. However, in some cases
these emanate from melt-filled cracks (see Stage 2) and
probably represent sites of infiltration of melt from the
surrounding diatexite. This suggests that widespread
grain-scale development of melt films between horn-
blende crystals became sufficient to weaken the schol-
len so that single crystals became detached and the
schollen were able to begin to disaggregate. At this
stage it is still possible to recognize that the fragments
were derived from formerly much larger schollen (Fig.
3e and f). The detached hornblende forms swarms of
crystals randomly distributed within the adjacent dia-
texite. This diatexite contains 9-15% subhedral horn-
blende, either as large isolated crystals (Fig. 5b) or as
aggregates of crystals, and has a coarse-grained hetero-
granular texture, in which 30-40% plagioclase (Ansq_»g)
occurs as euhedral to subhedral crystals with no signifi-
cant compositional zoning together with 25-30% quartz
to form the framework structure in the rock. The inter-
stices of the framework are filled by 5-19 modal %
K-feldspar (Orgq_g7). Minor (<1%) replacement of the
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hornblende by biotite (X 0-51-0-59) occurs locally. At
this stage hornblende is the principal mafic mineral in
the diatexite. Most of the hornblende grains in the
swarms of crystals have major element compositions
similar to that of amphibole in Stage 1; they are parga-
site with Xyg~ 0-45-0-6. However, some crystals have
higher Si (~6-5-6-65 a.p.f.u.) contents and range in com-
position from edenite to Fe-edenite. Accessory phases
in the contaminated diatexite are apatite, allanite, il-
menite, and titanite. The temperatures derived from the
Amp-Pl geothermometer (Holland & Blundy, 1994)
range from 711 to 727°C and are comparable with the
peak temperatures of anatexis (~730°C) estimated by
Carvalho et al. (2016).

In most cases the individual hornblende crystals in
the swarms do not have a preferred orientation (Fig. 3e
and f). This implies the diatexite magma around these
schollen became static after the hornblende crystals
were shed into it.

Stage 4: hornblende partially replaced by biotite
Hornblende is still present in Stage 4; however, it is
mostly replaced by biotite. The replacement occurs as
medium-grained plates of biotite at the rims of horn-
blende, or as fine-grained skeletal intergrowths with
quartz forming a symplectite (Fig. 5c). The presence of
symplectite suggests that the entrained hornblende has
reacted with the anatectic melt in the diatexite to pro-
duce biotite + quartz and presumably a modified melt
composition.

Locally, hornblende-rich schlieren occur parallel to
the boundaries of the schollen; these are wider and
shorter than biotite-rich schlieren. The hornblende
schlieren also contain plagioclase and quartz and lo-
cally biotite, which partially replaces hornblende (Fig.
5e). The presence of hornblende schlieren in some do-
mains, and swarms of randomly distributed crystals in
others, suggests that the flow in the diatexite was prob-
ably heterogeneous.

In places chlorite replaces hornblende together with
opaque minerals and carbonate. This paragenesis is in-
terpreted to be due to retrograde metamorphism.

Stage 5: aggregates of biotite and formation of
schlieren

The next stage in the schollen—diatexite interaction can
be seen in places where magmatic flow of the host dia-
texite around the schollen has occurred as the horn-
blende crystals were shed. The detached crystals are
collected into schlieren (Fig. 3d—f). Initially, the schlieren
occur as short wide bands with low aspect ratio, and
are composed of hornblende and biotite derived from it
(Fig. 5e). With increased magmatic strain the schlieren
become progressively longer and thinner (i.e. increase
in aspect ratio) and biotite entirely replaces hornblende
(Fig. 5f). The biotite occurs as large, well-formed dark
brown crystals (Fig. 5d) that may contain apatite, titanite
or ilmenite (Fig. 5f). The biotite that replaces hornblende
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Table 4: Whole-rock major and trace element data by XRF and ICP-MS
Sample: K5B K22 K20B K23B K20C K23C K73A K74A K79A K84
Unit: Hbl-D. Hbl-D. Hbl-D. Hbl-D. HL HL HL HL HL HL
wt %
SiO, 60-50 63-87 64-34 69-80 69-33 74.97 69-23 69-54 70-06 67-9
TiO, 078  0-69 0-79 0-33 0-38 0-18 0-45 0-24 0-54 0-48
Al,O3 13:356 1329 16-32 14.94 15-35 13.78 15.77 14.66 15-15 15.92
FeO 7-49 6-54 514 3.01 311 1.97 3.05 2.72 3.04 322
MnO 0-21 0-15 0-07 0-04 0-05 0-03 0-034 0-04 0-03 0-033
MgO 3.83 2.64 1-67 1-16 091 0-70 0-89 07 0-93 0-89
CaO 5.51 4.41 3.62 2-62 3.60 2.74 3.02 1.38 1.79 248
Na,O 361 3.73 4.26 3.87 4.52 4.17 4.47 1.85 342 375
K50 1.53 1-61 2-06 2.87 1.35 1.08 1-69 8 3.95 4.04
P,Os 0-07 0-08 0-44 0-16 0-27 0-12 0-24 0-2 0-18 0-31
LOI 075 068 0-96 0.-87 0-94 0-84 0-69 0-84 09 1.02
Total 98-5 98-4 100-3 100-0 100-2 100-8 992 100-5 100- 100-4
ppm
Ni* 63 46 11 b.d.l. b.d.l. b.d.l. b.d.l b.d.l.  b.d.l b.d.l.
\Ad 95 79 1 26 26 17 b.d.l b.d.l. 13 b.d.l.
Cr* 219 193 32 32 b.d.l. 63 b.d.l b.d.l. 32 b.d.l.
Sc* 53 47 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l b.d.l.  b.d.l b.d.l.
Co* 23 13 n.a. n.a n.a. n.a. n.a n.a. n.a n.a.
Rb* 55.6 67-3 94.2 745 42.9 26-4 677 143 112 115
Sr* 1789 1699 217 150 236 135 234 240 225 206
Y 107-3 76-8 355 17-6 30-0 16-4 12:2 323 138 159
Zr 827 1857 174 843 189 63:5 221 230 696 551
Nb 41.4 43.8 237 110 197 16-8 112 7-89 136 14.9
Cs 15 19 212 1-32 0-90 0-60 1-44 0.92 1.79 3:00
Ba* 212:3 1920 351 575 221 136 323 2592 1041 664
La 14-8 13-8 44.4 9-64 36-2 7-66 34-4 752 135 87-4
Ce 45.2 35.2 841 19-6 70-2 14.0 64-2 130 250 168
Pr 7-6 5.8 971 229 7-97 1.80 7-06 141 236 17-4
Nd 387 291 36-7 9.53 30-3 7-62 25.2 50-0 748 60-1
Sm 15-4 11-5 821 2.70 6-85 230 4-60 995 102 9.97
Eu 19 14 1-48 0-81 1-39 0-77 1-14 164 1.22 1.24
Gd 187 137 815 331 7-04 2.83 379 925 6-67 6-94
Tb 35 2.5 1-25 0-58 1-10 0-51 0-49 1-33 073 076
Dy 19-6 14.0 6-80 3.34 6-04 2.98 249 7-07 3.52 359
Ho 3.9 2.8 1-33 0-70 117 0-62 0-45 1-31 0-58 0-59
Er 9.5 67 324 1.75 2.82 1-59 1-01 3.04 1-31 1-31
Tm 1-3 09 0-42 0-23 0-36 0-21 013 0-38 0-18 017
Yb 7-2 51 228 1-32 1-98 1-20 0-69 2.05 1.07 097
Lu 1-0 07 0-31 018 0-28 0-16 0-11 0-28 0-18 0-14
Hf 25 4.8 4.04 243 4.87 1.82 5.36 571 153 154
Pb 121 12.0 138 18-0 14-4 119 135 337 21-8 24.7
Th 23 17 10-3 1.87 9-41 0-77 9.54 20-8 24.0 385
U 2.0 1.2 1-66 0-99 1-43 128 1.22 1-81 1-36 3-46
(continued)

