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A suite of calc-alkaline arc rocks in the Pangong Metamorphic
Complex in the Karakoram Shear Zone, Ladakh, NW India, was
migmatized at upper amphibolite facies under water-fluxed condi-
tions. Meta- and diatexites contain abundant hornblende in both
leucosome and melanosome. These form idiomorphic, potkilitic mega-
crysts in the leucosome and in melanosome rims around leucosomes.
Hornblende chemistry, particularly its rare earth element (REE)
pattern, is highly variable in protoliths and neosomes, and in most
cases the REE contents do not reflect hornblende partition coeffi-
clents reported in the literature. These variations are the result of
the complex crystallization histories of the migmatites. REE vari-
ations in whole-rock diatexites and leucogranites demonstrate the
role of hornblende in controlling the REE budget. Formation of
heavy REE (HREE) -enriched hornblende and ils accumulation
wn the source resulls in leucogranitic magmas with high La,/Yb,
and Sr/Y values typical of adakites. We show that leucogranitic
magmas, depleted in HREE, can be generated by water-fluxed par-
tial melting of arc-related rocks in the mid-crust without requiring
garnet retention in the source.
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INTRODUCTION

Fractionation of hornblende is a significant factor in
crustal differentiation (Arth & Barker, 1976; Defant &
Drummond, 1990; Patino Douce, 1999; Foley et al., 2002;
Davidson et al., 2007). The geochemical signatures of
Archean tonalite-trondhjemite—granodiorites  (TTGs)
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and adakites, with typical high La,/Yb, and Sr/Y values,
are generally thought to be largely the result of fraction-
ation processes that create residual assemblages rich in
hornblende and garnet in the source (Martin, 1987, 1999;
Defant & Drummond, 1990; Nehring et al., 2009). TTGs
are generally regarded as the products of partial melting
of basaltic crustal rocks under high pressure in the stability
field of garnet, probably during subduction of oceanic
crust or at the base of thickened continental crust; this
melting process leaves garnet-amphibolite or eclogite as a
residue (Drummond & Defant, 1990; Martin, 1994).
Examples of high La,/Yb, and Sr/Y signatures in
Phanerozoic plutonic belts, such as the Cordillera Blanca
Batholith in Peru and the Separation Point suite of the
Median Batholith in New Zealand, have been proposed to
be the result of deep melting of a mafic crustal underplate
within the garnet stability field that also produces a horn-
blende- and garnet- bearing residue (Petford & Atherton,
1996; Tulloch & Kimbrough, 2003). Tiepolo & Tribuzio
(2008), however, have proposed that hornblende fraction-
ation alone, without involvement of garnet, can account
for highly fractionated, heavy rare earth element
(HREE)-depleted magmas. Although many model calcu-
lations are well constrained in terms of whole-rock and
mineral chemistry, field relations that confirm the mod-
elled processes are relatively scarce because they involve
mantle and lower crustal restitic rocks or melt sources
that are rarely exposed.

The Pangong Metamorphic Complex in Ladakh, NW
India, exposes migmatites that have hornblende as a
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Fig. 1. Geological map of the Karakoram Shear Zone in Ladakh, NW India. Location of the Tangtse gorge in the Pangong Metamorphic
Complex (PMC) is indicated by dashed rectangle. Sample location in the Rongdu area is indicated by arrow. MBT, Main Boundary Thrust.

peritectic phase. In situ leucosomes feed into a network of
leucogranite magma sheets that locally coalesce to form
stocks and plutons, and eventually feed into the
Karakoram Batholith (Reichardt et al., 2010; Reichardt &
Weinberg, 2012). Building on the observed field relations,
here we investigate hornblende chemistry and its link with
the REE composition of the source rocks, meta- and dia-
texites, and leucogranites. We show that hornblende REE
patterns vary between samples and that hornblende frac-
tionation exerts a strong control on the REE budget of the
daughter magmatic rocks, explaining why some of these
rocks have high La,/Yb, and Sr/Y values similar to
Archean T'TGs and adakites.

GEOLOGICAL BACKGROUND

The Pangong Metamorphic Complex is exposed in the
central part of the Karakoram Shear Zone (Fig. 1). Here,
the shear zone that trends NW-SE for at least 700 km
from the Pamir Mountains in Pakistan through the
Eastern Karakoram to the Mt Kailas region in India, is
divided into two parallel strands, the Tangtse and the
Pangong Shear Zones (Fig. 1). The Tangtse Shear Zone sep-
arates rocks of the Ladakh arc to the SW from those of
the Pangong Metamorphic Complex (PMC). The
Pangong Shear Zone separates the PMC from the rocks of
the Karakoram Metamorphic Complex (KMC) to the
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NE. The Ladakh arc comprises mainly calc-alkaline
granitoids, ranging from granites to gabbros, which have
crystallization ages ranging between 49 and 103 Ma, and
are associated with a volcanic sequence, known as the
Khardung Volcanics (Schdrer et al., 1984; Weinberg &
Dunlap, 2000; Singh et al., 2007; Upadhyay et al., 2008).
The KMC consists mainly of staurolite-garnet schists,
amphibolites and marbles (McCarthy & Weinberg, 2010).
The PMC comprises a calc-alkaline granitoid suite of
Hbl-Bt-granodiorites and diorites, consisting of varying
proportions of plagioclase, K-feldspar, quartz, hornblende
and titanite, commonly with the accessory minerals allan-
ite, apatite and zircon. Mineral abbreviations are after
Kretz (1983). Mafic varieties of the diorites commonly con-
tain clinopyroxene. Only the Bt-granodiorites are
hornblende-free. This calc-alkaline suite forms the Muglib
Batholith (Weinberg ez al., 2009; Reichardt et al., 2010) and
intrudes amphibolites, calc-silicate rocks, Bt-psammites,
Bt-pelites and minor marble beds. Rocks of the Muglib
Batholith have crystallization ages centred around 70 Ma
(Weinberg et al., 2000; Ravikant, 2006; Reichardt et al.,
2010) and isotopic compositions similar to those of the
Ladakh arc (Ravikant, 2006; Reichardt et al., 2010).
Amphibolites in the PMC have been related to volcanic
rocks of the Ladakh arc (Rolland et al., 2002, 2009). The
whole-rock geochemistry of all major rock groups in the
PMC, which show the typical calc-alkaline trends of
arc-related volcanic rocks, has been discussed by
Reichardt et al. (2010).

Rolland & Pécher (2001) determined that peak meta-
morphic temperatures in the Tangtse area reached
700 £20°C at 7 £1 kbar, based on the association of mus-
covite and sillimanite in the absence of K-feldspar in meta-
pelites and cation exchange reactions (minerals used:
Grt—Bt, Grt-PI-Ms—Qtz, Grt-Pl-Ms—Bt and Grt—Pl-
Sil-Qtz). Rocks of the calc-alkaline granitoid suite and
the Bt-psammites are both migmatized (Reichardt e al.,
2010), and the leucosomes are physically linked to leucogra-
nite dykes, stocks and plutons that span crystallization
ages from ~13-5 to ~20 Ma (Searle et al., 1998; Weinberg
& Searle, 1998; Phillips et al., 2004; Ravikant et al., 2009;
Reichardt et al., 2010) and have been related to anatexis
of the PMC, based on field relations, geochronological
and isotopic data (Weinberg & Searle, 1998; Reichardt
et al., 2010). These leucogranite dykes and sheets link the
source region to the Karakoram Batholith, and are gener-
ally mildly peraluminous Bt =+ Ms =+ Grt-leucogranites to
leucotonalites and commonly record evidence of feldspar
accumulation such as high Sr and Ba (Reichardt et al.,
2010).

This study focuses on exposures in the Tangtse gorge
(Fig. 1), which transects the Karakoram Shear Zone and
exposes a cross-section of all the major lithologies in the
PMC, including a several hundred meter-wide layer of
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meta- and diatexites and the Pangong Injection Complex
(Weinberg & Searle, 1998; Weinberg et al., 2009).

MIGMATITE MORPHOLOGY AND
HORNBLENDE ACCUMULATION

In the Tangtse gorge area (Fig. 2) migmatized calc-alkaline
magmatic rocks contain abundant hornblende in the
leucosome. Metatexites exhibit alternating leucocratic,
mesocratic and melanocratic layers. These are interpreted
to represent melt-enriched parts (leucosome) and melt-
depleted, residual parts (melanosome), as well as compos-
itional differences in the unmelted protolith. Mesocratic
layers (mesosome) in migmatized areas are also regarded
as melanosome because they are inferred to have lost melt.

Leucosomes have varying modal contents of plagioclase,
K-feldspar, quartz, hornblende, biotite and titanite giving
rise to compositional variations from leucogranite to
trondhjemite. They are mostly medium-grained, but
plagioclase and K-feldspar megacrysts up to ~3 cm long
are common. Tonalitic leucosomes are generally physically
associated with more mafic, dioritic protoliths. The leuco-
somes commonly have dextral C—S fabrics defined by de-
formed and asymmetric feldspar, and biotite foliae
wrapping around feldspar grains. Leucosomes with diffuse
boundaries to melanosome in shear planes suggest
syn-deformational melting. Tight to isoclinal folds that
have leucosomes parallel to the axial plane that are con-
tinuous with layer-parallel leucosomes further indicate
that melting and deformation were coeval (Weinberg &
Mark, 2008). Continuous folding and shearing of
leucosome-bearing layers has led to disaggregation of the
metatexites to form diatexites (Fig. 2a and b; see also
Weinberg & Mark, 2008). Disaggregation of layering also
gives rise to schlieren consisting mostly of hornblende, bio-
tite and titanite (Fig. 2c). Amphibolite blocks that seem
unaffected by anatexis form schollen in the diatexite
(Fig. 2d). Here, the term schollen describes rafts of
non-leucosome in leucosome (Mehnert, 1968). In some ex-
amples, these blocks, which can be up to ~15m across,
are internally fragmented but are still recognizable as one
formerly coherent block (Iig. 2e). There are also large
areas where the protolith magmatic rocks are not migma-
tized, presumably because of the absence of infiltrating
fluid.

Commonly, hornblende in the leucosomes forms large
crystals (up to 3cm), which are poikilitic and euhedral
(Fig. 2f). In many places, the diatexites have a patchy tex-
ture characterized by leucosome grading into melanosome
(Fig. 3a). Locally, patchy leucosomes contain hornblende-
rich areas (I'ig. 3c). Leucosomes in quartz-diorites also
contain aggregates of hornblende (Fig. 3d). Isolated rafts
of mafic diorite in leucosome are commonly rimmed by
hornblende megacrysts. In some locations, dark veins
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Fig. 2. General features of hornblende-bearing migmatites in the Tangtse gorge. (a) Disaggregation of metatexite to form diatexite. The outcrop
is~20° inclined towards viewer. (b) Line drawing of (a) showing folding of layers. Inset: interpretation of folding and axial planar leucosomes
indicated as dashed lines. (c) Disrupted amphibolite schollen and entrainment of schollen material to form schlieren in leucosome. (d)
Rotation of layering in metatexite into parallelism with axial plane. (e) Fragmented amphibolite schollen in diatexite migmatite. Fragments
are surrounded by leucosome but show jigsaw fit. (f) Large, euhedral poikilitic hornblende megacrysts in leucosome in Hbl-Bt-granodiorite.

consist mostly of hornblende (Fig. 3e). These ~5—10cm
thick veins are continuously linked to wider (~0-5m) leu-
cosomes and are interpreted as parts of the leucosome
from which the interstitial melt has been extracted, leaving
behind an accumulation of early formed crystals.
Hornblende is interpreted to be a peritectic product of the
melting reaction because of its poikilitic and porphyritic
habit in the leucosomes, and because it forms melanosome
rims around leucosomes.

