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(Taylor & McLennan, 1985), the physical processes in-A continuous section through reworked Archaean crust records the
volved, particularly how granite magma is formed, remaingeneration of granitic magma and its subsequent development in the
controversial (Miller et al., 1988; White & Chappell,Opatica subprovince in the Canadian shield. There, the transition
1990). A partially melted source can form a graniticfrom palaeosome to granite was a closed-system process through
magma only if large volumes of melt are separated fromintermediate stages of patch migmatite and diatexite. The average
most of their residuum. Understanding this process isdegree of partial melting was less than 30%, but the melt
crucial to determining how crustal recycling and differ-fraction was redistributed within individual diatexite layers during
entiation occurs. For example, melt–residuum separationdeformation. Regions that lost melt became residual diatexites
could be a nearly perfect, single-stage process at theenriched in TiO2, FeOT, MgO, CaO, Sc, Cr, Co, Sr, rare earth
site of partial melting, as described for leucosomes inelements (REE) and high field strength elements (HSFE). Melt
metatexite migmatites (Wickham, 1987a; Sawyer, 1991,accumulated to create diatexite magmas enriched in large ion
1994; Brown et al., 1995). Alternatively, the separationlithophile elements (LILE), but contaminated with residuum ma-
could be an imperfect, multi-stage process that yields aterial. Such diatexite magmas are parental to granites found at
magma with a large residual component, as is observedhigher crustal levels in the terrane. Flow of the diatexite magma in
in diatexite migmatites (Bea, 1991; Greenfield et al.,response to deformation separated some of its residuum into schlieren.
1996; Sawyer, 1996). The metatexite model necessarilyParautochthonous plutons were created where ascending granitic
produces leucocratic, residuum-free granites, such asmagma locally ponded below impermeable layers and structures.

those described by Le Fort (1981) and Montel et al.Magma left the anatectic region in dykes and lost its remaining

residuum as it crystallized. Consequently, the allochthonous granite (1991), and maximizes the geochemical signature of
magmas that rose through 20 km of crust to feed the highest level crustal differentiation. In contrast, the diatexite model
plutons in this region are highly fractionated and essentially free of can produce residuum-rich granites, and so reduce the
residuum. geochemical effect of crustal differentiation, as Chappell

(1996) noted.
How anatectic magmas formed in the deeper crust

evolve to the granitic magmas emplaced in the upper
crust is also poorly known, because few crustal sectionsKEY WORDS: anatexis; diatexite; granite magma; melt; residuum
are continuous from partially melted source to upper-
crustal magma sink (pluton). Instead, most crustal sections
display either shallow level plutons or deeper anatectic
rocks. Even if granite magmas have a residuum com-

INTRODUCTION ponent near their source, this could separate as the
magma rises to yield shallow level magmas that arePartial melting in the lower to middle crust, and transfer
residuum depleted (Miller et al., 1992). Where and howof that melt to the upper crust, is believed to have caused
this separation occurs is also poorly known.the chemical differentiation of the continental crust (Lam-

The Opatica subprovince of the Superior Provincebert & Heier, 1968; Fyfe, 1973). Although the geo-
chemical signature of crustal reworking is well known contains reworked Archaean crust that displays a con-
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tinuous section from mid-crustal anatectic rocks to shal- meladiorite through trondhjemite–tonalite to grano-
low level granite plutons. Changes in texture, mineralogy diorite. Leucocratic rocks predominate. U–Pb zircon
and bulk geochemistry are used to examine two principal crystallization ages of the grey gneisses range from 2761
questions: (1) What is the nature of the protolith– to 2702 Ma (Davis et al., 1995). Some of the grey gneisses
migmatite–granite transition and the process that creates partially melted to form a suite of migmatites, leucogranite
a granitic magma during anatexis? (2) What processes plutons and dykes. The plutons and dykes occur through-
control the magma composition outside the source re- out the Opatica, but the migmatites are restricted to its
gion? central part. Monazite and titanite from the anatectic

rocks give U–Pb crystallization ages of 2678 ± 2 and
2676 ± 2 Ma, respectively (Davis et al., 1995). The
Nd–Sm isotopic compositions of anatectic rocks indicate

GEOLOGICAL SETTING that the pink granites were derived from the grey gneisses
(Bédard & Ludden, 1997). Furthermore, Bédard &The Opatica subprovince is a 200 km wide belt of
Ludden found no isotopic evidence for a young, mantle-amphibolite-facies plutonic gneisses, located in the south-
derived, mafic magma component in the crustal meltingeastern part of the Superior Province (Fig. 1). It is
that formed the leucogranites.bordered to the north by amphibolite- to granulite-

facies metasedimentary rocks of the Quetico–Nemiscau
subprovince, and to the south by low-grade rocks of the
Abitibi subprovince. Based on structural relations (Sawyer
& Benn, 1993) and Lithoprobe seismic reflection profiles

METAMORPHISM(Calvert et al., 1995), the Opatica is interpreted as the
Most of the mafic rocks of the Opatica containdeeply eroded interior of an Archaean mountain chain,
hornblende+ andesine, which, together with rarerand the Abitibi as a shallow level section through its
garnet- or clinopyroxene-bearing assemblages, implyforeland fold and thrust belt. A shallow, (13°) north-
amphibolite-facies conditions of metamorphism. Ortho-dipping reflector, with south-verging structures in its
pyroxene has not been observed. Retrograde greenschist-hanging wall, is present in the crust below the Abitibi
facies mineral assemblages are developed in some late(Lacroix & Sawyer, 1995) and steepens to 30° as it
shear zones. The Ti content of amphiboles coexistingextends more than 30 km into the mantle below the
with a Ti-saturating phase increases with temperaturesouthern Opatica. This reflector is interpreted as the
(Spear, 1981). Results from 27 Opatica rocks show thatremains of a north-dipping Archaean subduction zone
the Ti content, per 23 oxygens, of amphibole coexisting(Calvert et al., 1995). The U–Pb ages of syntectonic
with titanite and/or ilmenite increases from <0·045 inmonzodiorite plutons indicate that the main phase of
greenschist-facies rocks in retrograde shear zones andcollision occurred at 2696 ± 3 Ma (Davis et al., 1995).
the adjacent northern Abitibi subprovince to 0·045–0·085High-grade metamorphism in the central Opatica sub-
for amphibolite-facies rocks outside the migmatite zone,province post-dates the main phases (D1 and D2) of the
to maximum values of 0·075–0·165 for rocks from thecollision, but is synchronous with the late stages of the
migmatite zone. Using the Spear (1981) calibration, theseD2 deformation.
Ti contents suggest a maximum temperature of 760°CStructural mapping (Benn et al., 1992; Sawyer & Benn,
is recorded in the migmatite zone. The empirical cal-1993) and Lithoprobe seismic reflection results from
ibration of Schumacher et al. (1989) yields a temperaturenorth of Matagami (Calvert et al., 1995; Bellefleur et al.,
of ~810°C.1998) indicate that the dextral strike-slip, Nottaway River