in both Stages 4 and 5 tends to have slightly higher
Fe contents (Xug~ 0-44-0-46) than biotite present in
Stage 1. Locally the biotite forms aggregates several
millimetres across with the accessory phases located
between the grains.

Stage 6: dispersion

In the final developmental stage, schlieren have essen-
tially disappeared and the diatexite generally becomes
grey because of a higher content of dispersed ferro-
magnesian minerals (mostly biotite), which are oriented
parallel to the magmatic flow fabric indicated by the
few remaining, or nearby, schlieren. The few scattered
schollen remaining are small (<2cm) and rounded or
lenticular in shape (Fig. 3d-f). This sequence suggests
that flow of the diatexite is able to erode schollen and

by FAC. MED. RI B. PRETO- Bl BL. CENTRAL- USP user

on 05 March 2018

disperse the detached crystals, producing a mesocratic
and homogeneous enclosing diatexite.

In summary, the sequence of features from Stages 1
to 6 is interpreted to form by the disaggregation and
erosion of schollen following infiltration of melt from
the enclosing diatexite and magmatic flow of the diatex-
ite around the schollen. As a result, the host leucocratic
diatexite becomes contaminated with entrained mafic
material and develops a mesocratic composition (Fig.
3c).

Interaction between leucosomes and paleosome
Evidence for the entrainment of mafic minerals is also
observed in some leucosomes. These contaminated
leucosomes have higher modal ferromagnesian min-
erals than the ordinary leucosomes described by
Carvalho et al. (2016). For instance, Fig. 6a shows a
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Table 4: Continued

Sample: K90 K11 K23A K20A K108D K75 K24 Ki-04 Ki-34 17A
Unit: HL Mel. Mel. Mel. Mel. Mel. A. Hbl-Gran. Hbl-Gran. Hbl-Gran.
wt %

SiO, 70-70 57-21 57-40 60-02 60-69 61-26 48.78 68-19 62-62 69-35
TiO, 0-44 0-90 0-85 113 076 1.42 1.01 0-262 0-09 0-123
Al,O3 14.32 13-06 1261 1677 17-64 13-69 1363 1463 1591 14.94
FeO 2-38 6-40 772 7-10 4.32 7-21 8-80 4.36 3-44 1-66
MnO 0-03 0-12 0-15 0-10 0-09 0-10 0-24 0.03 0-074 0-043
MgO 0-80 5.72 6:17 2.37 1.57 2.70 6-05 0-01 0-94 0-51
CaO 3.04 6-93 7-06 4.27 5.06 3.26 14-40 2.05 4.94 2.34
Na,O 4.41 3:31 2.82 4.09 5.48 3.07 279 3.77 3.59 3.5
K50 1-52 2.59 243 236 1-43 3.09 0-55 4.5 4.36 5.32
P,0s 017 0-38 0-43 0-64 018 0-28 0-14 0-102 0-14 0-065
LOI 0-80 1.02 1-29 0-76 0-54 0-92 073 0-22 1.8 0-68
Total 989 98-3 99.9 100-4 98:2 97-8 98-0 98-61 98-29 98.72
ppm

Ni* 8 93 100 47 b.d.l. 34 99 b.d.l. 6 5

V* 29 b.d.l. 215 52 80 132 234 72 16 b.d.l.
Cr* b.d.l. 262 126 b.d.l. b.d.l. 72 268 b.d.l. b.d.l. b.d.l.
Sc* 8 27 b.d.l. b.d.l. b.d.l. 21 36 b.d.l. 16 15
Co* n.a. 36 n.a. n.a. 15 23 39 b.d.l. 7 b.d.l.
Rb* 591 142 109 122 67-6 142 390 79 81 106

Sr* 185 137 95.8 201 360 146 103 222 330 228

Y 145 40-8 37-6 50-1 19-2 779 26-1 9 32 31

Zr 446 167 102 394 195 1290 842 120 122 137

Nb 12.0 271 181 339 155 341 6-57 b.d.l. b.d.l. b.d.l.
Cs 1-51 3.55 2.76 2-80 2.47 313 0-05 1.06 1.32 2.56
Ba* 227 240 193 423 248 820 47-0 1229 1265 1436

La 118 19-0 16-3 49.9 14.7 498 7-46 452 675 24.9
Ce 231 43.9 395 95.8 28-9 814 14.9 78-3 119 515
Pr 226 6-28 6-08 114 3.54 769 2-11 7-89 12-4 6-17
Nd 757 291 291 44.2 141 242 966 265 44.6 24.8
Sm 11-4 877 9.08 10-2 321 331 2.87 4.43 9.32 6-78
Eu 119 113 1.05 1.85 1.03 1.81 1-08 1-15 153 1.26
Gd 7-51 8.96 9.75 105 318 241 3.46 3-46 8.77 7-20
Tb 0-81 1.43 1-49 1.66 0-54 3.03 0-63 0-38 1.27 1-11
Dy 3.71 7-50 7-89 919 3-09 165 3.92 1-68 6-58 5.95
Ho 0-57 1-42 1-50 1-85 0-62 2.98 0-88 0-26 1-19 1-15
Er 1.30 3.55 369 4.66 1.66 7-27 2.46 0-60 2-84 275
Tm 0-16 0-49 0-50 0-63 0-25 0-99 0-38 0.07 0-36 0-36
Yb 0-93 2.97 2.96 3.67 1-69 5.66 250 0-43 2.01 2.07
Lu 0-15 0-44 0-43 0-52 0-26 0-83 0-37 0.-07 0-29 0-29
Hf 10-4 3.79 2-88 834 4.49 26-4 2.05 3.03 291 3.36
Pb 150 132 12.7 14.4 16-7 17-2 857 286 26-9 291
Th 45.9 5.17 332 132 4.80 66-5 1.38 168 185 9.94
U 201 4.18 2-41 2-89 5.27 1.37 0-81 1-68 7-10 2-80

*Trace elements.

b.d.l., below detection limit; n.a., not analysed; Hbl-D., Hbl-diatexite; HL, Hbl-leucosome; Mel., melanosome; A., amphibolite; Hbl-

Gran., Hbl-granite.

leucosome of syenogranite bulk composition that tra-
verses a scholle of mesocratic tonalite and illustrates a
progressive increase in modal hornblende towards its
edge. A yellow arrow (Fig. 6a) indicates where horn-
blende appears to be detached from the scholle and be-
comes incorporated into the leucosome; the passage of
melt has eroded the wall of the scholle. The pinkish leu-
cosome (Fig. 6a) has a framework of euhedral to subhe-
dral microcline (~60%), with interstitial plagioclase
(16%) and quartz (22%). Most of the hornblende in this
rock is replaced by skeletal biotite, plagioclase and
quartz (Fig. 5¢). This suggests that the hornblende was
not in equilibrium with the melt and has reacted with it
to form a Bt + Pl + Qz symplectite.

