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ABSTRACT

The Permo-Carboniferous Alleghanian orogeny is thought to represent
the final collision of Laurasia and Gondwana in the Late Carboniferous and
early Permian. Yet, in comparison to the prior Acadian (Devonian) and Taconic
(Ordovician) orogenies, the spatio-temporal distribution of deformation and
metamorphism in the Appalachian Mountains (eastern USA and Canada) relat-
ing to the Alleghanian orogeny remains enigmatic. Notably, there are very few
direct constraints on fabric formation related to proposed Permo-Carboniferous
shear zones outside of the Honey Hill-Lake Char fault system. Here, we present a
compilation of macrostructural observations, new microstructural observations,
and new in situ geochronology and geochemical data of monazite and titanite
to constrain the distribution of Permo-Carboniferous deformation and meta-
morphism across the entire New England Appalachians (USA) while placing
explicit constraints on fabric formation ages. Our findings suggest that Permo-
Carboniferous deformation and metamorphism in the northern New England
Appalachians (Vermont, New Hampshire, and Maine) are characteristic of upper
crustal conditions (<15 km depth). Deformation in northern New England was
defined by localized steep strike-slip shear zones bounding a semi-rigid to rigid
medial block, the Central Maine terrane. In southern New England (south-central
Massachusetts and Connecticut), the context and grade of Permo-Carboniferous
metamorphism transitions from retrograde greenschist facies to prograde
amphibolite facies. Corresponding to this change in metamorphic grade, the
deformation style also changes. Northward extrusion in the northernmost
New England Appalachians at greenschist facies conditions during retrograde
metamorphism transitions to southeastward extrusion in the southernmost
New England Appalachians at amphibolite facies conditions during prograde
metamorphism. These observations suggest that one of two regimes controls
Permo-Carboniferous structural and metamorphic style in the northern Appa-
lachians: (1) zipper tectonics and extrusion in the Permo-Carboniferous due to
continental collision or (2) gravitational collapse and upper crustal extrusion of
an overthickened orogenic plateau such as the “Acadian altiplano”
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Now at: Geosciences Department, Hamilton College, 198 College Hill Rd, Clinton, NewYork 13323, USA

H 1. INTRODUCTION

The Appalachian orogen in the United States preserves a protracted record
of orogenesis from ca. 500 Ma to 250 Ma (Bird and Dewey, 1970; Robinson et
al., 1998; van Staal et al., 2009). In the New England Appalachian Mountains,
this includes the Taconic (Macdonald et al., 2014; Karabinos et al., 2017; Valley
et al., 2020), Salinic (van Staal et al., 2009), Acadian and Neoacadian (Robin-
son et al., 1998; van Staal et al., 2009; Massey et al., 2017; Hillenbrand et al.,
2021), and Alleghanian (Wintsch et al., 1992) orogenies. The extent of Allegha-
nian metamorphism and deformation in the New England Appalachians and
its relationship to the plate kinematic and geodynamic regime in the late
Paleozoic have long been a subject of discussion (Wintsch and Sutter, 1986;
Wintsch et al., 1992, 2003, 2014; Faure et al., 1996; Moecher, 1999). While early
workers hypothesized that distributed Alleghenian tectonism was limited to
southernmost New England (e.g., Murray, 1988), a growing body of literature
over the last few decades has established Permo-Carboniferous, nominally
Alleghanian-age metamorphism and deformation along the Bronson Hill
anticlinorium in western New Hampshire (Harrison et al., 1989; Spear et al.,
2008; Massey and Moecher, 2013; McWilliams et al., 2013), in southeastern
Maine along the Norumbega fault system (West and Lux, 1993), and proximal
to the Sebago batholith located in southwestern Maine (Tomascak et al., 1996;
Walters et al., 2022; see also Fig. 1). Of particular interest is the observation
of Late Carboniferous sinistral shear along the Bronson Hill anticlinorium
(Massey and Moecher, 2013; McWilliams et al., 2013), contemporaneous with
dextral shear on the Norumbega fault system (West and Lux, 1993) during
the early Alleghanian orogeny (ca. 330-300 Ma). A kinematic model for the
Alleghanian orogeny must reconcile these contrasting shear senses in the
north and central New England Appalachians with pervasive NW-SE-directed
early Alleghanian deformation documented in eastern Connecticut (Wintsch
and Sutter, 1986).

Early models inferred that the orientations of bedrock structures can be
directly related to the principal stress orientations and therefore the plate
convergence direction. For example, the rotation of strikes of the foliation
plane in eastern Connecticut and conflicting senses of shear along Permo-
Carboniferous shear zones have been explained through a rotation of the
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Figure 1. Simplified geological map of New England, USA, with a focus on major episodes

of Permo-Carboniferous deformation and metamorphism recognized in the literature

(modified from Aleinikoff et al., 2007). Published age constraints for major shear zones

and internal deformation of terranes are given in associated white boxes. Age constraints

for Norumbega shear zone are from West and Lux (1993) and Gerbi and West (2007). Ages

for Bronson Hill anticlinorium (BHA) are from Spear et al. (2008; monazite [Mnz] U-Pb)

and Wintsch et al. (2003; Ar-Ar). Ages for Central Maine terrane (CMT) are from Moecher
et al. (2021), and Western Bronson Hill shear zone (WBHSZ) from Massey et al. (2017) and

McWilliams et al. (2013). Ages for Pelham dome (PD) are from Hillenbrand et al. (2023a).
CVGT—Connecticut Valley Gaspé trough; HB—Hartford Basin; MT —Merrimack Terrane;
PNT—Putnam-Nashoba Terrane; NB—Narrangansett Basin; Hbl—hornblende; Ttn—ti-
tanite; Zrc—zircon; WM —white mica. Region of Permo-Carboniferous amphibolite facies
metamorphism is based on Moecher and Wintsch (1994), Murray (1988), Wintsch et al.
(2003), and Fetherston et al. (2014). State boundaries are presented as dashed lines in
background with two-letter state abbreviations: CT—Connecticut; MA—Massachusetts;
ME—Maine; NH—New Hampshire; RI—Rhode Island; VT —Vermont. Select major cities,
referenced in text or of geographical significance, are shown.

convergence direction, typically in the Permian (e.g., multistage models of
Wintsch and Sutter, 1986, and Sacks and Secor, 1990). Indeed, there is a robust
record of variations in the local Alleghanian stress field from the Narragansett
Basin and Honey Hill-Lake Char fault system (e.g., Wintsch and Sutter, 1986;
Rich, 2006). However, variations in the local principal stress direction need
not translate directly to the convergence direction in regions where the plate
boundary is oriented oblique to the convergence direction (e.g., Tikoff and
Teyssier, 1994; Chang et al., 2003; Dayem et al., 2009). Additionally, there exist
very few data that directly constrain the absolute timing of these deformation
episodes with modern, in situ geochronologic techniques. It is possible that
significant variations in the stress direction at a regional scale resulted from
a strongly oblique collision with near-constant convergence direction (i.e.,
single-stage collision; e.g., Vauchez et al., 1987; Hatcher, 2002).

