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Abstract Equilibration between melt and solid is inhib- .
ited by rapid melt extraction and by restricted equiliprdftroduction

tion (armouring, slow dissolution). When segregation oc-

curs by channelised migration along high-porosity pat®isequilibrium melting occurs when melts are removed
ways, melt migration is more rapid than trace elemefrom melting source rocks before the liquid has com-
diffusion rates in silicates and faster than accessopletely equilibrated with the solid assemblage of the
phase dissolution rates. Evidence for channelised floesidue. The extent to which equilibrium is attained de-
and deformation-enhanced melt segregation into bougiends upon the relative rates of melt segregation and
necks, fractures and micro-shears at low melt fractionsn®lt-solid dissolutiofipartitioning. Recent compilations
present in the Moine Kirtomy Migmatitie Suite (KMS)of melt segregation rates (Paterson and Tobisch 1992)
in Sutherland, Scotland. Melt migration distances are show that granitic melt velocities (10to 10 8 cn?s™%)

a metre to tens of metres scale. Concordant leucosoraes more rapid than diffusion velocities in silicates
in stromatic migmatities in the KMS have low Zr con{10 *°to 10 *®cn¥s 1), although these are strongly de-
tents, low LREE (light rare-earth element) and H (heavypendent upon melt viscosity (Brown et al. 1995a). Once
REE contents and positive Eu anomalies. REE pattersegregation into high-porosity pathways (e.g. veins) oc-
of this type can be produced by removal of leucosonweirs then melt migration rates may be several orders of
before complete equilibration with source due to the imagnitude faster still (Bedard 1989; Brown 1994a). Evi-
hibited dissolution of LREE- and HREE-bearing accestence for channelised flow and deformation-enhanced
sory phases in water-undersaturated melts. Melting nmelt segregation (e.g. Brown 1994a, Brown et al. 1995b)
the KMS, however, occurred at or near the wet graniten a hand specimen and outcrop scale (boudin necks,
solidus, leaving biotite as a residual phase. Detail@dins, melt migration into micro-shears) is present in
back-scattered electron imaging shows that REE-bearest migmatities (e.g. McLellan 1988; Pattison and
ing accessory phases remained as residual phases, ade 1988) where melt migration occurs over a variety
were concentrated in the melanosome and at thedistances. Equilibration between melt and solid can
melanosome-leucosome boundary. Irregularly shapaldo be limited by armouring of phases in residual mate-
patches of diatexite contain a small proportion of excesal, thus isolating them from the melt (Bea et al. 1994;
Zr, consistent with entrainment of melanosomeNabelek and Glascock 1995), or by kinetic effects such
schlieren enriched in zircon. These data indicate thas the restricted dissolution of zircon, monazite and ap-
deformation-enhanced melt extraction led to the rapédite in water-undersaturated granitic melts (Watt and
migration of small melt fractions from the melting siteHarley 1993).

on atime-scale less than that required to saturate the meltMost petrogenetic modelling of melting systems as-
in Zr. Leucosomes were thus prevented from equilibragumes that chemical equilibrium is attained between the
ing with accessory phases before extraction. solid and melt phases during anatexis. If melts segregate
from their sources by a combination of short-range
grain-scale movement and longer range channelized

G.R. Watt (]) - I.M. Burns flow, then the widespread assumption that melt-source
Geology and Carfgraphy Division, SCES, equilibration occurs before melt extraction becomes
Oxford Brookes University, Headington, Oxford, OX3 0BP, UK ;a5tionable. One model which considers the effects of
G.A. Graham slow diffusion in silicates and restricted equilibration is