The Kohn & Spear (1990) garnet–amphibole–Shear Zone is the only major fault to displace the
plagioclase barometer yields a pressure of 6·3 ± 1 kbarmigmatites (Fig. 1). The compositions of metamorphic
for garnet cores with included amphibole and plagioclaseminerals (e.g. Ti content of amphibole) change smoothly
grains in amphibolites from just south of the migmatitefrom south to north across the Opatica. Furthermore,
zone in the eastern Opatica. However, garnet rims com-temperature–time paths constructed from U–Pb dating
bined with matrix grains of amphibole and plagioclaseof zircon, monazite and titanite (Davis et al., 1995),
give pressures of 7·1 ± 1 kbar. The Schmidt (1992) Al-and 40Ar/39Ar dating of hornblende and biotite indicate
in-hornblende barometer has been used for rocks thatprogressively later exhumation of the Opatica northwards
contain the assemblage hornblende + biotite +from its southern edge to where the highest grade mig-
plagioclase + K-feldspar + quartz + titanite +matites are located (Sawyer, in preparation). Thus, the
ilmenite + melt + fluid. Three diatexite migmatitesOpatica appears to present a section of reworked Ar-
north of Matagami yield pressure estimates of 5·2–6·2chaean crust without major tectonic disruption.
kbar for rim compositions. This geobarometer yieldsMost of the Opatica subprovince consists of a suite of

grey gneisses that range in composition from quartz pressures of 1·7–2·6 kbar for two samples from the Canet
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Fig. 1. Location of the Opatica subprovince in relation to the Abitibi and Quetico–Nemiscau subprovinces and the Frotet–Evans greenstone
belt in the southeastern Superior Province (SP). The migmatite zone of the Opatica is shown in denser stipple and is crossed by the Nottaway
River Shear Zone.

pluton, which intrudes the contact between the Opatica The initial stages of migmatization
and Abitibi subprovinces. The first stage of migmatization produced small, widely

scattered diffuse neosome patches (Fig. 2b) in which the
S1 foliation disappears and the grainsize has increased.
This process only affected the leucocratic members of

MORPHOLOGY OF THE the grey gneiss that contain quartz, plagioclase and K-
feldspar; hence, the term palaeosome applies only toTRANSITION FROM GREY GNEISS
these fertile bulk compositions. Other bulk compositionsTO GRANITE show no evidence for partial melting. Migmatites at this
stage lack large changes of modal composition (Table 1),

Grey gneiss suggesting that the development of diffuse neosome
Typical grey gneiss is a strongly foliated and/or banded patches was isochemical. As migmatization progressed
leucocratic rock that contains scattered remnants of mafic the neosome patches enlarged and coalesced, leaving
material (Fig. 2a). The homogeneous and strongly pen- remnants of foliated grey gneiss in a coarser, homo-
etrative nature of the S1 foliation suggests that grey gneiss geneous-textured neosome.
was deformed at high temperature in a crustal-scale shear The first evidence for melt segregation (Fig. 2c) is the
zone (Sawyer & Benn, 1993). The microtexture formed presence of small, medium-grained, pink leucosomes (e.g.
during D1 has been variably modified by dynamic re- sample EL268B) with diffuse borders in migmatites that
crystallization, and then by later grain growth during the display neosome patches. Typically, such leucosomes are
2678 Ma metamorphism. The typical grain size for felsic in small shear zones and contain very little residuum
(>66% SiO2) grey gneiss from the lower amphibolite material. Melt–residuum separation was evidently effect-
facies is ~0·7 mm. Samples of grey gneiss that retain ive and probably driven by local shearing of the pa-
their S1 foliation and banding in the migmatite zone laeosome. Evidence of melt segregation is seen in samples
represent bulk compositions too refractory to have be- that contain coalesced patches. Two types of K-feldspar-
come migmatized. However, the average grainsize of depleted residual material formed at this stage: (1) darker

patches, some of which show a remnant S1 foliation,such rocks is increased to 1·4 mm.
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Fig. 2. (a) Typical non-migmatized grey gneisses containing disrupted mafic layers. (b) Beginning of migmatization, coarser-grained, neosome
patches (upper left) within foliated palaeosome (near the scale). (c) The first segregation of melt forms small leucosomes (arrowed). (d) Grey
diatexite containing flow banding marked by a layer richer in biotite (between arrows), incipient mafic schlieren (B) and the orientation of
plagioclase-rich pods. (e) Pink diatexite with flow banding marked by schlieren and pods of residual diatexite. (f ) Disaggregated mafic inclusions
in a diatexite. (g) Leucogranite dykes in lower-amphibolite-facies rocks; the upper dyke has a narrow pink border and grey granodiorite interior,
the lower consists of pink leucogranite and pegmatite. (h) Dykes feeding a high-level pluton with sub-horizontal layering. Scale is 15 cm long;
in (e) the hammer head is 12 cm across, and in (g) field of view is 1·4 m wide.
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Table 1: Average modal mineralogy and grain size of the principal rock types

Quartz Plagioclase K-feldspar Biotite Opaques Assessories Grain size

(%) (%) (%) (%) (%) (%) (mm)

Palaeosomes 29·9 56·6 8·4 4·8 0·2 0·1 1·34

range (n = 10) 21–38 47–67 2·5–13 1–7

Patch migmatites 27·2 60·8 5·9 5·7 0·3 0·1 1·65

range (n = 4) 22–32 54–69 3–11 3–9

Grey diatexites 29·6 55·5 10·2 4·4 0·2 0·1 1·69

range (n = 7) 23–31 47–60 5–17 2–7

Pink diatexites 28·5 48·6 19·4 3·2 0·2 0·1 2·26

range (n = 9) 23–36 35–59 12–25 1–5

Residual diatexites 24·8 63·6 0·3 10·4 0·6 0·3

range (n = 8) 17–42 48–71 0–1·8 5–16

Schlieren (n = 2) 17·9 58·5 0 22·5 0·5 0·6

Parautochthonous granites 30·3 35·1 32·1 1·9 0·4 0·2 2·82

range (n = 11) 19–38 28–44 21–43 0·1–4·4

Allochthonous granites∗ 30·6 37·7 29·7 1·8 0·2 trace 1·56

range (n = 8) 27–34 31–42 25–34 1–3·4

Allochthonous granites† 30 33·2 35·4 1·2 0·2 trace 1·24

range (n = 9) 24–35 28–39 30–40 0·5–2·2

Grey granodiorites 23·5 51·9 17·8 6·4 0·3 0·1

range (n = 5) 22–25 48–58 8–22 2–11

∗ Pink leucogranite dykes and sills intruded into migmatites.
†Pink leucogranite dykes and sills intruded into lower amphibolite facies rocks.
One thousand points per sample.

