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Abstract

Transpressive deformation was distributed heterogeneously within the Central Maine belt shear zone system, which formed in response to
Early Devonian oblique convergence during the Acadian orogeny in the northern Appalachians. ‘Straight’ belts are characterized by tight
folds, S > L fabrics and sub-parallel form lines, and asymmetric structures that together indicate dextral—SE-side-up kinematics. In contrast,
intervening zones between ‘straight’ belts are characterized by open folds and L > S fabrics. Within both types of zone, metasedimentary
rocks have fabrics defined by the same minerals at the same metamorphic grade, including a penetrative, moderately to steeply NE-plunging
mineral lineation. Thus, we interpret accumulation of plastic deformation and regional metamorphic (re-) crystallization to have been
synchronous across the Central Maine belt shear zone system. Discordance between inclusion trails in regionally developed porphyroblasts
of garnet and staurolite and matrix fabrics in ‘straight’ belt rocks records shortening by tightening of folds and greater reorientation of matrix
fabrics with respect to porphyroblasts. Kinematic partitioning of flow was responsible for the contrasting states of finite deformation recorded
in the Central Maine belt shear zone system. Perturbations in the flow were caused by serially developed thrust-ramp anticlines in the
stratigraphic succession immediately above the Avalon-like basement, at which décollement of the shear zone system was initially rooted.
General shear deformation at the ramps involved strain softening with an enhanced component of noncoaxial flow. In contrast, deformation
during extrusion in the intervening zones involved strain hardening with a greater component of coaxial flow. Part of the thickening
stratigraphic succession exceeded Tyyqy, reflected by the occurrence of migmatites and granites. The latter were partly sourced from the
underlying Avalon-like basement that was involved in the deformation and melting. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

Studies of ancient transpressive orogens (e.g. Harland,
1971), and observations at modern convergent plate margins
(e.g. Fitch, 1972), suggest that oblique plate motions may
lead to slip partitioning, particularly when the plate motion
vector is highly oblique to the margin (McCaffrey, 1992;
Braun and Beaumont, 1995; Gordon, 1995; Liu et al., 1995;
Teyssier et al., 1995). In response, geological structures at
all scales are produced by non-steady state flow and hetero-
geneous deformation (e.g. Tikoff and Fossen, 1993; Jiang,
1994; Fossen and Tikoff, 1997). Heterogeneous deforma-
tion involves the development of instabilities, which
commonly leads to strain localization in a rock mass (e.g.
Ramsay and Graham, 1970; Elliott, 1972; Means et al.,
1980; Lister and Williams, 1983; Robin and Cruden,
1994; Jones and Tanner, 1995; Royden, 1996; Zhang et al.,
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1996; Jiang and Williams, 1998; Burg, 1999). In theory,
simple shear is likely to be more localized than pure shear
(Cobbold, 1976; see also Lin et al., 1998), because simple
shear/noncoaxial strain may lead to strain-softening,
whereas pure shear/coaxial strain may lead to strain-hard-
ening (Williams and Price, 1990).

Although many high strain zones in the shallow crust are
interpreted to have formed by localized simple shear flow,
other flow regimes may operate in the metamorphic envir-
onment, that involve deforming wall rocks in high strain
zones (Tikoff and Fossen, 1999). If shear is oblique to the
principal stretching directions of the wall rocks of a high
strain zone, then the deformation path is triclinic and the
geometry of the resulting fabric elements is different from
those produced by monoclinic deformation (Robin and
Cruden, 1994; Jiang and Williams, 1998; Lin et al., 1998).
As deformation progresses, strain will be localized by the
changing rheology that results from factors such as reaction-
enhanced ductility (e.g. White and Knipe, 1978; Rutter and
Brodie, 1995) and melting (e.g. Rutter and Neumann, 1995;
Brown and Rushmer, 1997; Brown and Solar, 1998a).
Further, the introduction of melt into shear zone systems
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is widely postulated as a weakening mechanism that will
concentrate strain within the system (Hollister and
Crawford, 1986; D’Lemos et al., 1992; Grocott et al.,
1994; Pavlis, 1996). Finally, there is the question of the
influence of stratigraphic succession as a planar anisotropy
on the development of fold belts or thrust belts, particularly
with respect to the production of a weak layer due to melt-
ing, which will enhance folding over faulting (Erickson,
1996).

Structures in the Central Maine belt of the northern Appa-
lachians (Fig. 1) developed in response to dextral transpres-
sion associated with oblique convergence (e.g. van Staal and
de Roo, 1995; West and Hubbard, 1997). In this paper, we
have used revised stratigraphic mapping (Solar, 1999),
structural field data and microstructural fabric observations
from an area in western Maine to investigate the nature of
deformation partitioning. We have documented mesostruc-
tures, microstructures and asymmetric structures, and their
spatial relations, and propose a model to explain the
progressive evolution of the transpressive shear zone system
in which they occur.

2. The northern Appalachian orogen

The northern Appalachians are divided into several
NNE-SSW-trending tectonostratigraphic units (Fig. 1;
Zen, 1989; Robinson et al., 1998). The Central Maine belt
(CMB), which is continuous with the Central Mobile belt in
Maritime Canada, is the principal unit that occupies most of
the eastern part of New England and New Brunswick. The
CMB is composed of a Lower Paleozoic sedimentary
succession, deformed and metamorphosed at greenschist
to upper amphibolite facies conditions, and intruded by
plutons of Devonian age (e.g. Osberg et al., 1968; Williams,
1978; Moench et al., 1995; Bradley, 1998; Robinson et al.,
1998; Solar et al., 1998). The CMB is located between
Ordovician rocks of the Bronson Hill belt (BHB) to the
WNW, which were deformed and metamorphosed during
the Ordovician Taconian orogeny (Ratcliffe et al., 1998, and
references therein), and Neoproterozoic to Silurian rocks of
the Avalon Composite terrane (ACT) to the SSE (e.g.
Stewart, 1989; Stewart et al., 1992; West et al., 1995;
Cocks et al., 1997).

In the northern Appalachian orogen, deformation was
partitioned heterogeneously during dextral transpression in
response to Early Devonian oblique convergence (van Staal
and de Roo, 1995; van Staal et al., 1998). Dextral-SE-side-

up displacement was accommodated within the CMB shear
zone system (Brown and Solar, 1998a; Solar et al., 1998;
Solar, 1999; Solar and Brown, 1999) while dextral—trans-
current displacement was accommodated within the Norum-
bega shear zone system (Swanson, 1992; West and
Hubbard, 1997; West, 1999) along the southeastern side
of the CMB (Fig. 1). By the Carboniferous, deformation
had ceased within the CMB shear zone system and strain
had localized into the Norumbega shear zone system
(Hubbard et al., 1995; West and Hubbard, 1997; Ludman,
1998; West, 1999).

3. The geology of western Maine

In eastern New Hampshire and western Maine, interpre-
tations of the structure have concentrated traditionally on
the regional scale folds and syn-deposition faults inferred
from the map patterns of stratigraphic units (Fig. 1; e.g.
Moench, 1970b; Bradley, 1983; Moench and Pankiwskyj,
1988; Moench et al., 1995; Eusden et al., 1996). Much effort
has been made to document metamorphic reactions, and to
separate periods of metamorphism (e.g. Guidotti, 1974,
1989; Holdaway et al., 1982; Chamberlain and England,
1985; Eusden and Barreiro, 1988; Smith and Barreiro,
1990) and plutonism (e.g. Tomascak et al., 1996; Bradley,
1998; Solar et al., 1998).

3.1. The Rangeley stratigraphic sequence

The CMB is composed of a Silurian to Early Devonian
sedimentary succession called the “Rangeley stratigraphic
sequence” that was deformed and metamorphosed during
the Devonian (Acadian orogeny; Bradley, 1998). The
sequence is estimated to be as much as 10 km in thickness,
made up of ~5 km each of Silurian and Devonian rocks
(Moench and Boudette, 1970; Moench et al., 1995). Strati-
graphic units are defined in the western Maine study area
(Fig. 1; Moench and Boudette, 1970), and have been
extended across most of the New England Appalachians
(e.g. Hatch et al., 1983).