Leucosomes with tonalitic bulk composition are also
present in the Kinawa migmatite and have the highest

hornblende and biotite contents. These leucosomes are
generally associated with schollen of amphibolite, but
also occur within those of metatexite (Fig. 6b). These
leucosomes have a framework of euhedral to subhedral
plagioclase (40-45%, An,z »9) with interstitial quartz
(20-25%) and K-feldspar (10-15%; Orgg) and up to 14%
Fe-pargasite (Xyg 0-35-0-4). There is only minor re-
placement of amphibole by biotite (1%). The accessory
phases are titanite (0-3%), apatite (0-2%) and allanite
(0-15%). These leucosomes suggest that once schollen
have disaggregated in the diatexites, the amphibole
crystals they contribute can be carried by the diatexite
magma and later segregated with the melt into younger
leucosomes.

Small bodies (<2m width) and veins of coarse-
grained hornblende-bearing granodiorite occur locally
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Fig. 5. Microstructural changes during the progressive disaggregation and interaction of mafic schollen with the host diatexite. Top
image is of the hand sample containing four of the stages involved in the disaggregation of schollen. (a) Amphibolite fragment
within diatexite (Stage 1) containing hornblende with relict light green diopside cores and interstitial quartz. This microstructure is
comparable with that in the largest schollen. (b) Subhedral dark green hornblende in the host diatexite (Stage 3) consisting of sub-
hedral plagioclase, K-feldspar and quartz. Biotite locally replaces the hornblende. (c) Hornblende partially replaced by a symplectite
of biotite and quartz (Stage 4). (d) Aggregate of large, well-formed biotite crystals (Stage 5), including the accessory phases apatite
and titanite. (e) Initial stage, short schlieren composed of discontinuous trains of hornblende crystals and minor biotite derived
from it. (f) Later stage of long, more continuous schlieren composed of well-oriented biotite that has entirely replaced hornblende.
Pl, plagioclase; Qz, quartz; Kfs, K-feldspar; Cpx, clinopyroxene; Amp, amphibole; Bt, biotite; Op, opaque minerals; Ap, apatite; Ttn,
titanite.
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Fig. 6. (a) Pink leucosome injected into a layer of metatonalite. The yellow arrow points to the erosion of the metatonalite wall,
which has contaminated the leucosome with amphibole. (b) White hornblende-biotite leucosome (see yellow arrow) crossing a
scholle of metatexite. (c) Small body of the Hbl-granite (a coarse-grained hornblende-bearing granodiorite) containing large poiki-
litic hornblende crystals intruded into a schlieren diatexite. (d) Close-up of poikilitic hornblende containing inclusions of quartz and

plagioclase; scale in centimetres.

in the Kinawa quarry, and are associated with both the
schlieren diatexites and schollen of amphibolite (Fig. 6c¢);
these are termed Hbl-granites hereafter. The hornblende
crystals they contain are subhedral and poikilitic (Fig. 6d)
with numerous inclusions of quartz and plagioclase; this
hornblende is interpreted to have crystallized from
the melt. The Hbl-granites have a heterogranular micro-
structure with ~43% plagioclase (An,q_s5), 33% quartz,
12% K-feldspar (Orgs_g7) and up to 12% hornblende
(Xwmg 0-46-0-49). The accessory phases are zircon (0-3%),
apatite (0-5%), magnetite (0-3%) and biotite (1%).

TRACE ELEMENT CHEMISTRY OF MINERALS

The grains chosen for trace element analysis by LA-ICP-
MS were selected according to their microstructural
position within Stages 1, 3, 4, and 5 described above
(see also summary in Table 2). Thin sections analysed
were K22a and K22b (from sample K22) and K5a and
K5b (from sample K5).

Plagioclase
Plagioclase crystals (Fig. 7a) from inside mafic schollen
and from the surrounding diatexite were analysed and
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belong to Stages 1 (K22a and Kba) and 3 (K22b and
K5b). All have similar (Fig. 7b) fractionated chondrite-
normalized (McDonough & Sun, 1995) REE patterns
with Lan/Yby from 50 to 150, a strong positive Eu anom-
aly (Eu/Eu*=8-60) and extremely low heavy REE
(HREE) contents (~0-01 times chondrite).

Of the other trace elements that were determined, Sr
and Pb have compositional ranges that differ slightly
(see Supplementary Data Electronic Appendix Table 2)
between Stages 1 and 3. The Pb contents do not vary
much, but plagioclase from Stage 3 extends to lower val-
ues (Kb 14-20 ppm; K22b 17-20 ppm) relative to plagio-
clase from Stage 1 (K5a 19-20 ppm; K22a 18-23 ppm).

The Sr contents behave in a similar fashion to CaO
(described in the section ‘Microstructure and major
element mineral compositions’; see also Table 1). The
plagioclase at Stage 1 has consistently higher Sr con-
tents (K5a 397-447 ppm; K22a 331-367 ppm) when com-
pared with Stage 3 (K5b 324-387 ppm; K22b 309-
349 ppm). There is an overlap in the composition of the
plagioclase from samples K5 and K22 from Stages 1
and 3, which may indicate that some of the crystals with
higher Sr are plagioclase liberated from the schollen.
Once the crystals were shed, the interaction of these
with the melt induced recrystallization of the material
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Fig. 7. (a) Left, example of plagioclase crystals in Stage 1 (K5a and K22a); right, plagioclase crystals in stage 3 (K5b and K22b). (b)
Chondrite-normalized (McDonough & Sun, 1995) rare earth element patterns for plagioclase crystals from the Kinawa migmatite.

shed from the schollen and changes in the composition
of the melt. Consequently, the plagioclase that crystal-
lized from the melt after this interaction has a slightly
higher Sr content than plagioclase that crystallized from
the diatexite magma farther away and was not contami-
nated by amphibolite; this typically has ~300 ppm Sr
(Carvalho et al., 2016).

Clinopyroxene

Diopside (e.g. Fig. 8a) from the amphibolites contains
REE at ~15 times chondrite (McDonough & Sun, 1995)
in both rims and cores (Fig. 8b). REE patterns have a
convex shape between La and Sm (Lan/Smpy~ 0-65), a
rather flat portion from Gd to Tm (Gd/Tm ~ 1), a distinct-
ive negative Eu anomaly (average Eu/Eu* ~0-65) and
slight enrichment in Yb up to 20 times chondrite. The
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clinopyroxene typically has high Cr (600-800 ppm), Ni
(138-153 ppm), Ti (420-607 ppm) and V (153-185 ppm)
contents.