PETROGRAPHY

Under the microscope the typical hornblende is dark green
and lacks visible zonation. Samples from the Rongdu area

(Fig. 1) are an exception and contain hornblende grains
with patchy zoning or with green—brown cores and green
rims. Hornblende is petrographically distinct in protolith,
melanosome and leucosome. In granodiorite and quartz-
diorite protoliths, hornblende is subhedral to anhedral,
rarely exceeds 5mm in length, and is generally aligned
with the regional tectonic fabric (Fig. 4a); in places it has
a sigmoidal shape. Hornblende in leucosomes, patchy mel-
anosomes and melanosome rims around leucosomes is sig-
nificantly larger than that in the protoliths, ranging from
a few millimetres to megacrysts up to ~3 cm long. Grains
are cuhedral to subhedral, poikilitic and commonly have
inclusions of plagioclase, K-feldspar, biotite, allanite and
apatite (Fig. 4b). Locally developed patchy tonalitic
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Fig. 3. (a) Grading from melanosome into leucosome in diatexite; diorite protolith. (b) Mottled texture formed by clinopyroxene clusters (pale
green) surrounded by hornblende (dark green) and biotite in melanosome of metatexite. Diffuse, patchy leucosome consisting mostly of horn-
blende and K-feldspar. Protolith is diorite. (¢) Hornblende accumulation in Hbl-Bt-granodiorite. (d) Patchy, coarse-grained Hbl-bearing leuco-
some in diorite. Schollen of diorite (e.g. at tip of hammer) show rims of hornblende megacrysts. (¢) Hornblende and K-feldspar accumulation
in veins in diorite, interpreted to be the result of melt extraction from a leucosome that now preserves a residual assemblage.

leucosomes have a hypidiomorphic magmatic texture with
cuhedral to subhedral hornblende megacrysts that have
plagioclase inclusions (Fig. 4c). Here, plagioclase is usually
cuhedral, whereas quartz is present in the interstices
(Fig. 4d). Compared with hornblende in the paleosome,
hornblende in the leucosomes is generally not aligned.

In the diatexites, hornblende grains in leucocratic parts
show two different habits: one is characterized by euhedral
to subhedral poikilitic grains, whereas the other is anhe-
dral and generally smaller and has higher aspect ratios.
Grains with the latter texture also occur in schlieren
together with biotite and titanite and are commonly
physically linked to a melanosome. Where the pre-
migmatization texture is still preserved in outcrops of
Hbl-Bt-granodiorite, thin rims of felsic material of un-
known composition are found around the plagioclase
and K-feldspar grains. Sometimes, these films connect

interstices between larger, framework building plagioclase
and K-feldspar grains (Fig. 4¢). Small embayed plagioclase
grains are also common. These features indicate either
low degrees of partial melting or crystallization of small
amounts of residual melt after melt extraction (Fig. 4e;
Sawyer, 1999, 2001).

Some leucosomes in the Hbl-Bt-granodiorites and dior-
ites contain only K-feldspar, quartz and hornblende as
major minerals. Plagioclase is present only in interstices,
as thin rims around hornblende and K-feldspar, or as in-
clusions in hornblende. These leucosomes also contain sig-
nificant amounts of apatite and titanite (Fig. 4f), small,
commonly anhedral clinopyroxene grains, and allanite. In
these leucosomes, hornblende grains contain exceptionally
large amounts of euhedral apatite inclusions (Fig. 4b).
Allanite grains in patchy melanosomes around these Hbl—
Kfs leucosomes are commonly larger than 500 pm, and
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Fig. 4. Photomicrographs. (a) Example of hornblende texture in calc-alkaline Hbl-Bt-granodiorite protolith. Hornblende is mostly subhedral
to anhedral and aligned together with biotite and titanite forming the foliation. Plane-polarized light (PPL). (b) Large amounts of euhedral
apatite inclusions in hornblende megacryst in Hbl-Kfs leucosome in rocks such as shown in Fig. 3c. PPL. (c¢) Euhedral, poikilitic hornblende
megacrysts with mainly plagioclase, but also quartz inclusions in tonalitic leucosome (PPL); diorite protolith. (d) Same leucosome as in (c),
showing granoblastic texture and straight boundaries between plagioclase grains (XPL). (e) Thin film between grains in Hbl—
Bt-granodiorite. Small plagioclase grains in centre of image are interpreted to have undergone melting. This interpretation is based on embay-
ment of plagioclase grains, for example on the small Pl grain in the lower centre that is enclosed by the film. Cross-polarized light (XPL).
(f) Titanite and clinopyroxene in Hbl-Kfs leucosome. Most of the field of view is taken up by K-feldspar. Some of the titanite grains fill intersti-
tial space between K-feldspar grains (e.g. in upper, central part of image); most clinopyroxene grains are small, anhedral and enclosed by
K-feldspar (XPL); diorite protolith. (g) Scanning electron microscope image showing zoned allanite with apatite inclusions, apatite and
zircon in biotite schlieren in migmatitic calc-alkaline Bt-granodiorite. (h) Cluster of subhedral, and small (<500 pm) anhedral clinopyroxene
grains in a patchy melanosome of mottled diorite as shown in Fig. 3b (PPL).
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allanite is also common in biotite schlieren in migmatitic
Bt-granodiorite (Fig. 4g). Locally, Hbl-Kfs leucosomes in
quartz-diorite grade into melanosome, characterized by
dark green rims of hornblende = biotite surrounding pale
green clusters of clinopyroxene giving rise to a mottled tex-
ture (Figs 3b and 4h).

Anatectic products lack anhydrous minerals, such as
orthopyroxene or garnet, expected from dehydration melt-
ing reactions. Melting experiments have demonstrated
that hornblende is stable as a crystallizing phase concomi-
tant with melt production only when external water is
added (Gardien et al., 2000). Based on the thermobaro-
metric constraints (7 =700£20°C, P=7=£1 kbar;
Rolland & Pécher, 2001) and petrography, especially the
widespread occurrence of hornblende in the leucosomes
and their melanocratic rims, we infer that migmatization
took place under water-fluxed conditions (Weinberg &
Mark, 2008; Reichardt et al., 2010). We suggest the following
melt-producing reactions that have been documented
in migmatites with comparable mineral assemblages
(Lappin & Hollister, 1980; McLellan, 1988):

Bt 4+ Pl + Qtz + HyO-rich fluid — Hbl + melt
or
Bt + Pl 4+ Qtz + HyO-rich fluid — Hbl + Kfs + melt.

Abundant small, often euhedral titanite in the Hbl-Kfs
leucosomes (Fig. 4f) suggests a third melt-producing reac-
tion (Lappin & Hollister, 1980):

Bt 4+ PI(I) + Qtz + HyO-rich fluid — Hbl + PI(IT)
+ Ttn 4+ melt.

Because K-feldspar is present in the protolith, the fol-
lowing melting reaction at the wet granite solidus is also
inferred to have taken place (Holtz et al., 1992):

Pl + Kfs + Qtz 4+ HyO-rich fluid — melt.

To constrain the petrogenetic relationships, we have ana-
lysed the compositions of representative inferred protoliths,
various parts of the migmatites ranging from leucosome
to melanosome, and also the leucogranite plutons in the
PMC. The results are presented below.

GEOCHEMISTRY
Analytical procedures
Whole-rock analysis

Pulverized whole-rock samples were analysed for major

and trace element concentrations after preparation of

fused discs and pressed pellets, respectively. Analyses were
carried out using a Bruker-AXS S4 Pioneer X-ray fluores-
cence (XRF) spectrometer at the Advanced Analytical
Centre (AAC) of James Cook University. Trace elements
in samples labelled with an asterisk in Table 1 were

HORNBLENDE IN META- AND DIATEXITES

analyzed using a Thermo Finnigan X series II, quadrupole
inductively coupled plasma mass spectrometry (ICP-MS)
system at Monash University. All Zr values reported are
by XRF analysis, except for samples TNGI69a and
TNG207, for which Zr data are by ICP-MS analysis.
Sample solutions were produced from ~50 mg of sample
powder using high-pressure digestion methods. ICP-MS
count rates were externally standardized by means of cali-
bration curves based on the USGS standard reference ma-
terials AGV-1 and RGM-1 following Eggins et al. (1997).
Drift corrections were applied by the combined use of In
and Bi as internal standards and the repeated analysis of
dummy standards during the analytical session.

Reproducibility on replicate analyses and external ac-
curacy were of the order of 5% for all elements. Trace
element values marked with a dagger inTable 1 were deter-
mined by instrumental neutron activation analysis
(INAA) of pressed whole-rock powder pellets, performed
at Activation Laboratories Ltd., Ontario, Canada.

Mineral analysis

Major element concentrations of minerals were deter-
mined by electron microprobe analysis, performed on pol-
ished carbon-coated thin sections at The University of
Melbourne, School of Earth Sciences. A Cameca SX-50
electron microprobe with four vertical wavelength-
dispersive spectrometers (WDS) was used with the
following operation conditions: beam current 35 nA,
acceleration voltage 15kV, take-off angle 40°. Detection
limits for all elements were better than 0-05wt % except
for Zn, for which the detection limit was 0-09 wt %.

Trace element concentrations were determined via
laser ablation (LA)-ICP-MS on polished thick sections
(~150 pm). The data were obtained using a New Wave UP
213 nm N:YAG laser ablation microprobe coupled with a
Thermo Finnigan X Series II, quadrupole ICP-MS
system at Monash University, School of Geosciences.
Analyses employed a pulse rate of 4 Hz and beam energy
of ~12J cm™? at the sample. Laser spot size was ~110 um
diameter. For each analysis background readings with the
laser switched off were collected for 25 s followed by a 60 s
ablation time. The LA-ICP-MS raw data were reduced
using the GLITTER 4.0 software package (van
Achterbergh et al., 2001). Quantitative results for trace
elements were obtained through calibration of relative
element sensitivities using the NIST612 glass as an external
standard. Electron microprobe data for Ca were used for
internal standardization. o improve accuracy, the trace
element concentrations were subsequently corrected to the
difference between the measured and recommended
values of the USGS glass standard AGVI (see
Supplementary Data Appendix 1, available for download-
ing at http://www.petrology.oxfordjournals.org).
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Table I: Whole rock major and trace element data

Sample TNG98a* TNG131a* TNG131f* TNG205a* TNG205b* TNG207* TNG62a* TNG114a* TNG205¢* TNG168*
Rock type Hbl-Bt-g. Bt-g. Bt-g. Diorite Diorite Hbl-Bt-g. Mel. Mel. Mel. Amph.
Major Elements wt%

SiO, 6665 67-50 68-70 54-91 55-02 68:23 55-00 5370 47-62 47-20
TiO, 0-68 0-56 0-48 1-37 116 0-50 1-29 1-46 110 174
Al,03 16-84 16:30 16-30 1756 17-07 15-26 18:20 1690 15563 12:02
Fe,03t 358 349 335 804 751 305 775 880 10-25 11-93
MnO 0-09 0-09 0-09 013 0-13 0-07 0-15 016 018 0-12
MgO 1-63 1-67 1-28 301 4-64 122 3-83 4-26 858 10-95
Ca0 344 316 3:37 590 822 2:85 579 718 1178 10-07
Na,0 462 4-37 456 381 4-08 317 428 417 2-36 1-97
K>0 1-92 285 1-89 2:97 111 457 279 175 111 1-29
P,0s 0-29 022 0-17 0-50 0-33 0-19 0-51 0-37 015 0-38
LOI 0-65 0-50 045 0-82 0-84 0-75 1-00 113 1-35 1-63
Total 100-37 100-62 100-62 99-00 100-08 99-65 100-59 99-85 100-12 99-18
A/CNK 1-06 1-02 1-04 0-87 075 0-99 0-88 077 0-59 0-52
Mg/(Fe + Mg) 047 047 0-43 0-43 0-55 0-44 0-49 0-49 0-62 0-65
Trace Elements ppm

Sc 6 8 6 13 17 6 16 27 31 27

Ti 4067 3953 3518 7373 6505 2121 7788 11689 6514 8420

\% 62 92 75 124 146 59 152 332 198 239

Cr 13 71 53 13 15 21 50 41 27 57
Mn 557 893 898 859 862 415 1068* 1794 1107 817
Co 10 9 8 28 29 42 21 4 35 45
Ni 16 66 62 17 26 29 41 92 31 92
Cu 6 13 3 48 84 7 63 74 53 191
Zn 63 82 93 87 76 32 112 119 79 114
Ga 19 13 14 14 10 16 22 14 9 12
Rb 117 206 49 124 26 136 122 7 23 39