In this work, we investigate the structure and timing of Permo-Carboniferous
deformation in eastern Connecticut. We present a synthesis of previously col-
lected bedrock structure data compiled from existing bedrock geologic maps
of eastern Connecticut. We pair these data with new observations of macro-
and microscopic shear sense indicators as well as new in situ monazite and
titanite geochronologic constraints on the timing of distributed Alleghanian
deformation and Alleghanian fabric formation in eastern Connecticut.

H 2. GEOLOGIC BACKGROUND AND OVERVIEW OF EXISTING
GEOCHRONOLOGY

The New England Appalachians record Paleozoic orogenesis spanning
ca. 500-250 Ma, culminating in the formation of Pangea following closure
of the Rheic Ocean. This orogenesis can be subdivided into three major epi-
sodes: the Taconic orogeny (ca. 500-445 Ma; Aleinikoff et al., 2002; Macdonald
et al., 2014; Karabinos et al., 2017; Valley et al., 2020), the Acadian orogeny
(ca. 420-395 Ma; van Staal et al., 2009; Massey et al., 2017; Hillenbrand et
al., 2021), and the Alleghanian orogeny (ca. 330-275 Ma; Wintsch and Sutter,
1986; Wintsch et al., 1992) (complete history simplified from Robinson et al.,
1998). Evidence also exists for intermediate orogenic events between each
major episode including the Salinic orogeny (ca. 450-423 Ma; van Staal et al.,
2009) and the Neoacadian orogeny (ca. 395-350 Ma; Robinson et al., 1998; van
Staal et al., 2009; Waldron et al., 2022; Hillenbrand et al., 2023a, 2023b). In
this work, we use “Neoacadian orogeny” to refer specifically to the episode of
Late Devonian metamorphism and deformation observed in the New England
Appalachians (e.g., Robinson et al., 1998), without addressing the involvement
of the Meguma terrane (Waldron et al., 2022). Continental rifting began in the
Triassic (Schlische, 1993), followed by continental breakup and the formation of
the Atlantic Ocean basin starting at ca. 200 Ma (Blackburn et al., 2013; Davies
et al., 2017; Withjack et al., 2020; Kinney et al., 2022).

Our understanding of Permo-Carboniferous, nominally “Alleghanian’; defor-
mation and metamorphism in the New England Appalachians derives largely
from studies of central and eastern Connecticut (e.g., Wintsch, 1979; O'Hara,
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1986; Wintsch and Sutter, 1986; Goldstein, 1989; Getty and Gromet, 1992; Sevi-
gny and Hanson, 1993; Wintsch et al., 1992, 2007, 2014, 2024; Moecher and
Wintsch, 1994; Moecher et al., 1997; Moecher, 1999; Aleinikoff et al., 2002, 2007;
Walsh et al., 2007, 2021; Growdon et al., 2013). Many of these studies targeted
major shear zones such as the shear zone around Willimantic dome and the
likely correlative Honey Hill-Lake Char fault zone (Wintsch, 1979; Goldstein,
1989; Getty and Gromet, 1992; Moecher and Wintsch, 1994; Moecher, 1999).
These investigations reveal significant Permo-Carboniferous top-to-the-NW
extension along these structures, beginning under amphibolite facies con-
ditions and continuing through the cataclastic field around the brittle-ductile
transition (Wintsch, 1979; Getty and Gromet, 1992). Much of this extensional
deformation occurred during the Permian as opposed to the Carboniferous
based on titanite crystallization ages of ca. 300-290 Ma (Getty and Gromet,
1992; Wintsch et al., 1992). However, with particular regard to the Merrimack
Terrane, southernmost Central Maine terrane, and parts of Avalonia and Gan-
deria, it is uncertain whether or not there was pervasive metamorphism and
deformation preceding top-to-the-NW deformation on major shear zones but
postdating prior Early to Middle Devonian metamorphism associated with the
Acadian-Neoacadian orogeny.

During the Late Devonian and Permo-Carboniferous—prior to and during
deformation around Willimantic dome and on the Honey Hill-Lake Char fault
system—many gneiss domes in New England experienced exhumation, ret-
rograde metamorphism, and significant deformation of metasedimentary
and metavolcanic dome cover. Prominent and well-studied examples of these
domes include Pelham dome (Wintsch et al.,1992; Moecher, 1999; Kim and
Bell, 2005; Hillenbrand et al., 2023a) and Taconic (Oliverian) domes in the
Bronson Hill anticlinorium (Harrison et al., 1989; Spear and Harrison, 1989;
Wintsch et al., 1992; Walsh et al., 2007; Spear et al., 2008; Hillenbrand et al.,
2021, 2023a). Additionally, Waterbury dome displays evidence for Early to Late
Carboniferous exhumation and cooling (Hillenbrand et al., 2023b). Pelham
dome, the Bronson Hill anticlinorium, and much of central-eastern Connecticut
are defined by Permo-Carboniferous Ar-Ar mineral cooling ages (hornblende:
500 °C; muscovite: 400 °C; biotite: 300 °C; and K-feldspar: ~250 °C), suggesting
Permo-Carboniferous cooling from prior, Late Devonian or Early Mississippian
amphibolite facies conditions (Harrison et al., 1989; Spear and Harrison, 1989;
Hillenbrand et al., 2021). In central Massachusetts, particularly around Pelham
dome, petrochronologic evidence suggests that the Permo-Carboniferous was
a time of retrogradation, increased deformation partitioning, and orogenic
collapse (Massey et al., 2017; Hillenbrand et al., 2021, 2023a). However, it is
not clear that this was the case for eastern Connecticut, particularly in regard
to the Merrimack Terrane and Willimantic dome, which are both much farther
east than the Bronson Hill anticlinorium and Pelham dome.

In the Late Carboniferous, a conjugate strike-slip shear system developed
on the margins of the Central Maine terrane (Fig. 1). A sinistral shear zone,
termed the Western Bronson Hill shear zone, is documented from central
Massachusetts to central Vermont (Massey and Moecher, 2013; McWilliams
et al., 2013). Meanwhile, the contemporaneous dextral Norumbega shear zone

extended across coastal Maine, possibly continuing through southeastern New
Hampshire or outboard of the coastline in New Hampshire and Massachusetts
(e.g., West and Lux, 1993; West and Hubbard, 1997; Wang and Ludman, 2003;
Kuiper, 2016). Similar Carboniferous dextral shear zones are observed in the
Maritimes Basin in Canada (Waldron et al., 2015), along the Brevard fault zone
in the southern Appalachians (Vauchez, 1987; Hatcher, 2001), and on the mar-
gins of the Mesetta block in Morocco (Houari and Hoepffner, 2003). Additionally,
there are well-documented Late Devonian to Carboniferous dip-slip faults in
eastern Connecticut on the margins of the Merrimack Terrane (Fig. 1; Rodgers,
1985). The Carboniferous strike-slip deformation coincides with gneiss dome
formation and cooling of the Central Maine terrane and Bronson Hill in central
and northern New England (Massey and Moecher, 2013; McWilliams et al.,
2013). It was also contemporaneous with prograde Permo-Carboniferous meta-
morphism of the Narragansett Basin and Avalonia in southern New England
(Murray, 1988; Fetherston et al., 2014).