The Open University, Walton Hall, Milton Keynes, MK7 6AA, UK the “Carrier Mineral Model” of Bea (1991). In this mod-
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ficients approach unity -ro chemical partitioning be- with useful geochemical and petrographic markers with
tween solid and melt occurs and melt chemistry is detevhich to measure how effectively melt and restite have
mined solely by the chemical compositions of the melequilibrated before melt removal.
ing phases in the source (Ashworth and Brown 1990). Pelitic and semi-pelitic litblogiesrepresent the most
Under less extreme conditions, where melt partiallikely protolith for the generation of peraluminous gran-
equilibrates with the crystalline matrix before extradtes (Clemens 1990; Clemens and Vielzeuf 1987; Miller
tion, variation in rates at which solid-melt partitioningl985; Patim Douce and Johnston 1991), so an under-
and partial dissolution of melting phases proceed allostanding of melt extraction rates may allow us to make
the formation of a wide spectrum of melt compositionisnportant deductions regarding the time scales of partial
from a single source. This will be particularly true irmelting events, melt extraction and the potential depth of
melt-solid systems where segregation and separationgeheration of granites. In this paper we describe and in-
melts is rendered more effective by deformation (Sawytarpret the petrographic and geochemical features of
1994). The liquid composition generated is controlled kpartial melting in pelitic and semi-pelitic litlogies
the mode of the source, diffusion rates for each chemidedm amphibolite-facies migmatites in the Kirtomy
species between melt and solid, the melting rate of eadhppe in Sutherland, Scotland. We present field and pet-
phase (including accessory phases), the rate of meligraphic observations, major and trace element (includ-
solid equilibration and partitioning of elements betweeing rare-earth element) bulk rock and mineral analyses
solid and melt (relative to the rate of melt removal) anand back-scattered electron and cathodoluminescence
the length scale of melt extraction. images of accessory phases which allow us to suggest
Geochemical evidence for the removal of partiallthat melt extraction in the Kirtomy Migmatite Suite
equilibrated melt has been recorded in mantle peridotitd6éMS) occurred rapidly. Melt extraction occurred before
(Bedard 1989; Qin 1992; Iwamori 1994), contact aurequilibration with source litblogies, due to a cohina-
oles (Naslund 1986), metabasic migmatites (Sawyeon of low anatectic temperatures and deformation-en-
1991) and peltic migmatites (Srogi et al. 1993; Watt arftanced melt segregation at low melt fractions.
Harley 1993). Crustal source rocks, especially those of
pelitic or semi-pelitic compaosition, contain higher pro-
portions of accessory phase minerals (with referenceggylogical setting and lithologies studied
zircon, monazite and apatite) than mantle ditdygies.
The important role of these accessory phases in influerieological setting

ing melt chemistry during partial melting has been .

; . is study is focused on the geochemical and petrographic fea-
recognised by many workers (Sawyer 1991; Watt ar{\ﬁres of a suite of migmatites exposed in the Kirtomy Nape (Fig.

Harley 1993; Harris etal. 1994). Using the empirical). The Kirtomy nappe forms the structurally highest unit of a
equations of Watson (1988) and Montel (1993) it is poseries of east-dipping Caledonian (Ordovician—Silurian) thrust
sible to calculate concentrations of zirconium (Zr*) angappes exposed along the north coast of Sutherland, Scotland

i - _ *) i Holdsworth et al. 1995). The lower part of the nappe pile consists
the light rare-earth elements La-Gd (LREEY) in equ%f lower-amphibolite-facies Moine rocks of the Moine Nappe

librium melts. Equilibrium liquids will have Zf,casured)  bounded to the west by the Moine Thrust Zone. Overlying the
Zr* and LREEcasured)LREE* values of unity, while Moine Nappe is the Naver Nappe, which is dominated by middle-
melts with values less than 1.0 have disequilibrium comamphibolite-facies Moine gneisses and metatexitic migmatities,

iti - id contains several inliers of Lewisian basement rocks. The Kir-
positions. Sawyer (1991) suggested small-volume Ieucr‘wmy Nappe occurs structurally above the Kirtomy Thrust and

somes in amphibolite-facies migmatites had d'seq"L%ntains two distinct rock units, the Kirtomy Migmatite Suite

librium compositions (ZfZr* <1.0) because they werems) and the Strathy Complex (Burns 1994). The KMS is ex-
formed at low temperatures which restricted zircon digesed between Kirtomy and Port Mor (east of Ardmore Point), and
solution, while Watt and Harley (1993) ascribed low Zforms a thick sequence of diatexitic and metatexitic migmatites,
: ; : : relict semi-pelitic gneiss and subordinate orthogneiss. Migmatites
and LREE concentrations in gra_nuhte—faues Ieucosomé%g'e from regularly layered stromatic types to disrupted, dia-
to restricted accessory phase dissolution in water-undgkitic areas up to 200 nTwo main types of leucosome have been
saturated melts. One of the outcomes of the limited didistinguished on the basis of their relationships with layering.
solution of accessory phases during melting is the cofgoncordant leucosomes in stromatic migmatites form layers of

; ; rtzofeldspathic composition up to 10 cm thick and 5-10 m
plementary enrichment of accessory phases in tﬁ%aralextent. Litlologically similar leucosomes have been record-

. S ; a

residue. The principal geochemical consequences e‘a‘ein the axial zones dblds andsmall shear zones. Patches and
rapid melt migration in crustal lithlogies therefore, are veins of leucosome material discordant to layering also occur
the strong enrichment of highly “incompatible” elementgliscordant leucosomes) — some are relatively coarse grained to
in the residue (compared to concentrations predicted matitic and contain little or no mafic material and others are

