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Abstract

We propose a model for syntectonic ascent and emplacement of granite magma based on structura relations in
part of the northern Appalachians. In the study area in western Maine, strain was distributed heterogeneously during
Devonian Acadian transpression. Metasedimentary rocks (migmatites at high grades) record two contrasting types of
finite strain in zones that aternate across strike. Rocks in both types of zones have a penetrative, moderately-to-steeply
NE-plunging mineral elongation lineation defined by bladed muscovite (fibrolite/sillimanite at high grades). In ‘straight’
belts of enhanced deformation rocks have S > L fabrics that record apparent flattening-to-plane strain (apparent flattening
zones, AFZs), but rocks between these belts have L > S fabrics that record apparent constriction (apparent constriction
zones, ACZs). At metamorphic grades above the contemporary solidus, rocks in AFZs developed stromatic structure in
migmatite, which suggests that percolative flow of melt occurred along the evolving flattening fabric. Stromatic migmatites
are intruded by concordant to weskly discordant, m-scale composite sheet-like bodies of granite to suggest magma
transport in planar conduits through the AFZ rocks. Inhomogeneous migmatite is found in the intervening ACZs, which
suggests migration of partially molten material through these zones en masse, probably by melt-assisted granular flow.
Inhomogeneous migmetites are intruded by irregular m-scale bodies of granite that vary from elongate to sub-circular
in plan view and seem cylindrical in three dimensions. These bodies apparently plunge to the northeast, parallel to the
regional mineral elongation lineation, to suggest magma transport in pipe-like conduits through the ACZ rocks. We
postulate that the form of magma ascent conduits was deformation-controlled, and was governed by the contemporaneous
strain partitioning. Magma ascent in planar and pipe-like conduits through migmatites is possible because oblique
trandlation during contraction displaces isotherms upward in the orogenic crust to form athermal antiform. Within this hot
corridor, it is the difference in temperature between melt-producing reactions in the anatectic zone and the wet solidus for
granite melt that enables magma to migrate pervasively up through the orogenic crust without congealing. Heat advected
with the migrating melt promotes amplification of the thermal antiform in a feedback relation that extends the zone of
plastic deformation and pervasive melt migration to shallower levels in the crust. At the wet solidus, we suggest melt
flows obliquely toward axia culminations in the thermal antiform, which are sites of melt accumulation and perturbations
from which magma may escape to form plutons. Batches of melt that escape from these perturbations may be trapped
by tectonic structures higher in the crust, or ascent may become inhibited with decreasing depth by thermal arrest and
solidification. If the rate of arrival of subsequent melt batches exceeds the rate of crystallization at the site of pluton
construction, melt pressure ultimately may lead to (sub-)horizontal magma fracture, or viscous flow of wall rocks may
allow lateral spreading. The resultant plutons have (sub-)horizontal tabular geometries with floors that slope down to the

orresponding author. Tel.: +1-301-405- ; Fax: +1-301-314- ; E-mail: mbrown@geol.umd.edu
* Corresponding author. Tel.: +1-301-405-4080; F; 1-301-314-9661; E: I: mb @geol.umd.ed

0040-1951/99/$ — see front matter 0 1999 Elsevier Science B.V. All rights reserved.
PIl: S0040-1951(99)00169-9



2 M. Brown, G.S Solar / Tectonophysics 312 (1999) 1-33

ascent conduit. As the thermal antiform decays, the height of sub-solidus crust that separates the deepest part of the pluton
from the anatectic zone increases. Consequently, pluton inflation declines and solidification leads to infilling of the magma
feeder channel to form aroot zone that passes downward into migmatite, which may explain the difficulty of determining
precisely the floor to these deeper segments of large plutons using gravimetry. [0 1999 Elsevier Science B.V. All rights

reserved.
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1. Introduction

In many orogens, precise geochronology has con-
firmed the synchroneity implied by a spatial associa-
tion between regional tectonic structures, high-grade
metamorphic rocks and granites, from m-scale bod-
ies to km-scale plutons. This spatial and temporal
association suggests that granite generation, ascent
and emplacement are syntectonic processes that are
afundamental feature of orogenesis (Rushmer et al.,
1998). The syntectonic granite paradigm (Karlstrom,
1989) has promoted renewed debate concerning the
mechanisms of ascent of granite magma through the
crust (e.g., Clemens and Mawer, 1992; Brown et al.,
1995g; Bittner and Schmeling, 1995; Petford, 1996;
Weinberg, 1996, 1999; Paterson and Miller, 1998;
Brown and Solar, 1998b), particularly through par-
tially molten crust where evidence of how melt mi-
gratesis preserved in migmatites (e.g., Brown, 1994;
Sawyer, 1994; Rutter and Neumann, 1995; Brown
et a., 1995b; Collins and Sawyer, 1996; Brown and
Rushmer, 1997).

Ascent is commonly described by reference to
one of the two competing end-member models (e.g.,
Rubin, 1993) of diapirism, where the surrounding
rocks deform by viscous flow (e.g., Mahon et a.,
1988; Weinberg and Podladchikov, 1994), and dik-
ing, where the surrounding rocks deform elastically
(e.g., Lister and Kerr, 1991). Crustal diapirism, how-
ever, is restricted to the lower part of the crust
because the exponential increase in viscosity with
decreasing depth in the crust stops diapiric ascent
(e.g., Weinberg and Podladchikov, 1995; Vigneresse,
1995b; Bittner and Schmeling, 1995). This has led
to the formulation of a composite diapir-dike model
(e.g., Weinberg, 1996). Although strong geological
evidence for crustal diapirism generally is lacking
(eg., Clemenset al., 1997; Clemens, 1998), recently
Collins et a. (1998) have made a case for partial

convective overturn of a predominantly solid, but
thermally softened crust with limited melting, and
Paterson and Miller (1998) have argued for a diapiric
rise of magma sheets through viscoelastic host rock
during contractional deformation in continental arcs.
Diking is not restricted to the lower crust, but diking
sensu stricto refers to magma ascent by flow through
a propagating fracture in elastic rock, typicaly in
the plane perpendicular to o3 (e.g., Emerman and
Marrett, 1990; Lister and Kerr, 1991; Rubin, 1995,
1998). Thus, diking is inhibited during regional con-
traction. Furthermore, although basalt dikes are ubig-
uitous in the crugt, granite found in dikes is small
in volume compared to that found in plutons. For
these reasons, we do not believe that either diapirism
or diking sensu stricto can be an appropriate general
mechanism for syntectonic ascent of granite magma
during transpression.

In transpressive orogens, features observed in
migmatites suggest that syntectonic magma ascent
occurred in conduits controlled by the tectonic struc-
ture (Brown and Solar, 1998ab). Leucosome in
migmatites, which is widely interpreted to record
the former presence of some melt, even where the
leucosome itself is composed of mostly peritectic or
cumulate solids (Brown et al., 1995a; Sawyer, 1999),
commonly isin structurally controlled sites suggest-
ing that melt segregates in response to local pres-
sure gradients within a deforming anisotropic source
(e.g., Brown, 1994; Sawyer, 1994; Brown and Rush-
mer, 1997; Rutter, 1997). These observations have
led to the development of pervasive flow models for
melt migration within partially molten crust (e.g.,
Collins and Sawyer, 1996; Brown and Rushmer,
1997; Brown and Solar, 1998b; Weinberg and Searle,
1998; Vanderhaeghe, 1999). Feedback relations be-
tween deformation and melting move the solidus
upward in the crust extending the zone of pervasive
flow (Brown and Solar, 1998a; Weinberg, 1999).
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The solidus is essentialy an isotherm in the mid-
dle crust where melt porosity is occluded, which
will arrest pervasive melt flow. Melt transport across
the solidus may occur due to melt-enhanced embrit-
tlement that enables fracture (Davidson et al., 1994;
Brown and Solar, 1998b) or dueto expulsion by elas-
tic shock (Connolly and Podladchikov, 1998). Both
mechanisms are likely to result in ascent of melt in
planar conduits as sheet-like bodies or dikes sensu
lato, the orientation of which may be controlled by
mechanical anisotropy in crustal rocks (Wickham,
1987; Clemens and Mawer, 1992; Lucas and St.
Onge, 1995; Brown and Solar, 1998b). Alternatively,
Paterson and Miller (1998) have argued, based on ex-
periments by Saffman and Taylor (1958) and White-
head and Helfrich (1991), that magma fingers might
form due to amplification of instabilitiesalong an in-
terface between two viscous fluids where movement
of the fluid is perpendicular to the interface, here the
solidus. Sheet-like protrusions may result from flow
instabilitiesin circumstances where preexisting rigid
boundaries exist and/or regional deformation occurs
during development of the instability (Talbot et al.,
1991).

With respect to the emplacement of plutons, ma-
jor tectonic structures may play an important role by
creating dilational space (e.g., Guineberteau et a.,
1987; Hutton, 1988, 1990; Glazner, 1991; D’Lemos
et a., 1992; Tikoff and Teyssier, 1992; Grocott et al.,
1994), arresting ascent (e.g., Clemens and Mawer,
1992; Hogan and Gilbert, 1995; Roman-Berdiel et
a., 1995; Skarmeta and Castelli, 1997), or con-
trolling the geometry of plutons (Ingram and Hut-
ton, 1994; Holdsworth et al., 1999; Klepeis and
Crawford, 1999), athough sometimes the reason
for proximity between major tectonic structures and
plutons is cryptic (e.g., Vigneresse, 1988, 1995a).
In many circumstances magma creates some of the
space required for emplacement. Thus, ballooning
may cause viscous flow of the wall rocks (eg.,
Cloos, 1925; Holder, 1979; Marsh, 1982; Ramsay,
1989; Guglielmo, 1993), and lateral spreading (e.g.,
Cruden, 1998) or vertical trandation (e.g., Bateman,
1984; Cruden, 1988; Paterson et al., 1996; Mor-
gan et al., 1998) may be accommodated by viscous
flow or multiple magma transfer processes (Pater-
son and Fowler, 1993; Paterson et al., 1996; Hutton,
1996), including stoping at all scales (e.g., Marsh,

1982; Oxburgh and McRae, 1984; Miller and Tuach,
1989).

The role of deformation is illustrated by the
Bergell pluton, Central Alps, where regional de-
formation contributed to final emplacement of the
pluton when shortening at the base of the magma
body caused an expansion at a higher crustal level
and ballooning of the pluton (Rosenberg et al., 1995;
Berger et al., 1996). Redistribution of mass verti-
cally within the lithosphere is important, and lifting
the country rocks above the pluton roof may occur
at greater depths than previously thought, particu-
larly in transpressive orogens (Benn et al., 1998,
1999). Broadly distributed deformation of low strain
magnitude may enable emplacement and inflation
of tabular plutons by depression of the pluton floor
(e.g., Cruden, 1998), and both lifting of the roof and
depression of the floor may contribute to accommo-
date the strain associated with emplacement (e.g.,
Grocott et ., 1999). Thus, for each pluton the space
problem is solved differently, using a set of inter-
linked processes and feedback relations that operate
both locally and regionally.