Hornblende
Hornblende shows some variation in major element
composition related to its microstructural position. For
example, hornblende at Stage 3 has slightly higher Si
and Fe contents than the crystals from Stage 1; how-
ever, the Ti contents are similar. Likewise, the trace
elements display some contrasts, and also similarities,
between crystals from Stages 1, 3 and 4 (Fig. 9a), which
are described below.

Hornblende shows a positive correlation between
Mg and Cr, Co and V (Fig. 9b). In samples K22a and
K22b, Cr decreases progressively from Stage 1
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Fig. 8. (a) Example of clinopyroxene crystals in Stage 1. (b)
Chondrite-normalized (McDonough & Sun, 1995) rare earth
element patterns for clinopyroxene crystals of Stage 1 in the
transformation of mafic schollen in the Kinawa migmatite.

(1400 ppm) to Stage 3 (342 ppm), but for samples K5a
and K5b the difference is more subtle, decreasing from
535 ppm at Stage 1 to 353-458 ppm at Stages 3 and 4.
Similar behaviour is shown by Co; hornblende in sam-
ple K22a has higher contents, ranging from 56-62 ppm
in Stage 1 to 40-51 for Stage 3, and hornblende in K22b
reaches slightly lower (38-44 ppm) Co contents in Stage
4. The Co content of hornblende from the three stages
in sample Kba ranges from 48 to 51ppm, whereas in
K5b amphibole from Stage 3 has slightly lower Co con-
tents from 40 to 46 ppm.

The Sc, ZREE and U content of hornblende crystals
show negative correlations with Mg (Fig. 9b). Stage 1
hornblende from sample K22a has the lowest contents,
respectively 38-41ppm, 160-220ppm and 0-02-
0-05 ppm, whereas hornblende grains in Stages 3 and 4
from both K22a and K22b have considerably higher
contents of Sc (54-290 ppm), XREE (384-680 ppm) and
U (0-05-1-2 ppm). In contrast, hornblende grains from
Stages 1, 3 and 4 in sample K5a all have similar Sc (73—
95 ppm), XREE (271-337 ppm) and U (up to 0-14 ppm)
contents. Stage 3 hornblende in sample K5b attains
much higher values, respectively 114-146 ppm, 384-
524 ppm and 0-01-0-78 ppm. Figure 9c¢ shows that the
chondrite-normalized (McDonough & Sun, 1995) REE
patterns for all hornblendes are similar. The main fea-
ture is a progressive enrichment from La to Sm and a
strong negative Eu anomaly (Eu/Eu* ~ 0-2-0-7). The REE
contents for hornblende from Stages 1, 3 and 4 in sam-
ple Kba are much alike and about 100 times chondrite.
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with a progressive enrichment from La to Sm (Lay/
Smy =0-4-0-57) and a negative europium anomaly (Eu/
Eu* ~0-3-0-45). Hornblende from sample K5b has a
similar-shaped pattern, but at ~150 times chondrite and
with larger negative Eu anomalies (Eu/Eu* = 0-25).

Only the hornblende from samples K22a and K22b
displays different shaped patterns (Fig. 9¢) depending
on its microstructural stage. Stage 1 hornblende has the
lowest (~50 times chondrite) and flattest pattern (Lan/
Ybyn =0-83-1-13) with a small negative Eu anomaly. In
contrast, hornblende from Stage 3 (samples K22a) and
Stage 4 (sample K22b) shows higher patterns with a
systematic enrichment of the middle REE (MREE; Nd to
Ho, except Eu) resulting in larger negative Eu anomalies
(Eu/Eu* 0-16-0-3).

Biotite

Biotite grains from Stages 1 (K22a), 4 (K5a, Kbb and
K22b) and 5 (K5b and K22b) were analysed. All have
very low REE contents that are mostly below the detec-
tion limit.

The trace elements Cr, Sc and V show negative cor-
relations with Fe; this behaviour is similar to that
observed in hornblende, which the biotite replaces.
Biotite from Stage 1 (K22a) has the highest Cr content
(700-1100 ppm) and lowest Fe, whereas at Stages 4
(Kba, K5b and K22b) and 5 Cr decreases to 260-
560 ppm, which is still much higher than in the biotite
from the homogeneous diatexites sampled far from
schollen (typically ~ 100 ppm; Carvalho et al., 2016). The
Sc content in biotite at Stage 1 is fairly uniform (21-
29 ppm), but shows much greater variation (10-65 ppm)
in Stages 4 and 5. Biotite from samples K22a and K22b
shows similar amounts of V (215-250 ppm) at Stages 1,
4 and 5, but biotite from samples Kba and K5b has
higher V contents (275-315 ppm).

WHOLE-ROCK GEOCHEMISTRY

Major elements

Whole-rock Harker diagrams in Fig. 10 include the am-
phibolite, melanosomes from metatexites, Hbl-
diatexites, Hbl-leucosomes and Hbl-granites from the
Kinawa migmatite described in this contribution. In add-
ition, samples of Kinawa diatexites and leucosomes not
contaminated by mafic rocks from Carvalho et al. (2016)

are shown together with fields compiled for
hornblende-bearing granites, hereafter called
amphibole-granites (or Amp-granites), from the

Superior Province (Stevenson et al., 2009), the Konso
pluton (Asrat & Barbey, 2003), Karakoram (Reichardt &
Weinberg, 2012), leucogranites from the Opatica
Subprovince (Sawyer, 1998), I-type leucogranites
(Chappell, 1999), and quenched melts (glasses) from
the experiments of Conrad et al. (1988), Johnston &
Wyllie (1988) and Acosta-Vigil et al. (2006).

There is a good negative correlation between SiO,
and the major elements CaO, FeO+ MgO, TiO, and
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Fig. 9. (a) Photomicrographs showing three examples of the hornblende crystals analysed from Stages 1, 3 and 4, respectively, of
schollen disaggregation. (b) Selected trace elements vs Mg (both in ppm). Stages 1, 3 and 4 are represented by black, grey and
open symbols, respectively. (c) Chondrite-normalized (McDonough & Sun, 1995) rare earth element patterns for hornblende crys-
tals from the Kinawa migmatite.

P,Os (Fig.

10).

The amphibolite has the highest
FeO +MgO (15wt %), and CaO (~14-5wt %; Fig. 10),
high TiO5 (~1wt %) and lowest SiO, (50 wt %) contents.
One melanosome from the metatexite and three of the
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Hbl-diatexites
FeO+MgO (6-14wt %; Fig. 10a) and TiO, contents
(0-75-1-4wt %; Fig. 10b) that are considerably higher
than those exhibited by Amp-granites, leucogranites

have similar wide

variations

in
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Fig. 10. Harker diagrams (in wt %) for the schollen, Hbl-diatextites, Hbl-leucosomes and Hbl-granite from the Kinawa migmatite to-
gether with the leucosomes and homogeneous diatexites from Carvalho et al. (2016) and data from the literature [Amp-granites
from Asrat & Barbey (2003), Stevenson et al. (2009) and Reichardt & Weinberg (2012); leucogranites from Sawyer (1998) and
Chappell (1999); experimental melts from H,0-added partial melting of granites from Conrad et al. (1988), Johnston & Wyllie (1988)
and Acosta-Vigil et al. (2006)]. (a) FeO + MgO vs SiO,; (b) TiO, vs SiO,; (c) CaO vs SiO,; (d) P,0s vs SiO,.

and experimental melts from the literature. In contrast,
Hbl-granites, Hbl-leucosomes and one Hbl-diatexite
(sample K20c) have intermediate FeO + MgO and TiO,
contents (>3 wt % and >0-25wt % respectively), which
are considerably higher than values for the homoge-
neous diatexites and leucosomes from Kinawa sampled
far from the schollen, and the leucogranites from the
studies by Chappell (1999) and Sawyer (1998), but plot
mostly inside the field of Amp-granites. A similar pat-
tern is shown by CaO; the Hbl-diatexites, Hbl-granites
and Hbl-leucosomes have CaO contents (>3 wt %) that
are intermediate between those of the amphibolite or
melanosome and those of the Kinawa homogeneous
diatexites and leucosomes (Fig. 10c).