Sr 543 439 354 569 551 413 542 628 418 354

Y 158 20-1 85 24-3 205 187 273 169 20-8 213
Zr 178 164 146 26 280 137

Nb 180 214 237 255 151 151 274 216 89 10-4
Ba 280 286 84 540 119 434 334 213 118 197

La 55-87 7525 11-68 58-46 26-21 58-76 55-98 2757 1425 1893
Ce 99-52 103-75 19-54 107-82 52:17 89-25 11168 46-37 32:18 45-05
Pr 10-54 947 2:28 10-58 584 975 12:29 530 393 578
Nd 3528 29-82 7-98 39-65 24-30 30-50 4277 20-04 1848 26-84
Sm 5-48 512 171 6-90 4-95 4-81 757 421 4-43 6-30
Eu 1-32 1-08 0-39 1-67 1-36 116 2:03 1-27 1-24 1-63
Gd 427 414 1-40 576 4-03 368 6:35 3563 363 491
Tb 0-54 0-62 0-24 0-86 0-67 0-52 091 0-56 063 0-80
Dy 280 341 141 453 376 313 506 316 367 427
Ho 0-51 071 0-33 0-84 074 0-62 1-00 0-68 075 0-79
Er 1-36 1-80 0-95 2:32 1-96 162 2:69 1-68 1-95 1-97
Tm 019 0-24 014 0-34 0-30 0-26 0-40 0-21 0-30 0-28
Yb 115 1-62 114 2:06 1-88 1-68 255 1-39 1-87 1-65
Lu 0-16 025 021 0-32 0-30 20-86 0-37 0-21 028 0-24
Pb 10-86 42-98 3713 12:16 11-45 024 1155 11-00 527 385
Th 10-60 17-67 514 1121 415 1714 10-93 2:02 174 2:06
U 2:32 384 276 1-08 1-26 275 2:84 123 1-20 0-80
La,/Yby 327 31-3 69 192 9-4 235 14-8 133 51 77
Dy,./Yb, 16 14 0-8 14 13 12 13 15 13 17
Sum REE 219-0 237-3 49-4 2420 1285 206-0 2517 116-2 876 119-4

(continued)
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Table I: Continued

HORNBLENDE IN META- AND DIATEXITES

Sample TNG113d1  TNG113d2 TNG113al  TNG113a2  TNG113b3*  TNG113b4*  TNG113e TNG113f* TNG113h*  TNG113i
Rock type Amph. Amph. Diatexite Diatexite Diatexite Diatexite Diatexite Hbl-rich d. Hbl-rich d. Diatexite
Major Elements wt%

SiO, 46-90 4650 66-80 68-40 72:20 67-40 70-60 64-70 59-00 70-40
TiO, 1-69 1-68 0-36 0-33 022 0-21 0-23 0-57 0-93 0-18
Al,O3 17-40 17-50 18:30 1750 16-40 18-80 16-80 15-90 15-80 17-10
Fe,O3t 11-80 1150 218 177 097 1-40 1-39 365 653 1-09
MnO 018 0-18 0-03 0-02 0-02 0-02 0-02 0-06 012 bd
MgO 652 622 1-05 091 0-39 063 0-56 221 3-38 0-48
Ca0 10-00 10-00 4-08 344 377 3:60 2:80 461 613 320
Na,O 348 356 581 551 552 579 5-42 4-08 365 558
K>0 1-62 1-56 1-36 1-62 0-60 2:07 1-81 309 335 1-44
P,0s 0-40 0-38 012 0-10 0-05 0-08 0-09 0-21 0-31 0-05
LOI 075 0-85 0-56 0-53 0-39 0-42 0-70 0-75 0-58 048
Total 100-60 99-83 100-65 100-02 100-52 100-45 100-45 99-86 99-78 99-97
A/CNK 0-68 0-68 0-99 1-03 0-99 1-03 1-05 0-86 076 1-03
Mg/(Fe + Mg) 0-52 0-52 0-49 0-50 0-44 0-47 0-44 0-55 0-51 0-47
Trace Elements ppm

Sc 32 31 4 bd 4 0 bd 16 44 bd

Ti 8900 8832 2183 2238 2040 389 1541 5329 8953 1238

\% 292 292 42 34 30 14 27 144 237 19

Cr 70 58 31 36 4 35 24 141 228 33

Mn 1499 1446 247 165 196 201 112 801 1529 20

Co 52 51 5 bd 3 6 4 16 22 1

Ni 35 31 8 7 1" 27 4 87 120 5

Cu 104 46 45 20 291 136 38 5 25 5

Zn 101 98 43 4 18 28 44 69 109 30

Ga 20 19 19 18 1" 18 20 20 26 18

Rb 40 35 38 48 1 7 38 43 41 35

Sr 650 724 1034 990 1392 885 1347 1019 959 967

Y 23 25 8 4 46 18 40 13-4 347 3

Zr 108 104 127 98 104 84 929 45 79 93

Nb 16 15 1 bd 53 06 bd 77 188 bd

Ba 203 227 273 332 92 458 584 744 1291 453

La 17-6** 165-2** 9-8%* 10-5%* 1-00 1-89 14-4%% 4-66 9-03 8:6%*
Ce 39%* 32%* 19%* 21%* 314 383 26** 1411 26-66 13**
Pr bd bd bd bd 0-59 0-52 bd 2:39 4-46 bd

Nd 14%* 16%* 6 10%* 2:80 2:20 8** 11-62 21-86 bd
Sm 4-9%% 4-4%% 1-6%* 1-3** 1-00 0-64 1-6%* 3563 720 0-9%*
Eu 16 1-4%* 0-6%* 0-5%* 0-46 0-23 0-5%* 116 221 0-4**
Gd 88 bd bd bd 0-86 0-51 bd 2:95 648 bd

Tb bd bd bd bd 017 0-08 bd 0-48 112 bd

Dy bd bd bd bd 0-98 0-44 bd 255 6:31 bd

Ho bd bd bd bd 022 0-09 bd 0-51 1-30 bd

Er bd bd bd bd 0-56 0-20 bd 118 305 bd
Tm bd bd bd bd 0-07 0-03 bd 0-14 0-37 bd

Yb 2%* 1-7** 0-5** 0-2%* 0-49 0-15 bd 0-90 2:27 bd

Lu 0-3%* 0-32%* bd 0-09%* 0-07 0-02 0-05** 0-13 0-31 bd

Pb 23 23 13 12 12-15 17-06 10 1863 18:30 10

Th 1.7%* 1-4%* 3** 31%* 0-38 077 35%* 1-63 2:52 5-3%*
U bd 1-8%* 1.7** bd 0-46 0-28 2:6%* 1-46 2:33 2:3%*
La,/Yb, 5-9 60 132 354 14 84 n.a. 35 27 n.a
Dy,./Yb, n.a n.a n.a n.a 13 19 n.a. 1-8 1-8 n.a
Sum REE n.a n.a n.a n.a 12-4 10-8 n.a. 46-3 926 n.a

(continued)
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Table I: Continued

Sample TNG169a* TNG114b2* TNG114b1* TNG62b* TNG113g* TNG169b* TNG170* TNG171*  TNG172* AGH23d*
Rock type Mel. d. Diatexite Leucos. Leucos. Leucos. Leucos. Leucos. Leucos. Leucos. Leucos.
Major Elements wt%

SiO, 61-95 71-00 7310 71-80 69-50 68-02 72-09 7553 76-93 6874
TiO, 0-70 0-38 0-25 0-27 048 015 013 0-06 0-18 0-40
Al,03 14-29 15-30 14-80 16-40 1660 17-43 15-96 1472 14-29 14-59
Fe,03t 518 2:39 151 0-43 2:06 191 071 0-39 113 334
MnO 0-15 0-04 0-02 bd 0-02 0-06 0-01 0-01 001 0-06
MgO 455 1-00 061 bd 1-03 0-59 0-26 026 0-36 1-35
Ca0 6-46 2:90 213 2:09 3-38 472 2:37 2:37 2:84 315
Na,0 301 3-89 334 373 4-99 4-87 4-33 357 3:95 1-87
K>0 2:47 308 428 5-31 1-82 079 2:98 2:94 0-94 522
P,0s 014 010 0-07 0-02 014 011 0-03 0-02 0-04 0-08
LOI 0-93 0-51 0-47 0-35 0-67 0-56 0-47 0-34 045 0-47
Total 99-83 100-56 100-60 100-25 100-63 99-19 99-34 100-20 101-09 99-24
A/CNK 074 1-02 1-06 1-05 1-02 1-00 1-09 1-10 113 101
Mg/(Fe + Mg) 0-64 0-45 0-44 0-00 0-50 0-38 0-42 0-57 0-39 0-44
Trace Elements ppm

Sc 21 5 2 bd 0 10 1 0 1 2

Ti 3833 3398 2206 170 193 631 553 186 692 1497

\% 116 65 42 2 29 21 9 3 10 22
Cr 68 49 28 0 41 3 2 0 bd 58
Mn 1053 389 206 22 252 406 41 39 66 194
Co 51 8 5 0 8 50 69 79 81 34
Ni 112 36 18 1 40 4 3 1 2 1
Cu 22 32 60 1 193 9 40 8 16 2
Zn 46 4 24 0 38 23 8 6 14 40
Ga 17 18 23 7 13 6 20 22 7 16
Rb 46 62 48 15 9 9 52 57 27 59
Sr 558 639 607 148 619 915 1090 816 844 572

Y 220 102 4-3 06 32 14-6 10 14 09 31
Zr 24 123 88 69 225

Nb 188 84 57 06 02 54 13 05 09 35
Ba 717 741 1260 1906 274 131 1360 1320 239 736

La 8:07 24-40 13-90 2:04 15-40 30-85 380 701 19-59 2899
Ce 20-49 3895 22:45 339 24-15 53-96 8:09 1371 35-33 50-99
Pr 346 41 2:39 0-40 2:59 4-95 078 127 334 527
Nd 14-80 14-22 8:02 1-42 922 17-67 2:97 4-44 1147 17-46
Sm 3-46 271 143 029 1-82 305 0-53 073 1-54 2:53
Eu 118 072 0-45 010 0-55 0-86 0-34 0-55 0-44 0-66
Gd 2:97 213 1-09 019 1-29 274 0-40 0-55 0-98 1-69
Tb 0-50 0-32 0-16 0-03 017 0-44 0-05 0-07 0-09 017
Dy 332 179 0-87 0-13 076 258 025 0-32 0-31 072
Ho 0-73 0-37 018 0-03 0-13 0-49 0-04 0-05 0-03 0-11
Er 2:00 094 0-45 0-06 0-30 1-37 0-10 012 0-09 0-26
Tm 0-33 0-12 0-06 0-01 0-03 0-20 0-01 0-01 0-01 0-03
Yb 2:29 078 0-39 0-05 0-21 126 0-08 0-08 0-04 0-19
Lu 0-35 01 0-06 0-01 0-03 018 0-01 0-01 001 0-03
Pb 13-10 1659 19-80 472 1318 1017 15-67 1423 9-65 26-26
Th 1-03 916 715 2:62 452 11-08 0-80 2:23 659 16-67
U 2:54 127 1-24 0-34 0-53 1-27 010 0-18 0-25 073
La,/Yb, 24 211 238 258 485 165 335 612 3121 102-4
Dy,/Yb, 09 15 14 16 2:3 13 21 27 47 25
Sum REE 64-0 917 519 81 56-6 120-6 1756 289 733 109-0
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Table I: Continued

Sample AGH24* TNG60d* AGH23a*
Rock type Hbl-leucos. Hbl-Kfs leucosome

Major Elements wt%

SiO, 74-42 62:34 5808
TiO, 013 0-57 0-70
Al,O3 13:37 16-29 12-45
Fe,03t 0-89 2:30 461
MnO 0-02 0-06 0-13
MgO 0-26 131 388
Ca0 0-95 265 8:05
Na,0 310 1-68 1-92
K,0 4-92 10-11 653
P,0s 0-02 0-40 2:06
LOI 1-10 0-46 0-59
Total 99-16 9814 99-01
A/CNK 110 0-88 0-50
Mg/(Fe +Mg) 36-66 053 0-63
Trace Elements ppm

Sc 10 6 16
Ti 2307 2551 4069
\% 52 38 75
Cr 44 37 61
Mn 412 349 928
Co 39 20 35
Ni 3 28 39
Cu 5 32 66
Zn 38 39 86
Ga 13 165 14
Rb 153 441 151
Sr 229 1083 903

Y 231 209 299
Zr

Nb 90 97 212
Ba 1102 8280 4136
La 52:18 98:30 68:37
Ce 96-10 353-85 160-68
Pr 965 3167 20-59
Nd 3166 140-37 8159
Sm 527 26-54 14-35
Eu 1-06 504 291
Gd 4-50 15-06 963
Tb 0-66 1-60 1-09
Dy 377 6-00 524
Ho 076 072 093
Er 2:20 1-60 2:46
Tm 032 0-16 0-34
Yb 1-99 0-89 210
Lu 0-29 01 0-30
Pb 2815 85-37 30-21
Th 22:44 93-30 21-32
U 127 653 373
La,/Yb, 177 741 219
Dy,./Yb, 18 136 37
Sum REE 2104 681-9 3705

*Trace elements analyzed by ICP-MS using a Thermo
Finnigan X series |l, quadrupole ICP-MS system at
Monash University.