The stratigraphy of the sequence is preserved through
metamorphism, and begins in the northwest with a proximal
coarse conglomerate in the lower part of the Rangeley
Formation, interpreted to mark the beginning of the Silurian
(e.g. Moench, 1970a), grades upward (SE) into a progres-
sively distal Silurian turbidite sequence and finishes in the
central part of the area (Fig. 1) with a distal Devonian unit
(see Moench et al., 1995, for a summary). The sequence has

Fig. 1. Geological map of the study area, western Maine. Devonian transpression (Acadian orogeny) was partitioned into oblique thrusting (dextral) in the
Central Maine belt shear zone system (CMBSZS) and dextral—transcurrent displacement along the Norumbega shear zone system (NSZS). CT = Connecticut,
NH = New Hampshire, MA = Massachusetts, ME = Maine, RI = Rhode Island, and VT = Vermont. The map pattern of stratigraphic units in the study area is
modified from Moench et al. (1995), based on new mapping and interpretation of existing maps (Solar, 1999). Within the Rangeley stratigraphic sequence,
alternate units are shaded to clarify the map pattern of the stratigraphic succession. Structures in this map area are shown in Figs. 2 and 3. BHB is the Bronson
Hill belt and CMB is the Central Maine belt. The Greenvale Cove tectonite zone coincides in part with the map pattern of the Greenvale Cove Formation of

Moench (1969, 1971) and Moench et al. (1995).
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ROCK TYPES (details on Fig. 1) STRUCTURES
plutonic rocks / strike-of-foliation form line
migmatitic rocks (Tumbledown and Weld / zone of fine-grained tectonite at BHB-CMB contact
Anatectic Domains; TAD and WAD) (Greenvale Cove tectonite zone)
[ | metamorphic rocks (Ordovician to - pole to foliation

Devonian stratigraphic succession) - mineral elongation lineation

+  pole to compositional layer (relict bedding)

Fig. 2. Form line map of foliation in the study area (modified after Brown and Solar, 1998b; Solar, 1999). More closely-spaced lines denote steep foliation dips
and more widely-spaced lines denote moderate dips; foliation is only locally shallowly dipping. Continuous belts of steeply-dipping, N- to NE-striking
foliation (‘straight’ belts) alternate with intervening zones where foliation has moderate dips and variable strike (see text for details). Stereograms are lower-
hemisphere, equal-area (Schmidt) projections of grain-shape fabrics, and poles to compositional layers measured in the field. Since the structural system is
curved at the regional scale, structural data rotate from NE—SW trends in the NE to N—S in the SW. The structural pattern rotates back to NE-SW along strike
to the SW out of the study area. Orientation of compositional layering and foliation for outcrops at (a), (b), (c) and (d) are shown in Fig. 3.
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been separated into seven apparently conformable forma-
tions, based largely on the relative thickness and frequency
of alternating centimeter- to decimeter-scale psammite vs
pelite layers (inferred relict bedding; Moench, 1970a;
Moench and Boudette, 1970), coupled with variations in
the proportion of metamorphic minerals in the pelite layers
(Moench, 1998, personal communication). Locally, cross-
stratification is preserved in psammite layers (particularly in
the Perry Mountain Formation).The summary stratigraphic
succession listed in Fig. 1 follows the most recent compila-
tion of Moench et al. (1995), but is modified in the eastern
part of the study area (Solar, 1999).

3.2. Regional metamorphism

Polymetamorphism of the Rangeley stratigraphic
sequence in western Maine is well documented, particularly
regarding the rocks to the northwest and east of the migma-
tite domains, TAD and WAD (Guidotti, 1970, 1974, 1989;
Holdaway et al., 1982, 1997). The study area is located in
the part of Maine where greenschist facies rocks to the
northeast increase in grade to upper amphibolite facies
within 20 km along strike to the southwest (see summary
in Guidotti, 1989). Across the study area, the amphibolite
facies rocks are characterized by porphyroblasts of garnet,
staurolite and locally pseudomorphed andalusite enclosed
within a matrix dominated by muscovite, biotite, quartz,
plagioclase, and opaque phases, generally ilmenite, graphite
and pyrite. Fibrolite is an important fabric-forming matrix
phase at upper amphibolite facies, especially in migmatitic
rocks. Thus, the metamorphism is of high-7-low-P type,
although the metamorphic field gradient is the product of
polymetamorphism (e.g. Guidotti, 1989) related to pluton-
driven thermal pulses (De Yoreo et al., 1991) overprinted on
a regionally elevated thermal gradient that resulted from
transpression (Brown and Solar, 1999; Solar and Brown,
1999).

3.3. Migmatite

Within the CMB, the study area marks the northern limit
of migmatite in the northern Appalachians, in the Tumble-
down and Weld anatectic domains (TAD and WAD),
respectively (Fig. 1). In western Maine, we separate migma-
tites into stromatic and inhomogeneous varieties (e.g.
Brown and Solar, 1999). These two types of migmatite
map into discrete zones that alternate across the regional
strike (Fig. 1), and are interpreted to have formed at similar
structural levels (Solar, 1999). The protolith of the migma-
tites is interpreted to be rocks of the Rangeley stratigraphic
sequence based upon compositional layers that reflect relict
bedding in some of these rocks, and because the mineral
assemblage of sillimanite (fibrolite) + garnet + biotite +
quartz + plagioclase + opaque phases = muscovite * clino-
zoisite is consistent with metamorphism of psammite and
pelite at upper amphibolite facies conditions. All migma-
tites contain fibrolite and biotite as the fabric-forming

phases, and have discrete to diffuse leucosomes containing
microstructures, such as crystal faces and mineral films
along grain boundaries, consistent with crystallization
from melt (e.g. Sawyer, 1999).

The stromatic migmatites have a planar structure defined
by parallel centimeter-scale compositional layers, penetra-
tive foliation and high-aspect-ratio leucosomes. Centimeter-
to meter-thick granite sheets are concordant to weakly
discordant with respect to the planar structures. Many of
these sheets are composite (Brown and Solar, 1999). Inho-
mogeneous migmatite lacks this planar structure, and
includes several different structural types whose contacts
are gradational (Solar, 1999). In the northern part of the
TAD and WAD, leucosomes in diatexite migmatites are
diffuse to discrete, in which case the leucosomes tend to
be rod-shaped with a long dimension that is moderately-
to-steeply ENE plunging, similar to the attitude of mineral
elongation lineation. Meter-scale cylindrical bodies of gran-
ite occur within these diatexite migmatites. We have argued
that melt was pumped along the foliation in the stromatic
migmatite, while en masse transfer of melt plus residue by
melt-enhanced granular flow occurred in the inhomoge-
neous migmatite (Brown and Solar, 1998a,b, 1999).

3.4. Granite

Granite plutons are kilometer-scale by area (Fig. 1). In
contrast to country rocks, the granites record no evidence of
solid-state deformation internally, although foliation is
apparently deflected in rocks around the Redington pluton
(R; Figs. 1 and 2). Some larger plutons cut across the regio-
nal structures without either significant deflection of struc-
tural trends or formation of a significant deformation
aureole (Figs. 1 and 2), suggesting displacement of rock
out of the map plane. The close association between smaller
plutons (by area), such as the Phillips pluton, the Lexington
pluton in its northern part, and inhomogeneous migmatite in
similar structural zones (Figs. 1 and 2), has been used to
suggest a relationship between structure, granite ascent and
emplacement (Brown and Solar, 1998a, 1998b, 1999; Press-
ley and Brown, 1999).

3.5. Timing of orogenesis

Smith and Barreiro (1990) determined U-Pb monazite
ages from samples of pelite collected from staurolite zone
rocks. Their results demonstrate two distinct concentrations
of metamorphic ages that are interpreted to reflect regional
metamorphism at 405-399 =2 Ma and contact meta-
morphism related to the Mooselookmeguntic pluton
(Figs. 1 and 2) at 369-363 = 2 Ma. Solar et al. (1998)
determined U-Pb zircon and monazite ages (interpreted to
date crystallization) from samples of granite sheets and
lenses in stromatic migmatite, and plutons. These ages are
concordant, and are similar in the range c. 408—404 Ma,
except the younger Mooselookmeguntic pluton, which
yielded ages of c. 389 and c. 370 Ma from two discrete
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+ pole to compositional
layer contact
(relict bedding)

¢ pole to foliation

Fig. 3. Lower-hemisphere, equal-area (Schmidt) projections of grain-shape
fabrics (defined by bladed mica and elongate ribbons of quartz aggregates)
and poles to compositional layers for four outcrops: (a) and (c) are from
‘straight’ belt rocks, (b) is from a structural transition zone and (d) is from
rocks in an intervening zone. Locations are shown in Fig. 2. There is a
strong similarity in orientation of both compositional layering and foliation
in ‘straight’ belts, which is not seen in the outcrop from the intervening
zone.

granite types. These data support a model of contempora-
neous deformation, metamorphism, and granite ascent
through the crust in the study area (Brown and Solar, 1999).

4. Structural geology of western Maine
4.1. Two types of structural zone

The principal structures of western Maine are: (1) the
kilometer scale open to tight folds of the stratigraphic
succession, defined by the orientation of centimeter to deci-
meter scale psammite—pelite compositional layers (Fig. 1;
see Fig. 4, section A—A'); and, (2) the kilometer scale alter-
nation of structural zones, defined by the NE—SW-striking
and steeply SE dipping domainal structure of the CMB
shear zone system and the characteristic fabrics of the alter-
nating zones (Figs. 2 and 3; Solar and Brown, 1999). The
regional structure is well illustrated by the foliation form
line map of Fig. 2, in which a pattern emerges of zones of
straight and sub-parallel form lines that wrap around areas
where the form lines are more variable in strike. These two
types of structural zone coincide with differences in the dip
of compositional layers; the layers are more steeply dipping
in the zones of straight foliation form lines. The structural
style and intensity of fabrics in each of these zones vary with
compositional layer and metamorphic grade (Solar and
Brown, 1999).