S . . re diatexitic. The diatexitic leucosomes contain schlieren
equilibrium, batch or fractional melting models) and 3} biotite and xenoliths of psammitic, semi-pelitic and pelitic

correspond!ng de_pletion in the melt. Con_VF«‘rseW, €¥neiss. Xenoliths of variably migmatised semi-pelitic, pelitic and
tremely rapid melting of accessory phases in mantle pgsammitic gneiss are common in larger areas of diatexitic materi-

ridotites may strongly enrich LILE (large-ion Iithophilea|- The stability of biotite throughout melting indicates that melt
element_s_) and LREE concentrations in f'rSt:formEd mq%g occurred on or slightly above the vapour-present biotite-gran-
compositions (Campbell and Gorton 1980; Watsor_‘ ald solidus (Vielzeuf and Holloway 1988) — muscovite is absent in
Harrison 1983). Accessory phases, therefore, providealissamplesP-Testimates for amphobilite layers within the KMS




102

I I I | I

265000 270000 275000 280000 285000
N a—
o Old Red Sandstone 0 km 3 |
- g >
g
o

Moine lithologies in Moine Nappe
Moine lithologies in Naver Nappe
Kirtomy Migmatite Suite (Kirtomy Nappe)

Strathy Complex (Kirtomy Nappe)

E Lewisian Inliers

i
965000

I
960000

Fig. 1 General gelogy of thearea around Bettyhill, Sutherland,(PDL), diatexitic leucosomes (DL), and melanosomes (MEL)
NW Scotland showing the location of the Kirtomy Migmatitefrom the Kirtomy Migmatite suite are reported. Samples with the
Suite. (Key to Lewisian InliersB Borgie, T Torrisdale,F Farr,S prefix KM-93 were collected by G.A.G., and those with the prefix
Strathy) Numbers on the border are National Grid coordinatesKM-94 by G.R.W. Major element mineral compositions were de-
termined on a JEOL JSM-840 scanning electron microscope fitted
with LINK E-XL X-ray energy dispersive spectroscopy software

using garnet-hornblende (Graham and Powell 1984) and ampffthe Department of Gatogy, OxfordBrookes University. Analy-
bole-plagioclase (Holland and Blundy 1994) thermometry and ga3es Were performed at an accelerating voltage of 20 kV and a beam
net-hornblende-plagioclase-quartz barometry (Kohn and Spéayrentof 2 nA. Correction for matrix effects were made using an
1990) give peak metamorphic conditions of 700-7€0 4.5— oln-lllne ZAF correction package. Trace element concentrations in
5.5 kbar. Three deformation episodes have been recognised in Bjdite, plagioclase, K-feldspar and zircon were determined on a
Kirtomy Nappe. The D1 fabrics are tentatively correlated witfy@mecaims-4fion microprobe at the University of Edinburgh. An
Grenviilian (c1000 Ma) deformation. The D2 (early Caledoniany Primary beam with an accelerating voltage 610 keV was
deformation involved W to NW ductile thrusting and nappe juxtalroduced by a duoplasmatron gun giving a net impact energy at
position, and was accompanied by upper-greenstbiger-am- the sample of 14.5 keV. Primary beam current was 8 nA producing
phibolite-facies conditions in the Naver Nappe and upper-ampt-SPot size of approximately 20-3. An energy window of
bolite-facies migmatisation in the Kirtomy Nappe. Foliation andg-19 €V and an energy offset of 100 eV were used. Molecular
fold trends in the Kitomy Migmatites either conform to regional SP€cies were reduced using energy filtering methods as described
patterns (segregation banding shows a dominant foliation trerﬂiiz'”_ner and Crozaz (1987) and Hinton (1990). Analysis of the
N—NNW) or are anomalous due to melt movement. Thé@@s in [0 |°WT39 |sot93pes were C‘i[{'ed Ollf; Si, 15b, 81352 9Y,15 Zr,

the Kirtomy migmatites are close to tight, upright to inclirfettis 6Nb, 1:Ba, :sz_a' 16 °Ce,173Nd, ‘137”1- 'Eu, *°'Gd, *°°Tb,

on a centimetre to metre scale. Axial planar fabrics are rarely DY, *°°Ho, *°’Er, °Tm, *"%vb and”"“Lu. Rubidium was cor-
developed, but can be picked out occasionally by leucosome seg ted for the molecular FeSi Eeak at mass 84. Niobium was cor-
gations (Fig. 2). Axial surface trends dip sub vertically betwegigcted for the presence 8fZrH™ by measurement of th&ZrH™
west and south. Manfolds are dsrupted due to melt migration P€@k at mass 95 (Hinton 1990; Hinton and Upton 1991). Determi-
along and acros®ld limbs andnoses — where leucosome accumubPation of both LREE and H (heavy) REE concentrations required
lation has occurredold noses only are preserved (Burns 1994)orrection for BaO, while HREE abundances were corrected for
Melting occurred synchronously with D2 (Caledonian) deformd-REE. Trace element abundances were calculated relative to Si
tion — segregation banding defines feds which in turn are cut determined by electron microprobe analysis) and calibrated
by leucosome veins and pools but these leucosome structuresafainst glass standard NBS610. . ) )