**Trace elements determined by INAA of pressed whole-
rock powder pellets, performed at Activation Laboratories
Ltd., Ontario, Canada.

Mel., Melanosome; Amph., Amphibolite; Hbl-rich d.,
Hbl-rich  diatexite. Leucos., Leucosome; Mel. d.,
Melanocratic part in diatexite; Hbl-leucos., Hbl-leucogra-
nite; Hbl-Bt-g., Hbl-Bt granodiorite; Bt-g., Bt granodiorite.
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HORNBLENDE IN META- AND DIATEXITES

WHOLE-ROCK GEOCHEMISTRY
Major elements

The magmatic protoliths all have similar mineral assem-
blages, but with varying proportions, except for clinopyr-
oxene, which is present only in the most mafic varieties of
diorites. Protolith compositional trends are generally char-
acteristic of rocks from magmatic arcs (e.g. Debon et al.,
1987; Trost et al., 2001). The protoliths define a broad
calc-alkalic trend with some samples plotting in the calcic
and some in the alkali—calcic field in an alkali-lime dia-
gram (Irost et al., 2001; see fig. 9b of Reichardt et al., 2010);
here we use the term calc-alkalic for simplicity.

The protoliths, leucosomes and melanosomes plot in dis-
tinct fields in a number of geochemical variation diagrams,
whereas the diatexites are intermediate between leuco-
and melanosome. In an Fey,O5+4MgO +TiOy vs SiO,y
diagram (Tig. 5a), the melanosomes have the highest Fe—
Mg—Ti contents, the protoliths define a field of intermedi-
ate values, and the leucosomes have the lowest values. The
lowest SiOy contents (46-2 and 469wt %) are recorded
by two amphibolite schollen in diatexite, whereas the high-
est values are found in leucosomes. The leucogranitic
rocks are generally mildly peraluminous, whereas the
protoliths are metaluminous (Reichardt ef al., 2010). A
CaO 4 NayO vs KyO diagram (Fig. 5b) shows trends com-
patible with K-feldspar accumulation in the Hbl-Kfs leu-
cosomes, and plagioclase accumulation in tonalitic,
Hbl-free leucosomes and Hbl-bearing diatexites. Relative
to the protoliths, the granitic leucosomes are depleted in
CaO +NayO but strongly enriched in K,O. Conversely,
the tonalitic leucosomes are depleted in KoO and enriched
in CaO +NayO. Amphibolites and quartz-diorites have
the highest CaO +NayO values, which is consistent with
their higher abundances of hornblende, titanite and occa-
sional clinopyroxene.

Trace elements
Protoliths and neosomes also vary systematically in terms
of their trace element concentrations. Figure 6 compares
the La,/Yb, and Sr/Y values of Karakoram Shear Zone
leucogranites with their inferred protoliths. Most of the
leucocratic anatectic rocks (neosomes) plot in the field of
Archean TTGs and adakites, whereas the protoliths plot
in the field of arc-related rocks. Quartz-diorite and grano-
diorite protoliths show roughly subparallel and moderately
fractionated REE patterns (Fig. 6a; La,/Yh, =17-5-32-7)
with slightly concave-upward middle REE (MREE) to
HREE patterns and weak negative Eu anomalies (Eu/
Eu*=0-7-0-8) (Fig. 7a). Amphibolite schollen are the
least fractionated rocks (Fig. 7b; La,/Yb, =51-7-7).
Melanocratic, Hbl-rich parts of diatexites (samples
TNGI113f, TNGI113h, TNGI69a) show slight light REE
(LREE) depletion relative to MREE with concave-
downward REE patterns, leading to low La,/Yb, values
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Fig. 5. (a) FeyO3+ MgO +TiO, vs SiOy diagram indicating decrease of ferromagnesian and titaniferous phases with increasing silica content.
(b) CaO +NayO vs KoO wt % diagram showing a central field of Hbl-Bt-granodiorite protoliths and melanosomes overlapping with diatex-
ites. The arrow towards higher KO indicates accumulation of K-feldspar in leucosomes. Plagioclase accumulation in diatexites is indicated
by the arrow in the opposite direction. High hornblende contents contribute to high CaO 4 Na,O contents in diorites and amphibolite resisters.
The two samples of Hbl-Kfs leucosome show extremely high K,O, and variable CaO +NayO concentrations reflecting variations in Kfs and

Hbl contents. Symbols as in (a).
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Fig. 6. (a) La,/Yb, vsYb, variation in calc-alkaline arc rocks and leucogranites of the PMC. Leucogranites from the Karakoram Batholith are
also included. Normalization after the chondrite values of Boynton (1984) (For geochemical data for leucogranites of the PMC and
Karakoram Batholith see Table 1 in Reichardt et al. (2010)). Symbols as in Fig. 5 except for open triangles, which indicate pegmatite dykes.
Fields for magmatic arc rocks and for adakites and TTGs are taken from Defant et al. (2002). (b) Sr/Y vs Y diagram.

(Fig. 7c; La,/Yb,, =2-4-3-5). Interestingly, this pattern is
comparable with the REE patterns for hornblende (see
below), suggesting the importance of hornblende for the
REE budget of these rocks (Hilyard ez al., 2000).
Hornblende-free, tonalitic leucosomes have steep,
strongly fractionated REE patterns with La,/Yb, varying
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from 33 to 312 (Fig. 7d); in contrast, hornblende-bearing
leucosomes have La,/Yb, values ranging from 14 to 74-1
(Table 1). Hbl-free, tonalitic leucosomes also have pro-
nounced positive Eu anomalies (Fig. 7d), indicative of
plagioclase accumulation, in agreement with the observed
Sr enrichment (samples TNGI170, TNGI7]; Table 1).
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Fig. 7. Chondrite-normalized REE patterns: (a) protoliths and melanosomes; (b) amphibolite resisters; (c) diatexites; (d) leucosomes. (Note
lower HREE values for Hbl-free leucosomes compared with Hbl-bearing leucosomes.) (e) Hbl-Kfs leucosomes contain unusually high amounts
of Ap, Aln and Ttn. Data are given inTable 1. Chondrite normalization after Boynton (1984).

Because of their Y depletion compared with the protoliths,
these rocks yield the highest Sr/Y ratios in the region
(Sr/Y =583-5-1127-5 in Fig 6). The Hbl-Kfs leucosomes
(Fig. 7e) are rich in accessory phases such as apatite and
titanite and show anomalous trace element contents, par-
ticularly enrichment in LREE (Fig. 7¢). These rocks are
also strongly enriched in Ba, Rb, Sr and P,Oj;, relative to
the inferred protoliths (see Table 1).
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Melanosomes and amphibolite schollen have the lowest
contents of LILE (Fig. 8a). Diatexites and leucosomes are
generally enriched in Ba and Sr, but depleted in Rb com-
pared with the protoliths, in agreement with water-fluxed
melting, which leads to high Sr/Rb values because of the
prevalence of feldspars over micas in the melting reaction
(Patino Douce & Harris, 1998). Strong Ba and Rb enrich-
ment, however, are observed in the Hbl-Kfs leucosomes
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Fig. 8. Multiclement diagrams normalized to primitive mantle after Sun & McDonough (1989). (a) Amphibolite resisters, protoliths and mel-
anosomes. (b) Diatexites and leucosomes. Note extreme LILE enrichments in the Hbl-Kfs leucosomes. Lowest Nb, Ti and Zr values are

recorded for leucosomes that show feldspar accumulation.

(Fig. 8b). High Ba and Sr values correlate with high values
for KyO, GaO +NayO and AlyOs, and modelling for leu-
cogranites in the PMC has shown that these values are in-
dicative of K-feldspar and plagioclase accumulation,
respectively (Reichardt e al., 2010).

Fractionation trends are also apparent for compatible
elements, with the highest concentrations of V, Cr and Ni
in the amphibolite resisters (Fig. 8a). The HFSE Ti and Zr
are generally enriched in the melanosomes compared with
the protoliths,
phases in the melanosomes. Concentrations of Nb are vari-
able, showing no trend in protoliths and melanosomes.

suggesting accumulation of accessory

Leucosomes have the lowest concentrations of HFSE.
Diatexites show variable HFSE contents (Fig. 8b) that
can be attributed to different amounts of mafic residual
minerals from the protolith found in schlieren and disag-
gregated in the groundmass, consisting mostly of horn-
blende, biotite, titanite and accessory minerals. This
explains the range of HFSE contents, including the overlap
with protolith values. In the following section we investi-
gate the mineral chemistry and the contribution of the
various minerals to the whole-rock trace element contents.

MINERAL COMPOSITION

Major elements

Hornblende

All analysed amphiboles are calcic (CaO =10-91-12-10 wt
%, Table 2), and according to the classification scheme of
Leake et al. (1997) most are ferropargasites [Ca>1,
Na +K>03, Xyg<05, where Xy, =Mg/(Mg+ Fey,),
and Si between 55 and 65 atoms per formula unit
(a.p.fu)] or straddle the boundary to the field of pargasite
(Xmg>0-31) (Fig. 9). The amphiboles show a trend from
ferropargasites through pargasite to edenite with increas-

ing Si and Xy, except for amphiboles from a
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Hbl-leucogranite from the Rongdu location within the
Karakoram Batholith (sample AGH?24) that have lower
Xnme and lie in the field of ferro-edenite. Generally,
ferro-edenite grains from the Rongdu location (Fig. 1; sam-
ples AGH23a, AGH24) show a wide range of Si contents.
Amphibole grains in one Hbl-Kfs leucosome from the
Tangtse area (sample TNGI65) also have widely varying
Si contents. High Si is generally coupled with low total Al
content. Alkali (Na+ K) contents range between 0-91 and
0-30 a.p.f.u. and correlate positively with aluminium con-
tents, but negatively with silica contents (Fig. 10a), reflect-
ing a trend common for calcic amphiboles in calc-alkaline
magmas (Femenias et al., 2006). A similar trend is observed
for Ti contents (Fig. 10b). For simplicity we subsequently
refer to all amphibole varieties as hornblende.

Total aluminium contents (Al,) vary between 107 and
228 a.p.fu. in samples from the Tangtse gorge area
(TNG39, TNG60c, TNG60d, TNGI65, TNGI69a,
TNGI169b, TNG203, TNG204c), and between 0-87 and 15
a.p.f.u. for the Rongdu location (AGH23a, AGH24). In a
sample of ~2cm wide leucosome in a mafic diorite
(sample TNGI65), the hornblende grains show a trend to-
wards higher Al contents and lower Xy, from the centre
towards the melanosome rims. A significant difference be-
tween the hornblende composition in melanosome and leu-
cosome 1s apparent in a diatexite that has diorite as its
most probable protolith (samples TNGI169a and TNG169b,
respectively). Here, grains in the leucosome have higher
Fe and lower Mg contents.