slightly richer in biotite, plagioclase and accessory min- quartz grains in the diatexites are not greatly strained
and igneous textures are preserved, flow probably tookerals than the initial grey gneiss; and (2) light grey,
place in the partially melted state. The loss of pre-leucocratic patches that consist principally of plagioclase,
migmatization structures and the development of flowquartz and accessory minerals with minor biotite. These
structures suggests that a larger melt fraction was presentform from quartz-rich, leucocratic palaeosomes.
in these rocks compared with the patch migmatites.
These migmatites (Fig. 2d and e) correspond to diatexite
as described by Brown (1973, 1979), Sawyer & Barnes

The diatexite (1988), Bea (1991) and Sawyer (1996). Diatexite is the
Textural homogenization affected larger volumes of rock most abundant migmatite type in the Opatica sub-
as migmatization progressed. However, the most im- province and forms layers up to tens of metres thick.
portant development was that bulk flow occurred and Some layers may be hundreds of metres thick, but there
produced dark- and light-coloured schlieren enriched in is insufficient continuous outcrop to be certain. Some
biotite and plagioclase, respectively (Fig. 2d). The diatexites contain coarse-grained leucocratic veins, or
schlieren define a flow-banding or layering. Locally there leucosomes (e.g. sample EL179), which post-date the
may also be asymmetrically shaped inclusions of (1) flow-banding.
residual material, (2) palaeosome, (3) unmelted wall rock, Diatexites show changes in colour, texture and com-
and/or (4) plagioclase-rich pods (Fig. 2e) that possibly position linked to progressive migmatization (Table 1).
represent residuum or material crystallized from the melt. Some are grey and display metamorphic textures (Fig. 3a).
Such migmatites are confined between layers of less or Some grey diatexites lack K-feldspar and have evidently
unmigmatized grey gneiss. Rotation senses determined lost their melt fraction; these are residual diatexites. Some
from the inclusion shape and irregularities in the flow- residual diatexites form concordant layers tens of metres
banding imply shear-driven flow of migmatite layers thick. More evolved diatexites are pink, and display

greater K-feldspar contents, igneous-like texturesbetween the more competent grey gneiss walls. Because
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Fig. 3. Photomicrographs showing neosome textures. (a) Residual diatexite (note the large biotites and preponderance of equant plagioclase
and quartz). (b) Pink diatexite, showing a large grain of quartz in the centre which has straight contact with microcline. (c) Distribution of biotite
in a residual diatexite without a strong preferred orientation. (d) Distribution of biotite and prismatic plagioclase in a schlieren (note shape
preferred orientation, perhaps indicative of tiling). (a) and (b) crossed polarizers; (c) and (d) plane-polarized light. Field of view is 7·5 mm, except
for (a) where it is 6 mm.

(Fig. 3b), and a greater proportion of idioblastic–euhedral over a few metres and is related to variation in the
fertility of the palaeosome.feldspar. The distribution of minerals is generally more

uniform in the grey diatexite and residual diatexite
(Fig. 3c) than in the pink diatexite, in which the biotite
(and in some cases plagioclase) is concentrated into

The diatexite to granite transitionschlieren (Fig. 3d).
In places pink diatexite contains xenoliths derived from At the most advanced stage of migmatization large vol-

mafic dykes in the palaeosome. The xenoliths did not umes of pink diatexite were able to move within the
melt, but they did disaggregate and contaminate the anatectic zone. Characteristically, such diatexites contain
diatexite with hornblende xenocrysts (Fig. 2f ). Although flow banding and schlieren. Diatexite is gradational, over
this specific example is not petrologically significant as distances of several to tens of metres, to granite in the
the diatexites do not generally contain hornblende, it field area, and locating the boundary between the two
illustrates a process of considerable importance in magma rock types is subjective. In this study, the term granite is
generation. As the diatexite flowed within the partially used if the neosome texture is uniform (fewer schlieren
melted region it could have been contaminated with and inclusions) over the scale of an outcrop. Small,
refractory or residual phases such as biotite, plagioclase biotite-rich folia are locally present in the leucogranite
and quartz, as the host rocks disaggregated. bodies. These folia are enriched in accessory phases;

The transition from patch migmatite to diatexite occurs apatite, ilmenite, zircon, monazite, allanite and xenotime
on two scales. On the regional scale the transition occurs have been identified by electron microprobe.
over hundreds of metres and is related to increase of Although there are no strictly in situ, or autochthonous,

granite bodies in the Opatica, many granite bodies, somemetamorphic grade. On a local scale the transition occurs
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several kilometres long, remain in the migmatite zone genetically related, were present. The Nd–Sm isotopic
compositions of the grey granodiorite (E.W. Sawyer,and are arguably parautochthonous. At their distal ends,
unpublished data, 1997) indicate that, like the pink gran-bodies of the diatexite intrude across other units and
ite, it was derived from the grey gneiss.contain country rock xenoliths; this suggests that they