Stereograms of the attitudes of mineral fabrics and
compositional layers (Fig. 2) show the fundamental differ-
ence between each zone. A strong NE-plunging penetrative
mineral elongation lineation (amount of plunge variable) is
present in metasedimentary rocks in both types of zone, and
is defined by the same metamorphic minerals at the same
metamorphic grade. In contrast, the intensity and orientation
of foliation vary by zone. Where foliation form lines are
sub-parallel, foliation is strongly developed, and is oriented
sub-parallel to contacts between compositional layers
(Figs. 2 and 3). This structural style occurs in ‘straight’ to
arcuate belts at outcrop and map scales (Fig. 2). In contrast,
rocks in the intervening zones between these ‘straight’ belts
have weakly-defined foliation that is variable in orientation.
Further, compositional layers in the intervening zones vary
in attitude, and are not parallel to foliation in the same
outcrop (Fig. 3), which transects the layers. At map-scale,
the pattern of structural zones shows an alternation of these
two types such that ‘straight’ belts of consistently-oriented
planar structures, some of which anastomose, are separated
by intervening zones, some of which are lens-shaped, in
which planar structures vary in orientation (Fig. 2).

Boundaries between the structural zones appear sharp at
map scale (Fig. 2), but are gradational in outcrop over
meter-scale transition zones. Across these transitions,
traversing away from ‘straight’ belts into the intervening
zone rocks, compositional layers and foliation change
progressively, becoming more variable in strike and more
moderate in dip. However, the orientations of both mineral
lineations and hinge lines of folded compositional layers
generally do not vary significantly across these transitions.
Foliation diminishes in intensity in the same direction, away
from the ‘straight’ belts, but the lineation is equally well
developed in both zones, with a progressively more variable
attitude (Fig. 2, stereograms). Contacts between strati-
graphic units generally occur within these structural transi-
tion zones, as do the transitions between stromatic and
inhomogeneous migmatite types, but at map-scale litholo-
gical contacts are transected at a shallow angle by structural
zone boundaries (compare Figs. 1 and 2). Also, styles of
migmatite (summarized by Solar, 1999) and shapes of gran-
ite bodies within the migmatite domains (TAD and WAD;
Brown and Solar, 1999) vary consistently with structural
zone, where stromatic migmatite and sheets of granite are
largely within ‘straight’ belts, while inhomogeneous
migmatite and cylinders of granite occur exclusively within
intervening zones (Figs. 1 and 2).

4.2. Three-dimensional structure of the CMB shear zone
system

Our model of the three-dimensional structure of western
Maine is based upon the mapped structural pattern and inter-
pretations of various types of geophysical data on the
subsurface structure (Stewart, 1989; Unger et al., 1989;
Stewart et al., 1992; Zhu and Ebel, 1994; Musacchio et al.,
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Fig. 4. Simplified structural and metamorphic zone map and structure sections. The locations of ‘straight’ belts are indicated. S;—S, rakes shown in Fig. 8 are
from locations a—i. Section A—A’ shows the inferred listric geometry of the structural system where ‘straight” belts (shaded) converge into a single shallowly
SE-dipping root zone at ~13 km depth (Brown and Solar, 1999). Line segments on A—A’ are intersections of mineral foliation with the plane of the diagram.
The curvature of foliation across boundaries between structural zones is intended to show SE-side-up sense of shear. The area within the dotted line box on A—
A is shown below the section to illustrate the inferred geometry of folds of the stratigraphic sequence (tighter in ‘straight’ belts; ornament is the same as shown
on Fig. 1). Section B-B' is drawn to show the higher-grade rocks, particularly the inferred distribution of migmatites with depth (see Brown and Solar, 1999;
Solar, 1999). Line segments are intersections of foliation with the plane of section. Avalon-like basement rocks are thrust imbricately westward to thicken the
crust. Following thickening, isotherms are displaced upward in the crust as illustrated by the asymmetric migmatite front (the contemporary solidus, shown as

a continuous solid line).
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1997). From the arc described by the ‘straight’ belts in the
map plane (concave to the SE) and their strike length
(Fig. 2), we infer that they continue to depth. Based upon
interpretations of geophysical data (Brown and Solar,
1998b), we interpret these zones to converge into a sub-
horizontal root zone at approximately 13 km depth (see
Fig. 4). Intervening zones are interpreted to pinch out with
depth. Toward shallower levels, now removed by erosion,
the ‘straight’ belts may have fanned upward in response to
decreasing 7. Although intervening zones likely thickened
upward as the ‘straight’ belts narrowed to maintain strain
compatibility, they also change in three-dimensional
geometry from lens-shaped to planar, as reflected in the
spatial change from SE to NW from deeper to shallower
structural levels. Thus, we interpret the three-dimensional
shape of the structure to be listric where dips shallow with
increasing depth. This interpretation is consistent with the

expected change in orientation of structures as a result of the
decrease in supported differential stress with increasing
depth, and with the production of a weak layer at depth as
part of the stratigraphic succession begins to melt. The stee-
per plunge of lineations in the central part of the area of
study, where the foliation is rotated from NE- to N-striking,
may reflect deformation in a restraining bend within the
structure. Steeper lineations in the restraining bend may
record a larger component of dip-parallel displacement,
which may account for the occurrence of migmatite in this
area, reflecting exhumation of deeper crust.

4.3. ‘Straight’ belts

4.3.1. Mesostructures
Primary structures in ‘straight’ belt rocks include rhyth-
mic alternation of lithological layers of psammite and pelite

Fig. 5. Field relations in ‘straight’ belts. (a) Steep exposure of Perry Mountain Formation in the central ‘straight’ belt, as seen in the Swift River (Coos
Canyon), Byron, Maine. View is along strike of the compositional layers to the SSW (ESE is left). The alternating layers with different gray intensities reflect
differences in composition (lighter gray is psammite, darker gray is pelite). Note the ‘pinch and swell’ structure of the granite sheet at right of center, which is
sub-parallel to layering, and the boudinaged granite sheet at left of center, which is discordant to layering. (b) Preserved waveform stratigraphy in the Perry
Mountain Formation at the type locality on Perry Mountain in Sandy River Plantation, Maine (central ‘straight’ belt). In views down-plunge of the mineral
elongation lineation, these structures are always tilted to the right (NE) along the layering, consistent with other kinematic indicators (see Fig. 6). (c) Pavement
exposure of compositional layers in Perry Mountain Formation (central ‘straight’ belt; Coos Canyon, Byron, Maine) that illustrate dextral general shear. The
quartz vein is sheared inhomogeneously to the right along the compositional layers; shear was concentrated within the pelite layers (darker gray layers). The
psammite layer immediately below the lens cap has its greatest thickness where it is cut by the quartz vein to indicate flattening across the compositional
layers. Sense of shear is consistent with other kinematic indicators (see Fig. 6). (d) Flattened conglomerate in the basal Rangeley Formation [unit ‘a’ of
Moench et al. (1995)] at the type locality, western ‘straight’ belt, Maine Rt. 4, SE of Rangeley, Maine.
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Fig. 6. Asymmetric structures in ‘straight’ belt rocks that suggest dextral-SE-side-up sense of shear. (a) Dextral ramps of compositional layers in pavement
exposure of the Rangeley Formation (western ‘straight’ belt), near Rangeley, Maine. (b) Quartz vein parallel to compositional layers folded parasitically
(Perry Mountain Formation, central ‘straight belt”), Swift River, Byron, Maine. Note dextral shear of the hinge zone (upper left). (c and d) Ptygmatic folds of
discordant granite (c) and granite in shear fractures (d) in the same set of layers in pavement outcrop of high grade (upper amphibolite facies) Perry Mountain
Formation, Swift River, Mexico, Maine. Each structure is interpreted to indicate dextral shear, because the folds in (c) are the result of shortening of left-
stepping tension gashes during layer-parallel shear and layer-normal flattening, and the veins in (d) are interpreted to infill brittle shears formed in association
with cm-scale folds of the foliation. (e) Sheared quartz vein in pavement outcrop of the Perry Mountain Formation (central ‘straight’ belt), Byron, Maine. The
vein is interpreted to have formed sub-perpendicularly to layers, but subsequently underwent inhomogeneous dextral shear. Shear was apparently localized
within the pelite layers (as in Fig. 5c¢). (f) Asymmetric microstructure in lineation parallel and foliation perpendicular thin section view (long dimension is
3.5 mm), sample of Perry Mountain Formation, Swift River, N of Byron, Maine. The garnet porphyroblast has quartz and mica strain shadows that resemble o
tails to suggest top-to-the-right sense of shear. This suggests shear was along the foliation in the direction of the lineation. In this view SE is to the top, so shear
was SE-side up along the lineation. The inclusion trails in the garnet are not parallel to matrix foliation (see rake data in Fig. 8).