also deformed by D2 structures. Recrystallisation of D2 fabrics Migmatite samples were slabbed into 2-3 cm thick sections.
and mineral assemblages occurred along the Naver and Kirtofﬁ@ese were then cut into strips approximately 2-3<@n
thrusts. Finally, latépost D3 static annealing under lower-amphis ¢mMx10-20 cm. From these strips, leucosome and melanosome

bolite-facies conditions is recorded throughout the Naver and Kgomponents were sampled using a fine saw. The samples were then
tomy Nappes. crushed to 25@m. Aliquots for whole rock analysis were then

selected by cone and quarter reduction of an original sample of
between 0.25 and 1 kg in weight. Major and rare-earth elements
] were analysed on a ARL 3510 ICPAES at Oxford Brookes Univer-
Analytical procedures sity, after fusion dissolution and cation-exchange pre-concentra-
tion. Natural multi-element rare-earth standards were used follow-
Detailed petrographic and geochemical analysis of a suite of ldng the methodlogy of Watkins and Nolan (1992). Accuracy was
cosomes in stromatic migmatites (SL), pegmatitic leucosomamnitored with international reference materials, precision by
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Fig. 2 aTypical deformed
stromatic Kirtomy migmatites.
Alternating bands of pale
white leucosome, dark grey
mesosome and quartz-rich
“melanosome” and black, bi-
otite-rich melanosomélded
into tight “M” and “W” pro-
files showing incipient devel-
opment of leucosome along
fold limbs andaxial surfaces. :
Note the discordant leucosome
left of the hammer which
cross-cuts banding in the stro-
matic migmatitesb Com-
petent psammitic gneisses ex-
hibiting small leucosome

filled shear zones

replicate analyses. Both are estimated at better tha&@% for In stromatic migmatites, melanosomes are well-defined,
major element oxides angét 5% for trace elements. coarse-grained layers up to a few cm thick, laterally continuous
and parallel to leucosomes. Biotite in the melanosomes is coarser
than biotite in the mesosome (2-3 mm long as opposed to 0.5—
1 mm long). Irregular, partially disaggregated melanosome
Petrography schlieren may be incorporated in the leucosome. Melanosome
consists of quartzplagioclase-K-feldspartbiotite+zircon+
Migmatite mineralogies are simple and consistent over the spepatitet monaziterilmenite. Blue-grey quartz-rich residual
trum of textures observed. Mesosome consists of medium- gelvedges form distinctive bands parallel to leucosomes. They are
coarse-grained semi-pelitic (rarely pelitic) gneiss comprisembarse-grained layers comprised almost entirely of quartz and bi-
of quartz+plagioclase-K-feldspart+biotite+ muscovitet garnet otite with rare plagioclase; apatite and abundant zircon and mon-
+zircon+monazitet apatitetfibrolite and secondary chlorite. azite are obvious in thin section. Quartz forms ribbons up to 2 cm
Quartz often occurs as ribbons parallel to biotite defining the malong, parallel to the main migmatite layering.
foliation. Xenoblastic garnet rarely exceeds 0.2 mm in diameter, is Leucosomes are coarse grained, whiiek coloured and can
unretrogressed and includes biotite laths parallel to the méae classified using a twésld division based on relations with
migmatite fabric. Pelitic gneiss locally preserves an early fabric gtirrounding banded gneisses — they are either concordant or dis-
fibrolite and biotite, overgrown by later biotite. cordant to local foliation. Most common are layer parallel concor-
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dant leucosomes in stromatic migmatites up to 5 cm thick, flanked 1000 ¢
by biotite- or quartz-rich selvedges. As leucosome proportion in-  (a) f Concordant leucosomes in stromatic migmatites
creases, intrusive relationships with the surrounding host gneisses r

become more apparent — leucosome veins and pods truncate layer- . A Ko
ing and fold stuctures at high angles. Leucosome-filled shear —0— K832
zones and fol@xial planes are common (Fig. 2). Discordantleuco- ' £ — o Kmaea
somes can either be coarse grained and biotite free (pegmatitic F —O— KM-945

leucosomes) or diatexitic. The more homogeneous, schlieren-fre&
diatexites have a coarse-grained granular texture and the followin@
assemblage; quartplagioclase-K-feldspartbiotite+musco- 2 10 L
vite+zircont+ monaziterapatiterore+ chlorite. Mesosome, me- g E
lanosome and leucosome plagioclase in stromatic migmatites i
identical in composition, and consists of andesine cores
(Xan=0.29-0.32) with narrow albiteX(,,=0.02—-0.10) rims. The
narrow (5—-2Qum) Na-enriched rim was interpreted as a late stage TE
alteration by Burns (1994) and probably reflects down temperature b
re-equilibration of plagioclase. The lack of fractionation of plagio-
clase between melanosome and mesosome during partial melting 3
(Johannes 1978, 1980) has been used as evidence for disequilibri- N e S
um melting by several authors (e.g. Srogi et al. 1993), and occurs E
due to the slow approach of plagioclase to equilibrium liquidus
compositions — the net geochemical effect is that of stoichiometric
melting of plagioclase (Ashworth and Brown 1990; Johannes I — A KM942
1980). Biotite occurrence is interpreted as the re-distribution of 100 |
relict grains or clots of grains derived from entrainment of F
melanosome, rather than a mineral which has crystallised from the,
melt. ;