Existing work suggests that the Merrimack Terrane experienced a similar
episode of Permo-Carboniferous prograde metamorphism to the Narra-
gansett Basin, albeit more so during the Carboniferous as opposed to the
Permian. The internal deformation and metamorphism of the Merrimack
Terrane (including metasedimentary lithologies such as the Hebron Forma-
tion and Scotland Schist) are, by comparison to its bounding shear zones
(i.e., the Honey Hill-Lake Char fault system, the Willimantic fault, and faults
within the Tatnic Hill Formation), poorly understood. Wintsch et al. (2007)
applied zircon, monazite, and titanite geochronology to study the Hebron
Formation, Devonian felsic gneisses, and neighboring Tatnic Hill Formation
in eastern Connecticut. The study found that the metasedimentary units (the
Hebron Formation and Tatnic Hill Formation) were deposited in the latest
Ordovician through Silurian. The study also found many of the large felsic
orthogneiss units within the Merrimack Terrane (i.e., Eastford and Canterbury
Gneisses) intruded the section in the Early to Middle Devonian. Intrusion
of these gneisses was followed by at least one episode of Carboniferous
recrystallization at ca. 300 Ma (Wintsch et al., 2007). Another study by Walsh
et al. (2021) attempted to constrain the chronology of deposition, tectonism,
and metamorphic events in the neighboring Puthnam-Nashoba terrane and
Tatnic Hill belt (Fig. 1; also termed the Quinebaug-Marlboro belt). Walsh et
al. identified Carboniferous deformation and decompression melting within
the belt in south-central Massachusetts (ca. 340-320 Ma) contemporaneous
with regional exhumation.

A general increase in Alleghanian metamorphic grade is documented from
north to south in New England, most notably along the Bronson Hill anticlino-
rium (Wintsch et al., 2003) and within the Narragansett Basin (Murray, 1988). In
northern New England (New Hampshire and Vermont), Alleghanian greenschist
facies metamorphism is documented along the Bronson Hill anticlinorium
(McWilliams et al., 2013) and Norumbega shear zone. There is no evidence
for regionally extensive, prograde Alleghanian metamorphism within the
Central Maine terrane (excluding relatively localized metamorphism around
the Sebago batholith) or Merrimack Terrane in New Hampshire and Maine.

Molitor et al. | Permo-Carboniferous crustal structure of New England
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Given all of this previous work, there are several outstanding questions
about Permo-Carboniferous deformation in southern New England:

(1) Was all Permo-Carboniferous metamorphism and deformation in southern
New England a manifestation of regional orogenic collapse (i.e., localiza-
tion of strain, exhumation, and cooling), or was there a distinct phase of
Carboniferous prograde metamorphism (i.e., burial) outside of the Narra-
gansett Basin and parts of Avalonia?

(2) How did regional conjugate strike-slip shear traverse southern New
England, and does its structure and kinematic history better reflect gravi-
tational collapse and lateral escape or compression-induced extrusion at
a regional scale?

(3) Is there a distinct change in deformation style associated with the observed
change in Alleghanian metamorphic grade in southern New England as
compared to northern New England?

——0°-30°

60°-00°]  72°30'W 72°W

B 3. METHODS
3.1 Structural Data and Microstructural Analysis

To address the outstanding questions about Permo-Carboniferous deforma-
tion, we present a new compilation of macrostructural data for the southern New
England Appalachians in southern New Hampshire, central Massachusetts, and
eastern Connecticut (Fig. 2). The macrostructural data are compiled from existing
bedrock geologic maps in the region as well as new supplemental fieldwork,
including measurements of foliation, mineral lineation, and fold hinge lineation
for the dominant structures. These data are plotted both on maps, using Arc-
GIS Pro software, and on stereonets, using the Orient program (Vollmer, 1990,
1995, 2024). For Figure 2, the foliation data are binned into an arbitrary 40 x 40
grid (~2.5 x 2.5 km spacing) across eastern Connecticut. For each “box” within
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Figure 2. Compiled macroscopic foliation data
CT2217 from Connecticut and Massachusetts bedrock
geologic maps. Sample locations discussed
CT2207 in text are shown with orange circles. Com-
piled foliations are averaged into a 40 x 40 grid
CT2205 (2.5 x 2.5 km) for visualization. Individual mea-
surements are available in Table S2 (see text
footnote 1). Foliation averages for each grid point
CT2208 are colored by dip magnitude in 30° increments.
Acronyms are the same as in Figure 1 except:
CT2223 BBF—Bonemill Brook fault; ESZ—Eastford shear
zone; LCFZ—Lake Char fault zone; LD—Lyme
CT2229  dome; THB—Tatnic Hill belt; WD —Willimantic
dome. Bedrock data references: Collins (1954),
MA2207 Aiken (1955), Herz (1955), Snyder (1961, 1964a,
1964b, 1967, 1970), Dixon (1965, 1968, 1974, 1982),
TH2107 Dixon and Shaw (1965), Feininger (1965), Dixon
and Pessl (1966), Lundgren and Ashmead (1966),
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the grid, a representative foliation orientation is determined by conducting
eigenvector analysis on the entire set of data within the box. The orientation
corresponding to the maximum eigenvector-eigenvalue pair of the data within
the box is shown. This orientation corresponds roughly to the “average” orien-
tation of the foliation within the box (see Vollmer, 1990, 2024, for details on the
eigenvector analysis and subdomain binning method, respectively).

For microstructural analysis, we cut two mutually perpendicular, oriented
sections perpendicular to the foliation plane. If a macroscopic lineation was
present, the two sections were cut parallel and perpendicular to the lineation.
We assessed both sections for asymmetric shear sense indicators to investigate
the relative roles of dip-slip, strike-slip, and pure shear deformation in each
sample. Sample locations are shown in Figure 2 and made available in Table S1.
The macrostructural data referenced in this work are available in Table S2.

3.2 Electron Microprobe (EPMA) X-Ray Mapping

To characterize compositional zonation and inform spot placement during in
situ laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS)
analysis, we produced compositional maps of selected late-kinematic monazite
and synkinematic titanite in four samples. Backscattered electron (BSE) images
and elemental X-ray maps from wavelength dispersive spectrometry (WDS)
were obtained using a JEOL 8200 electron probe microanalyzer (EPMA) at the
Massachusetts Institute of Technology. For monazite, we produced elemental
maps of Ca, Ce, Th, and Y, whereas for titanite, we produced elemental maps of
Al, Ce, Fe, and Nb (see section 4). WDS map conditions are available in Table S3.

3.3 Laser Ablation—Inductively Coupled Plasma—Mass Spectrometry
(LA-ICP-MS)

We obtained U-Pb dates to provide geochronologic constraints on the
age of deformation (i.e., fabric ages) and metamorphism in proximity to the
Eastford shear zone and throughout the Merrimack Terrane and Willimantic
dome. In situ titanite and monazite isotope and trace element compositions
were determined by LA-ICP-MS at the University of Maine MicroAnalytical
Geochemistry and Isotope Characterization (MAGIC) laboratory. Trace element
and U-Pb data were collected using an ESI NWR193UC excimer laser ablation
system coupled to an Agilent 8900 inductively coupled plasma-mass spectrom-
eter following Walters et al. (2022). The isotope ratio and trace element data
are available in Tables S4-S7. Additional LA-ICP-MS methodology including
discussion of standards, handling of errors, and monazite and titanite workflow
is included in Supplemental Text S1.