(Figs. 5 and 6). Locally, cross-lamination, asymmetric the asymmetry of these sedimentary structures (Fig. 5b). On
ripples and convolute lamination are preserved within a strictly local basis, stratigraphic way up may be deter-
psammite layers. Ripple patterns when observed show inter- mined, particularly where cross-laminae and ripples are

ference of the initial waveform and folding, that accentuates observed in psammite. Using these local structures,
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Fig. 7. A pair of field photographs (a and b) and a pair of transmitted light photomicrographs of thin sections cut perpendicular to foliation (c and d) that show
typical microstructural relations in ‘straight’ belt rocks, both pairs from the Perry Mountain Formation in the central ‘straight’ belt, Byron, Maine. The thin
section pair is from the rock shown in (a) and (b), and consists of a lineation-parallel view (c) and a perpendicular view, downplunge of the lineation (d). Q and
P mark the centers of quartzo—feldspathic and pelite domains (Q- and P-domains), respectively. These are mineral segregation layers whose intensity varies
along their length, and are scale dependent [compare (a) and (c)]. Contacts between these domains are sharp. (a) View parallel to lineation and perpendicular to
foliation (view down to the SW, SE is to the left, lineation plunge is downward in the plane of the page). (b) View parallel to both lineation and foliation (NE is
to the left). The mineral fabric is strongly developed and defined by the preferred orientation of elongate muscovite and acicular biotite porphyroblasts. In (c),
biotite porphyroblasts are ‘fish’, and porphyroblasts of staurolite are wrapped by matrix minerals to form strain-shadow tails along the lineation. Some of these
tails are asymmetric suggesting left-side (SE-side) up shear sense along the lineation. In (b), the pseudomorph after andalusite is elongate along the foliation, at
a shallow angle to the lineation. Comparison of lineation-parallel and lineation-perpendicular views illustrates the penetrative nature of foliation and lineation,
where grain shapes are conspicuously longer in the lineation-parallel view. In (c), the strain shadow tails around porphyroblasts of staurolite, garnet and biotite
are pronounced relative to these structures in (d).
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younging is generally toward the southeast across strike.
Without these features, establishing way up is difficult
because sharp contacts occur on both sides of compositional
layers making the use of apparent relict grading proble-
matic. In pelite layers, sedimentary structures have not
been preserved due to recrystallization and the development
of a pronounced centimeter-scale mineral segregation fabric
of alternating quartzo—feldspathic (Q) and mica-rich/pelite
(P) domains (cf. Passchier and Trouw, 1996; see also Yard-
ley, 1989), sub-parallel to psammite—pelite contacts. This
domainal fabric resembles sedimentary bedding due to
sharp contacts across strike (Figs. 5 and 7; see also Solar
and Brown, 1999), but the domains are gradational along
strike (Fig. 7a). Since all rocks considered here are recrys-
tallized, most at amphibolite facies conditions, we expect
that primary millimeter scale sedimentary lamination will
no longer be preserved. Thus, the determination of strati-
graphic way up based upon apparent grain-size sorting and
grading is unlikely to be reliable at this (millimeter) scale
where grain size reflects recrystallization and/or recorded
strain. Thinning of compositional layers is evident (e.g.
Fig. 5c) by the presence of flattened and elongated cobbles
in conglomerate of the basal Rangeley Formation (Fig. 5d)
and elongated pods of calc-silicate rock (relict concretions)
found throughout the succession. Matrix fabrics are trun-
cated and/or are flattened against porphyroblasts of stauro-
lite where they occur at psammite-pelite contacts (Solar,
1999; Solar and Brown, 1999).

Compositional layers are typically centimeter scale and
laterally continuous. Layers are planar and sub-parallel, and
therefore form a ‘straight’ structure in all two-dimensional
views (Figs. 5 and 6), and a planar structure in three-dimen-
sions (see stereograms in Fig. 2). Local contortion of layers
into tight meter-scale asymmetric folds occurs within
discrete and isolated meter-scale domains at outcrop
(Fig. 6). In the same outcrops, folds form both ‘Z’- and
‘S’-asymmetries in down-plunge profile view, all with
moderately NE-plunging hinge lines. Generally, layers in
the short limb of “Z’ folds are thinner in comparison with
the same layer in the long limb. In contrast, layers in the
short limb of ‘S’ folds commonly are thicker, but in both
cases, compositional layers in the longer limbs are oriented
parallel to non-folded layers in the same outcrop. Shapes of
folds at their hinge zones are angular to sub-rounded, with
the more rounded hinge zones defined by psammite layers.
Typically, meter-scale folds are disharmonic to polyharmo-
nic with apparent parasitic centimeter and millimeter scale
folds of mineral segregation layers within pelite layers, indi-
cating that metamorphic segregation to form the Q and P
domains occurred pre- to syn-folding. The orientation of
hinge lines of these folds is sub-parallel across the ‘straight’
belts, but varies along strike such that they are more steeply
NE-plunging in the south, and more shallowly NE-plunging
in the north. Foliation in the meter-scale fold domains trans-
ects fold limbs without disruption, and is not parallel to the
fold axial plane. The foliation is continuous with the

penetrative foliation in the outcrop. Without any supporting
evidence of overprinting, we interpret these variations in
plunge of fold hinge lines and foliation-transected folds to
have been produced during one progressive triclinic defor-
mation (cf. Jiang and Williams, 1998). Locally, quartz veins
are associated with folds, and deformed as part of the fold
set (e.g. Fig. 6b), or quartz veins occur as tension gashes
within fold hinge zones in psammite only.

In outcrops, typical asymmetric structures are: (1) deci-
meter-scale zones of disrupted and thickened compositional
layers (Fig. 6a); (2) offset quartz veins (Figs. 5c and 6b and
e); (3) en echelon ptygmatic folds of quartz veins (Fig. 6¢);
(4) centimeter- and millimeter-scale en echelon quartz or
granite filled shear fractures (Fig. 6d); (5) en echelon miner-
alized tension gashes in psammite layers; (6) discordant
decimeter- and centimeter-scale quartz and granite boudi-
nage and ‘pinch-and-swell’ structures (Figs. 5a and 6e); and
(7) asymmetric tails wrapped around porphyroblasts of
garnet and staurolite. Commonly, millimeter-scale en eche-
lon veins truncate mineral fabrics, and are limited to psam-
mite layers, whereas centimeter-scale veins refract across
layer contacts in staurolite grade rocks (e.g. Fig. 6e), and
cross centimeter scale layers at sillimanite grade (e.g. Fig. 6¢
and d). In horizontal view, en echelon quartz- or granite-
filled shear fractures are consistently right stepping across
strike while mineralized tension gashes consistently step
left. In vertical views to the SW, these same en echelon
structures are up and down stepping, respectively. In pave-
ment, both centimeter-scale discordant boudinage and zones
of thickened strata are offset consistently right lateral
(Fig. 6a) while in vertical views to the SW these structures
are consistently SE-side-up offset across the ‘straight’ belts
(Fig. 5a).

At the millimeter scale, rocks are typified by a penetrative
steeply SE-dipping mica and quartz-ribbon foliation and a
moderately NE-plunging bladed muscovite and acicular
biotite mineral elongation lineation (Fig. 7a and b). Folia-
tion is straight and oriented consistently with steep dips in
all two-dimensional views to define a planar fabric similar
in attitude to contacts between compositional layers. Atti-
tudes of the mineral fabric do not vary more than 2° in any
direction across a meter scale outcrop, or 5° across larger
outcrops (Fig. 5a).

Fabrics in greenschist and lower amphibolite facies rocks
are typified by a pronounced cleavage overprinted upon
apparent relict convolute bedding (Guidotti, 1974; Solar,
1999). Foliation in pelite layers is typically discordant to
compositional layers (5—10°). At middle amphibolite facies,
biotite occurs as ‘fish’. Aggregates of quartz that form strain
shadow tails around porphyroblasts of staurolite and pseu-
domorphs after andalusite are locally conspicuous in
outcrop (Solar and Brown, 1999). Foliation is locally crenu-
lated at the centimeter-scale with moderately NE-plunging
hinge lines. An intersection lineation is defined within some
of these rocks by the intersection of the dominant mica
foliation, seen in Fig. 7a,c and d, and a weaker spaced biotite
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foliation. These intersections are NE-plunging sub-parallel
to the hinge lines of the crenulations and folds of composi-
tional layers, and to the mineral lineations.