i3

—_—

b) Discordant pegmatitic leucosomes

—(— KM-94-3

it

Rock/Chondr

Bulk rock geochemistry

Both concordant and discordant leucosomes (Table 1) 1 |
have restricted SiQconcentrations (72.22—75.16 wt%, ;
with the exception of KM-94-4 which contains
79.49 wt% SiQ), relatively high ALO; concentrations

and molecular AJO;/Ca0O+Na,0+K,0O (A/CNK) val- e
ues of between 1.08 and 1.33, making them weakly to (€) [ Discordant diatexites

moderately peraluminous in the classification of Miller o
(1985). Both stromatic and ponded leucosomes are O Kmsson
corundum normative (up to 4 wt%), and,® is greater 100 ¥ A s

than NgO in almost all samples. Major element
chemistries are very similar to Himalayan leucogranite
(France-Lanord and Le Fort 1988), cordierite- and gar-
net-bearing granites from the Hercynian Belt of Europe
(Holtz 1989), experimental melt compositions (Carring-
ton and Watt 1995) and leucosomes from other pelitic »
migmatites (Weber et al. 1985; Barbey et al. 1990). The 4 L
field relationships of the leucosomes, restricted SiO i
concentrations and the similarity with major element
compositions reported from granitic compositions in the
literature all suggest that leucosomes in the Kirtomy o1 ‘—t-r S : e
Migmatite Suite were derived by partial melting of a La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
metasedimentary source (Miller 1985; White 1990). i 3a_¢ Chondrite normalised rare-earth-element plots for:
Concordant and discordant leucosomes in the K oncordant leucosomes in stromatic migmatitesjiscordant
have flat to moderately fractionated REE patterns (cholaucosomes (pegmatitic faciesydiatexites (containing biotite).
drite normalised, L&,/Ybq,=4.96-38.22), moderateNote the higher HREE contents and smaller positive Eu anomalies
to large positive Eu anomalies (FEu*=1.66) and low Lnotsqemdall?éfgluc leucosomes reflecting progressive entrainment of
HREE abundances (Fig. 3). Positive Eu anomalies sug-
gest disequilibrium melting of feldspar coupled with re-
tention of LREE- and HREE-bearing accessory phaseasntaining biotite, suggesting that these discordant leu-
in the residuum (e.g. Watt and Harley 1993; Carringtapsomes may contain some entrained LREE-bearing ma-
and Watt 1995; Nabelek and Glascock 1995). Leucterial. The LREE saturation calculations were carried out
somes in stromatic migmatites have lower absolute abdar the KMS using the equations of Montel (1993). Cal-
dances of LREE (La—Gd) than discordant leucosomeslations usedP—T conditions of 700C, 5 kbar (Burns,

—O— KM-94-11

d(ﬁte

Rock/Chon
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Fig. 4 Plot of LREE (La—Gd total measured) versus LREE* (La—
Gd total calculated using the equations of Montel, 1993; 6 wt%
H,O and a temperature of 70C were assumed — see textPgen 100
squaresconcordant leucosomes in stromatic migmatitésed F
squaresdiscordant pegmatitic leucosomespen circlesdiscor-
dant diatexites)
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Rock/Chondrite
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La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Zr

0 o Fig. 6a, b Mass balance calculations Calculated leucosome
composition ¢otted square symbplsing recast quartz plagio-
clase, K-feldspar and biotite SIMS ion-probe data (G. Watt, un-
published). Also plotted are leucosomes in stromatic migmatites
KM-93-1 and KM-93-2 for comparison. Note the similar fraction-
1 : : : B ation and sizgsign of the Eu anomalied®. Mass balance calcula-

1 10 100 1000 tions for melanomes (recast as above). The difference between

Zr* observed (KM-94-3, KM-94-4) and calculated REE profiles re-

flects the contribution of accessories — the modelled profile only
considers quartz (essentially REE-free) and biotite