'Supplemental Material. Supplemental Text S1-S3 and Figures S1-S16; Tables S1-S7 are available
as separate Microsoft Excel files. Please visit https://doi.org/10.1130/GEOS.S.30056083 to access
the supplemental material, and contact editing @geosociety.org with any questions.

To constrain the approximate temperature of metamorphism and sub-
sequent deformation, we calculated zirconium (Zr)-in-titanite temperatures
(Hayden et al., 2008). This thermometer requires constraints on pressure, TiO,
and SiO, activities, and Zr contents in the crystal. All the samples containing
titanite also contained quartz as a major phase, and therefore we assume that
aisioy = ~1 (where ais activity). Rutile is not an equilibrium phase with titanite
in our samples, and therefore we assume ag;p, = ~0.75 + 0.25 (Ghent and Stout,
1984; Kapp et al., 2009; Chambers and Kohn, 2012). The pressure during titanite
growth during Alleghanian metamorphism is the largest uncertainty in calcu-
lating titanite crystallization temperatures. Previous studies on Alleghanian
metamorphism in eastern Connecticut suggest pressures of metamorphism
of 0.7 + 0.3 GPa (Moecher and Wintsch, 1994; Moecher, 1999; Wintsch et al.,
2003). We ascribe a relatively large uncertainty to these pressure estimates
due to the lack of sample coverage and detailed petrogenetic modeling.

3.4 Electron Backscatter Diffraction (EBSD)

To assess the effect of crystal-plastic deformation on titanite isotopic com-
positions and therefore titanite dates (e.g., Moser et al., 2022), we collected
new electron backscatter diffraction (EBSD) maps of the same titanite grains
dated by LA-ICP-MS. We utilized a variable pressure mode at 40 Pa (as opposed
to carbon coating) to prevent charging during EBSD analysis. EBSD data were
collected at the Marine Biological Laboratory (Woods Hole, Massachusetts)
using a Zeiss Supra 40VP field emission gun scanning electron microscope
equipped with an Oxford Instruments Symmetry EBSD detector. EBSD maps
were collected at 30 kV accelerating voltage and 70° sample tilt. The working
distance and step size of each analysis was dependent on the size and position
of each grain within the section. A table of the working distance and step size
for each grain map is available in Table S3. EBSD data postprocessing was con-
ducted in the open-source MTEX toolbox for MATLAB (Bachmann et al., 2010).

B 4. RESULTS
4.1 Central Maine Terrane
4.1.1 Macro- and Microstructural Observations

Much of the internal structure of the Central Maine terrane reflects Acadian-
Neoacadian deformation prior to the Alleghanian orogeny (Eusden and
Barrerio, 1988; Eusden and Lyons, 1993; Robinson et al., 1998; Massey and
Moecher, 2013; Massey et al., 2017; Hillenbrand et al., 2021, 2023a; Moecher et
al., 2021). Foliations within the Central Maine terrane of northeastern Connecti-
cut are steeply to moderately west dipping, whereas both mineral lineations and
fold axes are subhorizontal and north-south trending (Figs. 2 and 3). The Late
Devonian metamorphic assemblages in central Massachusetts and northeastern
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Figure 3. Stereonets of the compiled foliations (contoured by multiples of uniform density [m.u.d.]), mineral lineations (blue poles), and fold axes (red poles) separated by the tectonic
domains on Figure 2. Average foliation plane is shown as a black arc, except for Bronson Hill anticlinorium. Due to large-scale folding within Bronson Hill anticlinorium, we plot the
calculated fold axis as a large gold circle. Plotting was performed with Orient software (Vollmer, 1995, 2024). Data shown in this figure represent the entire structural dataset and
are not averaged.
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Connecticut are crosscut by a series of Late Devonian to Carboniferous high-
angle reverse faults (Fig. 2; Zen et al., 1983; Rodgers, 1985). These fault zones
sole out on the Eastford shear zone at the southern terminus of the Central
Maine terrane in Connecticut (Figs. 1 and 2). Outcrop observations on verti-
cal, E-W-striking faces in proximity to these high-angle fault zones—including
asymmetric feldspar sigmoids, asymmetric west-side-up folding, and low-angle
shallowly W-dipping shear bands—suggest Late Devonian to Carboniferous
top-to-the-SE reverse faulting (e.g., Fig. 4A). Top-to-the-SE reverse faulting was
likely contemporaneous with inferred shallow top-to-the-SE thrusting on the
Eastford shear zone based on the regional map pattern (Fig. 2).

There is no documented dextral strike-slip shear zone on the eastern margin
of the Central Maine terrane or Merrimack Terrane in southern New England
correlating to the Norumbega shear zone to the north. In fact, many studies
have documented a component of sinistral strike-slip deformation within and
on the margins of the adjacent Putnam-Nashoba Terrane (Goldstein, 1989;
Kruckenberg et al., 2019). We identified sinistral shear bands bounding late
metamorphic quartz-rich boudins on subhorizontal outcrop faces in the east-
ern Central Maine terrane near Sturbridge, Massachusetts (e.g., Figs. 2 and
4B). Late Devonian dextral transpression was active to the east of the Bronson
Hill anticlinorium and within the western Central Maine terrane and continued
into the Early Carboniferous (Massey et al., 2017). While asymmetric shear
sense indicators are identified on subhorizontal outcrop faces throughout the
Bronson Hill anticlinorium and Central Maine terrane in southern New England,
symmetric structures are abundant.

We analyzed microstructural shear sense indicators and quartz microstruc-
tures in two samples within the Central Maine terrane (CT2207 and MA2207;
see Supplemental Text S3 for detailed petrographic and textural descriptions).
Both samples are characterized by amoeboid grain boundaries and island
grains (Fig. 5), indicative of high-temperature grain boundary migration in
quartz. The plagioclase shape preferred orientation is strong in CT2207 but
weak in MA2207. While both samples contain evidence for local simple shear,
shear sense indicators in MA2207 do not conform to a single direction given
that both sinistral and dextral sigmoids are present. The shear sense in CT2207
suggests a component of high-angle, top-to-the-E, reverse shear.

4.1.2 Monazite Textures and Geochemistry

In sample MA2207, we targeted four monazite grains for WDS composi-
tional mapping (Figs. 6A-6D). The grains are subhedral to anhedral and are
primarily localized within the biotite foliation. Based on monazite composi-
tional and textural characteristics in the BSE images and WDS compositional
maps (Fig. S15), we segregate monazite in this sample into four compositional
domains: one core domain and three rim domains (Fig. 7).