4.3.2. Microstructures

Mineral textures are described based on examination of
pairs of thin sections oriented according to rock fabrics
(Fig. 7), viz. perpendicular to foliation, and parallel and
perpendicular to the mineral elongation lineations. Some
sections were cut parallel to foliation. In all sections, the
dominant microstructure of non-anatectic rocks in ‘straight’
belts is a penetrative and continuous mica and quartz-ribbon
foliation and a bladed mica lineation (Fig. 7). Both foliation
and lineation are readily observed at outcrops of middle
amphibolite facies and higher grades (Fig. 7a and b). In
foliation-normal thin sections, foliation is domainal (centi-
meter and millimeter scale Q and P domains), similar to
observation at outcrop. The grain size is generally smaller
within the P domains (0.1-0.3 mm; Fig. 7), and quartz in
both domains shows an apparent weakly preferred c-axis
fabric (Solar and Brown, 1999). Mica laths that define the
foliation are elongated with a strongly preferred orientation
defining a mineral elongation lineation that penetrates the
rock (Fig. 7). Mica grain shape is strongly bladed, and is
determined to be 41:3:1 using the inverse SURFOR wheel
method of Panozzo (1987) on the two-dimensional surfaces
of the thin sections shown in Fig. 7c and d (Solar, 1999).
The mineral elongation lineation is moderately NE-
plunging, similar in orientation to the intersection lineation
generated by the spaced biotite foliation and the dominant
mica foliation, and meter scale fold hinge lines.

The matrix minerals surround porphyroblasts of biotite,
garnet, staurolite and andalusite to form both symmetric and
less-commonly asymmetric strain shadow tails of quartz
and mica aggregates (Solar and Brown, 1999). Asymmetric
tails are longest in lineation-parallel views in an orientation
parallel to the foliation and lineation in the rock (aspect ratio
~3.5-5; e.g. Fig. 6f). Strain shadow tails around porphyr-
oblasts are also observed in the lineation-perpendicular
sections, but with lower aspect ratios (1.5-2.5). Contacts
between Q and P domains are deflected around porphyro-
blasts of staurolite where they occur at or near the contacts
(e.g. Fig. 7c; Solar, 1999).

Some observed porphyroblast inclusion trails (S;) are
parallel to matrix foliation (S.), but most are discordant.
Textural zones commonly are present within garnet and
staurolite, defined by the change in orientation of inclusion
trails from core to rim. Fig. 8 summarizes rakes between S;
and S, as measured in lineation-parallel thin sections from

‘straight’ belt rocks. The results show that S; rake is consis-
tent in direction in any one thin-section, either up- or down-
plunge of the lineation, but varies up to 80° (Fig. 8i).

4.3.3. Interpretation

Structural data collected from ‘straight’ belt rocks at all
grades of metamorphism, including migmatite, show a
consistency in orientation of all structural elements, which
suggests nearly complete transposition of compositional
layers into parallelism with the tectonic fabric as defined
by the matrix minerals. The exception to this is the locally
developed small-scale en echelon structures (Fig. 6), which
we interpret to be developed late during the deformation
because they crosscut mineral fabrics. Foliation transects
meter-scale folds of compositional layers that may mimic
the regional-scale folds of the stratigraphic succession
(Fig. 4, see section A—A’). The consistency of orientation
of both foliation and lineation across the strike of ‘straight’
belts suggests that the foliation is sub-parallel to the A|—\,
plane, and the lineation is sub-parallel to the direction of
maximum principal finite stretch ().

Although asymmetric structures record apparently differ-
ent stages of the progressive deformation (biotite ‘fish’ and
strain shadow tails around porphyroblasts, and en echelon
structures), they suggest consistent kinematics. Ramp stack-
ing of compositional layers, as seen in pavement outcrop,
shows right-lateral offset (Fig. 6a). Quartz-filled en echelon
tension gashes are left-stepping while, in the same outcrop,
quartz-filled en echelon shear fractures are right-stepping
and ‘S’ shaped, all suggesting right-lateral sense of shear
and layer-parallel offsetting (Fig. 6e). Similarly, in pave-
ment outcrop, left-stepping en echelon ptygmatic folds of
granite-filled tension gashes (Fig. 6¢) coexist with right-
stepping granite-filled shear fractures (Fig. 6d) suggesting
right-lateral displacement along the layers. The ptygmatic
folds are formed by dextral shear where initially planar
veins were folded within the shortening field. In contrast,
the coexisting right-stepping granite-filled shear fractures
formed initially by shear faulting of the foliation within
the domain of lengthening of the same strain ellipsoid.
The kinematics are consistent with those determined on
steeply oriented surfaces that show SE-side-up displace-
ment. Strain shadow tails around porphyroblasts are elon-
gated within the foliation in the direction of the lineation
(Figs. 6f and 7) indicating that displacement was along the
steeply dipping foliation, in the direction of the lineation.
The asymmetry of these tails is consistent with dextral-SE-
side-up oblique kinematics. In outcrops eroded sub-parallel
to mineral lineation and in lineation-parallel thin sections,

Fig. 8. Rose diagrams of S;—S. rakes measured in thin sections cut perpendicular to foliation and parallel to mineral elongation lineation (\;—\; plane), from
rocks in the central ‘straight’ belt collected at locations across strike (locations (a)—(i) in Fig. 4). Data on diagrams (d)—(h) are from different samples at the
same locality along a traverse of ~30 m across strike. The variation in S;—S, rake in each diagram summarizes data from all porphyroblasts in each thin
section. ‘n’ is the number of measurements. The vertical arrow on each diagram shows both the intersection of the foliation with the diagram, and the plunge

direction of the lineation defined by the same minerals.
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Fig. 9. Interpretation of S;—S, rake data shown in Fig. 8. Photomicrographs correspond to Fig. 8i and e, respectively, and are oriented parallel to lineation and
perpendicular to foliation. The diagram at the center is a sketch of a folded pelite layer that has intersecting foliation that is refracted across the contacts with
psammite layers (S.). View of the fold is along the lineation and normal to the foliation in the rock (plane is NE-dipping; parallel to thin sections used for data
collection in Fig. 8) to illustrate the interpretation of the obliquity of S; with respect to S, as seen in individual porphyroblasts. The sketches at the bottom are
close-up views to show the microstructural relations between the external foliation (S.) and the foliation included within the porphyroblasts (S;).

biotite ‘fish’ are observed ‘swimming’ up plunge of the
lineation to show the same kinematics (Solar and Brown,
1999). The consistent kinematics among different asym-
metric structures suggests overall dextral-SE-side-up
displacement.

The obliquity between inclusion trails (S;) and matrix
foliation (S.), as measured in lineation-parallel thin sections
(e.g. Fig. 7c; data in Fig. 8), suggests porphyroblast nuclea-
tion and growth occurred before final recrystallization of the
matrix minerals (Solar and Brown, 1999). Porphyroblasts
grew over the contemporary foliation, and either rotated
relative to the foliation, or matrix foliation was reoriented
as compositional layers were rotated and flattened during
folding. In the latter case, porphyroblasts did not rotate
(significantly) relative to contacts between compositional
layers (Solar and Brown, 1999). Textural zones within
porphyroblasts with a successively smaller rake between
S; and S, suggest progressive rotation of foliation relative
to the porphyroblasts during punctuated porphyroblast
growth. Thus, porphyroblast growth was syn- or inter-kine-
matic in these rocks. Furthermore, the observation that the
sense of pitch of S; is consistent within individual thin
sections (Fig. 8), and this pitch alternates in direction across
strike of the ‘straight’ belts, led Solar and Brown (1999) to
propose that variations in S;—S, rake reflect nucleation and

growth of porphyroblasts during progressive regional fold
tightening of the stratigraphic succession, as shown in Fig. 9.
As folds tightened, foliation recrystallized progressively
while rotating into a new orientation. Punctuated growth
of minerals over this evolving fabric at different stages is
recorded by the zonal pattern in porphyroblasts. Variation in
S;—S. rake from porphyroblast to porphyroblast within any
one thin section (Fig. 8) suggests nucleation and growth of
individual porphyroblasts was diachronous and heteroge-
neous at the scale of a thin section.