Fig. 5 Plot of Zr (measured) versus Zr (calculated using the equ
tions of Watson, 1988, assuming a temperature of 0 (Sym-
bols as Fig. 4)

that leucosomes in stromatic migmatites, which have ex-

ceptionally low Zr concentrations of less than 50 ppm,
1994 and unpublished data), and a melt water contentas€ undersaturated in zircon while pegmatitic and dia-
6% derived from the experimental data of Holtz and Jdexitic leucosomes have ZZr* values greater than 1.0.
hannes (1994) assuming that melting occurred at the Wdte excess Zr in diatexitic leucosomes is probably of
solidus (biotite stable throughout melting). Figure éntrained origin (zircon is common as inclusions in bi-
shows that stromatic, pegmatitic and diatexitic leucmtite schlieren) and the apparent excess in pegmatitic
somes are undersaturated with respect to LREEucosomes may be explained if (as is probable) these
Schlieren-rich diatexites are least undersaturated nrelts had a higher water content than the 6% estimates
LREE again consistent with entrainment of monazite dor the other leucosomes. Melts can dissolve more Zr as
apatite, while pegmatitic leucosomes show the highd4$tO increases — the additional water present in the peg-
degree of undersaturation. This may reflect the fractionaratites would mean they are also undersaturated. The
tion of feldspars or LREE-bearing phases, or the remoweduation of Watson (1988) does not contain a term for
of LREE in a late stage fluid as the final crystallisation ofl,O so it is not possible to test this.
the melt occurred. In contrast, a plot of/Zr* (Fig. 5) Fig. 6 shows the results of a simple REE mass balance
(calculated using the equations of Watson 1988) showaalculation for leucosomes in stromatic migmatites. lon
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1000 ¢ nised. Monazite with similar morgogical features has
3 also been noted (Fig. 8a, b).

Type B.Irregular grains with zones cores and unzoned
rims. Cores are corroded and zoning is frequently trun-
cated by rims (Fig. 8c, d). Again, monazite with similar
appearance has been recorded. The presence of embayed
zircon cores indicates it was not armoured during melt-
ing, and that dissolution was incomplete.

100

Rock/Chondrite
H

Type C Equant, euhedral zircon grains with simple zon-
ing. Very similar in appearance to the core portions of
T type B zircons (Fig. 8e, f). Most commonly found en-

3 closed in biotite grains, in contrast to type A and B zir-
cons which occur at the margins of biotite grains.

0.1 1 1 1 1 1 1 1 1 1 1 1 L 1 1 1
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figures 9a and b show the distribution of zircon grains of
the types described above in stromatic migmatite sam-
Fig. 7 Chondrite normalised REE plots for Melanosomes ples KM-94-1 and KM-94-4. No accessory phases were
recorded within leucosome veins or patches (nine sec-
tions from four samples). Type A accessory phases were
probe data for the major phaes present are available fromly found at (or very near to) the leucosome-
the authors. These data were recast in terms of moda¢lanosome contact in stromatic migmatites. Type B
proportions for a typical stromatic leucosome, and shaxzcessory phases are common in the melanosome, but
a good correlation with observed REE plots from KM$vere not identified in leucosome or mesosome portions
leucosomes in stromatic migmatites. This correlation inf the migmatites, while type C zircons only occur in the
dicates that the bulk of the REEs present in the leucmesosome, at a distance from the melansome. The high
somes in stromatic migmatites are hosted in plagioclasencentration of zircon and monazite in the melanosome
and K-feldspar, rather than accessory phases, consistrd absence of accessory phases in the leucosome is con-
with the observations presented above which show thastent with the mass balance calculations earlier —leuco-
accessory phases are essentially absent from leucosostases have low absolute REE totals and REE are hosted
in stromatic migmatites. only in major phases (K-feldspar and plagioclase), while
Melanosomes in the KMS have REE patterns whiaghelanosome REE patterns are dominated by accessory
reflect their high modal abundances of zircon, apatitthases and REE abundances (and Zr) are much higher.
and monazite. The Zr contents are almost six times Truncation of internal zones by the growth of new
greater than leucosomes in stromatic migmatites. Thens (type B zircons) indicates that, at the temperatures
LREE and HREE abundances are also greater than lefiimelting in the Kirtomy migmatites, intra-crystalline
cosomes, and Eu anomalies are large and negativé (Eiffusion of Zr was slower than the rate at which zircon
Eu* <0.30) (Fig. 7). lon probe work and published datdissolved into the melt. Bea (1991) developed a model
show quartz and biotite have very low REE contents, afwk this type of disequilibrium melting which he termed
mass balance calculations confirm that the majority abn-diffusive melting. In this model, partitioning of an
the LREE and HREE must reside in accessory phassdement (e.g. Zr) between a carrier mineral (e.g. zircon)
which are concentrated in the melanosome. and melt is controlled solely by the extent to which the
carrier mineral dissolves in the melt. This enriched layer
would saturate melt in the trace element concerned —in
Accessory phase distribution and controls the case of the KMS the melt-crystal interface has been
on melt chemistry enriched in Zr with the consequent growth of new zircon
only at the melt-solid interface. New zircon growth is
In an attempt to determine the role that restricted zircoastricted to the boundary between melt and residual zir-
dissolution plays in the generation of Zr depleted leucoen. An idealised concentration-distance profile for a
somes in stromatic migmatites, a detailed back-scattetedce element at the melt-solid interface (e.g. Fig. 10 in
electron and cathodoluminescence study of zircon mdea, 1991) shows that, at the onset of melting, a strongly
phology and distibution was carried out on two stromat-enriched layer occurs.
ic migmatite samples. Three distinctive zircon mor- The amount of zircon dissolution that occurs during
phologies werédentified: anatexis, and therefore the melt Zr content, will be con-
trolled by the zircon content of the source rocks, the
Type A.Elongate prisms up to 2Q0m long with aspect temperature at which the melt forming reaction occurs,
ratios greater than 2.0. Zoning is oscillatory and regulahe water content of the melt, the extent to which zircon
and no truncations of zoning or overgrowths were recograins are armoured in stable restitic phases (Bea et al.
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Fig. 8a—f Zircon morplology: a type A zircon, back-scattered armoured during the melting event, yet they failed to
electron image (BEI):b cathodoluminescence image of samgjjssolve completely. Zircon and monazite grains are lo-
e o o oo S S Focon (P91 B cated both at biotte margins and as inclusions, so it s
unlikely that the restricted Zr and LREE concentrations
of the leucosomes in stromatic migmatities are due solely
1994) and the rate at which melt is removed from thte armouring. Temperatures of melting are low (7Q9,
melting zone. The majority of crustal lithogies comain restricting zircon and monazite dissolution, while the
sufficient zircon to saturate a melt in Zr, and mesosongeneration of felsic, water-saturated melts (indicated by
Zr contents are comparable with typical semi-pelitithe stability of biotite throughout melting) should en-
lithologies (Taylor andicClellan 1985). The concentra-hance accessory phase dissolution (Watson and Harrison
tion of partially dissolved zircons and monazites in KM3983). The exact balance of these factors is not fully
melanosomes shows that accessories were not entineglerstood, but dissolution rates calculated by Watson
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(1988) show a much greater dependence upon melt water
content than on temperature. According to the calcula-
tions of Watson, zircon dissolution is 6 orders of magni-
tude more rapid in water-saturated melts at70Ghan