This paper is one of a series that addresses feed-
back relations between deformational and thermal
processes (Brown and Solar, 1998a; Solar et al.,
1998; Solar and Brown, 1999a), the mechanisms of
granite ascent and emplacement (Brown and Solar,
1998b), and the internal structure and composition
of individual plutons (Brown and Pressey, 1999;
Pressley and Brown, 1999) in transpressive oro-
gens. These issues are important because the large
number of plutons present in contractional orogenic
belts, and the close spacing between them, implies
a significant contribution from pluton emplacement
dynamics to regional orogenic deformation and a
significant mass exchange between the lower and
upper crust. To understand better the feedback rela
tions that operate during orogenesis, it is necessary
to document examples in which development of re-
gional tectonic structures, metamorphism and ascent
of granite magma are shown to be synchronous.
Our area of study isin western Maine—eastern New
Hampshire, in the northern part of the Appalachian
orogen of eastern North America (Fig. 1). Here,
U—Pb monazite and zircon crystallization ages of
granites (Solar et al., 1998) and microstructural rela
tions in metamorphic rocks of the Central Maine belt



4 M. Brown, G.S Solar / Tectonophysics 312 (1999) 1-33

ﬁ Central Maine belt
(CMB)

Bronson Hill belt
(BHB)

] Nashoba
& terrane
Avalon Composite
terrane (ACT)

CANADA

100 km
A
<‘\70"

— 720
| |

Fig. 1. Location map of area of study in western Maine, within
the northern Appalachian orogen of eastern North America
CMBSZS = Central Maine belt shear zone system; NSZS =
Norumbega shear zone system; ME = Maine; NY = New York;
VT = Vermont; NH = New Hampshire; MA = Massachusetts;
CT = Connecticut; Rl = Rhode Idand.

(Solar and Brown, 1999a) support synchronous de-
formation, metamorphism and emplacement of gran-
ites. In this paper, we describe the rel ations between:
(1) a crustal-scale shear zone system with alter-

nating zones of contrasting patterns of finite strain
that reflect partitioning of flow during oblique con-
tractional deformation; (2) different structural types
of leucosome in migmatite and small-scale bodies
of granite found in the migmatites that have forms
varying from stromatic and sheet-like to rod-shaped
and cylindrical, which we interpret to represent melt-
escape structures; and (3) granite plutons, which
represent sinks for melt extracted from the anatectic
zone. Based on this example, we propose a gen-
eral model for syntectonic ascent and emplacement
of granite magma that may be applicable to other
transpressive orogens.

2. Regional geology of western M aine—eastern
New Hampshire, northern Appalachians, USA

In the northern Appaachians, Paleozoic rocks
have been divided into several tectonostratigraphic
belts (Fig. 1). The area of study is within the Cen-
tral Maine belt (CMB), which is a NE-trending belt
of greenschist to upper amphibolite facies metasedi-
mentary rocks and plutonic complexes. To the north-
west (Fig. 1) are Ordovician metasedimentary and
metavol canic rocks of the Bronson Hill belt (BHB),
which were deformed and metamorphosed during the
Ordovician Taconian orogeny (Ratcliffe et al., 1998,
and references therein). To the southeast (Fig. 1),
the CMB is truncated by the Norumbega shear zone
system (NSZS), along which the Neoproterozoic to
Silurian Avalon Composite Terrane was juxtaposed
against the CMB during the Silurian—Early Devonian
(West and Hubbard, 1997; West, 1999).

In the CMB of western Maine and eastern
New Hampshire, metamorphic grade increases along

Fig. 2. Simplified geological map of a portion of western Maine and adjacent New Hampshire, USA. The Siluro-Devonian stratigraphy
is unornamented, separated by solid lines. Field data (Solar, 1996; Brown and Solar, 1998a; Solar and Brown, 1999b) supported by
microstructural observations (Solar and Brown, 1999a,b) allow distinction between ‘straight’ belts of enhanced deformation that record
apparent flattening-to-plane strain, and higher strain (AFZ), and areas of more variable attitude of structures that record apparent
congtrictional strain, and lower strain (ACZ). Representative stereograms (lower hemisphere, Schmidt projections) of poles to foliations
(dots) and lineations (circles) for one domain in an example of an ACZ and an AFZ are shown to illustrate the difference in structural
style. Stereograms are part of a larger data set in Solar and Brown (1999b). The structure section aong the line A—A’ is shown without
vertical exaggeration. Based on available geological and geophysical data (discussed in the text), the overall geometry of the CMBSZS is
listric, shallowing to a sub-horizontal root zone at ~13 km depth. The Avalon-like rocks beneath the CMB rocks are inferred based on
geophysical and geochemica arguments (discussed in the text). The position of the solidus at depth is inferred on the basis of geological
reasoning, using information such as the change in metamorphic grade at the surface.
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strike to the southwest (Guidotti, 1989), from biotite
zone conditions to upper sillimanite zone conditions.
At the highest metamorphic grades, in the Tum-
bledown and Weld anatectic domains of the study
area (TAD and WAD, Fig. 2) and to the south-
west in New Hampshire (Moench et al., 1995), the
metamorphic rocks are migmatitic, which we inter-
pret to reflect conditions above the contemporary
solidus. The main penetrative deformation and meta-
morphism recorded within the CMB rocks, and the
associated plutonism, are the result of Devonian Aca
dian orogenesis (Eusden and Barreiro, 1988; Smith
and Barreiro, 1990; Bradley et al., 1998; Solar et al.,
1998, and references therein). The Acadian orogeny
of the northern Appalachians was transpressive (van
der Pluijm and van Staal, 1988; Swanson, 1992; de
Roo and van Staal, 1994; van Staal and de Roo,
1995; van Staal et al., 1998). Thus, strain was parti-
tioned between oblique contraction across the Cen-
tral Maine belt shear zone system (CMBSZS; Brown
and Solar, 1998a,b; Solar and Brown, 1999a,b) and
dextral-transcurrent displacement along the NSZS
(West and Hubbard, 1997; West, 1999).

Regional mapping and analysis of mesoscopic
and microscopic structures show that strain was
distributed heterogeneoudly in the CMB of west-
ern Maine, with rocks recording two contrasting
types of finite strain in zones that alternate across
strike to define the CMBSZS (Solar and Brown,
1999a,b). Metasedimentary rocks in both types of
zones have a penetrative, moderately-to-steeply NE-
plunging mineral elongation lineation defined by
bladed muscovite (Fig. 2, stereograms). ‘ Straight’
belts are characterized by tight folds of the strati-
graphic succession, a strongly developed and consis-
tently oriented foliation, sub-parallel strike-of-folia-
tion form lines, and S > L fabrics (Brown and Solar,
1998a; Solar and Brown, 1999a,b). In contrast, the
intervening zones between ‘straight’ belts are charac-
terized by open folds of the stratigraphic succession,
a weakly defined, variably oriented foliation, and L
> S fabrics (Brown and Solar, 1998a; Solar and
Brown, 1999a,b). A variety of mesoscopic asym-
metric structures in ‘straight’ belt rocks show dex-
tral-SE-side-up kinematicsin response to the oblique
contraction (Solar and Brown, 1999b).

The tectonic fabrics in both types of zones are
defined by the same minerals at the same metamor-

phic grade, with bladed muscovite being replaced as
a fabric-forming mineral by fibrolite/sillimanite at
the highest metamorphic grades, so that the accom-
modation of strain and metamorphic recrystallization
are interpreted to have occurred together across the
CMBSZS (Solar and Brown, 1999a). Biatite ‘fish’
and quartz-dominated polycrystalline aggregates in
asymmetric strain shadows around porphyroblasts,
which are elongate in the mineral elongation direc-
tion, show consistent dextral-SE-side-up displace-
ment along the mineral elongation lineation in the
plane of the foliation. Porphyroblasts of andalusite
and staurolite in both types of zones have preferred
orientations, statistically parallel to matrix fabrics
(Solar and Brown, 1999a). In ‘straight’ belt rocks,
porphyroblasts of garnet and staurolite include foli-
ation that is discontinuous with matrix foliation. In
contrast, inclusionsin porphyroblastsin the interven-
ing zone rocks do not show a preferred orientation
fabric. The obliquity between inclusion trailsin gar-
net and staurolite and the surrounding matrix fabric
in ‘straight’ belt rocks records tightening of folds
and reorientation of matrix fabrics with respect to
porphyroblasts as flattening strain was accommo-
dated preferentially in these zones (Solar and Brown,
19993,b).

The mineral fabrics are interpreted to record the
tectonic strain ellipsoid. Thus, rocks in ‘straight’
belts record apparent flattening-to-plane strain and
qualitatively higher strain than rocks in the interven-
ing zones, which record apparent constriction strain
and qualitatively lower strain. We call these zones
of apparent flattening (AFZ) and zones of apparent
constriction (ACZ), respectively. Thus, finite strain
in the study area shows a spatial variation in type
and magnitude that reflects kinematic partitioning of
flow in the CMBSZS, likely a product of concen-
tration of strain at thrust-ramp anticlines (Solar and
Brown, 1999b). As the system evolved, the orogenic
front migrated inboard as successive thrust-ramp an-
ticlines formed during serial development of folding
instabilities, and flattening strain became concen-
trated at each of these structures to partition the
flow.

Peraluminous granites derived from a Central
Maine belt source suggest that part of the progres-
sively thickening stratigraphic succession exceeded
the solidus temperature for mica dehydration melting
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(Pressley and Brown, 1999). This partially molten
crust likely formed the décollement layer in which
the CMBSZS is rooted (Solar and Brown, 1999b).
The décollement layer is inferred to lie immediately
above the contact between CMB rocks and the un-
derlying basement. Based on interpretations of geo-
physical data (Stewart, 1989; Zhu and Ebel, 1994;
Musacchio et al., 1997), supported by geochemical
arguments (Pressley and Brown, 1999), the basement
is interpreted to be similar to the Neoproterozoic
gneisses and plutons of the Avalon Composite Ter-
rane. We call this unexposed basement, which forms
part of Avalonia as defined by Cocks et al. (1997),
Avaon-like crust. Thisis consistent with the view of
Stewart (1989), based on areview of the geophysical
data collected over the past fifteen years, that the “...
low-velocity deepest crust and lithosphere likely is
peri-Gondwanan Silurian composite terrane that was
thrust under rocks of the Central Maine (belt) during
the Acadian orogeny.”