Monazite trace element compositions for grains in sample MA2207 dis-
play a near-uniform negative slope from La to Lu on chondrite-normalized
rare earth element (REE) diagrams with a weakly to moderately developed

negative Eu anomaly (Fig. 7). Monazite REE trends are broadly correlated
with the compositional zones delineated in Figure 7; however, there is par-
tial overlap in the REE characteristics between zones. A Devonian monazite
core, only present in grain 4, is characterized by relative depletion of Gd-Er
in comparison to the rim domains (Fig. 7). The low- and moderate-Y rims of
monazite are characterized by a negative Eu anomaly, whereas the high-Y
rim (only measured on grain 4) lacks a Eu anomaly and is generally the most
enriched monazite domain (Fig. 7).

Monazite in sample MA2207 yields concordant U-Pb dates spanning ca.
380-320 Ma (Figs. 8 and S1-S4). The cores yield a weighted mean age of
364 + 5.2 Ma (mean square of weighted deviates [MSWD] = 0.63, N=7). The
inner, Y-rich rim yields a weighted mean age of 355 + 1.4 Ma (MSWD =1, N=
98). The inner, moderate-to-high-Y patchy rim (only visible in grain 3, Fig. 7)
yields a weighted mean age of 345 + 5 Ma (MSWD = 0.58, N = 7). The outer-
most, discontinuous high-Y rim (most visible on grains 1 and 4, Fig. 7) yields
a weighted mean age of 340 + 6 Ma (MSWD = 1.9, N=5).

4.2 Eastford Shear Zone
4.2.1 Macro- and Microstructural Observations

In eastern Connecticut, the structural style transitions from moderately
to steeply dipping fabrics within the Central Maine terrane to subhorizontal
and shallowly dipping fabrics in the underlying Merrimack Terrane across the
Eastford shear zone (Figs. 2 and 3). The Eastford shear zone is moderately
W dipping along strike and to the north of its southernmost extent in Con-
necticut and may correlate, along strike, to Permo-Carboniferous strike-slip
deformation on the subvertical Norumbega shear zone in southeastern Maine
(e.g., Fig. 1). The Eastford shear zone crosscuts both the Central Maine ter-
rane and Merrimack Terrane as a shallow N- to NW-dipping to subhorizontal
décollement directly south of the Central Maine terrane. There is no macro-
scopic evidence of strike-slip or oblique simple shear along the Eastford shear
zone based on the relative absence of asymmetric shear sense indicators on
foliation-perpendicular and strike-parallel surfaces (i.e., subhorizontal planes).
We document well-developed and pervasive top-to-the-SE shear sense indi-
cators on the subvertical NW-SE-striking faces near the Eastford shear zone,
supporting a component of top-to-the-SE thrusting (Fig. 4C).

We analyzed microstructural shear sense indicators and quartz microstruc-
tures in two samples within the Eastford shear zone (CT2205 and CT2208).
Both samples contain evidence for high-temperature grain boundary migra-
tion and subgrain rotation recrystallization in quartz (island grains, subgrains,
and pinning microstructures; see Fig. 5). Plagioclase in CT2205 forms sig-
moidal aggregates with quartz that suggest a component of top-to-the-SE
shear (clockwise rotation in section; Fig. 5). However, plagioclase in CT2208
displays no undulose extinction and no strong shape preferred orientation.
The only evidence of asymmetry in sample CT2208 is the slight obliquity
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Figure 4. Outcrop photos of structures in southern New England (A—42°06'30.1"N 72°07°32.2"W; B—42°06°30.8”"N 72°07'29.4"W; C—41°49'13.5”N 72°13'23.6"W; D—41°42'09.3"N
72°13'02.5"W; E—41°47°24.0”"N 72°27°00.6"W; F—41°30'14.5”N 72°10'48.4"W; G—41°30"14.5"N 72°10'48.4"W; H—41°30"14.5”N 72°10°48.4"W). (A) Structures on subvertical exposure
within Central Maine terrane near Sturbridge, Massachusetts, USA, displaying west-over-east asymmetric folding. Hand lens/loupe for scale (brand: Belomo). (B) Subhorizontal ex-
posure at same locality as A, showing sinistral asymmetric boudin on subhorizontal plane. (C) Top-to-the-SE asymmetric shear band boudins within Eastford shear zone. (D) Boudin
of coarse amphibole and plagioclase layer directly south of Willimantic, Connecticut, USA. Macroscopic foliation around boudin is delineated in white while boudin margins are de-
lineated in red. There is a low-angle (<5°) top-to-the-N asymmetry of the boudin with respect to surrounding foliation. (E) Symmetric boudinage in core of Bolton synform in central
Connecticut (F-H) Top-to-the-N shear sense indicators on outcrop through Honey Hill fault zone in southeastern Connecticut. In (F), 28 L Osprey backpack used for scale.
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Figure 5. Select photomicro-
graphs of sample textures.
Thin-section-scale photomicro-
graphs and a garnet texture
from sample MA2207 are shown
at top of figure. Sub-centimeter-
scale features are shown in
panels at base of figure. All pan-
els are labeled by their sample
number with notable structures
and minerals discussed in text
also labeled. All photomicro-
graphs display textures in cross
polarized light except for sam-
ple TH2107, which is shown in
plane polarized light. See text
and Supplemental Text S2
(see text footnote 1) for detailed
discussion of textures in each
sample. Bt—biotite; Gt—garnet;
St—staurolite; Pl—plagioclase;
Amp—amphibole; Ep—Epidote;
Or—orthoclase; Qtz—Quartz.
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Figure 6. Monazite (A-1) and titanite (J-P) textures in cross polarized light from samples MA2207, CT2205, CT2223, and CT2229. See text for detailed description of
textures. Major phases are labeled in white on each panel. A-D display monazite in sample MA2207. E-l display monazite in sample CT2205. J-L display titanite in
sample CT2223. M-P display titanite in sample CT2229. Amp—ampbhibole; Bt—biotite; Ep—epidote; Mnz—monazite; Pl —plagioclase; Qtz—quartz; Ttn—titanite.

GEOSPHERE Molitor et al. | Permo-Carboniferous crustal structure of New England n



http://geosphere.gsapubs.org

b

CT2205 Mnz 1 CT2205 Mnz 2 20 pmCT2205 Mnz 3b CT2205 Mnz 4

CT2205

Increasing Y

Core
CT2205 Mnz 3b @ Inner Rim

@ Outer Rim

REE/CI

1 L L L L L L L L L L L
10
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er TmYb Lu

QO single Domain
(O Mechanical

Mixing

MA2207

Core

Low-Y Rim
@ Moderate-Y Rim
@ High-Y Rim

MA2207 Mnz 1 MA2207 Mnz 2

MA2207 Mnz 4

REE/CI

1 L L L L L L L L L L L
10
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 7. Monazite (Mnz) geochemistry and spot locations for samples CT2205 and MA2207. Backscattered electron maps overlain with spot locations colored by compositional zone are shown in addition to wavelength dispersive spectrometry composi-

tional maps of Y in monazite. On right side of figure, chondrite-normalized (McDonough and Sun, 1995) rare earth element (REE) concentrations of each spot are shown. Each line on the REE plot represents an individual spot analysis with color indicating
compositional zone. Cl—Carbonaceous (lvuna-type) chondrite.
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(~10°-15°) of the discontinuous and spaced biotite foliation relative to a prom-
inent, grain-size-dependent layering in quartz (Fig. 5). This obliquity between
the mica cleavage and oblique quartz foliation would suggest a component
of counterclockwise or top-to-the-E simple shear, but we note that this is a
low-confidence interpretation.