The Al values were used to estimate the crystalliza-
tion pressure using the Al-in-hornblende geobarometer
(Hammarstrom & Zen, 1986; Schmidt, 1992). The required
mineral paragenesis for use of this equation,
Hbl+Bt+Pl+ Qtz+Ttn+ Mgt (or Ilm), is present in
all the studied thin sections. For these estimates, the rim
of a growing crystal that is in equilibrium contact
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Table 2: Major element concentrations of hornblende

HORNBLENDE IN META- AND DIATEXITES

Sample: TNG59 TNG169a TNG169b TNG203 TNG165 TNG204c TNG60c TNG60d AGH23a AGH24
Average of

n analyses: n=7 n=5 n=7 n=28 n=12 n=10 n=4 n=18 n==6 n=8
Oxides

Si0, 41-62+069 4387+131 40:06+032 4273+065 4480+239 4071+055 40-11+0-39 42:33+1-23 46-:89+152 4536+143
TiO, 093+0-08 1-03+014 143+002 078+003 068+016 1-10+012 081+003 061+006 071+015 143+054
Al,O3 1097 +£0564 10-60+104 12:48+029 1027+061 942+197 11:79+051 1154+0-10 1024+029 692+1-056 7-40+1-08
V503 0-06+0-01 0054+002 004+003 006+002 003+002 008+003 005+001 005+002 002+0-02 0-05+0-02
Cr,03 0-02+0-03 0-04+002 000+£0-01 009+0-05 0124+006 003+£002 001+£002 0-05+003 003+0-01 0-01+0-01
FeO 1956 +£0-19 1534+1-02 20-14+0-11 17-15+083 15:07+1-10 19-:09+028 21-01+0:18 1567+131 1538+0:77 19-26+051
MnO 051+005 053+005 074+006 033+008 038+003 035+003 034+002 041+005 040+0-03 049+0-08
MgO 9561+029 11-83+091 801+013 1102+062 12654+128 890+033 831+009 11-45+017 13-38+0-78 10-68+0-68
Ca0 11-68+0-08 11-81+£0-16 11-33£0-11 1169+0-10 11-83+0-15 11:61+016 11-33+005 11-47+059 11-83+012 11-30+0-30
Na,O 150+008 1-39+012 145+004 177+£006 169+020 1-31+£007 182+002 176+005 166+014 1-23+028
K,0 154+019 128+018 1:79+0-10 150+0-13 127+033 163+013 180+005 150+009 0934017 0-87+020
NiO 0-01£0-01 003+002 0-01+£001 005+0-02 008+001 002+001 002+002 0-05+003 002+0-02 0-01+0-01
Zn0 0-04+004 005+004 003+003 002+002 005+005 004+004 005+004 005+003 005+006 0-03+0-03
Nb,0s 0-00£0-01 001+001 002+002 003+004 002+002 001+002 003+002 001+002 005+0:06 0014001
Cations

Si 627+008 647+014 611+004 642+007 660+028 623+006 6:17+003 644+005 687+017 673+0-16
Ti 0-11+001 011+002 0-16+000 009+000 0-07+002 0-13+001 009+000 0-07+001 008+0-02 0-16+0-06
Aloy 195+010 184+020 224+005 182+011 164+036 213+010 2:09+002 184+004 120+019 1-30+0-20
Cr 0-00£0-00 0-01+000 000+£0-00 001+£0-01 0-01+001 000+£000 000£000 0-01+000 000+0-00 0-0040-00
Feror 326+007 2504017 330+£005 279+0-11 2:39+020 3-:09+007 346+003 258+014 243+015 3204016
Mn 0-07+0-01 0-074+001 0-10+£0-01 004+0-01 0-054+000 005+000 004+000 0-05+001 005+0-00 0-:06+0-01
Mg 2:14+005 260+0-18 1-82+0-03 2:47+014 275+025 2:03+007 1904002 260+007 292+015 2:36+013
Ca 1-89+002 187+002 18+002 18+001 187+001 190+002 1874001 187+004 186+001 1804005
Na 0-44+0-03 0404004 043+001 051+002 048+006 039+002 054+001 052+002 047+004 0354008
K 0-30+004 0244004 035+002 029+002 0244+006 032+003 035+001 0294001 017+£0-03 0-17+0-04
Ni 0-00£0-00 0-00+000 0-00+£000 001£000 0-01+000 0-00£0-00 000+0-00 0-01+000 000+£0-00 0-0040-00
Xmg 0-40+£0-01 051+003 036+£000 047+£002 053+004 040+£001 035+000 050+002 055+0-03 04240-02

Cations recalculated on the basis of 23 oxygen atoms; +is one standard deviation. Complete analysis is given in

Supplementary Data Appendix 2.

with the last phase to crystallize, usually quartz, is most
likely to record the pressure of solidification of the rock
(Johnson & Rutherford, 1989). Pressure determinations
were carried out using the equation of Schmidt (1992):

P(kbar) = 4-76Al,,, — 3-01.

These calculations yield pressures for rocks in the
Tangtse area that are consistently higher than those ob-
tained for samples from the Rongdu area. In samples
from the anatectic region exposed in the Tangtse area, line
analyses and single rim analyses of hornblende grains
(sample TNG60d, Supplementary Data Appendix 2)
show uniform major element concentrations throughout
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the grains, and no significant variation in Al when com-
paring rims in contact with different minerals (Iig. 1la).
This homogeneity is indicative of equilibrium during crys-
tal growth (Spear, 1981). Hence, we use the average value
from the line scans of this sample (TNG60d) for pressure
estimation, and these yield 57 £0-2 kbar (n=43). In con-
trast, line analyses of hornblendes from the Karakoram
Batholith in the Rongdu area generally show significantly
lower values for Al,, but also show relatively large vari-
ations without obvious trends from core to rim (Fig. 11b).
We therefore cannot reliably quantify the pressure differ-
ence between the Tangtse and Rongdu areas. However,
zonation from core to rim with systematic changes of
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Fig. 9. Hornblende classification after Leake et al. (1997). Fe used to
calculated for 23 oxygen atoms (Table 2).

major eclement concentrations is apparent in one line
analysis from one of these samples (Iig. 1lc). For this
grain, calculation of the equilibration pressure based on
the rim compositions (Al ~ 13 a.f.p.u,) yielded pressures
of 3-2 and 3-3 kbar, respectively, but with a large estimated
(sample AGH24, Supplementary Data
Appendix 2). These results suggest that the hornblende
in the Karakoram Batholith may have crystallized at ~2
kbar lower pressure than that in the Tangtse area. This
difference is in agreement with the expectation that

uncertainty

the anatectic source regions of leucogranites, such as in
the Tangtse area, are generally deeper than emplace-
ment levels, such as the Rongdu area (Reichardt et al.,
2010).

Plagioclase

Plagioclase grains were analysed from 10 samples.
Anorthite contents are higher in melanosomes in diorites
compared with more silica-rich Bt-granodiorites (Iig. 12).
Plagioclase grains in a Bt-granodiorite protolith (whole-

rock SiOy=675wt %) show compositional ranges
(An=22-7-29-1) expected for plutonic rocks of
a calc-alkaline differentiation series (Bowen, 1919).

Plagioclase in a melanocratic part of a diatexite has only
slightly higher anorthite contents (An=25-2-29-4) than
in its leucocratic part (An=24-3-28-9). Such small differ-
ences between melanosome and leucosome have been re-
ported from migmatites formed by both water-present
and water-absent partial melting (Gupta & Johannes,

7.5

calculate Xyyq is Fey,. Values given in atoms per formula unit (a.p.fu,)
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1982; Kenah & Hollister, 1983; Johannes et al., 2003), sug-
gesting that the plagioclase in the melanosome equili-
brated with a percolating melt (Marchildon & Brown,
2001). It is also possible that the plagioclase in the patchy
melanosome is not residual, but a melting product. The
leucosome in a diffuse, patchy migmatitic diorite contains
plagioclase with An=174-24-5. A Hbl-Kfs leucosome
in a mafic diorite has the most sodic plagioclase, found
only as small grains in interstices or as thin overgrowths
on K-feldspar (An=14-19-7). Thin albite rims are also
present in Hbl-Kfs leucosome patches in the diorite
with a mottled texture in Fig. 3b. These data indicate that,
in general, plagioclase in the leucosomes is less calcic
than in the protoliths and melanosomes, and that albite is
found only as small grains in some unusual leucosome

types.

Trace element geochemistry

Trace elements are useful indicators of partial melting pro-
cesses. In order to better understand these processes, we
undertook mineral analysis using LA-ICP-MS. We report
trace element concentrations of the main mineral phases
in the migmatites of the PMC with particular emphasis
on hornblende (Table 3). Abnormal analyses where the
laser hit an inclusion, leading to extreme values for certain
trace elements (e.g. Zr for zircon, La, Ce and Th for allan-
ite and Ba for K-feldspar), have been omitted from the
results.
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Fig. 10. Major element variations in hornblende: (a) Na+4 K vs Si;
(b) Ti vs Si. Symbols as in Fig. 9.

Hornblende

Hornblendes were analysed from eight samples and show
large variations in trace element contents, and distinct pat-
terns in chondrite-normalized REE and multi-element
profiles (Figs 13 and 14). This variety of curve shapes is
rather surprising and in sharp contrast to data from the lit-
erature where hornblende has a trace element pattern that
corresponds closely to that predicted from solid-liquid
(D)
well-defined bell-shaped, concave-downward REE pat-
tern, with a maximum around the MREE (e.g. Hilyard
et al., 2000; Tiepolo et al., 2007).

In terms of REE patterns, it is possible to group together
hornblendes from a Hbl-Bt-granodiorite, a melanocratic

partition  coefficients characterized by a
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and leucocratic part of a diatexite and a patchy, tonalitic
leucosome in a diatexite (first four samples in Table 3).
These show rising concentrations from the LREE to the
MREE defining a concave-downward curve, followed by
a relatively flat (gently upward or downward) trend from
the MREE to the HREE, without the expected peak in
values around Gd to Dy (Fig. 13a—d). The averages of the
analyses of these four samples have La,/Yb, values of
04402 06%0-3, 01£0-0 and 0-3£01 (Fig 13a-d;
Table 3). These samples have HREE enrichments reaching
~70 times chondrite values in hornblendes of the leuco-
cratic part of a diatexite (sample TNGI69b, Fig. 13c).
Despite some similarities in the overall shape of the REE
pattern, the Hbl-Bt-granodiorite (sample TNG59,
Fig. 13a) is the only sample that contains hornblendes with
positive Eu anomalies (average Eu/Eu*=1510-4).
Concentrations of LILE (Rb, Ba and Sr) of the four
grouped samples (TNG59, TNGI69a, TNGI69b,
TNG204c) are all comparable (Fig. 14). However, both
the leucocratic and melanocratic parts of the diatexite
(samples TNG169b, TNGI169a) show much higher Nb and
Ta contents, and lower Th contents than the hornblende of
all other samples.

Another distinct group comprises hornblendes from
Hbl-Kfs leucosomes and a patchy melanosome in a dior-
itic protolith bordering a Hbl-Kfs leucosome. These have
wave-shaped REE patterns (Fig. 13¢e—g) with concave-
downward LREE to MREE curves and concave-upward
MREE to HREE curves. Whereas the REE patterns of
the Hbl-Kfs leucosome and the bordering patchy melano-
some (Fig. 13e and g) in the Tangtse area are essentially
similar, the Hbl-Kfs leucosome from the Karakoram
Batholith, Rongdu location (AGH?23a, Fig. 13f) shows en-
richment in LREE and a decrease toward the MREE.

Sample AGH?24, a Hbl Bt-leucogranite from the
Rongdu location (Fig. 13h; SiOg=74-4wt %) contains
hornblende that is completely different from all the other
analysed samples. These grains are extremely enriched in
Nb and Ta, and REE (sum REE =1045=+190 ppm) are
one order of magnitude more abundant than the highest
total REE concentration reached in the other samples
(94 £16 ppm for sample TNGI69b). The overall shape is
moderately concave downward with a strong negative Eu
anomaly (Eu/Eu*=0-240-0). La,/Yb, values are on
average 18 £0-2.