Although dykes and sills dominate, the Opatica sub-were magmas. Some granite magma has ponded beneath
province also contains granite plutons. The deeper levelthick layers of unmelted (infertile) grey gneiss, or in gently
plutons appear to consist of innumerable cross-cuttingdipping, north-vergent backthrusts (Fig. 4). At a smaller
dykes of both the grey and pink granite phases. Onescale, the position and shape of the contacts of the
such pluton, north of Matagami, has an exposed lengthparautochthonous granites is controlled either by frac-
of 300 m, and is located in the core of a regional-scaletures, or by minor folds formed during syn-anatexis, late
D2 antiform mapped by Sawyer & Benn (1993). InD2 deformation. Locally, at least, the granite contacts are
contrast, the highest level plutons appear to be thin sheetsdiscordant to S1 in adjacent rocks. Contacts between
that may be up to 20 km across [e.g. in domain 2 ofparautochthonous granite bodies and competent wall
traverse 2 mapped by Benn et al. (1992)]. One pluton,rocks are sharp. However, where granite magma has
~1 km across, located north of Chibougamau consistsintruded migmatitic wall rocks the wall rock structures
of subhorizontal sheets fed by pink leucogranite dykesare truncated (suggesting fracture), but the contacts are
(Fig. 2h). Each dyke appears to have introduced a smalldiffuse. This suggests that the partly melted wall rock
batch of magma into the pluton; pegmatite-texturedand pluton magma interacted after fracture.
dykes generate pegmatite-textured layers, and fine-
grained dykes feed fine-grained layers. Successive feeder
dykes cross-cut earlier batches of magma. Because several

Granite outside the migmatite zone of the high-level plutons contain xenoliths of mafic vol-
Dykes and sills of anatectic granite occur throughout the canic rocks, they appear to have formed at the Opatica–
Opatica subprovince. Those farthest from the migmatite Abitibi subprovince contact (Fig. 4). On the basis of
zone intrude greenschist- to lower-amphibolite-facies geobarometry, this contact was a depth of 6–8 km when
rocks. All the intrusions have sharp, planar borders. Some the plutons were intruded.
contain fragments of wall rock; others display narrow,
fine-grained margins. These features suggest fracture-
controlled intrusion into cool rocks. Sharp-bordered

COMPOSITIONAL VARIATIONS OFdykes in the migmatite zone are late, and were evidently
emplaced during the waning stages of anatexis. PLAGIOCLASE AND BIOTITE

There are two phases of allochthonous anatectic The field and petrographic relations indicate a transition
magma. One is a pink leucogranite, which ranges from from diatexite to granite by the separation of melt from
fine-grained granite to coarse-grained pegmatite. Peg- residuum. In this section textural and compositional
matite is more abundant farther from the migmatite observations are used to distinguish which plagioclase
zone, a feature which may reflect increasing H2O content and biotite grains in the neosomes are probably residual,
of the magma as its crystallization progressed. The other and which crystallized from the melt. Major oxide abund-
anatectic granite type is a medium-grained, grey grano- ances (>5%) were determined by energy dispersive, and
diorite to granite which locally contains wispy schlieren minor oxides (e.g. TiO2, MnO, CaO and Na2O in biotite)
of biotite and nebulose patches of coarser-grained pink were determined by wavelength dispersive electron
leucogranite. The grey phase is less common at the highest microprobe analysis. Relative standard deviation for the
crustal levels (Fig. 4). Many dykes show characteristics major oxides is <1%, and <3% for TiO2 at the con-
intermediate between these two rock types, thus the centrations found in the Opatica biotites.
relationship between the phases is ambiguous. Some Plagioclase grains from palaeosome samples show
zoned dykes (Fig. 2g) display a thin, pinkish (<1 cm), simple zoning patterns. Some of these rocks contain
fine-grained outer zone, an intermediate zone of medium- unzoned plagioclase, but generally the rims are more
grained, grey granodiorite and, in some cases an inner sodic than the cores. Typical compositions are An25 and
zone of coarse-grained pink leucogranite or pegmatite. An19. Most plagioclase grains from the residual diatexite
Such relationships suggest that the two phases may reflect and schlieren samples are generally zoned. Some display
fractional crystallization of a common parent magma. rounded cores that are as calcic as An24, with rims weakly
However, elsewhere in the field area dykes and sills of zoned from An20 to An17–18 at the outer edge. Two
the grey phase (with biotite schlieren and nebulose patches populations of plagioclase are present in the pink diatexite
of pink granite) cut pink phase dykes and are themselves and parautochthonous granite samples. One has calcic
cut by still later pink phase dykes (Fig. 4). These features cores of similar size and composition to those in residual

diatexites, but with wider sodic rims zoned from An20 tosuggest that two magmas, which may, or may not, be
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Fig. 4. Schematic representation (not to scale) of the field relations in the Opatica crust. Depths are approximate and based on geobarometry.

An16. The second, more numerous, population lacks the grains adjacent to magnetite. The greatest compositional
variation in the biotite is in its Ti content. The distributioncalcic cores and is weakly zoned from An20–21 to An16–18

at the edge. Biotite inclusions are absent from the calcic of Ti content within the biotite population from residual
diatexites (Fig. 5a and b) and schlieren (Fig. 5e and f )cores, but present in some grain rims and in grains that

lack calcic cores. The calcic cores are interpreted as resembles the range found in biotite grains from the
palaeosome. The highest Ti contents of biotite are foundresidual (i.e. remnants from the palaeosome), and the

more sodic plagioclase as crystallized from the anatectic at the edges of large, slightly ragged grains associated
with magnetite. Some residual rocks (Fig. 5b) andmelt.

Although biotite shows little variation in XMg within schlieren (Fig. 5f ) contain a few small, isolated, elongate,
low-Ti biotites located on grain boundaries.an individual sample, XMg increases by up to 0·04 in biotite
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form small, rounded inclusions in the outer parts of
plagioclase grains, or rarely in interstitial quartz; these
are probably relics of unstable residual biotite. Although
the low-Ti grains may be numerous, they remain volu-
metrically minor, hence their XMg is buffered during
retrograde cation exchange by the large reservoir of
residual biotite.

Rocks derived from magmas that left the migmatite
zone contain more complex biotite populations. A grey
granodiorite (Fig. 5i) for example, contains: (1) large,
high Ti-biotite grains probably derived from the residual
rocks; (2) medium Ti-biotite grains (0·26 a.f.u.) that
correspond to the low-Ti biotites from the diatexites; and
(3) small, bladed low-Ti biotite grains (0·22 a.f.u.) which
grew from the melt during its ascent.