3. Migmatitesin west-central Maine

Displacement accommodated by the CMBSZS
was dextral-SE-side-up, so that blocks on the south-
east side were obliquely thrust inboard to the north-
west and along strike to the southwest. Thus, the
block to the southeast of the central AFZ exposes a
deeper structural level than the block to the north-
west, from the central AFZ to the Greenvale Cove

0 5 10 km
[ S

tectonite zone (Fig. 2), consistent with available
thermobarometric data (see below and in Brown and
Solar, 1998b). The Weld and Tumbledown anatectic
domains (WAD and TAD) form part of the deeper
structural level within the area of study (see structure
sectionin Fig. 2).

Migmatitic rocks are restricted to the WAD and
TAD (Fig. 2), which have sharp contacts with non-
migmatitic rocks. The locus of points representing
the first appearance of migmatite in an upgrade di-
rection along the metamorphic field gradient is the
‘migmatite front’ or migmatite-in isograd (Fig. 2),
which corresponds to the intersection with Earth’'s
surface of the isograd surface in three dimensions.
Thisisograd records the wet solidus for granite melt.
A section aong the line A—A’ (Fig. 2) through this
surface is shown in Fig. 3 in a projection view
northeast down-plunge of the mineral elongation lin-
eation. Making the assumption that the ‘migmatite
front’ is approximately isothermal (discussed be-
low), the three-dimensional form of this front re-
flects the thermal structure of the orogen, which is
antiformal, consistent with the results of modeling
(cf. Huertaet a., 1996, 1998, 1999; Thompson et al.,
1997; Jamieson et al., 1998).

Within the WAD and TAD, migmatites have been
divided into stromatic and inhomogeneous structural
types (Solar, 1996; Brown and Solar, 1998a,b). We
use the term inhomogeneous migmatite for rocks that
do not preserve a regular mesosome—melanosome—
leucosome layered structure. The spatial distribution

no vertical exaggeration

\ CMB"
\
\\rocks

N
CIE
BHB rocks

——solidus

Fig. 3. Projection down-plunge of the mineral elongation lineation to show the form of the solidus as represented by the ‘migmatite
front’ around the Tumbledown and Weld anatectic domains (TAD and WAD), western Maine, USA. The projection is drawn aong the
line of section AA’ shown in Fig. 2. The short-dash line represents the intersection of the map plane with the plane of the projection;

CMB = Centra Maine belt; BHB = Bronson Hill belt.



Fig. 4. (a) View to the northeast of low outcrop of stromatic migmatite with sheet-like bodies of granite within the central AFZ, Swift River, Roxbury, west-central Maine,
USA. (b) Oblique view to the north-northeast of the steeper southern end of outcrop shown in (a). (c) View to the southeast across sub-horizontal top surface of the outcrop
to show in more detail the stromatic migmatite and steeply east-dipping sheet-like bodies of granite. Note that the sheet-like bodies of granite to the western (lower) side of
the outcrop are more irregular in form, whereas those to the eastern (upper) side of the outcrop are essentialy planar. (d) Closer view of top surface of outcrop to show
details of stromatic migmatite structure, discordant sheet-like bodies of granite with pinch-and-swell structure, and the magmatic fabric in the thicker, composite planar
granite sheet on the left-hand side of the field of view (shown in detail in Fig. 5).
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of these different migmatite types correlates with the
major structural zones distinguished on the basis of
different apparent tectonic strain ellipsoids recorded
by the fabrics (Solar and Brown, 1999a,b). Stromatic
migmatite is found in the AFZs, athough it occurs
marginaly to the AFZs in the ACZs (Fig. 2). In-
homogeneous migmatite is restricted to the ACZs
(Fig. 2). As the CMB shear zone system crosses
western Maine from northeast to south (Fig. 2), pla-
nar structures in the AFZs change in strike, and
linear structures change in trend, from NE-SW to
N-S from across the area (Brown and Solar, 1998b;
Solar and Brown, 1999b), and revert to NE-SW far-
ther southwest outside the area of study (Moench et
a., 1995). Concurrently, lineations vary from mod-
erately plunging to steeply plunging and back to
moderately plunging. This geometry and the asym-
metric map patterns of the ACZs suggest that the
CMBSZS in west-central Maine forms a restrain-
ing bend within a regional-scale dextral-SE-side-up
structure. The inhomogeneous migmatites are con-
centrated within the asymmetric ACZs in the region
of this bend.

3.1. Melt-escape structures in stromatic migmatite

The migmatite leucosomes in stromatic mig-
matites are (sub-)parallel to the fabric in the host
rock (Fig. 4), which commonly has residual min-
eralogy. Although the leucosomes are likely to be
locally derived, they may represent melt or some
crystalline product (residual, peritectic or cumulate
phases) trapped during syntectonic migration parallel
to the fabric, rather than stagnant melt crystallized in
situ (cf. Brown et a., 1995a,b; Brown and Brown,
1997). The leucosomes have higher aspect ratios
in sections approximately paralel to lineation com-
pared to sections at a high angle to lineation and an
overall planar sheet-like geometry elongate along the
mineral elongation lineation, consistent with contin-
ued accumulation of flattening-to-plane strain during
formation.

In thin sections oriented perpendicular to foli-
ation and parallel to mineral elongation lineation,
leucosomes do not exhibit strong evidence of sub-
solidus plastic strain, although quartz commonly
shows some grain boundary migration and sub-grain
structure. K-feldspar occurs as equant to elongate

(Iength-to-width ratio of ~2:1) anhedral crystals
(sub-)parald to the leucosome boundaries and a
magmatic biotite foliation. Equant K-feldspar, pla-
gioclase and quartz grains have boundaries that may
meet in triple junctions. Also, plagioclase occurs as
strongly zoned rounded crystals, interpreted to be
residual from melting, and weakly zoned crystals eu-
hedral against quartz, interpreted to have crystallized
from melt. These features suggest a predominantly
magmatic microstructure.

We interpret the three-dimensional shapes of the
leucosomes, and their concordance with metamor-
phic fabrics in the melanosomes and mesosomes, to
reflect syn-anatectic strain rather than strain imposed
after solidification. This means that their shape re-
flects both the contemporary deformation and the
control on flow paths imposed by the progressively
developing structures. The common coincidence of
foliation and mm- to cm-scale leucosomes in stro-
matic migmatites (Fig. 4d) suggests percolative flow
of melt along the flattening fabric using the dy-
namic permeability produced during active deforma-
tion (Brown and Solar, 1998b).

Concordant to weakly discordant, irregular to pla-
nar, sheet-like bodies of granite are intruded into the
migmatites (Fig. 4a—c), which suggests magmatic
flow in planar conduits parallel to or at a low angle
to the foliation (Brown and Solar, 1998a,b). In one
example, multiple m-scale sheeting at a site in the
central AFZ enabled construction of a highly elon-
gate elliptical pluton ~5 km long and ~1 km across.
Commonly the larger sheets are composite, being
composed of multiple cm-scal e sheets of granite with
small differences in grain size and/or mode and/or
texture, some of which are separated by biotite-rich
schlieren, to suggest pulsed flow of multiple magma
batches through these channels (Fig. 4d and Fig. 5).
In combination with other magmatic flow structures,
such as asymmetric biotite-rich schlieren and trails
of bictite crystals, these features show that granitein
sheetsis exotic to the outcrop.

The larger sheets of granite, which locally cut
the foliation and stromatic structure at a shallow
angle, are connected to the smaller, more obviousy
discordant sheets of granite, and these sheets some-
times are seen to be connected to the finer-scale
leucosomes interlayered with melanosome in the
host migmatite (Fig. 4d). This suggests that the melt
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Fig. 5. Polished surface of an oriented hand sample showing a
steep contact in (sub-)horizontal section between two dm-scale
sheets of granite from the composite m-scale sheet shown in
Fig. 4d (left). The dab face is oriented sub-normal to magmatic
foliation, and north is toward the top of the diagram, consistent
with Fig. 4b. The contact between the two sheets is coincident
with a mm-scale biotite-rich schlieren. Granite on the eastern
(right) side has a better-defined biotite foliation and finer grain
size relative to granite on the left.

flow network was connected at all scales observed
at outcrop. Thus, the larger-scale flow network, rep-
resented by the planar conduits, was connected to
the smaller-scal e storage network, represented by the
migmatite leucosomes.

In detail, on both shallowly oriented and steeply
oriented surfaces, the m-scale granite sheets exhibit
pinch-and-swell structure (Fig. 4), although no sig-
nificant solid-state deformation is recorded by the
granite other than by quartz. Biotite found in flat-
tened schlieren is interpreted to be residual from
melting, but smaller individual crystals of euhedral
biotite apparently crystallized from the melt. These
features suggest that accumulation of plastic strain
outlasted emplacement of the granite, and that some
deformation occurred after final crystallization of the
granite. Based on these observations, we interpret
the three-dimensional form of these planar sheet-like
bodies to reflect the form of the syntectonic magma
flow channels through the AFZs.

3.2. Mélt-escape structures in inhomogeneous
migmatite

In inhomogeneous migmatites, athough the
vol.% leucosome is variable, commonly a qualita-
tively higher vol.% leucosomeis present in compari-
son with the vol .% leucosome preserved in stromatic
migmatites. This observation suggests that more melt
was retained in the inhomogeneous migmatites than
in the stromatic migmatites, or that melt infiltrated
the ACZs pervasively, perhaps from the AFZs, or
that both retention and infiltration occurred. Further-
more, leucosome—melanosome segregation is more
diffuse, although leucosome concentrations are com-
mon (Fig. 6a,c), and interconnected |eucosome net-
works are typically preserved (Fig. 6d). All grada-
tions exist between dark inhomogeneous migmatites
with a residual aspect (the melt-depleted diatexites
of Sawyer, 1998) and schlieric granite (the melt-
enriched diatexites or diatexite magmas of Sawyer,
1998), which suggests melt migration and redistribu-
tion within the partially molten system.

In three dimensions, the cm-scale leucosome
concentrations vary from highly inequidimensional
layers to rods, both of which are elongate par-
alel to the mineral elongation lineation recorded
in the surrounding melanosome. In inhomogeneous
migmatites transitional to schlieric granite, there are
flow structures similar to those in granite sheets
(Brown and Solar, 1998b; Fig. 4c,d), and concen-
trations of quartz and feldspar are present as tails
at the ends of enclaves to suggest accumulation of
melt, magma or crystals in areas of low pressure
during flow (cf. Sawyer, 1996). Based on these ob-
servations, we infer migration of partially molten
material through the ACZs both en masse by melt-
assisted granular flow (at low melt-fraction, either
undepleted bulk compositions with a low degree of
melting, or melt-depleted diatexites) and in batches
by magmatic flow of melt carrying entrained residue
(at high melt fraction, melt-enriched diatexites and
diatexite magmas) (cf. Bittner and Schmeling, 1995;
Sawyer, 1996, 1998; Rutter, 1997; Bagdassarov and
Dorfman, 1998; Petford and Koenders, 1998).