If the mineral fabrics in unmigmatized rocks define the
state of finite strain, the ellipsoid defined by grain shapes has
an oblate to plane-strain shape (k < 1 on a Flinn plot). This
shape is consistent with the similarity in orientation between
compositional layers and the foliation across the zone. In
migmatite, however, the mineral fabrics define a triaxial to
uniaxial oblate ellipsoid (0 < k < 1). Nonetheless, all rocks
within ‘straight’ belts have fabrics that define oblate shapes.
We infer from this that ‘straight’ belts are zones of S > L
tectonite where rocks accommodated apparent flattening-to-
plane strain, and we refer to ‘straight’ belts as “zones of
apparent flattening.” The general parallelism of composi-
tional layers and tectonic fabric suggests high strain.
Consistent with this interpretation, the steeply-dipping,
and sub-parallel contacts between compositional layers,
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Fig. 10. Structure of rocks in the intervening zones between the ‘straight’ belts. All examples are from the Rangeley Formation in the intervening zone between
the western and central ‘straight’ belts (compare Figs. 1 and 2). (a) Pavement outcrop in the Swift River, north of Byron Maine displays color banding that
illustrates the compositional layers (pelite layers are darker). The layers are deformed into open asymmetric folds. The field of view is to the NE, down-plunge
of the mineral elongation lineation in the rock. (b) Photograph oblique to the NE-plunging mineral elongation lineation (NE is to the right), Swift River, N of
Byron, Maine. Rocks in the intervening zones that have reached middle amphibolite facies typically weather into rod- or blade-shaped fragments, the long axes
of which are parallel to the mineral elongation lineation. (c) Photograph of a SE-dipping surface that shows compositional layers with tectonic fabric in the
pelite layers only (NE is to the right), tributary of Swift River, N of Byron, Maine. The field of view is subparallel to the trend of the lineation, defined primarily
by rods of quartz aggregates. In this rock there is a weak foliation defined by the coplanar arrangement of the rods. (d) Photomicrograph taken from a thin
section cut parallel to the penetrative lineation and perpendicular to the weakly-defined foliation in the rock shown in (a). This microstructure is typical of
rocks in the intervening zones. ‘Pullaparts’ are defined by disaggregated books of biotite (stretched along the bladed muscovite and quartz aggregate-rod

lineation).

and the map pattern of the stratigraphic succession together
define tight, kilometer-scale folds (Fig. 4, section A-A'; see
also Fig. 2, stereograms), consistent with folding in response
to finite flattening deformation.

4.4. Intervening zones

4.4.1. Mesostructures

In contrast to ‘straight’ belts, rocks in the intervening
zones are typified by a variable attitude of compositional
layers. Although rock types are similar to those in the adja-
cent ‘straight’ belts, the layers in rocks of the intervening
zones are less pronounced because contacts between deci-
meter- and centimeter-scale psammite and pelite layers are
not sharp and are gradational over ~1 cm (Fig. 10a—c). No
millimeter-scale relict sedimentary structures are observed,
except in rocks at lower metamorphic grade, and determina-

tion of stratigraphic way up is difficult; recrystallization has
erased millimeter-scale bedding, particularly in the pelite
layers. The lack of cross-stratification in psammite layers,
in contrast with ‘straight’ belt rocks, may reflect differences
in the stratigraphic succession across structural boundaries;
e.g. the contact between the Rangeley and Perry Mountain
formations is within a structural transition zone (compare
Figs. 1 and 2). Also, in contrast with rocks of the ‘straight’
belts, there is no discernable centimeter scale mineral segre-
gation fabric in the pelite layers (Figs. 10c and 11).
Compositional layers in the intervening zone rocks are
meter- to centimeter-scale, and, in contrast to the local
meter-scale fold domains found in ‘straight’ belt rocks,
define penetrative meter-scale open folds. Hinge lines of
these open folds are moderately NE-plunging (see
Fig. 10a). On stereograms, poles to contacts between
compositional layers define a girdle distribution that reflects
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Fig. 11. Microstructural relations in rocks in the intervening zones. This figure shows transmitted light photomicrographs of two pairs of thin sections (a and b
are from the rock shown in Fig. 10a and d). Each thin section is cut parallel to lineation (a and c) and perpendicular to lineation (b and d). There is no mineral
segregation fabric in any view, in contrast with ‘straight’ belt rocks (see Fig. 7). Comparison of lineation-parallel and lineation-perpendicular views for both
examples shows the penetrative nature of the linear fabric, where grain shapes are conspicuously longer in the lineation-parallel view. The lineation-
perpendicular views show this linear fabric in down-plunge view. In (b) and (d), there is a lack of strain shadow tails around porphyroblasts of garnet and
biotite, in comparison with (a) and (c), where strain shadow tails are conspicuous. Biotite in (b) and (d) are ‘pull-aparts’ in down-plunge view. Quartz in (b) and
(d) either is in the interboudin partitions within ‘pull-aparts’, or is part of quartz aggregate rods.

kilometer-scale moderately NE-plunging folds of the strati-
graphic succession (Figs. 2 and 3). Where folds of composi-
tional layers are gentle, fold limbs dip moderately between
NW and E at all scales. At map-scale, these folds are
outlined by the pattern made by the stratigraphic units
(Fig. 4, see section A—A"). Hinge zones of folds are rounded

to blunt with no discernable axial fabric. In contrast, within
‘straight’ belts, quartz veins are found in association with
folds rarely, and en echelon vein structures have not been
observed within or across layers. Boudinage is observed
where psammite layers are much thicker than surrounding
centimeter-scale interlayered psammite-pelite. Interboudin
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partitions are infilled with quartz, and commonly the ducti-
lity contrast between layers resulted in the formation of
‘fish-mouth’ boudinage. Mineral lineations (discussed in
the next section) are penetrative and transect folds defined
by compositional layers. Mineral fabrics are not parallel to
fold hinge lines in outcrop; the hinge lines plunge NE, but
more shallowly than the mineral lineations. However, both
types of lineations are sub-parallel to each other on a regio-
nal basis (see Fig. 2, stereograms).

Structures in pelite layers typically have a penetrative,
moderately to steeply N- to NE-plunging mineral elongation
lineation, defined by bladed muscovite and rod-shaped
aggregates of quartz (Fig. 10b). Psammite layers typically
show weak grain-shape fabrics only, which are difficult to
recognize at outcrop (Fig. 10c). Foliation is weakly defined,
where mica lineations form crude planes in the rock, and
shows a large variation in orientation. Poles to both foliation
and compositional layers define similar girdles (see stereo-
grams, Fig. 2). In contrast to the layers, foliation is not
folded, and instead is fanned about a moderately NE-plun-
ging rotation axis oriented sub-parallel to the mineral elon-
gation lineation, and to the regional fold axis. Fabrics in
pelites wrap around porphyroblasts of garnet and staurolite
as symmetric tails, giving the rock fabric a crenulated
appearance, with the crenulation axes plunging parallel to
the lineation (Fig. 10c). This is an artifact of the fabric
wrapping the porphyroblasts along the lineation only,
describing double-conical strain shadow tails.

Inhomogeneous migmatites in the northern part of the
TAD, within the intervening zones, are diatexites that
show a penetrative linear structure and a weak planar struc-
ture (Solar, 1999). Leucosomes in diatexites are rod-like and
meter- to decimeter-scale and granite bodies within the
diatexites are cylindrical, both with the axial dimension
moderately to steeply NE-plunging. This type of migmatite
occurs within intervening zones only, and the granite bodies
are concordant to discordant with respect to the linear struc-
ture of the host rock (Brown and Solar, 1999).

4.4.2. Microstructures

The dominant microstructure in the intervening zones is a
penetrative bladed mica and quartz-rod lineation with
common biotite—quartz ‘pull-aparts’, all of which are read-
ily detectable in outcrops of middle amphibolite facies rocks
and above, especially within the Rangeley Formation (Fig.
10). Foliation is weak, but bladed muscovite, which shows a
strong preferred orientation, and biotite ‘pull-aparts’ define
a continuous linear fabric (Fig. 11). No Q and P domainal
fabric is developed, in contrast to rocks of the ‘straight’
belts. Matrix mineral grain sizes are generally within the
range 0.1-0.3 mm, and surround porphyroblasts of garnet
(millimeter scale) and staurolite (centimeter scale). Inclu-
sions in porphyroblasts do not show a preferred orientation
in contrast to porphyroblasts in ‘straight’ belts, except in
rocks within the structural transition zones between the
‘straight’ belts and the intervening zones. If strain shadow

tails are present, they are seen in lineation-parallel views
only (e.g. Figs. 10d and 11; see also Solar and Brown, 1999)
and they are typically symmetrical about the porphyroblast
and elongate parallel to lineation, as seen in outcrop (e.g.
Fig. 10c).

4.4.3. Interpretation and summary

In rocks of the intervening zones, the compositional
layers are not rotated into parallelism with the tectonic
fabric, but there is a consistency in orientation of all linear
structures. This suggests that these rocks exhibit a different
state of finite strain in comparison with rocks in the
‘straight’ belts. The variable orientation and weak definition
of the foliation in these rocks suggests that it did not form
parallel to the N;—\, principal plane, or that this plane has a
variable orientation across the intervening zones; however,
consistency in orientation of the lineations across the regio-
nal strike suggests that they are formed parallel to the maxi-
mum principal finite stretch (A,).

Structures in rocks of the intervening zones are symme-
trical along the lineation (e.g. strain shadow tails), which
implies dominantly coaxial deformation, with a principal
finite stretch along the lineation. In outcrops oriented sub-
parallel to mineral lineation, and in lineation-parallel thin
sections, biotite—quartz ‘pull-aparts’ are interpreted to be a
mineral stretching lineation where biotite books were
extended along the direction defined by the length of the
muscovite blades, and quartz precipitated between the
separated plates. The matrix fabric wraps around the por-
phyroblasts suggesting that nucleation and growth of porphyr-
oblasts occurred before final recrystallization of the matrix
minerals (Solar and Brown, 1999), similar to rocks in the
‘straight’ belts.