4.2.2 Monazite Textures and Geochemistry

In sample CT2205, we targeted five individual grains of monazite for WDS
compositional mapping and in situ LA-ICP-MS analysis (Figs. 6E-6l). The grains
are subhedral to euhedral and are commonly elongated parallel to the quartz
and biotite foliation (Figs. 6E-61). Based on the observed compositional and
textural characteristics in BSE and WDS imagery of the monazites, we identi-
fied three compositional domains (detailed analysis in Supplemental Text S3).
These domains include a Y-poor core, a Y-rich inner rim, and a discontinuous
moderate-Y-content outer rim (Fig. 7).

Monazite grains in sample CT2205 are characterized by steep light REE
(LREE) slopes and shallow to horizontal slopes between Gd and Lu (Fig. 7).
Additionally, sample CT2205 monazite displays strong positive Eu anomalies.
Core domains have more negative heavy REE (HREE) slopes and a more pos-
itive Eu anomaly when compared to the rim domains (Fig. 7).

Monazite U-Pb dates in this sample range from ca. 430 Ma to 300 Ma
(Fig. 8). The cores of monazite in this sample yield a weighted mean age of
405 + 4 Ma (MSWD = 2, N = 38). The inner, Y-rich rim yields a weighted mean
age of 375 + 3 Ma (MSWD = 1.7, N = 35). The discontinuous outer rims, char-
acterized by moderate Y contents, yield a weighted mean age of 324 + 5 Ma
(MSWD =2, N = 14).

4.3 Merrimack Terrane
4.3.1 Macro- and Microstructural Observations

Outcrop observations on E-W- and N-S-striking planes within the Mer-
rimack Terrane reflect largely coaxial strain or extremely high finite strains
during noncoaxial deformation. Boudin geometries from the mantling gneiss
in the core of Willimantic dome are weakly asymmetric within ~5°-10° of the
macroscopic foliation (Figs. 2 and 4D)—that is, within reasonable uncertainty
on the orientations of the foliation plane and boudin (~5°)—and may therefore
reflect coaxial strain. Alternatively, the slight asymmetry may reflect a minor
component of top-to-the-NW noncoaxial shear. Asymmetry in the surrounding
Merrimack Terrane is present through a secondary cleavage plane, prominent
in quartzo-feldspathic Devonian intrusions, which dips shallowly to moderately
west. Lineations, boudin necks, and fold hinges vary significantly within the
subhorizontal plane (Fig. 3). This may be a function of late, gentle to open
folding about Willimantic dome, deforming an older set of lineations. Alterna-
tively, a complex regional variation in lineation trends could reflect complex
polyphase deformation. In general, most of the linear structures trend in the
NE and SW quadrants (Fig. 3). These interpretations are consistent with late
coaxial strains pervasive throughout the Merrimack Terrane, which deformed
a pre-existing set of lineations in a coaxial manner. Our outcrop-scale observa-
tions suggest a component of high-strain top-to-the-NW deformation around
Willimantic dome or, alternatively, coaxial strain, consistent with previous
studies in the area (e.g., Getty and Gromet, 1992).

We analyzed microstructural shear sense indicators and quartz microstruc-
tures in two samples within the Merrimack Terrane (CT2223 and CT2229).
Sample CT2223, located within the mantling Waterford Group gneiss around
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Willimantic dome (Fig. 2), is characterized by an anastomosing, symmetric
foliation defined by amphibole and plagioclase (Fig. 5). Sample CT2229 is
from the Canterbury granite gneiss, which intruded the Merrimack Terrane in
the Middle Devonian (414 + 6 Ma U-Pb zircon crystallization age; Wintsch et
al., 2007). CT2229 is characterized by an anastomosing, shallowly W-dipping
foliation defined by plagioclase, orthoclase feldspar, and discontinuous biotite
folia (Fig. 5). In contrast to the samples in the Central Maine terrane and East-
ford shear zone discussed in sections 4.1 and 4.2, quartz is not significantly
interconnected in these two samples.

CT2223 microstructures and nearby outcrop observations (Fig. 4D) suggest
dominant coaxial (pure shear) deformation or high strain top-to-the-NW non-
coaxial deformation. CT2229 microstructures may reflect either coaxial strain
or dip-slip simple shear—it is not clear if there is a component of simple shear
localized along the biotite basal planes in this case.

4.3.2 Titanite Textures, Electron Backscatter Diffraction (EBSD) Data,
and Geochemistry

Titanite grains, elongate parallel to the foliation, were targeted in samples
CT2223 and CT2229. As described in Supplemental Text S3, titanite grains in
sample CT2223 are interstitial to the dominant amphibole, plagioclase, and
quartz assemblage and align subparallel to the dominant foliation in the sample
(Figs. 6J-6L). In sample CT2223, we analyzed three titanite grains (Figs. 6J-KL).
All three grains are subhedral, and significant compositional zoning is absent
in all three grains (Fig. S16).

In sample CT2229, we analyzed four titanite grains (Figs. 6M-6P). The four
grains are subhedral to euhedral. Titanite grains in sample CT2229 are typ-
ically elongate parallel to subparallel with the biotite foliation (Figs. 6M—-6P).
While titanite is strongly localized in biotite folia in sample CT2229, there are
no inclusions of biotite in titanite, suggesting titanite growth is syn- to post-
metamorphic and kinematic with respect to the biotite foliation.

EBSD data for titanite in samples CT2223 and CT2229 are presented in
Figure 9. In sample CT2223, the three grains display varying degrees of mis-
orientation to the mean orientation of each grain ranging from 0° to 18°. Areas
of significant misorientation are typically bound by subgrain boundaries; how-
ever, some areas characterized gradational and low-degree bending of the
crystal lattice (<3°) do not result in subgrain development (i.e., titanite 2 in
sample CT2223, Fig. 9). In sample CT2229, the maximum misorientation within
grains varies from 7° to 12°. In general, the deformed areas are localized toward
the rims of the crystal in the case of larger grains (i.e., grains 1 and 3, Fig. 9).
As in sample CT2223, most deformed sectors of the grains in sample CT2229
result in subgrain development aside from sectors of diffuse and low-angle
(<3°) misorientation.

The normalized REE element concentrations of titanite in sample CT2223
are relatively uniform (Fig. 10). This is consistent with the relatively homoge-
neous compositional zoning for titanite in this sample (Fig. S16).

The trace element compositional variation for titanites in sample CT2229
reflects the complex compositional zoning discussed in the Supplemental
Material (Supplemental Text S3 and Figs. S16, 10, and 11). Within this sample,
we identify three to four trace element zones on the basis of the observed vari-
ations in REE concentrations (Fig. 10). A REE-enriched titanite core domain is
only observed in the core of grain 3. This zone is characterized by pronounced
enrichment of the REEs and a negative Eu anomaly. A second zone, which
we term the “inner rim7 is observed in grains 1 and 3, composing the core of
grain 1 and part of the rim of grain 3. This zone is characterized by an overall
“flat” REE concentration profile with a positive Eu anomaly. In grain 3, this
zone corresponds to very fine chemical zonations in Al and Nb (Fig. S16) and
as a result of the fine character may include effects of mechanical mixing (i.e.,
domain mixing) with the young outer rim domain. We present data for the
inner rim separately for grains 1 and 3 to isolate any mechanical mixing effects.
Lastly, the “outer rim” titanite domains correspond to the rims of titanite
grains 1 and 3 in this sample and also composes the entirety of grains 2 and
4. This zone is characterized by significant depletion of the LREEs relative to
the HREEs and does not contain an observable Eu anomaly.