Within the inhomogeneous migmatites, granite is
present as discrete, irregular m-scale low length-to-
width ratio planar sheet-like (Fig. 6b) and linear
cylindrical (Fig. 7) bodies. These bodies plunge sim-



Fig. 6. (a) Foliated inhomogeneous migmetite at the transition between stromatic and inhomogeneous migmatite domains at the eastern margin of the central AFZ (view
to the south); leucosome has a higher aspect ratio on steep surfaces than on shallow surfaces, which emphasizes the transition from planar leucosomes (flattening-to-plane
strain) to elongate linear leucosomes (constrictional strain), Roxbury, west-central Maine, USA. (b) Melt-escape structure that has a low length-to-width ratio shape on this
shallow outcrop surface to suggest a transitional sheet- or rod-shaped body, rather than the planar sheet-like bodies of Fig. 4 (view to the north), Roxbury, west-central
Maine, USA. (c) Steeply inclined outcrop surface cuts through leucosome rods in inhomogeneous migmatite, Swift River, Roxbury, west-central Maine, USA. (d) Steeply
inclined outcrop surface, approximately perpendicular to mineral elongation lineation, which cuts through inhomogeneous migmatite in which leucosome is connected to
form a percolation network with a long axis of similar plunge to the regional mineral elongation lineation (view to the east), 50 m to the south of (c), Swift River, South
Roxbury, west-central Maine, USA.
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Fig. 7. Views of rod-shaped body in outcrops on the east side of the Swift River, north Roxbury, west-central Maine, USA. (a) View northeast along the northwestern margin
of rod-shaped body of granite, ~10 m in diameter, to show a magmatic fabric parallel to the margin of the body and stoped and rotated blocks of locally derived veined
inhomogeneous migmatite. (b) An exotic melanocratic enclave of residual material toward the center of the body, view to the northeast. (c) Magmatic foliation in granite
and foliation in host inhomogeneous migmatite are parallel, but the orientation of the foliation in stoped blocks lies at a high angle to the regional trend to suggest that the
blocks have been rotated, view to the northeast at northeastern margin of body. (d) View of eastern margin of body to show connected nature of granite from the rod-shaped
body into the surrounding leucosome of the inhomogeneous migmatite.
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ilarly to the cm-scal e rod-shaped leucosome concen-
trations and the mineral elongation lineation in the
migmatite mesosomes. In one sub-circular structure
that is up to 10 m across (Fig. 7a), m-scale blocks
of sillimanite—garnet—bictite-rich melanosome are
present within the exposed area of (schlieric) granite
(Fig. 7b). These blocks have a more residual appear-
ance and are dissimilar to localy derived m-scale
blocks of inhomogeneous migmatite that are present
toward the margin of the body (Fig. 7b,c). We pos-
tulate that the granite ascended by magmatic flow as
the melanosome blocks sank by particle sedimenta-
tion (e.g., Bagdassarov et al., 1996).

Granite from the main body of this structure pen-
etrates the surrounding inhomogeneous migmatite as
a vein network that connects with leucosome con-
centrations (Fig. 7d). This shows that this larger
melt-escape structure is connected with the storage
porosity represented by the smaller granite veins and
leucosome pods in the surrounding migmatite. Al-
though the three-dimensional form of this structure
can be inferred only from a few meters of vertica
exposure at outcrop (Fig. 7), the sub-circular plan
view and apparent steeply plunging orientation sug-
gest that it likely represents a major pipe-like magma
flow conduit.

3.3. Discussion

The stromatic migmatites preserve a lower vol.%
leucosome, which may imply that less melt was
retained in these rocks than in the inhomoge-
neous migmatites, consistent with the residual na-
ture of some stromatic migmatites implied by min-
eral modes of melanosomes. Many inhomogeneous
migmatites, however, have a residua nature to sug-
gest that melt has been driven out of both types of
migmatites (G.S. Solar and M. Brown, unpubl. data).
Melt loss from structurally deeper levels is repre-
sented by m-scale sheets of granite in the stromatic
migmatites and m-scale low length-to-width ratio
sheets and cylinders of granitein the inhomogeneous
migmatites, both of which represent granite magma
that became stuck in the conduit system.

In AFZs, rocksthat record apparent flattening fab-
rics are associated with planar bodies of granite at a
variety of scales, many of which are concordant with
host-rock fabrics, although some are weakly discor-

dant (Brown and Solar, 1998b). In ACZs, rocks that
record apparent constriction fabrics are associated
with cylindrical bodies of granite at a variety of
scales. This suggests that the form of melt-escape
structures was deformation-controlled, and was gov-
erned by strain partitioning. Based on these obser-
vations, we interpret the CMBSZS to represent a
percolation network that focused melt flow through
the crust (Brown and Solar, 1998a,b). We infer that
buildup of melt pressure leads to transient change in
the effective permeability of the flow network, and
cyclic fluctuation of melt pressure enables escape by
pulsed flow of melt through the source. The solidus
surface represents the limit of syntectonic pervasive
melt flow through the orogen, what may happen at
this surfaceis discussed bel ow.

4. Granite plutonsin western Maine—eastern
New Hampshire

The three-dimensional form of plutons can be de-
duced by combining geol ogic information with mod-
els based on geophysical data, in particular gravity
anomalies (e.g., Vigneresse, 1988). This approach
is important in poorly exposed terrain, such as the
CMB in western Maine—eastern New Hampshire.
In this paper, we use the pluton geometries derived
by Brown and Solar (1998b). The pluton geome-
tries they derived are speculative due to restrictions
imposed by the amount of outcrop, the size of the
gravity data sets, and the intrinsic limitationsin mod-
eling of residual gravity anomalies (e.g., Vigneresse,
1990). Furthermore, downward thicknesses esti-
mated from gravity data represent minima. First, the
proportion of each pluton removed by erosion cannot
be deduced, except where part of the roof contact
is preserved or the metamorphic imprint beneath the
floor of the removed granite remains. Second, the
position of the pluton floor must be uncertain in
circumstances where the pluton may be gradational
downward into migmatites, although a floor must be
defined to model the residual gravity anomalies.

For our purpose we concentrate on two plutons,
the Phillips pluton, which is within the block to
the southeast of the central AFZ, and the Lexington
pluton, which is within the block to the northwest
of the central AFZ (Figs. 2 and 8). Given the im-
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plication of the dextral-SE-side-up kinematics that
successively shallower structural levels are exposed
to the northwest, we use these granites to illustrate
the progression from contemporaneous deeper to
shallower levels across the central AFZ (Brown and
Solar, 1998b).

4.1. The Phillips pluton

The Phillips pluton is composed of domi-
nantly medium-coarse-grained two-mica leucogran-
ite and subordinate fine-medium-grained granodior-
ite (Pressley and Brown, 1999). It isweakly elliptical
in map view, 8 km in long dimension, parallel to
regional structure, and 6 km across, and is in the
ACZ to the southeast of the centrd AFZ (Figs. 2
and 8). Magmatic fabrics (Fig. 9a; planar biotite-
rich schlieren, and modal and grain-size layering)
are present localy in the leucogranite and are ori-
ented conformably with the NE-striking foliation in
the surrounding metasedimentary units, which are
amphibolite facies metapelites and metapsammites.
Where observed, local contacts between granite and
metasedimentary rocks are concordant and NE-strik-
ing, similar to the regiona structures; pluton con-
tacts are steeply SE-dipping on the northwestern
and southeastern sides of the pluton, and apparently
NE-dipping on the northeastern side. In pavement
outcrop within a discrete body of leucogranite on
the northwest side of the pluton, the leucogranite ex-
hibits a sheeted structure in which structurally con-
cordant screens of pelitic schist occur, and sheets of
leucogranite and pegmatitic granite occur within the
pelitic schist outside the mapped contact of the body.
Pinch-and-swell structure of leucogranite sheets dis-
cordant to foliation suggest that waning plastic defor-
mation was not finished at the time of emplacement
of the Phillips pluton (Pressley and Brown, 1999).
We infer from this that the exposure represents a
cut through the pluton at a depth below the level of

the contemporary brittle—plastic transition, which is
likely to be quite shallow in transpressive orogens
that involve advection of mass and heat in magma
(Ord and Hobbs, 1989).

At its margins, the Phillips pluton records
no solid-state deformation of the kind com-
monly attributed to inflation by ballooning (Cloos,
1925; Holder, 1979; Marsh, 1982; Ramsay, 1989;
Guglielmo, 1993). There is no discrete metamorphic
aureole separable from the regional metamorphism.
Although at amphibolite facies grade, the immediate
country rocks are not ubiquitously migmatitic, al-
though small areas of migmatite are mapped (Press-
ley and Brown, 1999). Migmatites of the WAD
are exposed only a few km to the south-southwest
(Fig. 2), however, where the elevationislower. Based
on the absence of a discrete contact metamorphic au-
reole and the concordancy between magmatic fabrics
in the granite and the regional metamorphic fabrics
in the surrounding rocks, we interpret emplacement
of the Phillips pluton to have occurred during active
deformation, synchronous with regional metamor-
phism. According to Brown and Solar (1998b), the
pressure of metamorphism around the Phillips pluton
was ~4 kbar [based on the production of sillimanite
rather than andalusite by the reaction muscovite
+ staurolite + chlorite + quartz — sillimanite
+ biotite + H,O in pélitic schist (Guidotti, 1974;
Guidotti et al., 1991), using the petrogenetic grid of
Pattison and Tracy (1991); and, using the muscovite—
amandine—biotite-sillimanite geobarometer (Hold-
away and Mukhopadhyay, 1996), M.J. Holdaway,
pers. commun., 1996].

Brown and Solar (1998b) interpret the Phillips
pluton to be a steeply SE-dipping composite body
with a hemi-ellipsoidal form in three dimensions, the
long axis of which is inferred to plunge moderately
northeast, similar to the mineral elongation lineation
in the country rocks (Fig. 8, structure sections B—
B’ and C—C'). A funnel-shaped body has been sug-

Fig. 8. Map to show the relationship between granite plutons and the Central Maine belt shear zone system (modified after Brown
and Solar, 1998b). Contours of residual gravity are taken from Carnese (1981). The 2 km contour of depth to the contact beneath the
Lexington pluton is taken from Unger et a. (1989). AFZs are indicated by the grey ornament, and ACZs are unornamented; migmatite
domains and plutons are indicated in various ornaments, given in Fig. 2. An indication of the extent of the metamorphic aureole
surrounding each pluton is given by an appropriate isograd (see Brown and Solar, 1998b for details). B—B’ and C-C’ are lines of
true-scale sections that cross the Phillips pluton; these are shown beneath the map. The N—S longitudinal section (D—D’) and horizontal
dices through the Lexington pluton are based on models in Unger et al. (1989).
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Fig. 9. (8) View to the northeast of magmatic layering and foliation within leucogranite of the Phillips pluton, north of the bridge on
Maine Route 149, Phillips, west-central Maine, USA. (b) View to the southwest of magmatic foliation in porphyritic granodiorite of the

Lexington pluton, Sandy Stream, Lexington, west-central Maine, USA.

gested in a three-dimensional geologic model con-
structed from combined geophysical and geological
data (Unger et al., 1989). The —10 mGal residua
gravity contour (Carnese, 1981) is taken to outline
the root zone of the pluton (Fig. 8). We infer that
melt ponded and crystallized within the ACZ to form
the Phillips pluton. It is plausible that the Phillips
pluton extended laterally at shallower levels as atab-

ular pluton removed by erosion, but we have no in-
formation to constrain such speculation (cf. Guidotti
and Holdaway, 1993).