REE patterns of other minerals

Plagioclase from a patchy leucosome and a patchy melano-
some in diorite shows low REE concentrations except for
Eu (Fig. 15). Clinopyroxene exhibits wave-like REE pat-
terns with concave-downward LREE to MREE and
concave-upward MREE to HREE patterns and overall
moderate REE contents (sum REE 16 and 2l ppm, Fig.
15). REE contents in biotite were generally too low to
yield reliable results except for two analyses (Fig. 15). One
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Fig. 11. Examples of microprobe traverses of hornblende grains. (a) Large, poikilitic hornblende in Hbl-Kfs leucosome in the Tangtse area. (b)
Hornblende grain with slight patchy irregular zoning in Hbl-Kfs leucosome in migmatite block from inside the Karakoram Batholith,
Rongdu area. (c) Brown—green hornblende with green rims in Hbl-leucogranite of the Karakoram Batholith, Rongdu area. Note lower Al
contents in hornblende from Rongdu area (b and ¢) compared with the Tangtse area (a). Hornblende in (a) has uniform Al and Xy, concen-
tration throughout the grain, indicating equilibrium during growth. This is in contrast to hornblende in (b), which has high variations in
Al Hornblende in (c) shows slightly lower Al on rims, compared with centre of grain. (For analysis details see Supplementary Data

Appendix 2)

from a Hbl-Bt-granodiorite protolith shows a flat REE
pattern (sample TNG39), whereas the other from a
Hbl-Bt-leucogranite from the Karakoram Batholith,
Rongdu area (sample AGH24) shows a relatively flat
REE pattern, a positive Eu anomaly (Eu/Eu*=2-2)
and REE concentrations on average more than 100 times
chondrite values. Overall REE enrichment is unusual
for biotite (e.g. Gromet & Silver, 1983), and we note that
unusual REE enrichment was also found in hornblende
from the same sample (AGH24). Trace elements that
indicate micro-inclusions of accessory minerals (e.g. Zr
for zircon or Th for Aln) were not observed in the
analysis. Despite the presence of these REE-rich horn-
blendes and biotites, the whole-rock REE pattern of this
sample shows higher values only of HREE, but not of
LREE, when compared with the leucogranites of the
PMC (Table 1).

Our results for titanite and allanite (Fig. 15b) compare
well with the results of Gromet & Silver (1983). Titanite
shows an overall REE enrichment of more than 1000
times chondrite values and negative Eu anomalies (Eu/
Eu* between 0-5 and 0-7). We obtained two analyses of al-
lanite grains from Hbl-Kfs leucosomes (samples
TNG60d, AGH23a). These show extreme enrichment in
LREE, reaching around 10> chondrite values for La and
Ce, and strong fractionation of LREE over HREE (La,/
Yb, =5603-7). High La and Ce concentrations are part of
the stoichiometry of allanite. The allanite grains also show
extremely high Th concentrations (see Supplementary
Data Appendix 4), indicating the potential control of allan-
ite on the whole-rock Th budget (Hermann, 2002).

The influence of titanite and allanite on whole-rock
REE contents is particularly evident in the Hbl-Kfs leuco-
somes (TNG60d, AGH23a) that are rich in these acces-
sory phases, and that show LREE enrichment, and the
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highest total REE and Th contents of all the analysed
whole-rocks (Fig. 7e; Table 1). Interestingly, the only horn-
blende that has LREE enrichment over the MREE and
HREE was found in an allanite-bearing Hbl-Kfs leuco-
some (sample AGH23a). In the following discussion we
use geochemical model calculations to evaluate the signifi-
cance of different mineral modal contents in the partial
melting residue and entering the melt based on data from
the literature as well as our own analyses.

GEOCHEMICAL MODELLING

Models can be used to simulate partial melting of known
source rocks and the compositions of the melt products or
to identify unknown sources. In the PMC, the field rela-
tions allow us to choose appropriate samples that exem-
plify the likely source rocks, the i situ melt products
(leucosome) and residual rocks (melanosome). However,
approaches to model the complicated processes involved
in crustal partial melting have the intrinsic risk of oversim-
plification. Despite these limitations, relatively simple
model calculations can be used to test assumptions based
on field observations and to test the interpretation of the
geochemical data. We therefore applied models to repro-
duce the geochemical characteristics of the melts originat-
ing from the migmatites in the PMC,
particularly on the role of hornblende.

focusing

Batch melting
For modelling partial melting we used the equilibrium
batch melting equation of Shaw (1970):

Ci _ C(Z)
L Dy + F(1 = Dpurry)
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Fig. 12. Anorthite contents of plagioclase. Note overlap in Bt-granodiorite, melanosome and leucosome. Analysis details are given in

Supplementary Data Appendix 3.

where Cr, represents the concentration of element  in the
liquid in relation to its concentration in the initial solid
Cy. The amount of partial melting is given as the fraction
I and all minerals contribute to the melt according to
their modal proportion in the protolith. The partition
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coefficient D 1) of element 7 is the sum of the D values
for each mineral, multiplied by its weight proportion in
the residual solid (D (pux) =) DrsXrs). This calculation
is sensitive to only the modal proportions of the minerals
in the model residue and the bulk partition coefficient of
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Fig. 13. Chondrite-normalized (Boynton, 1984) REE patterns for hornblende (Table 3). SiO, contents of whole-rock are indicated where avail-
able. *, Silica content for sample TNG59 is estimated from a comparable Hbl-Bt-granodiorite (sample TNG98a, Table 1). [Note different scale
on the y-axis in (h)] Complete dataset is given in Supplementary Data Appendix 4.
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Fig. 4. (a) Chondrite-normalized (Boynton, 1964) REE patterns based on averages of hornblende analyses for all samples in Fig. 13. *, esti-
mated value as in Fig. 13a. (b) Multi-element patterns of hornblende normalized to values of Sun & McDonough (1989).

each element modelled. The exact natures of the melting
reactions are not part of the model. Thus, the results reflect
only the bulk composition of the model melt.

Hornblendes in our leucosomes have unusual REE
contents, and we therefore calculated their effective parti-
tion coeflicients based on the ratio between REE in the
grains and a whole-rock leucosome that we consider ap-
proximates the likely melt composition. This approach
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has two inherent dangers: (1) the analysed leucosome
may not represent the melt composition; (2) the horn-
blende crystals may not have equilibrated with the melt.
To minimize the risks in (1), we used the Hbl-free leuco-
some TNGII3g as a typical melt composition (Table 1),
because it has moderate Ba and Sr contents compared
with the other leucosomes, and no Eu anomaly, suggest-
ing that no significant loss of feldspar has occurred.
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Table 3: Trace elements concentrations (ppm) of hornblende

Sample: TNG59 TNG169a TNG169b TNG204c TNG60c TNG60d AGH23a AGH24
Rock type: Hbl-Bt- melanocratic leucocratic leucosome melanosome Hbl-Kfs Hbl-Kfs Hbl-Bt-

granodiorite diatexite diatexite in diorite leucosome leucosome leucogranite
Average of n analyses:

n=14 n=17 n=13 n=10 n=15 n=18 n=15 n="11
Sc 72+7 n.a. 115+12 73+9 31+5 45+6 43+4 154 +42
Ti 5785 + 256 n.a. 8224 +494 7042 £ 239 4997 £175 3742 +236 4047 + 665 10297 + 2109
\ 443 +34 n.a. 274+ 15 511+76 357 +£23 290 £22 262 +32 578 £+ 150
Cr 133+107 n.a. 32+7 138+25 28+39 257 +183 82+27 50+12
Mn 4216 + 131 3447 +380 5300 +211 2883+ 64 2597 + 148 3034 + 169 3296 + 151 4008 4793
Co 50+2 n.a. 33+1 53+2 57+4 61+4 58+4 47+5
Ni 42+5 n.a. 18+1 116+13 13+2 152+ 18 84+17 1M1+£3
Cu 5+5 n.a. b.d 2+1 11+18 14+£17 6+6 1£1
Zn 366 + 37 n.a. 460 +41 400+ 20 570 +47 501426 502+ 30 297 +29
Ga 37+2 n.a. 40+1 39+2 39+2 4242 26+4 2543
Rb 14+5 5+1 10+1 1241 20+2 15+1 8+5 4+1
Sr 38+8 41+6 73+7 69+5 145+13 75+6 77+9 57+14
Y 15+3 24+6 118+19 21+4 8+2 1M1+4 13+3 350+79
Zr 18+2 n.a. 26+3 30+4 52+91 16£1 27+4 80+ 15
Nb 8t1 16+5 59+7 8+2 5+1 4+1 7+2 4319
Ba 26+49 24+ 1 74+ 1 114+23 108+ 12 50+5 40+13 139+ 68
La 11+06 23+11 1-8+03 10+03 1-3+09 09+08 97+10 82:8+169
Ce 50+28 90+34 78+13 41+13 62442 50424 327+48 333-8+655
Pr 09+05 16406 16+03 0-8+0-3 1-3+£07 12+05 49408 54-1+9-8
Nd 49+26 87+30 95+21 49+19 77+42 89441 224435 2697 +511
Sm 1-8+08 27+09 55+ 14 2:3+08 29+14 47421 47409 687+ 165
Eu 10+03 09+02 22402 07403 10+03 15+05 10+02 47409
Gd 22+08 33+09 10-4+29 31+10 25+11 44420 32+06 66-1+18-8
Tb 0-4+01 056+01 2:4+06 06+0-1 0-3+0-1 05+02 04+01 10-8+31
Dy 2:4+07 38+10 184439 35408 16+05 25+10 23+05 66-2+17-9
Ho 05+0-1 0-8+0-2 41+07 07+01 0-3+01 04401 04401 125+ 31
Er 15+03 2:6+06 136+19 22403 07+02 09+0-3 1-3+03 359+76
Tm 0-2+00 0-4+01 19402 0-3+00 0-1+00 0-1+00 02400 49409
Yb 17+02 31+07 130+ 14 22402 07+01 07402 14402 309+44
Lu 0-3+00 056+01 19+02 0-3+00 0-1+00 0-1+00 02+00 41+06
Hf 1-1+0-1 1-1+0-1 16+03 15+02 17+£18 1-0+£01 1-8+05 49408
Ta 0-1+00 0-3+0-1 1-8+05 0-1+00 0-1+00 0-0+00 0-1+00 17+05
Pb 55+1-3 17+05 32402 57404 28-1+645 67+15 42+10 43406
Th 0-3+05 0-0+0-1 0-0£00 0-1+£00 17+55 02402 0-1+00 10402
U 0-1£01 0-1+0-2 0-1+00 0-1+00 05+0-9 0-1+00 0-1+00 02401
La,/Yb, 04+02 056+03 0-1+00 0-3+01 12+06 09+08 47406 1-8+02
Lan/Sm, 0-4+0-1 056+01 0-2+01 0-3+0-0 0-3+0-1 0-1+£01 1:3+02 0-8+0-2
Gd,/Yb, 10+04 09+0-3 07+02 11+03 30409 53+10 1-8+02 17+04
Eu/Eu* 15+04 10401 09403 0-8+00 11+02 1-0+01 0-8+01 02400
Sum REE 2449 40+ 11 94+ 16 2747 27+14 32+13 85+ 12 1045 4 190

+indicates 1 standard deviation. Complete analysis is given in Supplementary Data Appendix 4.
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Fig. 15. (a) REE patterns of biotite, clinopyroxene and plagioclase. (b) REE patterns for allanite in Hbl-Kfs leucosome and titanite in Hbl—
Bt-granodiorite and in Hbl-Kfs leucosome. Chondrite normalization after Boynton (1984). Analysis details are given in Supplementary Data

Appendix 4.
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Fig. 16. Comparison of published partition coefficients for hornblende and calculated values from our own data. (Note large variations ranging
from incompatibility to highly compatible in the data from the literature with rising values from basaltic to rhyolitic rocks.) Data taken from
Higuchi & Nagasawa (1969; basalt), Nagasawa & Schnetzler (1971; dacite), Arth (1976; dacite), Arth & Barker (1976; dacite), Matsui e al. (1977,
basalt, andesite), Dostal ¢t al. (1983; basalt—andesite), Fujimaki et al. (1984; andesite), Luhr et al. (1984; trachyandesite), Bacon & Druitt (1988; an-
desite, rhyolite), Dalpe & Baker (1994; basanite—basalt), Sisson (1994; basalt—andesite, dacite, rhyolite), Lalourette e/ al. (1995; basanite), Klein
et al. (1997; dacite), Botazzi et al. (1999; basalt) and Tiepolo et al. (2000; dacite).