In sample CT2223, because there is very little compositional variation in
the trace element concentrations, in the WDS maps of Al, Ce, Fe, and Nb, and
in the U-Pb isotopic compositions (MSWD = 2.2), we report a single, inverse-
isochron age of 269 + 13 Ma (MSWD = 2, N = 144) for the three titanite grains
in this sample (Fig. 11).

In sample CT2229, titanite dates span ca. 400-300 Ma (Figs. 11). The titanite
core in grain 3yields a U-Pb isochron age of 397 + 11 Ma (MSWD = 1.5, N=43).
Titanite inner rims are separated between grains 1 and 3 to account for poten-
tially significant mechanical mixing in grain 3 analyses. The inner rim in grain
1 yields an isochron age of 390 + 8 Ma (MSWD = 6.4, N=381). The inner rim in
grain 3 yields an isochron age of 329 + 26 Ma (MSWD = 4.2, N = 20). Titanite
outer rims yield an isochron age of 307 + 6 Ma (MSWD =5.4, N=123). The age
of the inner rim zone in grain 3 overlaps with the outer rim age when consid-
ering the uncertainty on the isochron regressions. Such overlap could reflect
mechanical mixing between the inner and outer rim domains in grain 3 spots.
Interquartile ranges for titanite inner and outer rims are reported on Figure 11.

4.3.3 Zr-In-Titanite Thermometry

We calculated the temperature at which a given compositional domain in
titanite (re)crystallized by utilizing the Zr concentrations following the method
of Hayden et al. (2008). The pressure of titanite growth during Alleghanian
metamorphism is the largest uncertainty in calculating titanite crystallization
temperatures. Previous studies on Alleghanian metamorphism in eastern
Connecticut suggest pressures of metamorphism of 0.7 + 0.3 GPa (Moecher
and Wintsch, 1994; Moecher, 1999; Wintsch et al., 2003). We ascribe a rela-
tively large uncertainty to these pressure estimates due to the lack of sample
coverage. Zr concentrations for the three titanite grains in sample CT2223
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Figure 9. Titanite (Ttn) misorientation relative to mean grain orientation plots derived from electron backscatter diffraction analysis of titanites in this study. Plots were produced using MTEX toolbox (Bachmann et al., 2010). Degree values are grain bound-
ary thresholds. Common-Pb-corrected spot ages are overlain to assess degree of U-Pb resetting in deformed versus undeformed parts of the crystal and colored in grayscale according to ages in the legend.
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Figure 10. Titanite (Ttn) backscattered electron maps and spot locations as well as chondrite-normalized (McDonough and Sun, 1995) rare earth element (REE) diagrams for titanite grains in samples CT2229 and CT2223. Colors represent different trace
element zones with distinct isotopic and trace element compositions. Cl—Carbonaceous (lvuna-type) chondrite.
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Figure 11. Tera-Wasserberg diagrams for U-Pb isotope compositions in four titanite grains from sample CT2229 and three titanite grains from sample CT2223 plotted in IsoplotR
(Vermeesch, 2018). Panels A-D plot results of all spots for the three trace element zones in sample CT2229; colors of data points correspond to trace element domains identified in
Figure 10. For each domain, we apply an unanchored isochron regression through the individual data, yielding two intercepts, a concordia intercept and a y-axis (common Pb [Pb_c])
intercept; the shading around the regression line is the 2s uncertainty of the regression through the data. The first error value is the 2s analytical uncertainty, the second value is the
analytical uncertainty, accounting for overdispersion, by multiplying the 2s analytical uncertainty by the squareroot of the mean square of weighted deviates (MSWD). If MSWD of
the isochron regression is >2, then we also present interquartile range (Q,—Q;) of common-Pb-corrected spot dates. Panel E shows data for sample CT2223 plotted together because
they yield similar trace element compositions, U-Pb systematics, and relatively low MSWD (~2). REE—rare earth element; LREE—light REE.
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yield temperatures of 630-725 °C, with the vast majority of temperatures lying
between 640 °C and 700 °C (Fig. 12). Representative uncertainties on each tem-
perature are ~37 °C based largely on the uncertainty in metamorphic pressure.
Apart from four high-temperature spots out of a total of 483 spots (>700 °C),
the titanite in this sample crystallized between ~630 °C and 700 °C.

Titanite in sample CT2229 displays a much larger range of Zr concentrations
and associated (re)crystallization temperatures (Fig. 12). Zr concentrations in
titanite for sample CT2229 range from ~15 ppm to 600 ppm, corresponding
to temperatures from ~610 °C to 790 °C. The core in grain 3 yields the highest
temperatures of 750-790 °C (Figs. 10 and 12). The Nb sector zones in grain 1
also record relatively high temperatures (Figs. 10 and 12, >700 °C). The rims
of grains 1 and 3 and the entirety of grains 2 and 4 yield temperatures of
~620-700 °C (Fig. 12).

The distribution of titanite temperatures versus spot dates with associated
uncertainties is shown in Figure 12. In general, we observe a wide range of
titanite dates from as old as 460 Ma to as young as ca. 220 Ma. Additionally,
we display a 2-D density plot of the individual data in Figure 12 and overlay
the average Zr-in-titanite temperatures and isochron dates of each trace ele-
ment domain.

From Figure 12, we note at least three episodes of titanite crystallization
in the Merrimack Terrane. An Early to Middle Devonian episode of crystalliza-
tion (trace element zones 1 and 2) is observed within the Canterbury Gneiss.
A second and clearly distinct phase of titanite crystallization (titanite outer
rims) occurred in the Carboniferous. Zr-in-titanite temperatures suggest that
this episode took place at amphibolite facies conditions (>600 °C). In this case,
despite the high MSWD, the isochron age is in broad agreement with the 2-D
density plot. Lastly, we observe a latest Carboniferous to Permian phase of
crystallization, only present in sample CT2223 from Willimantic dome. Titanite
in sample CT2223 is geochemically reminiscent of titanite outer rims in sam-
ple CT2229. However, there is significantly less variation in concentrations of
the medium REEs (MREEs) and HREEs in sample CT2223, resulting in a flatter
slope across the entire profile (Fig. 10). The isochron age and temperature of
titanite in sample CT2223 are generally inconsistent with previously published
Ar-Ar geochronology for Willimantic dome. We discuss this inconsistency in
section 5.2.