4.2. The Lexington pluton

The Lexington pluton, which isthe thickest pluton
in the area, comprises a northern and central-south-



M. Brown, G.S Solar / Tectonophysics 312 (1999) 1-33 17

ern lobe (Figs. 2 and 8). The northern lobe, which
is elongate N—S with axial dimensions of 15 x 12
km, is composed of biotite granite; it exhibits an
apparent dextral offset with respect to the central-
southern lobe. The central-southern lobe, which has
axial dimensions of 20 x 10 km, is composed of
porphyritic and two-mica granites. Williamson and
Seaman (1996) interpret magma mingling textures
at the deepest levels exposed (at lower elevations)
to represent interaction between infusions of mafic
magma and resident partially crystallized granite.
A variably developed, NE-striking, steeply dipping
magmatic fabric is present throughout the central
lobe of the pluton (Fig. 9b); this is consistent in
strike and dip with the regionally developed meta-
morphic fabrics outside the pluton. The northern
lobe is in the ACZ to the northwest of the central
AFZ; athermal aureole was produced up to ~1.5 km
wide (Dickerson and Holdaway, 1989). Based on the
succession of metamorphic mineral assemblages de-
veloped toward the contact in the thermal aureolein
muscovite—quartz—ilmenite—graphite-bearing pelitic
schist [cordierite + biotite + chlorite, andalusite +
cordierite + biotite, and sillimanite + K-feldspar +
cordierite + biotite; from Dickerson and Holdaway
(1989)], Brown and Solar (1998b) estimated meta-
morphic P of ~3 kbar using the petrogenetic grid of
Pattison and Tracy (1991).

The central-southern lobe cuts across the strike
of the centra AFZ (Figs. 2 and 8). Around the
central-southern lobe, the thermal aureole expands
from ~1.5 km at the central part to ~8 km on
both the west-southwest and east-northeast of the
southern part, before narrowing to ~1.5 km at the
south end of the pluton (Dickerson and Holdaway,
1989). Based on the succession of metamorphic min-
eral assemblages toward the contact in muscovite—
guartz—ilmenite—graphite-bearing pelitic schist [an-
dalusite + staurolite + biotite + garnet, andalusite
+ bictite + garnet, and sillimanite + biotite + gar-
net; from Dickerson and Holdaway (1989)], Brown
and Solar (1998b) estimated metamorphic P of 3—
3.5 kbar using the petrogenetic grid of Pattison and
Tracy (1991). The pluton is characterized by a mod-
erate-to-large negative gravity anomaly (Unger et
a., 1989), modeling of which yields moderately in-
ward-dipping walls along the west-southwestern and
east-northeastern sides of the central-southern lobe

of the pluton. Since there is no geophysical evi-
dence in support of the pluton extending below the
wide thermal aureole to the west and east of the
southern part, Stewart (1989) postulated that orig-
inaly the pluton was more extensive in a WSW—
ENE direction above the thermal aureole. If cor-
rect, this implies a shallow, inward-dipping pluton
floor to the west-southwestern and east-northeastern
sides of the exposed central-southern lobe, which
extended outward and upward to an unknown level
in the crust above the exposed level. This raises
the minimum width of this lobe to at least 35 km.
Based on this interpretation, we have projected the
possible shape of such a tabular head at a level 2
km above the present surface, and this is shown in
Fig. 8.

Modeling by Unger et al. (1989) suggests that
the northern lobe presently is ~12 km thick, with
steep inward-dipping contacts, in comparison with
the central-southern lobe, the present thickness of
which thins from ~6 to ~3 km across the strike of
the central AFZ (Fig. 8, section D-D’). Thus, the
Lexington pluton has a complex three-dimensional
form and a hybrid geometry, with a hemi-ellipsoidal
northern lobe and an elongate tabular central-south-
ern lobe. The level of emplacement as exposed is
interpreted to have been close to the contemporary
brittle—plastic transition. Brown and Solar (1998b)
suggest that the northern lobe was formed by crystal-
lization of melt that ponded in the ACZ. In contrast,
however, if the central-southern lobe, which cross-
cuts the central AFZ, was more laterally extensive
within 2 km above the present erosion level, this part
of the pluton may have been emplaced by magma-
fracture and lateral flow to the south-southeast as a
(sub-)horizontal sheet that propagated from a feeder
zone (Brown and Solar, 1998b). Space creation to
alow inflation could have occurred by sinking of
the pluton floor and/or lifting the roof (e.g., Cruden,
1998). Seismic reflection data show that the floor of
the pluton is not sharp against the wall rock; there
is a zone of ~2 km thick where energy is weakly
reflected, which is inconsistent with expectations for
homogeneous granite (Stewart, 1989). One plausible
interpretation of this zone is that it comprises sheets
of granite interleaved with country rock.
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4.3. Discussion

The Phillips pluton was constructed in an ACZ as
ascent became inhibited (Pressley and Brown, 1999).
The Lexington pluton is interpreted to represent a
hybrid emplacement mechanism in which one part
(the northern lobe) has maintained a deep root, while
in the other part (the central-southern lobe) melt was
emplaced by (sub-)horizontal flow across strike of
the moderate-to-steeply dipping country rocks. Infla-
tion of the central-southern lobe must have involved
largely vertical displacements, but whether these dis-
placements were accommodated solely by sinking of
the pluton floor or whether a component of lifting
the roof occurred is unknown.

For any pluton, a question is raised about the
original size in comparison with the size that is now
exposed, or how much of the pluton volume has
been lost to erosion. We call thisthe ‘ cut effect’. The
cut effect raises an additional question concerning
what is meant by the ‘ depth of emplacement’, which
commonly is taken to be the depth at the level of the
cut. For example, for a pluton composed of a 5-km-
thick horizontal tabular head and a 5-km-deep root
zone, the maximum difference in depth of emplace-
ment is recorded as ~3 kbar difference in P in the
contact metamorphosed rocks from roof to floor. In
any terrane, plutons have variable three-dimensional
form with depth, which will necessarily vary from
pluton to pluton and terrane to terrane as a function
of tectonic history and crustal rheology during plu-
ton emplacement. Nonetheless, for any pluton, cuts
a different levels yield different map shapes and
sizes. Finaly, there is the issue of the relationship
between plutons and regional-scal e structures, which
also may depend on the level of cut.

To illustrate these points, we show four cuts
through the Lexington pluton in Fig. 8, one of
which is the map pattern and three that are inter-
preted, one projection upward based on the width of
the contact metamorphic aureole around the central-
southern lobe and two cuts through the three-dimen-
sional geophysical model of Stewart (1989) at —2
km and —4 km, respectively. These cuts show that
the shape and area of the pluton change dramatically
over a vertical interval of 6 km. Thus, at deeper
exposed crustal levelsin some terranes, plutons may
be lower cuts through bodies with similar original

three-dimensiona form and ‘ depth of emplacement’
to ones that exhibit higher cuts at shallower exposed
crustal levels. In this context, we interpret the ex-
posed part of the Phillips pluton to be a lower cut at
a deeper exposed crustal level, consistent with anin-
terpretation that it is the remains of a magma feeder
channel to a larger pluton, whereas we interpret the
exposed part of the Lexington pluton to be a higher
cut at a shallower exposed crustal level, consistent
with the larger volume of granite in what remains of
the pluton (Figs. 2 and 8). Pluton contacts commonly
are discordant at higher levelsin abody, for example
at the margins of the tabular head (e.g., the cen-
tral-southern lobe of the Lexington pluton), but are
commonly concordant with regional-scale structures
when viewed in deeper cuts, for example in the root
zone of such a pluton (as exemplified, perhaps, by
the Phillips pluton). If the Phillips pluton does repre-
sent the ascent conduit for a more extensive granite
with a horizontal tabular head that was removed by
erosion, then we presume that ascent became inhib-
ited at the present level because the rate of pluton
inflation had become negligible at a shallower level,
perhaps due to solidification of the melt causing
downward back-filling of the ascent conduit.

Finally, there is the contrast in contact metamor-
phic effect associated with each of the Lexington
and Phillips plutons. Again, we relate the observed
differences to the ‘cut effect’. Thus, metamorphic
assemblages in the discrete aureole around the north-
ern lobe of the Lexington pluton record pressures
of ~3 kbar, whereas the aureole broadens in out-
crop width across the central-southern lobe and the
metamorphic mineral assemblages record pressures
of 3-3.5 kbar. The broadening of the aureole width
associated with the small increase in apparent pres-
sure is consistent with Stewart’s (1989) postulate
that the pluton was laterally more extensive above
the present erosion level in its southern part. Thereis
no discrete contact metamorphic aureole associated
with the Phillips pluton, but mineral assemblages
indicate the pressure of metamorphism to have been
~4 kbar. In map view, the Phillips pluton is sim-
ilar in size and shape to the downward projection
of the northern lobe of the Lexington pluton after
removal of 2—4 km of overburden. If we assume that
the Phillips pluton originally had a volume similar
to that of the Lexington, then it is plausible that it



M. Brown, G.S Solar / Tectonophysics 312 (1999) 1-33 19

extended laterally above the present erosion level,
as suggested by Guidotti and Holdaway (1993). Fur-
ther, if the interpretation that the Phillips pluton at
the present level of erosion represents a cut through a
feeder channel to alarger pluton, then the passage of
magma through this channel over an interval of time
would create a regionaly significant thermal effect
in contrast with the discrete contact metamorphic
aureol es associated with ponded magmain the upper
crust.

5. Geochronology in west-central Maine

The Phillips and Lexington plutons are part of
a suite of early Devonian plutons of granite sl. in
the northern Appal achian orogen. Recently, many of
these plutons have been dated precisely, revealing
an extensive suite of early Emsian plutons emplaced
syntectonically into the thickening orogenic wedge
(Bradley et a., 1998; Solar et a., 1998). This zone
of plutonic activity stretches from eastern Maine
southeast through the study area in western Maine
(Bradley et a., 1998; Solar et al., 1998) and into
New Hampshire and Massachusetts (Robinson and
Tucker, 1996; Robinson et a., 1998).