The deformation in intervening zone rocks is defined
similarly by structures in both non-migmatitic and migma-
titic rocks. If the mineral fabrics in non-migmatitic rocks
define the finite strain ellipsoid, then the ellipsoid is a
prolate shape (k>> 1), consistent with the well-developed
mineral elongation lineation, and the poorly developed
foliation, which is not parallel to compositional layers.
This is consistent with the similar, but non-parallel attitudes
of mineral lineations and compositional-layer fold hinge
lines (NE-plunging). The mineral fabrics transect folds,
and are interpreted to have formed during the folding due
to oblique shear of transposing fold limbs in the direction of
the lineation (the maximum principal finite stretch). Simi-
larly, mineral fabrics in migmatite suggest a strongly prolate
grain-shape ellipsoid. In both types of rock, the fabric shows
apparent constrictional strain. We infer from this that inter-
vening zones are zones of L > S tectonite, and we refer to
intervening zones as ‘“zones of apparent constriction.”
Furthermore, the discordance between the orientation of
compositional layers and foliation, where present,
suggests that the deformation is qualitatively lower than in
the ‘straight’ belts, although the strain magnitude has not
been determined quantitatively. In agreement with this
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interpretation, at regional scale, the shallowly dipping, and
variably oriented contacts between compositional layers,
and the map pattern of the stratigraphic succession together
define open, kilometer-scale anticlines (Fig. 4, section
A-A’; see also Fig. 2, stereograms), consistent with extru-
sion obliquely out of the map plane.

5. Discussion
5.1. Regional synthesis

Within the CMB shear zone system, different states of
deformation are recorded in two types of structural zone
that alternate across strike. In ‘straight’ belts, rocks have
generally oblate grain shape fabrics and tight folds of the
stratigraphic succession at all scales (see Figs. 2 and 4),
while in the intervening zones, rocks have generally prolate
grain shape fabrics and open anticlines without intervening
synclines at the kilometer scale (see Figs. 2 and 4). Across
the region, at similar grades of metamorphism the same
minerals define the different mineral fabrics in the two
types of structural zone. Concurrently, in the same structural
zone, different minerals appropriate to the different meta-
morphic grades define similarly oriented and similarly
shaped fabrics. We infer from these observations that the
two types of zone are parts of the same shear zone system,
which developed synchronously across the region during
prograde metamorphism that accompanied tightening of
folds of the stratigraphic succession and partitioning of
deformation. In support of this interpretation, where
anatexis occurred, two different structural types of migma-
tite were formed that correspond to particular structural
zones, viz, stromatic migmatite is found in ‘straight’ belts
and inhomogeneous migmatite is found in intervening
zones. This suggests that the CMB shear zone system was
established before the onset of melting, and that melt flow
through the shear zone system was syntectonic.

Taken together, the features we describe suggest that the
CMB shear zone system developed during a single progres-
sive deformation within a geologically short period ca.
400 Ma, as suggested by the U-Pb age data of Smith and
Barreiro (1990) and Solar et al. (1998). The contrasting
patterns of deformation across the region, however, cannot
reflect simply the variations in physical properties within
and between units of the CMB stratigraphic succession.
This is implied by the observation that formation boundaries
are transected by boundaries between structural zones
(compare Figs. 1 and 2).

5.2. Synchronously developed, contrasting states of finite
strain during deformation partitioning

Theoretical modeling of deformation paths during trans-
pression suggests that the concept of a steady state deforma-
tion path is not appropriate, because it is unreasonable to
assume that simple and pure shear strain rates are constant

over the history of deformation at any scale (Jiang, 1994;
Fossen and Tikoff, 1997; Jiang and Williams, 1999). As
P-T conditions change during progressive deformation, so
must the deformation mechanisms (Knipe, 1989), and non-
steady state deformation is expected. Rheological heteroge-
neities, whether primary or secondary, are dynamic; they
will cause heterogeneous partitioning of vorticity and non-
coaxiality throughout deforming rocks (Jiang, 1994; Jiang
and Williams, 1999). Therefore, the accommodation of
deformation is non-steady state during the evolution of
transpressive structures. Progressive change in the combina-
tion of simple and pure shear end members of the flow is
controlled by the evolving rheology. One way of potentially
modeling such non-steady state deformation is using the
minimum strain path boundary condition of Fossen and
Tikoff (1997), in which strain or offset is specified and
accommodated internally to the regional structure. It is
this internal accommodation that induces heterogeneous
deformation so that strain compatibility is maintained at
all scales, which may be manifest as discrete structural
domains as a consequence of the non-coaxial deformation
(Passchier, 1990; Fossen and Tikoff, 1993, 1997; Tikoff and
Fossen, 1993). The minimum strain path concept is overly
simplistic, however, because there may be as many different
minimum strain paths as there are kinematic parameters,
and rocks do not deform to achieve arbitrarily specified
parameters (Jiang, 1998).

Kinematic partitioning of flow within the CMB occurred
early during the accommodation of strain, as folds began to
develop in an initially sub-horizontal stratigraphic sequence
whose planar anisotropy was sub-parallel to the oy—0, plane
of the far field stress. Once the layers were tilted, the rheo-
logical differences between compositional layers and strati-
graphic units, and the spacing of slip surfaces, may have
become important (Erickson, 1996). As the folds tightened
during shortening of the orogen, accommodated by flatten-
ing in the ‘straight’ belts and extrusion of the intervening
zones, melting occurred at deep levels in the thickening
stratigraphic sequence. The presence of melt lowers the
differential stress that can be supported and facilitates
reverse (hanging wall up to the south west) displacement
due to high fluid pressure (e.g. Sibson, 1985; Brown and
Solar, 1998a). Magma migration became important, and
melt was drained from a low strength partially molten
layer upward through the melt-flow network represented
by the CMB shear zone system. Thus, part of the deforma-
tion in the deep levels of the system was accommodated by
volume loss due to transport of melt to shallow levels in the
system.

A model of serial thrusting is used to explain the complex
deformation history of the CMB shear zone system. This
model is illustrated in two dimensions in Fig. 12. The early
part of the deformation history was dominated by thrusting
along listric ramps that transected the stratigraphic units.
The alternating zones of contrasting states of finite strain
were produced because of instabilities in the flow regime
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that developed at these ramps. Deformation at the ramps
involved enhanced simple shear flow in comparison with
the zones inbetween. Ramping likely progressed inboard
(SE to NW) and from top to bottom, according to models
of thrust system evolution (e.g. Boyer and Elliott, 1982, and
references therein). Although the geometry of ramps in the
deep crust remains controversial (Ramsay et al., 1988), we
assume that ramps were spaced evenly across the CMB
(Fig. 12c and d), as suggested by the experimental work
of Goff (reported in Erickson, 1996). As the system evolved,
the periodicity of fold instabilities, particularly the thrust
ramp anticlines, controlled the spacing of zones where
simple shear flow was enhanced. The processes of strain
softening in the zones of simple shear flow enabled them
to accommodate more flattening (biaxial) strain, as recorded

by the oblate grain shape fabrics that define the ‘straight’
belts. These oblate fabrics formed progressively during fold
tightening. Shortening accommodated by the flattening in
the thrust zones produced strain incompatibilities, and rocks
within the intervening zones between the thrust ramp anti-
clines were extruded to maintain strain compatibility (e.g.
Robin and Cruden, 1994). As the system evolved, the initial
‘ramp-flat’” geometry (e.g. Fig. 12a) became modified
progressively by tightening of folds (e.g. Fig. 12c—e). In
the intervening zones, although prolate fabrics were devel-
oped, the strain may have been plane (Freeman, 1985).
Strain softening in the ramp zones may have been conco-
mitant with strain hardening in the intervening zones,
enhancing rheological contrasts between the two zones.
This contrast would stabilize the evolving fabrics in the
alternating zones. The steep dips of ramp zones in
Fig. 12e, and of ‘straight’ belts in Fig. 4 (structure sections)
are interpreted to reflect late increased flattening in those
zones that steepened them from more moderate dip angles
(e.g. Fig. 12b—d).