Leucosomes with positive Eu anomalies and overall
low REE contents (samples TNGI170, TNGI71, Fig. 7d)
are most probably feldspar cumulates and are not
used in the modelling. It is assumed that all hornblende
is peritectic and that it has equilibrated with a melt
equivalent to the leucosome in TNGII3g. To minimize
the risk of disequilibrium, we used hornblende that is
subhedral, poikilitically encloses plagioclase and quartz,
is compositionally homogeneous throughout the grain,
and shares straight boundaries with plagioclase and
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quartz grains (hornblende in sample TNG204c in
Tables 2 and 3).

Crystal/melt partition coefficients D" for hornblende
were calculated using

o
S/L i
DZ‘ a E

1

where C° is the concentration of element i in the solid
(crystal), and C" its concentration in the melt (with the
composition of sample TNGII3g, Table 1). Partition
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Fig. 17. Equilibrium batch melting models after Shaw (1970). The set of partition coeflicients used is given inTable 4. Results show melt compos-
ition for 10% increments of partial melting. Representative Hbl-bearing leucosome is sample TNGI114bl (Table 1). Representative Hbl-free leuco-
some is sample TNGI13g (‘Table 1). Partial melting of average (n=4) Hbl-Bt-granodiorite protoliths (samples TNG98a, TNG207; Table 1) and
diorite protoliths (samples TNG205a, TNG205b; Table 1). Grey field shows only limited variation in REE patterns of Hbl-Bt granodiorites
and diorites. The model residue represents moderate partial melting of the protoliths. Mineral proportions of the model residue are expressed
as fractions. P1=0-35, Kfs =005, Qtz=0-075, Hbl =0-25, Bt =0-25, Ttn=10-015, Aln =0-004, Ap=0-004, Zrn=0-002. These values are
visual estimates only, based on thin sections.

Table 4: Partition coefficients used in batch melt model

Mineral Kp La Kp Ce Kp Nd Kp Sm KpEu Kp Gd Kp Dy Kp Er Ko Yb  Kp Lu Author(s)

Plagioclase 0.26* 0.24 0.17 0.13 2.11 0.9 0.09 0.08 0.08 0.06 Schnetzler & Philpotts (1970)
K-feldspar 0.04 0.03 0.02 1.13 0.01 0.01 0.06 0 0.006*  Schnetzler & Philpotts (1970)
Quartz 0.02 0.01 0.02 0.02 0.06 0.01 0.02 0.01 0.02 0.01 Nash & Crecraft (1985)
Hornblende 0.06 0.17 0.54 1.27 1.35 2.41 4.68 7.29 10.33 11.12 D®'* calculated as below
Biotite 0.04 0.04 0.06 0.15 0.08 0.1 0.16 0.18 Schnetzler & Philpotts (1970)
Titanite 46 87 152 204 181 200* 206 180* 104 92 Luhr & Carmichael (1980)
Zircon 1.14 1.17 1.38 2.03 0.85 6.01 44.9 107 516 689 Fujimaki (1986)

Apatite 28.2 29.6 57.1 84.8 9.22  100* 246 275 232 199 Nagasawa (1970)

Allanite 820 635 463 205 81 130 50 20 8.9 7.7 Brooks et al. (1981)
*interpolated values

DS'* calculated from:

Hbl crystal (ppm) 0.99 4.07 4.95 2.31 0.74 3.1 3.54 2.21 2.21 0.35 Hbl from sample TNG204c
Melt (ppm) 15.40 24.15 9.22 1.82 0.55 1.29 0.76 0.30 0.21 0.03 leucosome TNG113g

coefficient values derived in this manner are effective par-
tition coefficients that result from the complexities of the
melting reactions and melt—crystal equilibration involved
in the migmatites studied here. They are not meant to be
generalized partition coefficients. The calculated D values

for REE in hornblende in comparison with published
values are shown in Fig. 16.

We modelled partial melting of a representative
calc-alkaline protolith with the composition of the average

of the Hbl-Bt-granodiorites and quartz-diorites (n=4).
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Partial melting of the protolith was performed in 10% in-
crements (Fig. 17). Melt derived from anatexis of the meta-
sedimentary sequence is not included in the models, and
neither is garnet as it is lacking in migmatites derived
from calc-alkaline rocks. Small amounts of garnet are con-
tained in Bt-psammites and pelites and are physically un-
related to the leucosomes in the rocks described here.

The mineral proportions in the model residue are based
on visual estimates from thin sections of likely protoliths
and a representative melanosome (TNG62a), and were
chosen to reflect moderate partial melting of the protoliths;
that is, to concur with observations in hand specimen and
thin section. Accessory phases are included in the model
because of their high influence on whole-rock REE distri-
butions (Gromet & Silver, 1983; Bea, 1996). Estimating cor-
rectly the amount of accessory phases is fraught with
difficulties. Their heterogeneous distribution and wide spa-
cing between grains in our samples, particularly for allan-
ite, makes point counting unreliable. Our estimates are
thus a significant source of error in the models. Partition
coeflicients used in the models are given inTable 4.

To test if our model residue concurs with observations in
nature, we calculated the batch melting residue using
mass balance:

; G, — F(

Cos == —F -

The results in Fig. 17 show that for melt fractions between
30% and 40% (F'=0-3 and 0-4, respectively), there is
good agreement between the calculated melt compositions
and a representative Hbl-bearing leucosome (sample
TNGI114bl). The REE patterns of melt residues for moder-
ate amounts of partial melting (/'=0-3 and 0-4) compare
well with a representative melanosome (sample TNG62a),
supporting the model estimates.

However, Hbl-free leucosomes have significantly lower
HREE than the model melts above, and below we aim to
reproduce this signature. Only few commonly occurring
minerals are enriched in, and can fractionate HREE.
These are cordierite, zircon, garnet and hornblende (Arth
& Barker, 1976; Gromet & Silver, 1983; Bea et al., 1994;
Ayres & Harris, 1997). Cordierite and garnet were not
found in our samples. Zircon fractionation is unlikely to
be one of the major influences on the REE patterns be-
cause Zr contents are low in all rock types in our study
and the Zr content of all the major rock types involved in
anatexis is not too different (Zr average of protoliths, mel-
anosomes, melanocratic diatexites =147 ppm; Zr average
for leucosomes, leucocratic diatexites =104 ppm, Table 1).
In contrast, hornblende is a rock-forming mineral in proto-
liths, melanosomes and leucosomes. Because we inferred
from field observations that leucosomes with and without
hornblende are linked in magma extraction networks
at outcrop scale, we model the impact of retention of
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hornblende in migmatites on the trends towards Hbl-free
leucosomes.

Hornblende retention
To simulate removal of hornblende from Hbl-bearing leu-
cosomes, we subtract the REE contents of hornblende.
This subtraction reflects purely mechanical filtering with
known and fixed REE contents. Although this model is a
rough approximation of the complex processes in nature
into which we have only limited insight, the results can be
used to establish a link between the chemistries of
Hbl-bearing and Hbl-free leucosomes. Figure 18 compares
the normalized REE patterns of hornblende from three
samples: the Hbl-bearing leucosome sample TNG204c
and a melanocratic and leucocratic part of the same dia-
texite (samples TNGI69a and TNGI69b, respectively),
with the REE patterns of two Hbl-free leucosomes.
Comparison between the REE patterns of hornblende and
those of the Hbl-free leucosomes indicates their comple-
mentary nature: as contents increase in hornblende from
LREE to HREE they decrease in the Hbl-free leucosomes.
We only have hornblende and whole-rock analyses
of the melanocratic-leucocratic diatexite sample pair
(TNG169a, TNG169b), and we use one of these samples in
the model below. In Fig. 19, hornblende with the average
REE composition from sample TNGI169b (Table 3) is sub-
tracted in 2% increments from the REE contents of the
whole-rock diatexite sample TNGI69b (‘Table 1), which has
an estimated hornblende modal content of ¢ 10%.
Removal of 6% hornblende results in a REE pattern sub-
parallel to that of a representative Hbl-free leucosome
(sample TNGI13g used above as a melt representative)
but with a higher total REE content. Removal of horn-
blende from the melanocratic part of the same diatexite
(sample TNGI69a) is not considered, because this sample
is inferred to be a residual rock, in which hornblende and
accessory phases have accumulated. However, removal of
any of the hornblende types in Fig. 18 from a rock will
have essentially the same effect, a systematic HREE deple-
tion and thus increase of La, /YD, values.

DISCUSSION

REE patterns of hornblende and

partition coefficients

Hornblende in migmatites of the Karakoram Shear Zone
shows large variations in REE contents, giving rise to dif-
ferent patterns in normalized trace element diagrams
(Fig. 13). Despite a plethora of partition coefficients for
hornblende being available, they do not explain the REE
patterns in the hornblendes from this study. In general,
the partition coefficients of REE in hornblende increase
with decreasing ionic radius from the LREE to the
MREE, reaching a maximum at Dy or Ho, and then
slightly decrease towards the HREE, giving rise to an
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overall concave-downward bell shape (e.g. Klein et al.,
1997; Bottazzi et al., 1999). The compilation of hornblende
partition coefficients in Iig 16 shows that although the
D™ curves are subparallel, the values change by an order
of magnitude as a function of the silica content and tem-
perature of the melt, increasing from basaltic to granitic
melts (e.g. Nagasawa & Schnetzler, 1971; Adam et al., 1993;
Hilyard et al., 2000). Sisson (1994) showed increasing
curvature of the REE patterns and a strong increase in
HREE partitioning into hornblende when the magma
approaches a rhyolitic composition.

The calculated apparent D¥" values for hornblende in
this study are significantly different from those in the lit-
erature (Fig. 16). They show a continuous increase from
the MREE to the HREE, and have significantly lower
values for La/Yb or La/Lu. The hornblendes of the
Hbl-Bt-granodiorite  protolith  (sample
TNGH9, Fig 13a) are interpreted as crystals that equili-
brated with a melt with ~65wt % SiO,. The REE pat-
terns are relatively flat in comparison with hornblende
patterns from melanosomes and leucosomes, and show
positive Eu anomalies. Reported partition coefficients

calc-alkaline

for Eu range from slight incompatibility to slight compati-
bility, but are always lower than those for the neighbour-
ing element Gd [see data compilation of Tiepolo et al.
(2007)], so that positive Eu anomalies should not be
expected. Only negative Eu anomalies in hornblende
have been reported and have been attributed to
co-crystallization of plagioclase (Marks et al., 2004). If this
relationship holds true, negative Eu anomalies for horn-
blende would be expected to coincide with negative Sr
anomalies because of the high partition coefficient for Sr
in plagioclase.

Slight negative Eu and Sr anomalies were found for
hornblende in a patchy tonalitic leucosome (Fig. 13d
sample TNG204c), in which a hypidiomorphic magmatic
texture is interpreted to represent equilibrium crystalliza-
tion of hornblende with a melt phase (Fig. 4c and d).
Hornblende in this leucosome (sample TNG204c) has
REE patterns comparable with those from the Hbl—
Bt-granodiorite protolith (sample TNGS9, compare
Fig. 13a and d) for the LREE to MREE but with
slight enrichment in HREE, from Gd to Yb. This enrich-
ment is interpreted to be the result of equilibration
with a melt that has a higher silica content than the
protolith.