The age of crystalization of granites in the
Phillips pluton has been reported by Solar et al.
(1998) and discussed by Pressley and Brown (1999);
ages are quoted at 95% confidence. Two samples of
leucogranite yielded U—Pb ages of 403.5 + 1.6 Ma
(zircon and monazite) and 402.7 + 3.6 Ma (mon-
azite). Two samples of granodiorite yielded U-Pb
ages of 403.6 + 2.2 Ma (zircon and monazite) and
404.8 + 1.2 Ma (monazite). The weighted mean of
data from all four samples yields an overal crystal-
lization age of 403.8 + 1.3 Ma at 95% confidence.
Schlieric granite to the south of the Phillips plu-
ton within the area of the WAD vyielded a U-Pb
age of 405.3 + 1.8 Ma (zircon; Solar et al., 1998)
that is the same as those of the granites within er-
ror. One sample of granite from the central-southern
lobe of the Lexington pluton yielded a U-Pb age
of 404.2 + 1.8 Ma (zircon; Solar et al., 1998). The
ca. 404 Ma age for the Lexington pluton is con-
sistent with a Rb—Sr whole-rock age of 399 + 6
Ma (Gaudette and Boone, 1985; see also Dickerson
and Holdaway, 1989). Magmatic zircon and mon-

azite separated from samples of three synkinematic
m-scal e leucogranite sheets lodged within the central
AFZ, from south to north along the strike of the
zone, yielded ages of 408.2 + 2.5 Ma, 407.9 + 1.9
Ma and 404.3 + 1.9 Ma, interpreted to date crys-
tallization closely (Solar et a., 1998). The last of
these samples was taken from a m-scale sheet that is
part of the highly elongate multiply sheeted compos-
ite eliptical pluton referred to above. These granite
crystallization ages are similar to U-Pb monazite
ages from samples of staurolite zone pelitic schist
of 405 — 399 4+ 2 Ma (Smith and Barreiro, 1990),
further supporting magma intrusion during regional
metamorphism. Thus, recent precise age data support
amodel based on feedback relations between defor-
mation, metamorphism, and granite ascent through
the crust (Solar et al., 1998).

6. A general model

Based on the observations presented above, we
propose a model for melt ascent and emplace-
ment that may have more general applicability to
other obliquely convergent (transpressive) orogens.
To achieve this goal, observations from the study
area in west-central Maine are generalized, but spe-
cific components of the model are directly related to
the examples described, both for clarity and to en-
sure compliance with the natural examples. First we
review important background concerning the ther-
mal structure of transpressive orogens, the melting
regime, melt flow in actively deforming orogenic
crust and issues that relate to pluton construction.

6.1. Thermal structure of transpressive orogens

Metamorphism in transpressive orogens typi-
caly is syntectonic; it varies from medium-pressure
(kyanite—sillimanite) to low-pressure (andalusite—
sillimanite) type. Clockwise pressure-temperature
paths are characteristic (e.g., Thompson et al., 1997;
Jamieson et al., 1998; Huerta et al., 1999), and result
from the combined effects of: (1) material transfer
within the orogen that advects hot crust to shallow
depths and heat conduction to the surface during
syntectonic erosion of the thickening orogen; (2)
increased radioactive heat generation due to crustal
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thickening; (3) dissipation of mechanical energy gen-
erated during deformation; and (4) at temperatures
higher than the solidus temperature, increased strain
rates due to weakening in the presence of melt.
Theinitial distribution of radioactive heat production
with depth, including the location of any anomalous
heat-producing layers, is an important variable (e.g.,
Chamberlain and Sonder, 1990), and recent model-
ing suggests that shear-heating during thrusting may
be more important than realized previously (Harrison
et a., 1997, 1998; Nabelek and Liu, 1999). These
processes strongly perturb the geothermal gradient
by displacing isotherms toward the surface to create
a thermal antiform, which forms a near-isothermal
corridor along the core of the orogen (e.g., Royden,
1993; Huerta et al., 1996, 1998, 1999; Thompson
et d., 1997; Jamieson et al., 1998). Because of this
coupled mechanical and thermal evolution of trans-
pressive orogens, temperatures in the middle crust
exceed those at which anatexis is initiated in many
common crustal rock types (Fig. 10).

For the Acadian metamorphic belt of the north-
ern Appalachians, which is characterized by elevated
modern-day heat flow (~65 mW m~2) and high heat
production (~3.5 x 10~ W m~3), metamorphic field
gradients suggest high-to-moderate rates of tempera-
ture change, but reveal only small variationsin pres-
sure. The stratigraphic sequence includes formations
with high heat production, a consequence of high U
and Th contents fixed in strongly reduced sediments
of the precursor anoxic basin (Chamberlain and Son-
der, 1990). Oblique trandation during contractional
deformation thickened the strati graphic sequence and
displaced isotherms toward the surface, to create the
thermal structure imaged by the ‘migmatite front’
(e.g., Fig. 3, solidus), essentially an isothermal sur-
face given the high dP/dT slope of the beginning of
melting in most crustal protoliths. Melt transport to
progressively shallower crustal levels by differential
stress-induced processes and buoyancy helps prop-
agate the thermal corridor upward by advecting of
heat into the upper crust.

Once melt is trapped and crystallized in a pluton,
its source can be traced using isotopic fingerprinting,
so that we can assess the volume of melt derived
from different sources in the crust. We can use this
information to determine whether the thermal pertur-
bation associated with high-temperature metamor-
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Fig. 10. P-T diagram of the anatectic zone, that region in
P—T gspace above the wet solidus for crustal rocks of granitic
composition in which melt may be present. The Ms granite—wet
solidus is from Huang and Wyllie (1981), the reaction Ms +
Ab + Qtz — Kfs 4+ Als + L is from Petd (1976) and marks
the lower T limit of plagioclase reactions (Thompson and Tracy,
1979), the reaction Ms + Pl 4+ Qtz — Kfs + Sil + Bt + L is
from Petifio Douce and Harris (1998), the reaction Bt + P +
Als + Qtz — Grt + Kfs + L is from LeBreton and Thompson
(1988) and the reaction Bt + Pl + Qtz — Opx + Grt + Kfs+ L
is from Vielzeuf and Montel (1994). The symbol X{ is used to
denote the mole fraction of HoO in the melt and is considered to
equal the activity of H,O in the melt (Burnham, 1979); isopleths
of X are from Thompson (1996). The symbol a}, is used to
denote activity of H,O in the volatile phase, whereas ap,o refers
to water activity in the environment; isopleths of aj, are from
Thompson (1996).

phism extended to the Moho, reflected in volumi-
nous granite magmatism from lower crustal or mixed
(crust and mantle) sources, or was damped in the
lower crust. In western Maine—eastern New Hamp-
shire the absence of a significant volume of gran-
ite with a geochemical signature indicating deriva
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tion from basement inferred to underlie the Central
Maine belt (e.g., Lathrop et a., 1996; Pressley and
Brown, 1999; Brown and Pressey, 1999) is con-
sistent with calculated intermediate-to-low reduced
heat flow from the lower crust and mantle (Cham-
berlain and Sonder, 1990), and implies low thermal
gradients in the lower crust under assumed granulite
facies conditions. Thus, Acadian orogenesisinvolved
redistribution of energy and mass within the crust,
rather than addition of energy and mass by mantle
processes.

6.2. The melting regime

The anatectic zone in continental crust during
orogenesisisoutlined in Fig. 10 by the ‘Ms granite—
wet solidus' and the ‘granite—dry solidus’. Within
this zone, melt may be present in appropriate lithol o-
gies, such as graywacke-shale (turbidite) protoliths.
In these protoliths a significant volume of granite is
generated by reduced ay,o micadehydration melting
in the temperature interval ~700-900°C by melt-
producing reactions such as those shown in Fig. 10.
Once segregated from its residue the melt freezes at
the wet solidus. Thus, there may exist a tempera-
ture interval of >100°C below the temperature of the
melt-producing reaction and above the temperature
of the wet solidus that corresponds to a hot zone
through which granite melt may migrate without
solidifying (Fig. 10). It is this difference in temper-
atures between partial melting and freezing of the
segregated liquid that enables granite melt to move
through the anatectic zone. Thus, the anatectic zone
is that portion of the crust with ambient temperature
above the beginning of melting in wet granite, and
in which melts of granite composition do not freeze;
we do not imply that melt is pervasive throughout
the anatectic zone.

During the evolution of transpressive orogens,
crust in the anatectic zone that lies between geother-
mal gradients of ~20°C km~* and ~50°C km~* will
be an important source region for granite magma,
and a weak zone in which deformation may be
preferentially localized. Deformation in the middlie-
lower crust is accommodated by plastic strain of
these partially molten rocks that may involve melt
loss from the anatectic zone (Brown, 1995). As a
result, syntectonic transfer of heat to the upper crust

due to melt transport is significant in many con-
tractional orogens (e.g., De Yoreo et a., 1989a,b,
1991).

6.3. Méelt flow in actively deforming crust

During orogenesis, melting occurs in a dynamic
environment. Magma migration depends on pro-
cesses at two scales. At the microscale, melt is gen-
erated at grain boundaries and segregation likely is
driven by surface tension, whereas at the macroscale
we are concerned with porous and conduit flow in a
deforming medium [called pervasive flow by Collins
and Sawyer (1996), Weinberg (1999) and Vander-
haeghe (1999)]. It is likely that deformation controls
sites of initial melting (e.g., Hand and Dirks, 1992;
Brown and Solar, 1998a), and that the presence of
melt aids progressive deformation (e.g., Hollister
and Crawford, 1986; Davidson et al., 1992; Brown,
1995; Brown and Dallmeyer, 1996; Brown and So-
lar, 1998a). Thus, flow of melt in crustal materials
at depths below the brittle—plastic transition, at tem-
peratures above the solidus, is coupled with plastic
strain of those materials. The flow is driven by pres-
sure gradients generated by tectonic stresses (smaller
distances) and buoyancy (larger distances) (e.g., Rut-
ter, 1997; Bagdassarov and Dorfman, 1998). Ex-
perimental modeling has confirmed that differential
stress-induced melt migration, coupled with shear-
enhanced compaction of the residual matrix, more
efficiently leads to accumulation of melt in layers
and pods than segregation of melt by buoyancy-
driven compaction (e.g., Cooper, 1990; Rushmer,
1995; Rutter and Neumann, 1995; Bagdassarov et
al., 1996).

In anisotropic crust, differential stresses lead to
heterogeneous deformation at all scales, which cre-
ates structural heterogeneities and pressure gradients
to drive melt from zones of generation to sites of ac-
cumulation during syntectonic anatexis (e.g., Brown,
1994; Sawyer, 1994; Collins and Sawyer, 1996; Rut-
ter, 1997; Bagdassarov and Dorfman, 1998). De-
formation of partially molten crust will lead to
periodically connected melt flow networks due to
buildup of melt pressure (e.g., Brown and Rushmer,
1997; Weinberg and Searle, 1998; Brown and Solar,
1998b), which will enable melt escape. In effect,
transpressive orogens become crustal-scale shear-
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zone systems with a characteristic evolving thermal
structure that creates a hot corridor to control and
localize granite ascent paths.