WHOLE-ROCK GEOCHEMISTRY OF
THE GREY GNEISS TO GRANITE
TRANSITION

Analytical method
Some 117 samples of grey gneiss, diatexite migmatite,
residuum material and leucogranite have been analysed.
Between 1·5 and 5 kg of each sample was crushed
and split to 200–250 g, which were pulverized in an
aluminium oxide ceramic mill. The major oxides, except
Na2O, were determined on fused glass discs and the trace
elements Nb, Ni, Sr, V, Y and Zr on pressed powder
pellets, using standard X-ray fluorescence (XRF) methods
at McGill University. Instrumental neutron activation
analysis at Chicoutimi was used to determine Ba, Ce,

Fig. 5. Histograms for the Ti content, in atoms per 22 oxygen formula Co, Cr, Cs, Eu, Hf, La, Lu, Na2O, Nd, Rb, Sc, Sm, Ta,
unit (a.f.u.× 10) of biotite from the anatectic rocks. (a) and (b) Residual Tb, Th, Yb and U, after irradiation in a SLOWPOKEdiatexites, (c) and (d) their associated pink diatexites. (e) and (f ) Biotite-

II reactor at École Polytechnique, Montreal; Bédard &rich schlieren, (g) and (h) their associated pink diatexites. (i) Grey
granodiorite dyke. The width of each column is ~1·3 times the relative Barnes (1990) gave details of the analytical method and
standard deviation of analysis. errors. Representative samples are given in Table 2;

anhydrous values are used in the text and figures. The
full set of analyses is available from the author on request.

Biotite populations in the pink diatexites are similar in
composition to those (Fig. 5d, g and h) from the residual
rocks and schlieren, suggesting that most of the biotite

Grey gneissin the former is residual. However, some pink diatexites
contain large numbers of low-Ti grains, which generate Grey gneiss samples plot in the calc-alkaline fields on
a bimodal distribution of composition (Fig. 5c). In all discriminant diagrams, such as Peacock’s (1931) CaO
such rocks the low-Ti grains are isolated, small, elongate and (Na2O+K2O) vs SiO2 and Irvine & Baragar’s (1971)
grains located along quartz and feldspar grain boundaries, FeOT–MgO–(Na2O+K2O) plot. Mantle-normalized
whereas the more equant high-Ti grains are large and multi-element patterns for the grey gneiss samples (Fig. 6a)
occur in clusters. The high-Ti biotite grains were probably show negative Nb and Ta anomalies, which indicate a
inherited from the palaeosome, whereas the small, low- subduction-related origin (Saunders et al., 1980). Both
Ti biotite grains probably crystallized from the anatectic results are compatible with the structural context of the

suite.melt. The most titaniferous biotite grains in all samples
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Fig. 6. Multi-element variation diagrams for the palaeosome–migmatite–granite transition, normalized to the primitive mantle of Taylor &
McLennan (1985).
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Felsic grey gneiss samples display negative P2O5 and
TiO2 anomalies, indicating the effects of prior crys-
tallization of apatite and a Ti-bearing phase on the later,
evolved magmas of the suite (Fig. 6a). About half of
the felsic samples have prominent, positive Sr and Eu
anomalies attributed to the accumulation of plagioclase.
The largest anomalies occur in sample EL180, which
has the lowest total rare earth element (REE) content
and the highest plagioclase content (70·4%) of any felsic
grey gneiss. Three samples have large negative Eu an-
omalies, which may indicate that they formed from
magmas that had already crystallized substantial amounts
of plagioclase; these samples also have the highest heavy
REE (HREE) contents. Fractionation within the REE
changes the average La/YbN ratio from mafic (2·6)
through intermediate (9·3) to felsic (34·6) bulk com-
positions as HREE and Y contents decrease.

Harker diagrams for (FeOT+MgO) (Fig. 7a), Sc, Ni
and Co show steeper trends for samples with <68%
SiO2. This coincides with petrographic observations that
hornblende disappears from rocks with greater than
~69% SiO2, leaving biotite as the ferromagnesian phase.
The K2O (Fig. 7b), Rb, Sr, Ba, Cs and Na2O contents
all increase, but CaO (Fig. 7c) decreases with increasing
silica content. The K2O content increases with silica, but
above 69% SiO2 a steeper positive correlation reflects
increasing modal K-feldspar. High SiO2 samples with
low K2O contents represent plagioclase accumulations.
Thus, the main compositional variations in the grey
gneisses are consistent with fractional crystallization of
hornblende, plagioclase and biotite.

Continuity from palaeosome to neosome
Although the neosomes inherited the negative Nb, Ta,
P2O5 and TiO2 anomalies of the grey gneiss (Fig. 6), not
all members of the grey gneiss suite melted. Neither the Fig. 7. Harker variation diagrams for the grey gneisses; filled symbols

represent probable palaeosomes. (a) (FeOT+MgO) and (b) K2O showpatch migmatites nor the diatexites have the strong
a change of slope for the high-silica samples. (c) CaO shows a linearpositive Sr or Eu anomalies shown by half of the grey
trend with SiO2.gneiss samples. This feature, plus the absence of horn-

blende from the neosomes, constrains the palaeosomes
to be the felsic grey gneiss with SiO2 >69%, i.e. rocks diatexite samples (Fig. 6d) have flatter and smoother
that represent either primary melt, or fractionated melt patterns than the palaeosome, patch migmatite or dia-
compositions and with high HREE contents. The grey texite samples, because of their lower Cs, Ba, Rb and
gneiss samples that show evidence for plagioclase ac- K2O, but higher Y and HREE contents. Schlieren
cumulation were infertile and could not, therefore, rep- samples (Fig. 6e) show greater variability because some
resent palaeosomes (Fig. 7). are plagioclase rich and others biotite rich; nevertheless,

Patch migmatite samples have normalized multi-ele- both types are rich in Cs, Rb, Th, U, Hf, Zr and REE.
ment patterns with similar shapes and slopes to the grey All samples of leucogranite neosomes (Fig. 6f and
gneiss samples (Fig. 6a and b). In contrast, diatexite g) have steeper patterns than the palaeosome, patch
samples display a progressive enrichment in Ba, Rb, Th, migmatite and diatexite samples, principally because of
U and K2O with increased migmatization. These effects their high Rb, Th, U and K2O contents. Some leuco-
produce a hump shape at the left end of the pattern; granite dyke samples are strongly depleted in light REE

(LREE) and this can produce positive Sr and Nb–Tasome samples are HREE enriched (Fig. 6a–c). Residual
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anomalies (Fig. 6g). Grey granodiorite samples (Fig. 6h)
have lower Th, U and K2O, but higher Cs and Ba
contents than associated leucogranite dyke rocks, and
these effects eliminate the humped-shaped part of the
pattern that is seen in other neosome samples (Fig. 6f
and g). Grey granodiorite samples have the highest av-
erage La/YbN (55·2) of any neosome type.

Figure 6 shows evidence for a geochemical continuity
not only across the palaeosome to granite transition, but
also to the granites at higher crustal levels. Different
factors can control composition at various stages through
the transition. The three most important of these—source
rock composition, melt–residuum separation and frac-
tional crystallization—are considered next.