in dry melts at the same temperature. The conditions of
formation of the KMS leucosomes indicate that equi-
librium melt compositions could have been generated if
melt had remained in contact with melanosome for even
a short period of time &c. 10,000 years). Disequilibri-
um melt compositions could only have been generated if
melt was extracted from melanosome over a shorter
time-scale than this. Water-saturated granitic melts have
relatively large viscosities compared to basaltic liquids,
and the widely accepted mechanism invoked to explain
rapid movement of these liquids involves the application
of heterogeneous deformation and deformation-en-
hanced melt extraction (Sawyer 1994).

Melt extraction and disequilibrium melt geochemical
signatures

Brown (1994a) argues that equilibrium melt composi-
tions will occur in amphibolite-facies stromatic
migmatities because th&V of the reaction is negative.
This is clearly at odds with the REE and Zr chemistry of
leucosomes in stromatic migmatites seen in the Kirtomy
Migmatite Suite. Brown’s model may only be applicable
to migmatites which are forming in the absence of any
applied stress —when deformation accompanies melting,
melt migration (even in water-saturated migmatites) can
be rapid and produce a very distinctive chemical and pet-
rographic signature in both melt and restite (e.g. Brown
1994b). The positive Eu anomalies and low Zr contents
of the Kirtomy Migmatites are more consistent with a
rapid melt segregation involving rbkgically driven,
porous-media flow, filter pressing which can produce
leucosomes in stromatic migmatites in migmatites sever-
al orders of magnitude more quickly than by pure com-
paction. In the concordant and discordant leucosomes of
the KMS a characteristic geochemical signature mani-
fests itself in high LREE and HREE, and also (although
to a lesser extent) Zr in the melanosome and a comple-
mentary depletion of these elements in the melt.
Leucosomes in the KMS have very distinctive REE
patterns when compared to leucosomes from other am-
phibolite-facies migmatities, and also to peraluminous
granites (Carrington and Watt 1995). Peraluminous
granite batholiths (e.g. Miller and Mittlefehldt 1983;
Holtz and Barbey 1991) and amphibolite-facies leuco-
somes (Brown 1979; Sevigny et al. 1989) generally have

Fig. 9a, bLocation of zircon types in stromatic migmatites KM-flat to moderately fractionated REE curves and negative
94-1 and KM-94-4. Qpen squaresype A zircon,dotted square Eu anomalies. If removal of melt from the melting area is

type B zircon filled circle type C zircon)

always rapid when it is driven by deformation, then the
implications for granite chemistry are important, be-
cause granulite-facies migmatites are thought to repre-
sent the source of peraluminous granites. The melt distri-
bution features witnessed in the Kirtomy Migmatite
Suite (melt migration into structurally controlled areas
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such as boudin necks and shear zones) are identicaBéobey P, Macaudiere J, Nzenti JP (1990) High pressure dehydra-
those seen in migmatites produced by partial melting ﬂ(ggu”n‘ggi?gpgtfrg;%ti‘Pf(')iiejz‘;Vide”Ce from the migmatites of
u.nder water-undersaturated Co.ndltlons' It melt eXtragé?F(1991)Ge0chemi'cal modelling of low melt fraction anatexis
tion rates ?Xceed mf-‘lt generation rates (as theoreticalip a peraluminous system: the Rehlegra Complex (central
considerations and field observations suggest — Sawyerspain). Geochim Cosmochim Acta 55: 1859-1874