6.4. Pluton construction

At the emplacement site, the style of pluton as-
sembly and the preservation of geochemical het-
erogeneity or its erasure by homogenization among
successive melt batches depends on rates of ascent
and emplacement, and rates of inflation and solidi-
fication (e.g., Brown and Solar, 1998b; Pressey and
Brown, 1999). At the extremes, composite structure
may develop if an individual batch of melt crys-
tallizes before the arrival of a subsequent batch of
melt, potentially preserving heterogeneity, whereas
successive arrivals of melt batches before extensive
crystalization is conducive to mingling and mixing,
potentially leading to homogenization. The main
bodies of many plutons appear to have formed from
magma that crystallized slowly, so that incoming
batches of melt have had the chance to mix, al-
though the pluton still may exhibit compositiona
zoning developed as it crystallized from the margins
inward. For example, in the granite complexes of the
Fichtelgebirge (Germany and Czech Republic) the
general geochemical zonation pattern is the result of
acombination of multipleinjectionsof single magma
batches and in situ differentiation during magma em-
placement (Hecht et al., 1997). In contrast, one might
expect small plutons or the early formed (margina ?)
parts of large plutons to have composite or sheeted
structure. Less common, however, are large tabular
plutons with sheeted structure, although the Qérqut
granite complex of southern West Greenland (Brown
et a., 1981) and the South Mountain Batholith in
Nova Scotia (Benn et al., 1997, 1999) are notable ex-
amples of very large composite plutons constructed
by multiple sub-horizontal m-scale sheets of granite.
These sheeted plutons preserve the identity of indi-
vidual melt batches. In the Manadu Intrusive Com-
plex of the Central Himalaya, however, the identity
of individual batches is cryptic, the composite na-
ture of the complex being identified through isotope
geochemistry (Vidal et al., 1982) and Th—Pb ion mi-
croprobe dating of monazite (Harrison et al., 1999).

Root zones of plutons are interpreted to repre-
sent the feeder channels or plumbing beneath the

main body or tabular head of the pluton. They may
exhibit composite structure if the feeder channels
were backfilled piecemeal during the last stage of
pluton construction, as one batch of magma at a
time congeals before the next batch arrives, perhaps
reflecting waning melt flow through the plumbing.
Waning melt flow likely is a result of declining de-
formation and relaxation of the thermal structure,
SO0 magma gets stuck in the feeder channels. Root
zones may exhibit homogeneous structure if melt
flow into the plumbing is maintained but continued
inflation of the pluton head cannot occur so that the
feeder channel is filled with melt. The root zone
may be compositionally zoned because of fractional
crystallization processes driven by inward solidifica-
tion. Alternatively, if crystallization of melt in the
feeder channelsis fast enough, in situ differentiation
may be prevented, and unzoned granite will be the
result. The root zone may exhibit a combination of
these features, so that a series of cuts downward may
exhibit a progression from homogeneous structure,
unzoned or zoned, to composite structure if the last
pulses of magma were spaced sufficiently apart to
preserve individual identity by congealing.

6.5. Summary of observations at different scalesin
western Maine—eastern New Hampshire

At map scale we observe plutons of granite as-
sociated with discrete contact metamorphic aureoles
in low-grade terranes, both in Maine (e.g., the Lex-
ington pluton) and elsewhere (see the summary in
Pattison and Tracy, 1991), and regional metamorphic
terranes in which high-grade metamorphic zones are
spatially related to plutons of granite, both in Maine
(e.g., De Yoreo et a., 1989b) and elsewhere (see
the summary in Pattison and Tracy, 1991). Any map
represents a projection of the surface geology onto
an arbitrary horizontal plane. Thus, within any map
area plutons may vary in size and in their relations
with regional-scale tectonic structures according to
differences in crustal level exposed within the area
of the map. For example, in western Maine, smaller
plutons commonly are conformable with regional-
scale structures, such as the Phillips pluton in an
ACZ, whereas larger plutons commonly cut across
regional structures, such as the Lexington pluton,
which cuts across both AFZs and ACZs. The rela-
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tive barometry between the aureole of the Lexington
pluton and the regional metamorphism around the
Phillips pluton is up to 1 kbar, and we have shown
aready that removing an additional ~4 km of crust
from the Lexington pluton yields a map pattern sim-
ilar to that of the Phillips pluton consistent with such
adifference in metamorphic pressure (Fig. 8).

Our preferred interpretation of relationshipsin the
study areaisthe following (Fig. 11). Small granites,
such as the Phillips pluton, represent more deeply
eroded bodies. They correspond to cuts through the
root zones interpreted from gravity data to be be-
neath lateraly extensive plutons (Fig. 11c), which
are inferred to have been magma feeder channels
by which new batches of magma became part of
the pluton (e.g., Vigneresse, 1988, 1995a,b; Benn
et a., 1999). These feeder channels must connect
the main body or tabular head of plutons to the
migmatitic sources of the melts. We infer from the
absence of migmatite immediately around the ex-
posed cut through the Phillips pluton, however, and
the fact that it continues for several km at depth,
as interpreted from the gravity anomaly, that we see
something close to a‘middle cut’ through the feeder

channel to a once larger pluton. Whatever volume of
magma might have passed through this feeder chan-
nel, at the level we see it was insufficient to raise the
adjacent wall rocks above the solidus for wet granite
to generate migmatites. In contrast, larger plutons as-
sociated with discrete contact metamorphic aureoles
represent cuts through bodies at shallower levelsin
the crust closer to the tops of plutons (Fig. 11a,b).

At the outcrop scale we observe decametric to
metric bodies of granite associated with migmatites
and in which the form of the body was controlled by
the tectonic structures (Fig. 11d—f). Thus, in AFZs
we find stromatic migmatite that recorded flattening
strain, which is associated with generally concor-
dant planar sheet-like bodies of granite (e.g., Fig. 4),
and in ACZs we find inhomogeneous migmatite
that recorded constrictional strain, which is asso-
ciated with rod-shaped leucosomes and cylindrical
bodies of granite (e.g., Figs. 6 and 7). Within in-
dividual outcrops in migmatite terranes, the form
of the leucosomes reflects the shape of the ap-
parent tectonic strain ellipsoid recorded by fabrics
in the host rock (although the planar leucosomes
and sheet-like granites of the AFZs do exploit the
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Fig. 11. Summary of observations using schematic map (horizontal) sections through plutons and outcrop (horizontal or oblique) sections

through migmatites (see text for further discussion).
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mechanical anisotropy, the pinch-and-swell struc-
tures and absence of solid-state fabrics suggest that
deformation and emplacement were synchronous).
We infer that the three-dimensional form of melt-
escape paths in transpressive orogens is controlled
by the contemporaneous deformation and is gov-
erned by strain partitioning. Q.E.D. magma ascent
in obliquely convergent (transpressive) orogens is
a syntectonic process, and thus pluton construction
also must be a syntectonic process when viewed at
the crustal scale, in spite of the local discordances
between pluton contacts and regional-scale struc-
tures (cf. Karlstrom, 1989; Hutton, 1992; Brown,
1994; Vigneresse, 1995a,b; Benn et al., 1997, 1999;
Brown and Solar, 1998b).

To the southwest of the Phillips pluton, the WAD
is poorly exposed; although mapped by Moench
and Pankiwskyj (1988) as part of the Phillips plu-
ton, Brown and Solar (1998b) (see aso Pressey
and Brown, 1999) interpret it to be composed of
stromatic migmatite and inhomogeneous migmatite
with lenses of schlieric granite. Given the ubiqui-
tous moderate-to-steeply NE-plunging mineral elon-
gation lineation in the CMB rocks (Solar and Brown,
1999a), it isimplicit that rocks similar to these stro-
matic migmatites and inhomogeneous migmatites
with lenses of schlieric granite exposed immediately
south of the Phillips pluton (Fig. 2) plunge under-
neath the pluton. Geochemical data reported from
the Phillips pluton support field evidence of its com-
posite nature, particularly the isotopic composition
of Nd that suggests that the pluton is composed of
multiple batches of melt (Pressley and Brown, 1999;
Brown and Pressey, 1999). Furthermore, these au-
thors showed that the leucogranite comprising most
of the pluton was derived from a source with similar
isotopic composition to the surrounding CMB rocks,
although the minor granodiorite has an isotopic com-
position compatible with derivation from Avalon-like
crust inferred to underlie the CMB rocks. These data
are consistent with the inference that the deepest
part of the Phillips pluton is close to or transitional
into residual migmatites that sourced the common
leucogranite of the exposed pluton. This interpreta-
tion implies that there are axial culminations along
the hinge line of the thermal antiform represented by
the ‘migmatite front’ that focused melt accumulation
to feed plutons.

We postulate that migmatites occur immediately
beneath the northern lobe of the Lexington pluton, at
a depth of ~12 km, given the depth of the northern
lobe as modeled by Unger et al. (1989). For any
enhanced geotherm appropriate to this high-temper-
ature, low-pressure metamorphic belt, it is reason-
able to expect upper amphibolite facies metamorphic
conditions at a depth appropriate to the inferred bot-
tom of the northern lobe of the Lexington pluton.
Both the northern Iobe of the Lexington pluton and
the Phillips pluton are found in zones of apparent
congtriction. We infer that melt accumulates prefer-
entially in these zones and is driven out of the zones
of apparent flattening by the enhanced deformation
(Brown and Solar, 1998a,b).

6.6. Time-integrated schematic cross-section based
on relations in western Maine — eastern New
Hampshire

Modeling of convergent orogens provides insight
about the evolution and decay of the thermal struc-
ture with time in the orogenic crust (Royden, 1993;
Huerta et al., 1996, 1998, 1999; Thompson et 4.,
1997; Jamieson et a., 1998). At the peak of the
thermal evolution, the solidus for granite melt (repre-
sented by the Ms granite wet solidusin Fig. 10) will
be at the shallowest level in the crust within the core
of the orogenic belt. At this time, melt transferring
through the orogenic crust in planar and pipe-like
conduits can reach shallow levels without freezing,
and if the melt has accumulated into large enough
batches it may pass into the unmelted crust (crust
that did not achieve temperatures appropriate to the
wet solidus of granite) before arrest at the site of a
future pluton. The mechanism of this transfer might
involve melt-enhanced embrittlement (Davidson et
al., 1994), since the solidus represents the bound-
ary to the anatectic zone with its interconnected
melt-filled porosity. Viscous compaction within the
anatectic zone is likely to generate strong variations
in pressure near the solidus, which will enable defor-
mation at the melt front to be essentialy elastic in
character (Connolly and Podladchikov, 1998). Under
this condition melt may be transported into the un-
melted (zero-porosity, subsolidus) crust by an elastic
shock. We speculate that the physical expression of
this phenomenon may be sheet-like bodies of granite
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Fig. 12. Time-integrated, schematic cross-section through orogenic crust to illustrate the relations between the thermal evolution of the
anatectic zone and the construction of a pluton composed of a tabular head and a root zone that extends down to migmatites of the
anatectic zone (see text for further discussion). The cross-section is drawn vertical in a plane parallel to the mineral elongation lineation.
The position of the 650°C isotherm in the pluton is generalized, based on the results of modeling presented by Furlong et al. (1991).

that occupy tensile and dilatant shear fractures in
rocks of the AFZs.