Palaeosome influence on diatexite
composition
The effect that the palaeosome has on the composition
of individual diatexites is best illustrated with samples
from the same large (20–50 m across) outcrops. For
example, at locality 293 (Fig. 8a) a flat HREE pattern
with negative Sr and Eu anomalies of the palaeosome is
found in all the diatexite samples, in the mafic schlieren
they contain, and in a small parautochthonous granite.
At outcrop 300 (Fig. 8b), small positive Sr and Eu
anomalies and a distinctive enriched HREE pattern found
in the palaeosome is carried through to the diatexite, the
schlieren in it, and to a leucogranite vein. The HREE-
and U-depleted patterns and weak Sr anomaly of the
palaeosome at locality 259 (Fig. 8c) are also observed in
samples of patch migmatite, diatexite, residua, and late
fractionated diatexite leucosome. In another part of loc-
ality 259, a different palaeosome layer (Fig. 8d) with large
negative Sr and Eu anomalies, and an HREE-depleted
pattern is present. Its geochemical features are carried
in samples of patch migmatite, fractionated diatexite
leucosome and the residua derived from it. Because
individual palaeosome characteristics appear in its neo-
somes, mixing of magma batches derived from different
layers evidently did not occur at this stage of diatexite
formation.

Melt–residuum separation and diatexite
composition
The compositional field of the patch migmatite samples
coincides with that of palaeosome samples (Fig. 9). This
supports petrographic evidence that the onset of mig-
matization was essentially isochemical. However, the
diatexite samples display a wider compositional range. Fig. 8. Multi-element variation diagrams for individual outcrops, nor-
Residual diatexite and schlieren samples are enriched in malized to the primitive mantle of Taylor & McLennan (1985). The

diagrams show that all the anatectic rocks of individual outcrops havethe compatible elements TiO2, FeOT, MgO, CaO, Na2O
the same general characteristics.and Cr relative to the palaeosome and grey diatexite
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Fig. 9. Compositional trends in the diatexites; (a) (FeOT+MgO) vs K2O and (b) (FeOT+MgO) vs (CaO+Na2O). Position of the mineral
vectors (B, biotite; K, K-feldspar; P, plagioclase; Q, quartz) is based on mineral compositions determined by electron microprobe; the melt
vector (M) is based on the migmatite leucosome sample EL268B.

samples. In contrast, pink diatexite samples are enriched for melt-rich diatexite samples (Fig. 10). In all neosome
groups TiO2, Al2O3, FeOT, MgO, CaO, P2O5, Cr, Sc,in the incompatible elements K2O, Ba, Rb and SiO2.

The principal vectors that control diatexite composition Co, V, LREE, Sr, Eu, Hf and Zr show negative cor-
relations with SiO2. Only K2O and Rb show positiveare quartz, plagioclase, biotite, K-feldspar and melt (rep-

resented by the migmatite leucosome). Thus, Fig. 9 shows correlations with SiO2 in neosome samples and were
incompatible with the crystallized phases. Sample EL265,that pink diatexite samples are enriched in the melt

component, whereas the residuum component is con- a parautochthonous granite that contains small mafic
folia, plots out of the leucocratic granite field (Fig. 10)centrated in the residual diatexite and the schlieren

samples. Interestingly, some schlieren are enriched in and illustrates the effect of entrained residuum material
on neosome composition.biotite, others in plagioclase and still others in quartz.

This reflects which phases were in excess during melting Grey granodiorite samples display the highest
(FeOT+MgO) and (CaO+Na2O) abundances of theof a particular layer, and the different physical behaviour

of the minerals during magma flow. The distribution of granitic neosomes, which reflects their higher biotite and
plagioclase contents. These samples have higher andmelt-rich and residuum-rich samples on opposite sides

of the palaeosome field is consistent with closed-system flatter trends for (CaO+Na2O) and Al2O3 vs SiO2 (e.g.
Fig. 10c) than those samples with >72% SiO2. In themigmatization, but the scale is much larger than for the

patch migmatite case. absence of other major CaO- and Na2O-bearing phases,
such correlations indicate crystallization of progressivelyThe trace elements Hf, Zr, La, Ce and Sm are enriched

in the residual diatexites and schlieren relative to the more sodic plagioclase as SiO2 content of the magma
rises. Figure 11 shows that the grey granodiorite samplespalaeosome and the pink diatexites (Fig. 6). The dis-

tributions of Th, Y and HREE are enriched in all the and sample EL176 have lower Rb/Sr ratios (<0·38) than
most of leucogranite samples (0·29–3·9). A region ofresidual diatexites, and in a few of the grey and pink

diatexites, relative to the palaeosome. This supports the overlap coincides with the field of melt-rich diatexite
samples. The very high CaO, Na2O and Sr contents ofpetrographic observation that the accessory phases con-

taining the high field strength elements (HFSE) and REE grey granodiorite samples suggests they probably ac-
cumulated early-crystallized plagioclase.are concentrated in the residuum and schlieren.

Granitic neosome samples that show positive Eu an-
omalies are uncommon (16% of samples) in the Opatica.
As most (78%) diatexite samples have negative Eu an-

Granitic neosome compositions omalies the melts, or magmas, derived from them will
also show negative Eu anomalies. Consequently, EuGranitic neosome samples range from high-silica (72–
concentration by plagioclase accumulation may not gen-76% SiO2) pink leucogranite dykes to grey granodiorite
erate a rock with a positive Eu anomaly from an initialdykes that contain 64–74% SiO2. The range of overlap

between the pink and grey phases coincides with values melt with a low Eu content. Samples that represent
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Fig. 10. Harker diagrams showing the compositional variation in the granitic neosomes; (a) (FeOT+MgO), (b) K2O, (c) (CaO+Na2O), (d)
Zr, (e) La and (f ) U. Both Zr and La show two shallow, negative trends for the plagioclase-rich, low-silica samples, and a steeper negative trend
in the high-silica samples as a result of fractionation of crystallized accessory phases. In contrast, U increases in the high-silica samples, suggesting
incompatible behaviour. Dashed line marks the field of the melt-enriched (pink) diatexite source magma.

accumulations of plagioclase should, at least, have Eu samples increase, their total REE contents and La/YbN

ratios also tend to increase. Towards the end of theanomalies that are less negative than the associated
evolved melts. This is observed in granite samples from crystallization sequence (SiO2 >74%, K2O >5·5%), white

or texturally different (e.g. pegmatite EL398 and aplitethe migmatite zone (Fig. 12a and b). Outside the mig-
matite zone, some dykes of the grey granodiorite show EL409) varieties of the pink leucogranite develop. These

rocks display lower total REE contents, and have V-positive Eu anomalies, whereas associated pink granite
dykes all have negative Eu anomalies (Fig. 12c). As the shaped patterns because of LREE and middle REE

depletion compared with other leucogranite samplesSiO2 and K2O contents and Rb/Sr ratios of leucogranite
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Fig. 11. Rb vs Sr plot for the parautochthonous and allochthonous
granites.