There is a large variation in the P,05 contents of mel-
anosomes from the metatexite; sample K20A has the

highest contents of all (0-6 wt %; Table 4) whereas the
amphibolite has low contents. The Kinawa Hbl-
leucosomes, Hbl-diatexites and Hbl-granites broadly
show the same wide range as the amphibolite and mel-
anosomes; however, most Hbl-leucosomes are more
enriched in P,O5 at the same SiO, content (Fig. 10d) and
form a trend that is distinctly steeper than that for the
Kinawa homogeneous diatexite and leucosome
sampled far from the schollen.

Trace elements

Mafic amphibolite K24 has the highest Cr (268 ppm), Ni
(99 ppm) and Co (39 ppm) contents (see Table 4). The
melanosome from the metatexite shows considerable
variation, exhibiting both high and very low
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Fig. 11. Selected trace elements (ppm) vs SiO, (wt %) for the Kinawa migmatite including amphibolite, melanosome from metatex-
ite schollen, Hbl-diatexites, Hbl-leucosomes and Hbl-granite from the Kinawa migmatite, together with the leucosomes and homo-
geneous diatexites from Carvalho et al. (2016).

concentrations of these elements (Table 4). The Hbl-
diatexites (samples K5 and K22) also have high Cr (193-
219 ppm), Ni (46-63 ppm) and Co (13-23 ppm) contents,
but the Hbl-leucosomes (except K23C and K90) and the
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Hbl-granites have negligible amounts of these elements
(mostly below detection limit) and are similar to the or-
dinary leucosomes and homogeneous diatexites (see
Carvalho et al., 2016).
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Fig. 12. (a—d) Whole-rock chondrite-normalized (McDonough & Sun, 1995) rare earth element patterns for samples of the Kinawa
Migmatite. The grey shaded field in (d) represents the composition of homogeneous diatexites from Carvalho et al. (2016).

The other trace elements (Fig. 11) generally show a
wide range in abundances between the amphibolite
and melanosome, and a trend is not always apparent.
The amphibolite has the lowest Sr and Rb contents and
lies on a weak trend to progressively higher contents
from Hbl-diatexite through Hbl-granite to Hb-
leucosome. However, the pattern is a little more com-
plex if the melanosome from the metatexites is con-
sidered as the starting point; Sr still increases, but Rb
decreases from Hbl-diatexite through Hbl-granite to
Hbl-leucosome.

Zirconium shows poor correlations with SiO,. Most
samples from amphibolites, melanosomes, Hbl-
diatexites, Hbl-granites and Hbl-leucosomes have com-
parable ranges of Zr at different SiO,. Exceptions are
two melanosomes and three leucosomes that reach
much higher values than most samples (>400 ppm Zr;
see also Table 4).

Ytterbium shows a slightly negative correlation with
SiO,, and shows a trend of decreasing concentration
from melanosomes through Hbl-diatexites, Hbl-

leucosomes and Hbl-granites to the homogeneous dia-
texites and leucosomes. There is a progressive de-
crease from Hbl-leucosomes and Hbl-granites to the
homogeneous diatexites and leucosomes. The am-
phibolite has even lower Yb content than most melano-
some samples. In contrast, it is the Hbl-diatexites that
appear to have anomalously high Yb contents, well
above a leucodiatexite magma-amphibolite mixing
line.

Lanthanum and Th are both lowest in the amphibo-
lite (Fig. 11) and there is a general increase from Hbl-
diatexites, Hbl-leucosomes and Hbl-granites to the
homogeneous diatexites and leucosomes. However,
some Hbl-leucosomes are significantly enriched in La
and Th, whereas some Hbl-diatexites appear to be
depleted.

Rare earth elements (REE)
Chondrite-normalized (McDonough & Sun, 1995) REE
patterns are shown in Fig. 12a-d. The amphibolite has a
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smooth REE pattern (Lan/Ybn ~ 2; Fig. 12a) at ~20 times
chondrite (XREE ~52ppm) and no Eu anomaly (Eu/
Eu*=1.05). Samples from the melanosome have
steeper REE patterns with Lan/Yby ~9 (Fig. 12a), strong
negative Eu anomalies (Eu/Eu*=0-2-0-54) and a
concave-up form. There are two extremes. Sample K75
has very high contents of REE (XREE ~ 1726 ppm), re-
flecting its high modal proportion of accessory phases.
In contrast, sample K108D has a lower REE content
(XREE ~76ppm), much flatter REE pattern (Layn/
Yby ~ 3-2) and no Eu anomaly (Eu/Eu* = 0-98).

The Hbl-leucosomes generally have the steepest REE
patterns with Lan/Yby~25-110 (Fig. 12b) and XREE
from 169 to 509 ppm; the sample with the lowest total
>REE has the flattest pattern. None of the Hbl-
leucosomes have a positive Eu anomaly; 80% have
negative anomalies (Eu/Eu* =0-39-0-83) and the others
have essentially no anomaly (Eu/Eu* =0-92-0-98).
These REE patterns are different from those of leuco-
somes and homogeneous diatexites far from mafic
schollen, which have slightly lower Layn/Yby (~6-100;
Carvalho et al., 2016; Fig. 12d) and both strong positive
and negative Eu anomalies (Eu/Eu* =0-3-8), and extend
to much lower total REE contents.

The Hbl-diatexites (Fig. 12c) exhibit two types of REE
pattern. One, represented by samples K20C and K23C, is
relatively smooth, slightly fractionated (Lan/Yby~5-13;
>REE ~55-208) and with a weak negative Eu anomaly
(Eu/Eu* = 0-55-0-83). The other, represented by samples
K5 and K22, has lower Lan/Yby (~1:5), higher REE
(~142-187 ppm), an enrichment in the MREE (although
the pattern could also be interpreted as like the first
group, but depleted in La to Nd), and a pronounced
negative Eu anomaly (Eu/Eu* =0-3), owing to the higher
MREE. The second group may differ from the first sim-
ply as a result of a much higher proportion of entrained
hornblende and apatite.

The Hbl-granites (Fig. 12c) have REE patterns similar
to but steeper (Lan/Yby~8-22 and Eu/Eu* =0-52-0-9)
than those of the first group of Hbl-diatexites. However,
one of the Hbl-granite patterns shows increasing deple-
tion in the HREE, resulting in a steeper pattern with a
concave-upwards shape in this portion of the pattern.