The most pronounced difference between hornblende in
different parts of a diatexite is shown in Fig 13b and c.
Hornblende in the leucocratic part (Fig. 13¢) shows strong
enrichment in MREE to HREE compared with the mela-
nocratic part (Fig. 13b). This difference may be the result
of local equilibration with different phases in the migma-
tite. If so, hornblende in the melanocratic part may have
equilibrated with restite phases such as titanite, which
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would result in MREE depletion in the hornblende.
One interpretation for the high HREE concentrations in
hornblende in the leucocratic part of the diatexite in
Fig. 13c is equilibration with HREE-rich melt. We acknow-
ledge this possibility but argue instead that this is a re-
sult of high hornblende HREE partition coefficient
values, and that it is more likely that the hornblende
grains equilibrated with a melt with a low HREE content,
compositionally similar to the representative leucosome
TNGI13g.

Hornblende in Hbl-Kfs leucosomes (Fig. 13¢ and f, sam-
ples TNG60d, AGH23a) and in the diffuse melanosome
(Fig. 13g, sample TNG60c) has distinct REE patterns and
must have equilibrated under different conditions. The
Hbl-Kfs leucosome in Fig. 13f (Rongdu location) contains
hornblende with exceptionally high LREE concentrations.
Allanite inclusions are common in these hornblende
grains, and we speculate that volume diffusion between al-
lanite and hornblende could have led to LREE enrichment
in the hornblende. We emphasize, however, that it is un-
likely that micro-inclusions were ablated during the ana-
lytical session, because high La and Ce values would have
been coupled with high Th values, which was not the case.
The REE patterns of hornblende grains from leucosome
and melanosome (samples TNG60d and c, respectively,
Fig. 13e and g) have similar shapes, but the leucosome
shows stronger curvature and slight overall REE enrich-
ment compared with the melanosome.

Based on petrographic observations, we conclude that
the Hbl-Kfs leucosomes (Fig. 3¢ and d) are unlikely to
represent crystallized melts, but are instead residual min-
eral assemblages left behind by an escaped melt. It is thus
likely that their hornblende equilibrated with an already
highly fractionated melt. A comparable interpretation was
reached by Tiepolo et al. (2008) for hornblendes with differ-
ing REE content, from rocks that had been infiltrated by
melts of different compositions. However, microprobe line
analyses of large, poikilitic hornblende grains in the Hbl-
Kfs leucosome reveal a relatively constant major element
composition. The high contents of allanite, apatite and
titanite in the HbI-Kfs leucosomes seem to control the
whole-rock REE contents ("Table 1), and the unusual horn-
blende REE patterns suggest that they are also influenced
by these accessory phases.

Hornblende in a leucogranite from the Karakoram
Batholith at the Rongdu location (AGH24) has the highest
total REE concentrations, and REE patterns that are dis-
tinct from those discussed above (Fig. 13h). Hornblende in
this sample is also peculiar in that although the trace elem-
ent concentrations, including REE, are comparable be-
tween single LA-ICP-MS spot analyses, the major element
(Figs 9 and 10).
Commonly, these grains are extensively altered to biotite
and white mica, and have irregular patchy zoning with

concentrations are highly variable
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Fig. 18. REE patterns of hornblende grains and of whole-rocks, normalized to a representative Hbl-bearing leucosome, marked with cross sym-
bols (sample TNGI114bl). Hornblendes are depleted in LREE and enriched in HREE compared with the whole-rock. Hbl-free leucosomes are
depleted in HREE and slightly enriched in LREE, a pattern explained by the removal of hornblende.

some grains having brown cores and green rims.
Microprobe line analysis (Fig. 11) showed that the green
rims have lower Al contents compared with the cores.
Because of these peculiarities, hornblende from this rock
is not included in our petrogenetic considerations.

In summary, it is likely that the hornblende REE pat-
terns determined here do not reflect the partition coeffi-
cients sensu stricto, but reflect local chemical environments,
resulting from a complex history of equilibration with
their surroundings during melting and crystallization,
leading to effective partition coefficients. We postulate that
absolute partition coefficients are generally not applicable
to hornblendes found in rocks with complex melting and
crystallization histories, such as migmatites. For these
rocks, effective partition coefficients need to be deter-
mined, and this has considerable implications for model-
ling magmatic differentiation.

Role of hornblende in magma formation

We have documented partial melting of hornblende-
bearing calc-alkaline arc rocks under water-fluxed condi-
tions, giving rise to migmatites with peritectic hornblende.
In the anatectic region, hornblende-rich restitic rocks
form melanosomes in metatexites and diatexites.
Commonly, leucosomes contain hornblende, and these are
continuously linked with Hbl-free leucotonalitic to leuco-
granitic leucosomes with biotite as the main mafic mineral.
These in turn feed into a network of magma escape path-
ways, linking to stocks and plutons (Weinberg et al., 2009;
Reichardt et al., 2010). The leucogranite plutons in the

Pangong Metamorphic Complex (PMC) are relatively

27

free of xenoliths and generally do not contain hornblende.
We thus infer that filtering must have taken place leaving
hornblende and blocks of migmatites in the source.
Gradational changes, especially in the REE patterns,
between protoliths, migmatites and the leucogranitic mag-
matic products (Iig. 7), correlate with different amounts of
entrained restitic or newly formed hornblende. We thus in-
terpret that, with the exception of the Hbl-Kfs leucosomes
whose composition seems to be controlled by accessory
minerals, hornblende is the major mineral controlling the
REE patterns in the rocks documented here (Fig. 18).
Restitic schlieren are composed mostly of hornblende,
biotite and titanite. Biotite has a negligible effect on the
bulk-rock REE patterns as it has low partition coefficients
for REE (e.g. Gromet & Silver, 1983). In contrast, titanite
has high REE concentrations. However, because of its
preference for MREE, significant titanite fractionation or
accumulation would result in MREE depletion or enrich-
ment, respectively, and this effect is not observed. Thus,
we focus on hornblende, because it constitutes up to ~50
modal % in the melanosomes. Hbl-Bt-granodiorite and
quartz-diorite protoliths show large compositional vari-
ations in the modal content of Hbl, between <10 and ~30
modal %. Our trace element data have shown that horn-
blende contains significant amounts of REE and is thus a
major contributor to the whole-rock REE budget (Fig. 13).
We have also discussed how hornblende REE partition co-
efficients from the literature do not explain the REE pat-
terns observed and have therefore calculated our own
effective partition coefficients (Table 4) used in the batch
melting model presented. We note, however, that the
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Fig. 19. Model for hornblende removal in 2% increments. Subtraction of hornblende analysed iz situ in a thick section of the leucocratic diatex-
ite TNGI169b from the whole-rock composition of the same sample. Note progressive increase of La,/Yb, values that approach those of the

Hbl-free leucosome.

measured REE contents of hornblende may not be the
result of equilibration with a melt, whose composition we
can only infer, but that they may also be influenced
by co-crystallizing or restitic phases. Nevertheless, we
assumed in our model that the hornblende in sample
TNG204c grew in equilibrium with a melt compositionally
similar to the leucosome sample TNG113g.

The hornblende subtraction model demonstrates that re-
tention of hornblende in the source systematically increases
La,/Yb, values (Fig. 19). We stress that the results of our
model are not to be taken as absolute quantitative values,
but can explain, qualitatively, the geochemical signatures.
The resulting high La,/Yb, ratios are in agreement with
the experiments of Tiepolo et al. (2000), who modelled
hornblende fractionation for magmas ranging compos-
itionally from mafic (<45 wt % SiOy) to felsic (>60 wt %
Si0y).

Adakite and TTG signatures

The high La,/Yb, and Sr/Y values observed for leucogra-
nites in the PMC (Fig. 6) are the most prominent features
of adakites (Martin, 1987, 1999; Defant & Drummond,
1990; Martin et al., 2005; Moyen, 2009). However, not
every rock with high La,/Yh, and Sr/Y is an adakite.
Adakites also have to be andesitic to dacitic in their
bulk-rock composition, have KoO/NayO < 0-42 and gener-
ally show Al,O3>15wt %, mg# ~50, Ni and Cr concen-
with of 24 and 36 ppm,
respectively, and Y and Yb concentrations lower than 18
and 19 ppm, Moyen, 2009). The

trations average values

respectively  (see
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leucogranites and diatexites in the PMC are not adakites
based on the definition of Martin et al. (2005), because
they are too silica-rich, have lower mg##, lower Cr and
Ni contents, and generally have K,O/NayO >0-42.

The high La,/Yb, and Sr/Y ratios of rocks in the PMC
are comparable with values reported for granites of the
Karakoram Batholith by Mahé¢o et al. (2009), and also
with those for rocks from the Late Cretaceous Gangdese
Batholith in South Tibet (Wen et al., 2008) and Miocene
granites in South Tibet (Xu ¢t al., 2010). However, like our
leucogranites, these rocks also have mg#f <50 and lower
Cr and Ni concentrations than adakites. Rocks with such
signatures are sometimes referred to as pseudo-adakites
(e.g. Wen et al., 2008; Kamei et al., 2009). In the interpret-
ation of Wen e al. (2008), the most likely source rocks are
older, calk-alkaline granitoids of the Gangdese Batholith,
which is part of the Transhimalayan Batholith that includes
the Ladakh arc (Honegger et al., 1982; Schirer et al., 1984;
Weinberg & Dunlap, 2000) that borders the PMC in the
region studied here. In the example of the Miocene gran-
ites of South Tibet, high La,/Yb, and Sr/Y values have
been inferred to be the result of melting of Indian crust
with minor contamination from other sources. All these
rocks have been interpreted to be the result of partial melt-
ing of the lower crust, leaving behind residual hornblende
and garnet (Wen et al., 2008; Mahéo et al., 2009; Xu et al.,
2010).

Based on the calculated effective D" values for horn-
blende, we demonstrate that for the example of the PMC
leucogranites, hornblende is the main phase controlling
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the HREE, and suggest that their ‘pseudo-adakitic’ or
TTG-like signatures result from water-fluxed melting,
associated with peritectic hornblende and its accumulation
in the source at mid-crustal levels.

Nehring et al. (2009) modelled melting of amphibolite to
generate magmas with an Archean TTG signature.
Similar to adakites, these rocks require amphibole and
garnet in the residue. In contrast, Tiepolo & 'Iribuzio
(2008) suggested that hornblende fractionation may lead
to cumulates in the source, giving rise to magmas
with low HREE abundances and the concave-upward
MREE to HREE pattern typical of TTGs. Our results
echo those of Kamei et al. (2009), who modelled partial
melting of arc-related tonalites and granodiorites with
retainment of residual amphibole, and reproduced the
high La,/Yb, and Sr/Y signature of granites in their
study area.

Although a number of petrogenetic processes and geo-
dynamic regimes can generate rocks with high La,/Yb,
and Sr/Y values, Moyen (2009) concluded that, in general
terms, melting of mafic rocks at great depths leaving re-
sidual amphibole and garnet in the source is responsible
for the origin of the adakite- and T'TG-like signature. In
the exposures of anatectic middle crust in the PMC, the re-
lations between protoliths, their migmatized equivalents
and magmatic products can be directly studied, and re-
moval of hornblende that has been produced by
water-fluxed melting generates high La,/Yb,, and Sr/Y sig-
natures in the resultant melts, associated with other geo-
chemical features that differentiate them from adakites
and TTGs.

CONCLUSIONS

Metatexites and diatexites in the Pangong Metamorphic
Complex associated with the Karakoram Batholith in
Ladakh, NW India, resulted from water-fluxed partial
melting of calc-alkaline plutonic rocks, giving rise to
hornblende-bearing leucosomes. These leucosomes connect
to a network of dykes that form magma escape pathways
and link to Hbl-free leucogranite stocks and plutons
(Weinberg et al., 2009; Reichardt et al., 2010), whereas horn-
blende forms residual cumulates that remain in the mig-
matitic source region. We have documented highly
variable REE patterns for hornblende in protolith and
migmatite samples, and derived effective REE partition
coefficients for hornblende from a representative sample.
We interpret the REE patterns and partition coefficients
as resulting from a complex history of equilibration
related to melting and crystallization processes during
migmatite evolution. Our results demonstrate that reten-
tion of hornblende in the source, with no garnet involve-
ment, may lead to leucogranites with high La,/Yb, and
Sr/Y values.
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