The two-dimensional model shown in Fig. 12 explains the
alternating pattern of structural zones across strike, but does
not explain explicitly why prolate grain-shape fabrics devel-
oped in rocks between the thrust ramps, except for the
tendency of multiparticulate fabrics to be prolate (Freeman,
1985). Other factors may contribute to the development of
apparent constriction fabrics. Models of transpressional and
transtensional structural development predict that constric-
tional strain should be limited to transtensional shear zones
(e.g. Dewey et al., 1999), unless there is a volume change
(e.g. Fossen and Tikoff, 1993). Few cases of prolate fabrics
are documented in belts formed by transpression, and these
are interpreted either as local instabilities (Hudleston et al.,

Fig. 12. A set of schematic model sections to show the proposed evolution
of the CMB shear zone system. The shaded fields are the same unit at fo—t4,
and represent the folds of the Rangeley stratigraphic sequence (cf. Fig. 4,
section A—A') during the development of the structure. At time O (a), the
Rangeley stratigraphic sequence lay undeformed above the Avalon-like
basement rocks (stippled field). As the crust shortened, and was contracted
inboard [#, (b)], the sequence began to buckle asymmetrically to form a
ramp-like anticline in the middle crust. The CMB-basement contact is
interpreted to have been the zone of décollement for the detachment.
These folds correspond to contemporary thrust ramps in the shallower
crust. As the system evolved during progressive contraction, deformation
was localized within the volume of folded rocks, and the folds were tigh-
tened which likely caused progressive strain hardening of these rocks. As a
result of the strain hardening, a splay formed inboard to produce a second
set of folds [z, (c)]. As the system evolved further, shortening was accom-
modated more easily within the volumes of folded rocks to form zones of
apparent flattening strain (AFZs) separated by intervening blocks (zones of
apparent constrictional strain; ACZs). The alternation between zones corre-
sponds to the areas of tight and open folds, respectively [(d) and (e)].
Increased flattening in ramp zones steepened their dips [#, to 14, (c) to (e);
cf. structure sections in Fig. 4]. The thick dashed lines in (d) and (e) are
boundaries between the two types of structural zone (cf. Fig. 4). Although
not shown (for simplicity), translation along the shear surfaces within the
zones of flattening (dashed curves) likely produced thrusts that disrupted
fold limbs (section A—A’, Fig. 4).
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1988), or as having formed in belts where the crust was
extended laterally along the shear zone boundaries (Dias
and Ribeiro, 1994). The three-dimensional geometry of
the CMB shear zone system is apparent from the maps
and structure sections of Figs. 2 and 4. ‘Straight’ belts are
arcuate (southeast) to straight (northwest) and through-
going in plan view, and downward-converging in cross-
section view. In contrast, intervening zones are lens-shaped
at deeper structural levels in the southeast, around the
Phillips pluton and encompassing the TAD and WAD, but
wedge-shaped at shallower structural levels in the northwest
around the Redington, Sugarloaf and northern lobe of the
Lexington plutons. These observations suggest that the
geometry of the thrust ramps of Fig. 12 curves into and
out of the structure sections at deeper levels in the crust,
represented by the southeast side of the study area, i.e. the
geometry is truly listric in three-dimensions, but straightens
with decreasing depth in the crust. Although deformation in
this geometry involves divergent flow in the shear zone
system as a whole, extrusion of the intervening zones is
inferred to involve essentially outward flow as the shear
zone system lengthens. Extrusion by outward flow should
stabilize the fabric elements, particularly the correspon-
dence in orientation between the axis of maximum finite
elongation and the direction of maximum extensional flow
(Passchier, 1997; Teyssier and Tikoff, 1999). This interpre-
tation is supported by the limited variation in lineation
plunge both along and across the CMB, with a larger varia-
tion in intervening zones (Fig. 2), consistent with the infer-
ence that it records the flow direction.

Fabrics in the zones of apparent constriction may not
reflect the bulk flow field directly (e.g. Freeman, 1985),
which may be close to plane strain, but rather record
evidence of a relative increase in volume compared with
the zones of apparent flattening (Brown and Solar, 1998a),
suggesting that some component of constriction may be
real. In migmatite in intervening zones, syntectonically
formed linear leucosomes and meter-scale granite bodies
with long dimensions subparallel to the mineral lineation
in the matrix, and plutons in the region with conical roots
inside the intervening zones, suggest that magma preferen-
tially accumulated in these zones (Brown and Solar, 1999).
Thus subsolidus and suprasolidus rocks in the intervening
zones record close to uniaxial deformation.

The two contrasting types of deformation zone are not
separated by discrete boundaries, from which evidence we
infer that the two types of grain-shape fabrics did not
develop exclusively in the two structural zones. On the
contrary, observations of fabrics at the transition zones
between ‘straight’ belts and intervening zones show a
progression where oblate fabrics diminish along a traverse
across strike into intervening zone rocks. The transition
zones are interpreted to record the encroachment of the
zones of flattening strain on the zones of constriction as
material is transferred concomitantly from the zones of flat-
tening to the intervening zones to maintain a uniaxial

deformation during volume increase. This is supported by
the apparent volume increase recorded by the precipitation
of quartz between separated biotite plates in the biotite—
quartz pull-aparts, and the location of pluton roots in the
intervening zones (Figs. 2 and 4).

These observations are consistent with an alternation in
these two types of zone of the three-dimensional strain
facies as developed by Tikoff and Fossen (1999). These
different strain facies imply different types of thinning and
thickening transpressional shear zones. Comparing fabrics
in the CMB to the strain facies of Tikoff and Fossen (1999),
the zones of apparent flattening correspond with oblique
foliation/oblique lineation (strain facies 4), while the
zones of apparent constriction correspond with transverse
foliation/oblique lineation (strain facies 5). This correlation
implies a thickening deformation zone. Alternatively, the
more consistent orientation of the lineation in the zones of
apparent flattening suggests these zones are close to shear-
parallel foliation/shear-parallel lineation (strain facies 1),
while the increased variability in lineation orientation in
the zones of apparent constriction suggests a larger obliquity
between the lineation and the shear direction in these zones.
This second correlation implies a thinning deformation zone
for the zones of apparent flattening and a thickening defor-
mation zone for the zones of apparent constriction. In either
correlation, however, the strain facies must be different
from zone to zone to maintain a listric three-dimensional
geometry of the CMB shear zone system. A caveat to both
correlations is the dependence of the model on a steady state
flow regime to produce the fabrics associated with the
strain facies. However, the model appears to corroborate a
difference in deformation history between the two types of
structural zone in the CMB shear zone system.

Concentration or localization of displacement in the
‘straight’ belts is the result of accommodation of apparent
flattening in those zones, consistent with models of trans-
pressional zones (e.g. Dewey et al., 1999). This localization
implies that the ‘straight’ belts are also zones of higher
displacement and higher strain (the HSZs of Brown and
Solar, 1998a,b, 1999; Solar and Brown, 1999) in relation
to the intervening zones of apparent constriction, which are
zones of lower strain (the LSZs of Brown and Solar,
1998a,b, 1999; Solar and Brown, 1999). The alternating
oblate—prolate structural pattern of the CMB is similar in
style to that of the Shimanto and Sambagawa metamorphic
belts of Japan, respectively, although different in tectonic
setting. Oblate fabrics are found in the Shimanto belt, at the
continental margin where a more biaxial deformation was
accommodated during subduction, while prolate fabrics are
found inboard, in the Sambagawa belt, in the tectonic
wedge, where a more uniaxial extension was accommodated
(Toriumi, 1985; Toriumi and Noda, 1986).

The interpretation that zones of apparent flattening are
developed at spaced thrust ramps is consistent with field
relations where these zones mark important stratigraphic
contacts. Comparing Figs. 1, 2 and 4, the western ‘straight’
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belt/zone of apparent flattening occurs at the upper BHB—
lower CMB contact, which we interpret to be the inboard
tectonic ‘backstop’ to the regional structure. The Silurian stra-
tigraphic sequence is repeated in the eastern part of the study
area, beginning at the eastern margin of the central ‘straight’
belt/zone of apparent flattening, consistent with reverse displa-
cement across that belt. Although we have not mapped to the
east of the eastern ‘straight’ belt/zone of apparent flattening,
we suggest that this structure marks another thrust.

6. Conclusion

We interpret the CMB shear zone system to have devel-
oped as a thrust system during dextral—transpressive defor-
mation in response to Early Devonian (Acadian) oblique
convergence. The deformation was partitioned between
zones of apparent flattening strain and zones of apparent
constrictional strain. This partitioning was a consequence
of the serial development and subsequent progressive modi-
fication of thrust ramps in the Silurian to Early Devonian
stratigraphic succession above the Avalon-like basement. A
relative increase in volume in the zones of apparent
constrictional strain as the zones of apparent flattening strain
encroached on them with progressive accommodation of
strain is suggested as a mechanism to maintain the prolate
fabrics. The model is consistent with models of transpres-
sion zones, where strain is distributed heterogeneously into
belts of contrasting finite deformation (Robin and Cruden,
1994), and in which the transpression zone is stretched
along strike (Dias and Ribeiro, 1994). Further, our model
for the evolution of structures in western Maine (Fig. 12) is
consistent with the tectonic model for the Acadian orogeny
of Bradley (1998), which primarily uses the crystallization
age of plutons to suggest that the Acadian orogenic front
migrated inboard during the Devonian.
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