DISCUSSION AND INTERPRETATION

Schollen-diatexite interaction at Kinawa
Macroscopic behaviour of the mafic layers

The macroscopic appearance of the diatexite and schol-
len indicates different deformation regimes. The diatex-
ite was melt-bearing and therefore weak (Rosenberg &
Handy, 2005) and underwent magmatic flow forming
the S, fabric and schlieren. The presence of leucosomes
in shear bands indicates that melt was expelled by the
process of shear-enhanced compaction (Rutter &
Mecklenburg, 2006) during flow of the diatexite magma
in the Claudio Shear Zone (Carvalho et al., 2016, 2017).
In contrast, the mafic layers and schollen do not contain
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the syn-anatectic S, fabric or show boudinage, thus
indicating that they were stronger than the host diatex-
ite. This interpretation is also supported by the fact that
the diatexite has developed structures analogous to
pressure shadows around the stiffer schollen and melt
collected in these. Furthermore, the maximum principal
stress (o4) is the same in all the layers of a heteroge-
neous rock undergoing deformation, but the minimum
principal stress (o3) is lower in the strongest layers.
Therefore, the differential stress (o, — o3) is greatest in
the amphibolite layer and that pressure difference is the
driving force that moves melt (Brown et al., 1995) from
the surrounding diatexite into the amphibolite layer, or
mafic schollen (Fig. 13a—d). In addition, if o3 is lower in
the strong layer this may allow the magma pressure to
induce tensile fracture there (Oliver et al., 1990). Thus,
melt (and H,0) from the host diatexite moves to and
into the mafic schollen for two reasons: (1) being stron-
ger they develop pressure shadows, which attract melt:
(2) they fracture and become dilatant, and this sucks
melt in from this reservoir. Consequently, most schol-
len are surrounded by melt-enriched haloes (Fig. 13d)
and contain melt-filled fractures of various orientations
(Figs 2c and 3c, e).

The schollen contain thin mineral films of plagio-
clase, K-feldspar and quartz, which appear to pseudo-
morph former intergranular films of melt and replace a
previous well-equilibrated microstructure. These melt
films are critical to the disaggregation of schollen by
surrounding strong hornblende crystals with a weak
matrix, which facilitates grain boundary sliding and ro-
tation of grains leading to their detachment by flow of
the enclosing diatexite magma around the schollen.
The melt films are wider at the rim than in the interior
of schollen, suggesting either that more melting
occurred towards the rim, or that melt infiltrated along
the grain boundaries from the host diatexite into the
amphibolites. Diopside is replaced by hornblende in
the schollen, indicating rehydration of the amphibolite.
The likely source of H,O is the surrounding diatexite
magma, which becomes saturated in H,O as it crystal-
lizes. The H,O may then have diffused, or infiltrated,
into the mafic schollen. The addition of H,O to the am-
phibolite could allow melting (e.g. Stuart et al., 2017)
of its quartzo-feldspathic matrix at low temperatures
(e.g. wet solidus ~620-690°C from 5 to 10 kbar; Palin
et al., 2016), resulting in weakening of the grain boun-
daries that could then permit infiltration of melt from
the matrix (Fig. 13c). The infiltration of melt into al-
ready weakened grain boundaries in an orthogneiss
has been described by Hasalova et al. (2008a, 2008b)
as the first step in its disaggregation and the develop-
ment of a diatexite.

The presence of hornblende-rich domains in some
schollen may be further evidence of amphibolite-melt
interactions. Daczko et al. (2016) interpreted the modifi-
cation of gabbroic gneisses to hornblendites as evi-
dence for the interaction of a hydrous, silicate melt with
metagabbro.
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Fig. 13. Sketch depicting the interaction between schollen and diatexite. The process begins with (a) the migration and accumula-
tion of melt in low-pressure sites (e.g. necks of boudins of mafic rock), progresses with (b) and (c) percolation of melt along banding
and fractures, and terminates with (d) the disaggregation of the scholle into the diatexite.

Mineral composition after the interaction
Interaction with the infiltrating H,O and melt progres-
sively changes the composition of the minerals. For ex-
ample, plagioclase becomes less calcic from the interior
(~Anys) to the exterior (~Anys) of the schollen, and it is
slightly more calcic (~Anyg) in the enclosing diatexite
than in the diatexite farther away (~An,s). These
changes in composition are likely to be the result of re-
crystallization of the plagioclase after reacting with the
melt (e.g. Acosta-Vigil et al., 2006).

The rims of biotite that replace hornblende become
wider towards the edge of schollen and indicate the
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extent to which K,O and H,0, and therefore melt, pene-
trated. Hornblende crystals detached and isolated in the
diatexite show progressively more and eventually com-
plete pseudomorphing by biotite. This may be a func-
tion of their residence time in the diatexite, or the larger
volume of diatexite magma with which to react.
Hornblende inside the schollen has higher Mg#, Cr and
Co, whereas disaggregated hornblende in Stages 3 and
4 has lower Mg#, Cr and Co, but higher SiO,, Sc, REE
and U. One possible interpretation of the higher Sc, REE
and U is that during the partial replacement of horn-
blende by biotite these elements are not partitioned
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into biotite and so become concentrated in the remain-
ing hornblende.

The biotite that replaces hornblende also has lower
Mg# and Cr contents at Stages 4 and 5. The Mg# is ~54
for the amphibolite and ~26 for the average diatexite,
thus as the shed crystals re-equilibrate with the diatex-
ite magma they change composition. In the final stage
of the disaggregation process the composition of the
hornblende (and the biotite that replaces it) scattered in
the diatexite will be buffered by the far larger external
reservoir (e.g. Lavaure & Sawyer, 2011) of ordinary dia-
texite magma.

Entrainment and change in bulk composition at
Kinawa

Field, microstructural and geochemical relations indi-
cate that some Kinawa diatexites and leucosomes are
contaminated around schollen. The composition of the
mixed rocks should define a linear trend between the
diatexite magma and the schollen if complete entrain-
ment occurred following disaggregation. Figures 10
and 11 show that this is not the case for all elements.
This may arise because there are two significantly dif-
ferent potential sources of entrained material, the mafic
schollen and the melanosomes from metatexite schol-
len. Alternatively, the entrainment process may have
been selective to some degree, as proposed for some
S-type granites (Stevens et al.,, 2007; Villaros et al.,
2009), and not wholesale.

Geochemical mass-balance modelling was under-
taken to examine and better constrain exactly which
and how much of the lithologies represented in the
schollen are contaminants in the anatectic magma at
Kinawa. The modelling examined two aspects of this
interaction. The first evaluated the selective entrain-
ment of hornblende, biotite and plagioclase by mass-
balance mixing between the assumed composition of
the initial anatectic melt (sample K87 from Carvalho
et al., 2016) and the composition of minerals from
Supplementary Data Electronic Appendix Table 3. The
second simulated wholesale entrainment by mixing the
bulk composition of the amphibolite (K24) and average
melanosome with anatectic melt (K87). The term whole-
sale entrainment describes a process that has the
equivalent compositional consequence to the well-
known process of bulk assimilation. However, whole-
sale entrainment implies that all the solid present in the
schollen is entrained in the melt but does not necessar-
ily dissolve into it, although it might in some cases.
Results of the model are shown in Fig. 14 and in
Supplementary Data Electronic Appendix Table 3.