(Fig. 12c). Some of these highly fractionated samples also
show depletion of Hf and Zr, in some cases along with
a marked enrichment of Nb, Ta, Th and U.

For samples with >72% SiO2 the trace elements Y,
Yb, Lu, Nb, Ta and U all show strong positive correlations
with SiO2, i.e. incompatible behaviour (Fig. 10f ). How-
ever, in the same samples La, Ce, Hf, Zr and, to a lesser
extent, Th show strong negative correlations (Fig. 10e)
implying the compatible behaviour that has been noted
in other granitic magmas (e.g. Tindle et al., 1988). In
contrast, all these elements show much flatter negative
correlations with SiO2 for samples with <72% SiO2.
Such a complex trace element distribution probably
reflects both crystallization and/or fractionation, and
contamination by disaggregated residual material.

Zirconium can be used to examine these effects because
Fig. 12. Chondrite-normalized [values from Taylor & Gorton (1977)]its concentration in metaluminous–peraluminous melts
rare earth patterns for parautochthonous granites (a) and allochthonouscan be estimated from the data of Watson & Harrison
granite dykes; (b) from the migmatite zone; and (c) from outside the

(1983). Approximately 125 ppm Zr is required to saturate migmatite zone.
the Opatica leucogranite melts at an assumed melting
temperature of 760°C, and ~27 ppm at near-solidus
temperatures of 650°C. Thus, most of the pink granite

For samples with <72% SiO2, the first (upper) trenddykes (<150 ppm Zr), and the pegmatite, aplite and
includes five of the parautochthonous granite sampleswhite dykes (<52 ppm Zr), probably crystallized from
and one grey granodiorite. This trend projects from thelow-temperature melts saturated in Zr. However, one of
parautochthonous granite through sample EL265 to thethe dykes and five of the parautochthonous granite
mafic schlieren (e.g. sample EL264A). It may, therefore,samples contain between 200 and 341 ppm Zr, which
represent a mixing line between magma and zircon-implies (1) accumulation of magmatic zircon, (2) the
bearing residuum. The second is a lower trend thatpresence of xenocrystic zircon, or (3) a far higher melting
extends from the field of melt-rich diatexite and includestemperature for these samples. Because the zircons (Davis
most of the grey granodiorite samples and sample EL176.et al., 1995) and monazites (L. P. Bédard, unpublished
The lower trend appears to represent the magma plusdata, 1994) in leucogranite samples from the migmatite
residuum mixture diluted by the accumulation of pla-zone consist of inherited cores with only thin magmatic
gioclase. The third trend is much steeper. It includes allovergrowths, the second alternative is preferred. There

are three trends on the Harker diagram for Zr (Fig. 10d). samples with <160 ppm Zr and >72% SiO2 and probably
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DISCUSSION
Field observations from the Opatica show a continuity
from palaeosome, patch migmatite and diatexite to par-
autochthonous granite in the anatectic region, and to
allochthonous granite higher in the crust. Similar se-
quences have been observed in reworked crust elsewhere
(Read, 1957; Sederholm, 1967). However, such se-
quences, and the significance of migmatites within them,
have been questioned because of a lack of demonstrated
geochemical continuity (White & Chappell, 1990). For
example, the sampled diatexite migmatites from St Malo
(Brown, 1979), Trois Seigneurs (Wickham, 1987b) and
Higo (Obata et al., 1994), all plot on the melt side of
their respective palaeosomes, which implies addition of
melt to the anatectic region and no progression from
migmatite to granite. In the Opatica case, the existence

Fig. 13. Plot showing that the concentration of the incompatible of diatexite with residual compositions means that graniteelement Cs increases in the pink leucogranite magma with crustal level.
formation might have been a closed-system process, withDepths are approximate and based on geobarometry.
diatexite occupying a critical position in the granite-
forming process. The absence of residual diatexite mig-
matites from other terranes is probably due to incomplete

reflects the effects of zircon fractionation. A similar pat- sampling.
tern is shown by La, Ce and Th, which suggests additional
controls by monazite and/or allanite, minerals already
identified in, and likely to be concentrated in, the re-
siduum (Fig. 10). Diatexite as magma

The range of neosome compositions from grey grano- The principal, perhaps even definitive, features by which
diorite to the pink leucogranite is consistent with both diatexite is recognized in the field are extensive textural
magmas having been derived from a common parent modification of the palaeosome which destroys the pre-
that resembled the melt-rich diatexites. Grey granodiorite migmatization structures, and evidence for flow. These
samples represent magma enriched in biotite and early features probably reflect the presence of a higher melt
crystallized plagioclase. At one extreme, sample EL89 fraction (MF) in diatexite compared with other types of
contains ~61% accumulated crystals (50% plagioclase migmatite. Two ways of obtaining the high melt fraction
and 11% biotite); at the other, sample EL59 contains only observed in diatexite world-wide have been suggested.
10–15% of accumulated crystals. Intermediate samples Brown (1973) proposed that diatexites are migmatites
represent 60–80% melt. The grey granodiorite samples where the degree of partial melting (F) was high, or that
represent magmas (with >0·4 melt fraction) that were fusion was nearly complete. In such cases, the diatexite
capable of intrusion after crystal accumulation started. is a magma, although not necessarily a granitic one. This
Pink leucogranite represents fractionated melt. An ana- origin requires temperatures high enough for F to be
logous pattern can be seen within the parautochthonous large. However, temperatures in the Opatica were prob-
plutons; sample EL176 represents an accumulation of ably insufficient for this process to be viable, given the
plagioclase with 25–30% melt, and sample EL266 a palaeosome bulk compositions. Greenfield et al. (1996)
fractionated melt (e.g. Fig. 11). described a case where injection of magma from an