1994) in water-undersaturated migmatite complexe®ea F, Pereira MD, Stroh A (1994) Mineyé¢ucosome trace ele-
then melt from granulite-facies migmatites will have {PO%TE(?SH'QOSQLR)'nghgﬁaéﬂg;nlolu;zrg'fgalt'zte (a laser abla-
REE patterns similar to those witnessed in the Kirtomeqard JH (1989) Disequilibrium mantle melting. Earth Planet
Migmatites, and which contrast with those of high level Sci Lett 91:359-366

peraluminous granitoids (Carrington and Watt 1995). Brown M (1979) The petrogenesis of the St Malo migmatite belt,
Armorican Massif, France, with particular reference to the
diatexites. Neues Jahrb Mineral Abh 135:48-74
Brown M (1994a) Melt segregation mechanism controls on the
Summary and conclusions geochemistry of crustal melts (abstract). Mineral Mag
58a:124-125

. . . . Brown M (1994b) The origin of migmatites (abstract). The con-
The Kirtomy Migmatite Suite (KMS) of Sutherland, trols 01S metan)mrphismg— Unive?sity of Li\(/erpool 5)

Scotland, contains abundant field evidence for chagrown M, Averkin YA, McLellen EL (1995a) Melt segregation in
nelised flow and deformation-enhanced melt segregation migmatites. J Geophys Res 100: 15655-15679
on hand specimen and oucrop sale (el e boud¥eaT . Rusine T Sevyer G 1999 nedein s
EECkSl’ Velzns’ mlcrO'Shegrs)' Leucgsomes ml.the };Mf? gation from crustal protoliths. J Geophys Res 100:15551-
ave low Zr contents and positive Eu anomalies which 15563
can be ascribed to disequilibrium melting and removal 8firns IM (1994) Tectonothermal evolution and petrogenesis of the
leucosome before complete equilibration with source Naver and Kirtomy Nappes, north Sutherland, Scotland (un-
due to the inhibited dissolution of Zr and LREE. Defor- p“bb“sllhed)GPhD thes's'g%’gord Brookes L;]“'V dth

i h d melt extraction has produced stroma?ﬁ:mp ell IH, Gorton MP (1980) Accessory phases and the gener-
mation enhance . produce ation of LREE-enriched basalt- a test for disequilibrium
and ponded leucosomes with a characteristic trace ele-melting. Contrib Mineral Petrol 72:157-163 _
ment chemistry dominated by major phase breakdowrfarrington DP, Watt GR (1995) A geochemical and experimental
little or no equilibration has occurred between melt and St“‘ljt}’ of tfhe rto'e (I)ft K'f‘é'ﬂsF’aESd“{ngzwgéer?'g”dersat”rated

. . meilting or metapelites. em Geo . —

accessory phases over the melt, gengratlon tlme'sc"é%mens JD (1990) The granulite-granite connexion. In: Vielzeuf
Detailed back-scattered electron 'manQ.ShOWS t_hat ac-p, vidal Ph (eds) Granulites and crustal evolution. Kluwer
cessory phases were not armoured during melting, soAcademic Publishers, Dordrecht, pp 25-36 _
Imited accessory phase dissolution was caused by raieiers o Vieeu! © (1367) Comaants o metng g
d_eformathn c_irlve_n, melt migration. Zircon morpholo- 55« ' '
gies and distribution are consistent with early stage nofrance-Lanord C, Le Fort P (1988) Crustal melting and granite
diffusive melting models (Bea 1991) which predict a genesis during the Himalayan collision orogenesis. Trans Roy
trace element build up at the melt-residue interface when Soc Edinburgh 79:209-222

trace element diffusion rates in minerals are slower th&#@nam CM, PowellR (1984) A garnet-hornblende geothermome-
ter: calibration, testing, and application to the Pelona Schist,

mineral dissolution. Coexisting melanosomes show a ggythern California. J Metamorphic Geol 2: 13-31

corresponding increase in Zr and LREE reflecting thearris N, Ayres M, Massey J (1994) Chemical disequilibrium
concentration of refractory accessories in residual mate-during crustal anatexis (abstract). Mineral Mag 58a:380-
rial during disequilibrium melting. 381

Hinton RW (1990) lon microprobe analysis of silicates; measure-
ments of multi-element glasses. Chem Geol 83:11-25
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