Figure 14a shows that FeO +MgO and TiO, versus
Si0, for some Hbl-leucosome samples falls close to
the mixing line between melt and amphibolite but CaO
versus SiO, does not. Because of the low proportion of
Hbl in the melanosomes, the mixing between melano-
some and melt clearly could not account for the mineral
assemblages with Hbl, but it explains reasonably well
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the whole-rock composition of some Hbl-leucosomes,
and one Hbl-granite, especially for CaO. However, in
terms of FeO + MgQO, CaO and TiO,, the Hbl-diatexites
(K5B and K22) are much closer to the model lines for
entrainment of only hornblende and biotite; thus,
selective entrainment may have occurred in these
samples. The mixing line for plagioclase provides a
good fit for samples of Hbl-granite (K17A and K34),
but only in terms of TiO,, because they exhibit much
lower contents than the other Hbl-bearing samples.
Some Hbl-diatexites and Hbl-leucosomes have very
high TiO, contents and as these were probably not
derived from the melanosome, because this has lit-
tle or no hornblende, it is likely that these result from
the selective enrichment of titanite or ilmenite and
hornblende.

Contamination of diatexite by entrainment has a
strong influence on the content of the REE (Fig. 14b) in
the resulting rocks. Drummond et al. (1996) and
Reichardt & Weinberg (2012) have shown that the accu-
mulation of hornblende in the source can produce leu-
cogranites with high Lan/Yby. In contrast, Hu et al.
(2016) found that entrainment of hornblende was a key
feature in lowering the Lan/Yby of leucosomes from the
North Dabie Zone. The entrainment of hornblende into
the melt at Kinawa clearly lowers the Lan/Yby ratios
(Fig. 14b). Some Hbl-diatexites (Kb and K22) have REE
patterns essentially parallel to those of the Kinawa
hornblende (Fig. 9¢c) and the abundance of HREE indi-
cates up to 30% Hbl entrainment. Hbl-diatexite K20B
also follows the mixing model, but requires only about
10% entrainment (Fig. 14b, left); the reduced horn-
blende component results in a slightly steeper REE pat-
tern and smaller Eu anomaly (Eu/Eu* ~0-55). Less
entrainment (~5%) is indicated for Hbl-granites K17A
and K34 (Fig. 14b, right), which have similar less fractio-
nated REE patterns (Lan/Ybn~ 15) with negative Eu
anomalies (Eu/Eu* ~0-5). These examples point to the
preferential entrainment of hornblende rather than
wholesale entrainment of amphibolite.

Model lines for wholesale entrainment of the am-
phibolite (various greys, Fig. 14b) do not fit the REE pat-
terns in the Hbl-diatexites. However, two Hbl-
leucosomes (K73A and K88) and one Hbl-granite (K4)
follow the model lines fairly well and indicate up to
~15% wholesale entrainment.

From anatectic melt to granite; inferences from
Kinawa

The compositional fields defined by I-type granites
(Clemens et al., 2011) and S-type granites (Garcia-Arias
& Stevens, 2016) are shown in Fig. 14a. The typical
Kinawa homogeneous diatexites and leucosomes lie at
the high silica and low FeO + MgO, CaO and TiO, ends
of the I-type granite field, appropriate to their very leu-
cocratic nature owing to a leucogranodiorite protolith.
The migmatites that have been contaminated by the
disaggregation of amphibolite schollen, the Hbl-diatexite,



1356

Journal of Petrology, 2017, Vol. 58, No. 7

This Study Model Carvalho et al. 2016 Clemens et al, 2011
. . % Hbl-granit —— = Hbl + Bt o Homogencous diatexites © I-type granites
:J“\.m‘]ilhlllohler . Hb]—]gez:nolszsmes —_. A Pl A Le‘ulcosomes ' Garcia-Arigs & §
& Hbl-diatexites ~+—Amp Mel & Initial anatectic melt Sityhe prankes
o 16 15
(a) 1Y T
14 °
o ‘2 -
12 1 g
Q
&0 104 ° i
= )
+ 7 =
< o
B 61 61
4 -
3 E
2 -
0 0
50 50
1.25
’ ] 1000
oot ()
o @
° = .
w1 oy l°
g E 100
=
0.50- C)
2
g, 104
0.251 E Hbl-diatexites
W
0.00 1 T Ll T Ll Ll T T T Ll T Ll T Ly T
50 LaCePrNd SmEuGdTbDyHoErTmYb
1000 1000
@ L
= b Hbl
L] | -
"g 1004 ° "g 100
_g _g 30%
> 5] 20%
E - E 10%
= A e 104
E 2 i
v Hbl-leucosomes 2
1 . Hbl-granites

LaCePrNd SmEuGdTbDyHoErTmYb

LaCePrNd SmEuGdTbDyHoErTmYb

Fig. 14. Summary results of the geochemical modelling. (a) FeO +MgO vs SiO,, CaO vs SiO, and TiO, vs SiO,, representing the
principal constituents implicated in the ‘maficity’ of granitic magmas. The mixing lines are marked at 10% increments and are for
mixing between amphibolite (Amp), melanosome from metatexite (Mel), hornblende (Hbl), biotite (Bt), plagioclase (Pl) and anatec-
tic melt [sample K87 from Carvalho et al. (2016)]. (b) Chondrite-normalized (McDonough & Sun, 1995) rare earth element patterns
for hornblende and samples of Hbl-diatexite, Hbl-leucosome and Hbl-granite compared with model lines for the entrainment of
hornblende (shades of green) and for the wholesale entrainment of amphibolite (shades of grey) into the anatectic melt.

Downl oaded from https://academni c. oup. coni petrol ogy/article-abstract/58/ 7/ 1333/ 4430496
by FAC. MED. Rl B. PRETO- Bl BL. CENTRAL- USP user

on 05 March 2018



Downl oaded from https://academni c. oup. coni petrol ogy/article-abstract/58/ 7/ 1333/ 4430496

Journal of Petrology, 2017, Vol. 58, No. 7

1357

Hbl-leucosomes and Hbl-granites, form a trend (Fig.
14a) along the centre of the I-type granite field to 7 wt %
FeO + MgO and 57wt % CaO, which places them be-
yond the bulk of I-type granites, and therefore with
those of higher maficity. Two samples attain 12wt %
FeO +MgO, and lie just above the I-type field and at
slightly higher SiO, contents; these match the highest
maficity granites in both the I-type and S-type granite
fields. Comparing the mixing lines for Kinawa anatectic
melt and hornblende, the field for I-type granites lies at
lower FeO+MgO and matches CaO, consistent with
wholesale entrainment of amphibolite, or a combin-
ation of hornblende and plagioclase into the anatectic
melt to make a granite magma. On the other hand, S-
type granites have consistently lower CaO, but higher
TiO, than the model trends, which indicates that, as ex-
pected, entrainment of hornblende or amphibolite
alone is less important. The I-type granite field lies at
higher TiO, than either hornblende or the amphibolite,
which implies selective addition of a TiO,-bearing
phase, ilmenite or titanite, both common accessory
phases at Kinawa, or that the amphibolites at Kinawa
have anomalously low TiO, contents compared with
most mafic rocks in the deep continental crust.