The principal source of variation in the geochemistry external source into a partially melted rock increased MF
of the granite neosomes is fractional crystallization. More- and generated a diatexite magma. This mechanism does
over, the effect of fractional crystallization increases with not apply to the Opatica, because there is no chemical
distance ascended (Fig. 13). Nevertheless, some com- or isotopic evidence for an external magma. If neither
positional variability still reflects separation of a residuum model applies, then how did the Opatica diatexites form,
component, in which the accessory phases were an im- and were they magmas?
portant constituent. Because the proportion of residuum is
least in the farthest-travelled, most-fractionated magmas,
and greatest in grey granodiorite samples, the onset of

Degree of partial meltingcrystallization probably promoted the separation of much
of the residuum fraction from the magmas that left the The large volume of anatectic granite in the Opatica,

and the very low biotite content of its palaeosome, arguesanatectic zone.
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against biotite dehydration melting as a major source magma in low-pressure sites. The small granitic veins
(migmatite leucosomes) in rocks that preserve the earliestof its granitic rocks. Rather, water-present melting of
stage of migmatization are evidence of this deformation-quartz+ plagioclase+K-feldspar seems more probable.
assisted melt segregation process in the Opatica. ThisWet melting experiments on granodiorite and tonalite
concept of melt–residuum segregation was developed for(Wyllie et al., 1976) show that K-feldspar is the first phase
the leucosomes in metatexite migmatites and is not dir-to disappear from the palaeosome. Because the anatectic
ectly applicable to the formation of large volumes ofmelts and magmas are granitic, and the residual rocks
granitic magma. This is because the magma compositionsare depleted in K-feldspar, the volume of granite that
produced are generally too leucocratic (Clemens &could have been generated by H2O-saturated melting
Mawer, 1992; Whitney & Irving, 1994) to be the parentalwas limited by the amount of K-feldspar in the pa-
magma of most granites (Sawyer, 1996).laeosome, which is between 3 and 13% (average 8%).

In the Opatica the melt fraction was not removed asTo produce the granitic mode of a melt generated at
it formed in every case. Some grey diatexite samples5–7 kbar (Winkler, 1976), the palaeosome could yield
have bulk compositions similar to the palaeosome, butbetween 10 and 48% melt (average 29%). Some biotite
also contain evidence for bulk flow, which implies themay have melted incongruently to leave magnetite and/
presence of melt. This suggests that the melt generationor titanite in the residuum, because the average biotite/
rate exceeded the melt segregation rate (Sawyer, 1994).magnetite ratio in the palaeosome is 22, but 17 in the
This in turn implies that rapid melt generation occurredresidual rocks. Thus, a maximum of ~20% of palaeosome
as a result, perhaps, of underplating, rapid uplift or anbiotite may have broken down, contributing K-feldspar
influx of water. Residual diatexite samples without K-for a further 3% melt.
feldspar represent domains where all the melt was re-The degree of partial melting can be estimated from
moved from grey diatexite, whereas those that havethe incompatible element contents of the palaeosome (CP)
minor amounts of K-feldspar along grain boundariesand associated residual diatexite (CR) using F = (CP –
retained a small melt fraction. However, melt removalCR)/CR (Sawyer, 1991). Estimates of F range between
was still a filter-pressing type of process and it should0·19 for sample pair EL267–EL267A and 0·48 for pair
have produced magmas with very little residuum. BecauseEL269–EL269A, in agreement with results from the
the partially melted layers were sandwiched betweenmodal mineralogy. Assuming F = 0·5, the maximum
infertile, more competent grey gneiss layers, the meltbiotite content of the residual diatexite should be twice
fraction was confined to move within the partially meltedthat of the palaeosome, as Table 1 shows. However, the
layer during deformation rather than between layers. Asmuch higher biotite contents of the schlieren suggest that
melt began to move and accumulate, the local per-they did not form by simple melt extraction from a
meability increased because of a rise in melt fraction.sheared matrix.
This both aided and focused melt migration. StevensonBy taking an average palaeosome composition and
(1989) has shown that melt will move to sites where itassuming the melt composition to be that of leucosome
has already accumulated. Thus, the redistribution of theEL268B, Fig. 9 shows that the melt fraction in the pink
melt fraction created melt-enriched pink diatexite at sitediatexite is >0·4, with some samples being essentially all
of melt accumulation. A consequence of competent wallmelt (MF close to unity). If between 10 and 48% melting
rocks, shearing and melt flow is that the magma fluidoccurred, then the high MF of the pink diatexite samples
pressure will rise. This can cause fracturing, but, morerequires that the melt fraction was redistributed. Because
probably, cause the disaggregation of the host by inflatingthe compositional peculiarities of individual palaeosome
the melt film along grain boundaries. This process re-samples can be traced through residuum, schlieren, pink
incorporates residual material back into the melt, prin-diatexites and local parautochthonous granite bodies
cipally as disaggregated grains, but also as xenoliths. Thisderived from it (Fig. 8), the redistribution of melt was
contaminated diatexite magma was the source for thewithin, and not between, layers. Magma batches were
parautochthonous plutons in the migmatite zones andevidently not mixed at the diatexite stage in the Opatica.
the dykes, sills and plutons at higher crustal levels.Hence a third diatexite-forming mechanism is closed-

Once the melt fraction in the pink diatexites becamesystem melt redistribution.
large enough for magma flow, three other processes
which can separate residuum from melt could begin.
First, because the velocity distribution of residual particles

Formation of granitic magma might not be uniform when magma flow began, some
Noting that crustal melting and heterogeneous de- particle interactions will occur and build up aggregates
formation are generally synchronous, Sawyer (1994) pro- of residuum grains. Second, particles and aggregates in
posed that the melt fraction would be squeezed out of the magma may have rotated during flow. If some were

close enough to each other to interact, they could havethe deforming matrix as it formed, and collect to form
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piled against one another, to form imbricated aggregates and Gary Solar for their critical comments and en-
couragement during this project. Comments provided byof oriented grains (Blumenfeld & Bouchez, 1988), such

as those observed in the schlieren (Fig. 3d). Finally, if the Journal reviewers, John Ashworth, Calvin Barnes
and Alberto Patiño-Douce, and editor Sorena Sorensenindividual particles, or aggregates of residuum grains,

had large aspect ratios, then flow would have generated are greatly appreciated. This study was funded by
NSERC collaborative project grant 183274 and in-a dispersive pressure (Bagnold, 1954, 1956), known as

the Bagnold Effect, which would have concentrated and dividual operating grant 1928.
aligned the solid particles into layers or trains in the
flowing magma, thus forming the semi-continuous flow
bands of schlieren. Such processes could have both
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