In the ACZs, amplification of flow instabilities
across the solidus, which represents an unstable in-
terface, may be a more appropriate mechanism of
melt ascent, as discussed by Paterson and Miller
(1998). Whitehead and Helfrich (1991) have investi-
gated the dynamics of flow instabilities that develop
increasing resistance as they advance into cooler re-
gions across an interface. In their experiments, the
number of advancing fingers rapidly decreased with
time to one, and the flow became focused. In the
crustal environment, thermal softening will displace
the solidus farther up in the crust, to localize the
thermal zone in which ascent of melt will prefer-
entially occur. The style of pluton construction then
will be controlled by the rate of arrival of melt versus
the rate of crystallization of the accumulated melt, as
discussed above under Section 6.4, and the eventual
decay of the thermal structure.

Given our inference above that the exposed level
of the Lexington pluton likely was emplaced around
the brittle—plastic transition, and the exposed level

of the Phillips pluton likely was emplaced below the
brittle—plastic transition, for a geotherm consistent
with these inferences the northern lobe of the Lex-
ington pluton and the Phillips pluton may pass gra-
dationally into residual inhomogeneous migmatite at
depth beneath the present erosion surface. As oro-
genic deformation wanes, so the thermal structure
decays, the height to which any batch of melt can
ascend moves downward in the crust, and the peri-
ods between arrivals of melt batches into the magma
feeder channdl at the base of the pluton may become
longer. In this circumstance, individual batches of
magma may freeze before the arrival of subsequent
batches, which will construct a downward-grow-
ing composite root zone that progressively occupies
the magma feeder channel beneath a large pluton
(Fig. 12). Thus, pluton construction is ended by
downward congelation of granite melt in the magma
feeder channel during the waning stages of orogeny.
Although this is one aternative among a range of
possible scenarios, we speculate it is a reasonable
interpretation of the data in western Maine and may
have application elsewhere in transpressive orogens.
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6.7. Combining the different views of granite ascent
and emplacement

In producing a model that relates generation of
melt to ascent and emplacement, it is necessary to
project relationships observed at the erosion sur-
face to depth. Differencesin structural level exposed
across an area, the vertical relief and the quality
of geophysical investigations to determine the sub-
surface structure are limitations on what we can
achieve. Within the study area, athough exposure
generally is poor, it is nonethel ess adequate to estab-
lish geological relationships, vertical relief is ~1 km
and the difference in structural levels corresponds to
~1 kbar. Furthermore, there are extensive regional -
scale geophysical data sets supplemented by more
local studies. Within these factors and data sets, our
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does require further testing.

The schematic map and outcrop sections of
Fig. 11 have been combined with the time-inte-
grated schematic cross-section of Fig. 12 to provide
a three-dimensional understanding of our genera
model of granite ascent and emplacement in Fig. 13.
At shallower contemporary levels in the crust we
expect to see the maximum areal extent of granite
plutons. With each successively deeper dlice the plu-
ton becomes smaller, and the pluton may be more
likely to be composite in structure, as opposed to
homogeneous in structure, in passing from the main
tabular body to the root zone. Ultimately the pluton
passes downward into the source region represented
by residual migmatites that preserve outcrop-scale
melt-escape structures.
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e.g., sheet-like and rod-
shaped leucosomes
in migmatite (m scale)

e.g., leucosomes in
migmatite
(cm scale)

Fig. 13. Relations between schematic map and outcrop sections and the time-integrated, schematic cross-section through orogenic crust,
based on the schema in Figs. 11 and 12, from which the general model of granite ascent and emplacement discussed in the text has been

devel oped.



M. Brown, G.S Solar / Tectonophysics 312 (1999) 1-33 27

6.8. Focusing mechanisms

A principal difficulty in any model of granite as-
cent and emplacement is to focus the flow of melt in
the source to feed melt through the ascent conduit at
rates that are sufficient to avoid solidification (<10°
yr; seediscussion in Clemenset a., 1997, and Wein-
berg, 1999). Thisisanon-trivia problem, for even a
modest size pluton of 102 km?® volume derived from
a metasedimentary source by ~10-20 vol.% melt-
ing requires a source region of up to 10* km3. If
melt moves through the anatectic zone in the per-
vasive manner postulated in this paper, freezing is
not a problem, and the antiformal thermal structure
will help to focus melt accumulation. Based on the
small number of root zones identified beneath indi-
vidual large plutons using gravimetry (e.g., Vigner-
esse, 1988, 1995a), the focusing mechanism must
involve a substantial horizontal component of melt
flow through the source region. Furthermore, given
theslow vel ocity of percolativemelt flow (e.g., Brown
et al., 1995b), melt drained from the source by pulsed
flow in batches in planar and/or pipe-like conduits
must have been extracted previously from the pore
structure and must have been availablein a connected
melt flow network composed of smaller-scale planar
and/ or pipe-like conduits (cf. Rubin, 1998; Weinberg,
1999). The intimate relation between migmatite leu-
cosome and granite in melt-escape structures is sig-
nificant (e.g., Figs. 4 and 7), and confirms the antici-
pated link between storage porosity (storage network)
and the main ascent network (flow network). Our ob-
servations of field relationships and our interpretation
of permeability networks and focused melt flow re-
ceive support from modeling (e.g., Miller, 1998).

As oblique tranglation during contractional defor-
mation displaces isotherms to shallower depth in the
crust, so melt can migrate to progressively higher
crustal levelsby differential stress-induced processes
and buoyancy. Because the melt advects heat to these
higher crustal levels as it migrates, the isotherms are
pushed to even shallower depth (cf. Weinberg, 1999),
which enables the zone of plastic deformation to ex-
pand to higher crustal levels in a feedback relation
(cf. Brown and Solar, 1998a). Further, because the
surface in three dimensions that corresponds to the
outer limit of anatectic melt is essentially isothermal
at pressures appropriate to the middle crust it reflects

the thermal structure of the deforming orogen. The
geometry of this surface, which is not necessarily an
isochronous feature, may be complex in detail, but
its envel oping surface will approximate an antiformal
structure, which may exhibit axial culminations and
depressions. Culminations in the thermal antiform
are represented by the map outlines of migmatite do-
mains, such as the TAD and WAD in western Maine
(Figs. 2 and 3), and plutons that likely root into
culminations at depth, assuming a shallow northeast
plunge for the hinge line of the therma antiform.
At temperatures above the solidus temperature, we
expect that melt will migrate along the fabric parallel
to the anisotropy of permeability (Brown and Solar,
1998a) until it reaches the solidus surface. Since the
solidusisthelimit of zero porosity for pervasive melt
flow, at the solidus surface we expect melt to flow
laterally toward axial culminations in the thermal
antiform. Since melt may drain preferentially from
AFZs and accumulate in ACZs, we expect these ax-
ial culminations to occur in the ACZs. Our modd is
based on pervasive melt flow in the partially molten
and deformable source (Stevenson and Scott, 1987;
Sleep, 1988; Sawyer, 1994), by both porous flow and
melt-assisted granular flow. In both cases we argue
that granite frozen in channels was connected to the
storage porosity represented by the migmatite leu-
cosome to enable melt transport through the source.
We avoid the issue of whether melt can be drained
sufficiently rapidly from a partially molten source to
sustain channel flow through subsolidus crust to infill
apluton (10° to 10* km~2) by allowing melt to accu-
mulatein axial culminations of an antiformal solidus
surface. Thisis necessary because channel flow must
drain large concentrations (segregations) of melt if
volumes large enough to form plutons are to escape
the source (e.g., Rubin, 1998; Weinberg, 1999). Melt
that escapes from these accumulation sites in axial
culminations is likely able to cross a short segment
of the subsolidus crust (Rubin, 1995) before freezing
to begin the pluton construction process.

7. Conclusions

In western Maine, the Central Maine belt shear
zone system is defined by NE-striking, steeply SE-
dipping zones of apparent flattening strain (AFZs)
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that anastomose around lenses of crust that have ac-
commodated constrictional strain (ACZs), reflecting
kinematic partitioning of flow during transpression
(Solar and Brown, 1999b). Porphyroblast—matrix
mineral microstructural relations demonstrate syn-
chronous metamorphism and deformation (Solar and
Brown, 1999a), to suggest feedback relations among
mechanical and thermal processes in transpressive
orogens. Within this context, our observations in
the study area show that stromatic migmatite is
found primarily within AFZs, and inhomogeneous
migmatite is found within ACZs. Further, we have
shown that the form of melt-escape structures is
conformable with the shapes and orientations of the
tectonic strain ellipsoids defined by the metamor-
phic mineral fabrics. Thus, sheet-like and cylindrical
bodies of granite are associated with apparent flatten-
ing-to-plane strain and constrictional fabrics, respec-
tively, to suggest that granite ascent was in planar
and pipe-like conduits that reflect strain partitioning.

Magma ascent through migmatites is possible
because oblique translation during contraction dis-
places isotherms upward in the orogenic crust to
form a thermal antiform. Heat advected with the
migrating melt promotes further amplification of the
thermal antiform in a feedback relation that extends
the zone of plastic deformation and melt migration
to higher levels in the crust. Melt accumulation in
axial culminations aong the thermal antiform may
enable melt-enhanced embrittlement and melt escape
into the subsolidus crust, or melt may be expelled
by eastic shock, or the solidus surface may de-
velop instabilities that amplify into magma fingers
or sheet-like protrusions during viscous flow. Thus,
melt crosses a segment of subsolidus crust. Although
the first batches to ascend beyond the solidus may
suffer thermal death, later batches accumulate to
construct a pluton.

Upper crustal plutons have (sub-)horizontal tab-
ular geometries with floors that slope down to the
ascent conduits. The tabular heads of these plutons
Ccut across boundaries between structural zones, such
as the Lexington pluton in western Maine. Ascent
conduits are represented by ‘smaller’ plutons with
composite structure and hemi-ellipsoidal form, these
correspond to root zones identified using models
of gravity anomalies. In western Maine, an exam-
ple is the Phillips pluton, which is found within

an ACZ. At the crustal scale, granite ascent and
emplacement in obliquely convergent (transpressive)
orogens are inherently syntectonic processes, con-
trolled by the contemporaneous deformation and the
progressive development of strain fabrics. Syntec-
tonic magma ascent helps heat transfer through the
crust to provide thermal peaks characteristic of low-
pressure metamorphism. Thus, even those plutons
that apparently cross-cut the fabrics in map view are
interpreted to be syntectonic.
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