The composition of granite plutons differs from that
of experimental melts (Conrad et al., 1988; Acosta-Vigil
et al., 2006), leucosomes in migmatites (Sawyer, 1996)
and melt inclusions in peritectic phases (Acosta-Vigil
et al., 2007; Cesare et al., 2015) in that the majority of
granites are more mafic. Other differences pertain to
the relative proportions of plagioclase, quartz and K-
feldspar within granite suites. These differences have
been ascribed to several mechanisms (Fig. 15): (1) crys-
tal fractionation (Tindle & Pearce, 1981; Sawyer, 1987;
Chappell & White, 1992; Erdmann et al., 2009); (2)
magma mixing (Chappell, 1996; Kemp et al., 2007;
Reichardt et al., 2010); (3) restite unmixing (White &
Chappell, 1977; Chappell et al., 1987); (4) the entrain-
ment, selective or not, of peritectic phases (Stevens
et al., 2007; Villaros et al., 2009; Taylor & Stevens, 2010;
Clemens et al., 2011; Garcia-Arias & Stevens, 2016); (5)
assimilation of xenoliths and wall-rocks (Clarke &
Carruzzo, 2007). All of these processes, except the first,
involve contamination of anatectic melt with a ferro-
magnesian component to augment maficity. Recently,
attention has focused on the source region where melt-
ing occurs, on assessing the relative importance of res-
tite unmixing and the related, but more restricted,
process of the entrainment of peritectic phases to ex-
plain the high FeO+ MgO contents, or maficity (e.g.
Clemens et al., 2011), of most granites. Little attention
has been paid to the physical processes by which con-
tamination, or entrainment, might occur.

The identification of the mechanisms that operated
in the source region is difficult once the melts have as-
cended to form a granite pluton. Migmatites, however,
provide a window to the region where anatectic melts
become granitic magmas and are the best place to in-
vestigate the physical process of how contamination
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might increase maficity. In a microstructural study,
Sawyer (2014) showed that material in the source re-
gion of metatexite migmatites is entrained wholesale at
the very earliest stage of melt segregation, when melt
collects into the first leucosomes. The mechanism that
allows entrainment is rupture of the bridges of country
rock, as lenticular microleucosomes link to form macro-
scopic leucosomes.

The Kinawa diatexite migmatite reveals another
mechanism that results in an increase in maficity: the
disaggregation and entrainment of the less fertile,
paleosome lithologies, such as amphibolite, that are
also present in the source region. At Kinawa, the disag-
gregating paleosome is mafic, and the protolith to the
migmatite is leucogranodiorite; thus contamination
with mafic paleosome has a much greater effect than
contamination with the residuum, which because of
the leucocratic protolith is mainly composed of plagio-
clase and quartz (see Carvalho et al.,, 2016). In some
rocks the entrainment appears to be wholesale, but in
others a particular phase, such as hornblende, is pref-
erentially entrained. The changes in composition are
most obvious for the major oxides, FeO +MgO, TiO,,
CaO and SiO,, but also include trace elements such as
the REE. As a consequence, melts that were felsic be-
come magmas that are more mafic and the contami-
nated samples acquire compositions comparable with
those of mesocratic and melanocratic I-type granites
and with those of amphibole granites found around
the world.

Another effect of the wholesale entrainment pro-
cess at Kinawa concerns the origin of the heteroge-
neous isotopic signature of magmatic zircons in I-type
and S-type granites noted by Belosouva et al. (2006)
and others. Recent literature has shown that the Hf iso-
tope signatures of magmatic zircon may vary widely,
even at the thin-section scale [e.g. up to 8 gHf units in
an S-type granite studied by Farina et al. (2014)],
implying that micro-environments of different chemis-
try and isotope signature existed at the magmatic
stage, during the growth of this mineral. Farina et al.
(2014) interpreted this feature as a result of dissolution
of inherited zircons of different Hf isotopic composition
in a magma that had insufficient time to homogenize
efficiently as magmatic zircon crystallized quickly. We
suggest that such isotope variation might also be gen-
erated when new zircon crystallizes at the interfaces
between a granitic melt and any solid material being
incorporated, such as during wholesale entrainment.
As an example, our amphibolite sample K24 (~80 ppm
Zr, 2 ppm Hf) has Lu/Hf =0-18 (Table 4), which is much
higher than the median value of either the homoge-
neous diatexites or leucosomes [~0-02; data from
Carvalho et al. (2016)]. Zircon is nearly absent, and Zr
might reside largely in the original hornblende (37-
56 ppm Zr in crystals from hornblende diatexite; see
Table 3) and probably titanite (not analysed) also, but
is almost absent in the biotite that replaces horn-
blende. The whole-rock Hf isotope ratio (not analysed)
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types produced are shown in blue ellipses.

should be distinct (less negative) at the time of ana-
texis, relative to the partial melts reacting with it (see
Carvalho et al., 2017). Any new magmatic crystals
forming at the amphibolite-melt interface may be
influenced by this contrast, and possibly would retain
it, as solid—-melt diffusion should be slow relative to
melt-melt diffusion.
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CONCLUSIONS

Disaggregation of non-protolith lithologies plays an im-
portant role in the formation of typical granitic magmas
in migmatites by providing a source of the components
necessary to increase the ‘maficity’ of anatectic melts
generated from the fertile lithologies. Six stages of
change were identified in the diatexite migmatites at
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Kinawa: Stage 1, coherent mafic schollen in the diatex-
ite; Stage 2, infiltration of melt along discontinuities and
the start of chemical modification of the schollen; Stage
3, disaggregation of schollen and formation of swarms
of detached hornblende crystals in the diatexite; Stage
4, partial replacement of hornblende by biotite; Stage 5,
replacement of hornblende by aggregates of biotite,
flow of the diatexite and formation of biotite schlieren
in the host diatexite; Stage 6, flow of the diatexite, loss
of schlieren and homogeneous distribution of biotite.

The interaction between melts and solid material
(both paleosome and residuum) in the source is complex
and differs from sample to sample. In some entrainment
is essentially wholesale, whereas for others it favours
certain minerals, most commonly hornblende at Kinawa,
but in some cases plagioclase and a TiO,-bearing phase.
Entrainment of material as the mafic schollen disaggre-
gate is responsible for adding FeO + MgO, TiO,, CaO, Cr,
Sc and Co and REE to the felsic melts produced by the
anatexis of a leucogranodiorite protolith. Changes to the
REE are principally the result of contamination by horn-
blende and include a decrease in Lan/Yby. Interaction be-
tween the entrained material and the host diatexite
progressively changes the mineral assemblage; en-
trained hornblende is converted to biotite and entrained
plagioclase becomes more sodic.

Entrainment of material in the source in the Kinawa
migmatite involves more than simple unmixing of the
residuum and entrainment of the peritectic phases. It
also includes the wholesale entrainment of the other
lithologies, some of which may not have melted or else
melted little, that were present in the region undergoing
anatexis.
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