4.4 Bronson Hill Anticlinorium and Western Bronson Hill Shear Zone

The sinistral Western Bronson Hill shear zone extends from northeastern
Vermont, along the Westminster West fault zone (Armstrong, 1997; McWilliams
et al., 2013), to central Connecticut within the Bolton syncline (Massey and
Moecher, 2013; Figs. 1 and 2). The Western Bronson Hill shear zone is steeply
W-dipping to subvertical in northern New England. To the south, in central
Connecticut, the shear zone is moderately to shallowly W-dipping (Fig. 2). The
southern terminus of the Western Bronson Hill shear zone, and thus its max-
imum depth within the crust, is not well constrained. Previous work suggests

that a sinistral shear system is present to the south of the Eastford shear zone
and Bolton syncline in the Cremation Hill fault zone (London, 1988). However,
there are no robust geochronologic constraints on the timing of this proposed
deformation.

There is a clear shift in the orientation of foliations throughout the Bronson
Hill anticlinorium beyond the southern terminus of the adjacent Central Maine
terrane (Fig. 2, within the Bronson Hill anticlinorium and south of the locality 2,
sample CT2217). Foliations are steeply to moderately dipping within the central
Massachusetts and Vermont segments of the Western Bronson Hill shear zone.
At latitudes south of the Eastford shear zone in Connecticut, the Western Bron-
son Hill shear zone rotates to moderate and shallow dips. Moreover, mineral
stretching lineations within the Bolton syncline rotate toward a southerly dip
direction. This suggests a transition in the overall deformation corresponding
to either changing strain magnitude or a change in the deformation style (Fos-
sen and Tikoff, 1998). Asymmetric kinematic indicators on both subvertical and
subhorizontal outcrop surfaces become increasingly rare to the south, while
symmetric boudins are abundant (e.g., Fig. 4E). The abundance of symmetric
boudins, change in mineral lineation orientation, and rotation of the foliation
all suggest that the sinistral strike-slip shear documented to the north wanes
in central-eastern Connecticut in association with the disappearance of the
Central Maine terrane across the Eastford shear zone.

We analyzed three thin sections along the Western Bronson Hill shear zone
from central-eastern Vermont to south-central Connecticut (samples TH2107,
CT2203, and CT2217; Fig. 2). The samples reflect both a north-to-south increase
in metamorphic grade (muscovite to garnet and staurolite facies) as well as
a north-to-south decrease in the component of sinistral simple shear (see
Supplemental Text S2 for a detailed description of observations supporting
this assertion).

4.5 Honey Hill-Lake Char Fault System

The Honey Hill-Lake Char fault system on the eastern and southern margins
of the Merrimack Terrane likely records early Alleghanian underthrusting of
Avalonia (Wintsch et al., 1992) followed by late Alleghanian (Permian) gravita-
tional collapse and detachment faulting (Ma et al., 2023). The Honey Hill-Lake
Char fault system has been relatively well characterized by a number of work-
ers (e.g., Lundgren and Ebblin, 1972; Goldstein, 1989; Wintsch et al., 1992;
Fleischer, 2022). Previous mapping efforts identified conflicting top-to-the-N
and top-to-the-S shear sense along the Honey Hill fault zone and inferred that
the top-to-the-S motion was most significant during the Carboniferous and
Permian (Goldstein, 1989).

Our own outcrop observations suggest that top-to-the-N deformation
was most significant during Late Carboniferous to Permian localized ductile
deformation and exhumation. We observe well-developed and pervasive top-to-
the-N asymmetric feldspar sigmoids and shear bands in a quartzo-feldspathic
mylonite of the Honey Hill fault (Figs. 4F-4H). In contrast to the Merrimack

Molitor et al. | Permo-Carboniferous crustal structure of New England



http://geosphere.gsapubs.org

800 — 821
_ O CT2229 Core
7801 | Zr-in-ttn Error °C he %(A @+ CT2229 Inner Rim 543
"Q%Y@%i F@+4 CT2229 Inner Rim - G3

760 (H DO 7 ; 3% &

5 o O° % @ @+ CT2229 Outer Rim E

< o | A1 CT2223ATtn 1 -

B B [}

5 A CT2223ATtn 2 Z

5 A CT2223ATtn 3 Hiss 2
g‘ c Figure 12. Top panel: Age of individ-
|2 —104 & ual titanite spot analyses in samples
o ‘ g CT2229 and CT2223, calculated as in
’é o © Figure 11, plotted versus zirconium
8 € (2Zr)-in-titanite temperature (corre-
[ 8 sponding Zr concentration is given
$ 146 5 on opposing y-axis) and colored by
N o trace element zone. X-axis (age) er-
30 N ror bars represent the 2s uncertainty
— of the date projected to concordia
along the regression line. Zr-in-
1% titanite uncertainty is essentially
constant for each data point, based
600 | L | L L L 13 on a 0.3 GPa pressure uncertainty
200 250 300 350 400 450 500 550 and average pressure of 0.7 GPa
207ph/26Ph Common-Pb-Corrected Date (Ma) : .

and is given in upper left corner. Bot-
tom panel: Two-dimensional density

800 —
plot of data shown in top panel,
CT2229 Core plotted with isochron ages and av-
CT2229 Inner Rim erage temperatures of trace element
700 . zones in titanite and previously pub-
CT2229 Inner le G3 lished Ar-Ar data from Wintsch et al.
CT2229 Outer Rim (1992, 1993). Errors on the bottom
600 CT2223 plot rectangles represent the range
o > of dates from that method in the
) ‘% given region. Uncertainties on the
g % titanite zone ages are from Figure 11.
£ 500 Hormblends o G3—grain 3; CMT—Central Maine
° WD g? terrane; MT—Merrimack Terrane;
g— ® WD —Willimantic dome. Mineral
K w0 Muscovite g abbreyiations: K-Fsp—K-feldspar;
WD ‘;‘;’ Ttn—titanite.
Biotite
300 WD
K-Fsp
WD
200

200 250 300 350 400 450 500 550
Age (Ma)

GEOSPHERE Molitor et al. | Permo-Carboniferous crustal structure of New England



http://geosphere.gsapubs.org

GEOSPHERE

Terrane, the metamorphism of Avalonia as exposed at the surface did not
occur until the Late Carboniferous and early Permian (Wintsch et al., 1992).

H 5. DISCUSSION
5.1 Permo-Carboniferous Structure and Strain

5.1.1 Macro- and Microstructural Trends Within the Central Maine
Terrane, Bronson Hill Anticlinorium, and Merrimack Terrane

The pattern of moderately to steeply W-dipping foliations and shallow to
subhorizontal N-S-plunging mineral lineations and fold axes in the Central
Maine terrane of central Massachusetts is traditionally interpreted as reflecting
bulk dextral transpressional deformation during Acadian-Neoacadian orogen-
esis (Fossen and Tikoff, 1998; Massey et al., 2017; e.g., Figs. 2 and 3). Massey
et al. (2017) interpreted the structure of central Massachusetts as reflecting
dextral transpression during the Neoacadian orogeny from the Late Devonian
into the Early Carboniferous.

Pervasive dextral simple shear is not observed in the eastern Central
Maine terrane and Merrimack Terrane in central Massachusetts. Rather, we
observed sinistral kinematic indicators on subhorizontal planes (e.g., Fig. 4B).
Broadly, Silurian to Carboniferous sinistral kinematics are observed between
the Putnam-Nashoba terrane and Avalonia within large late Paleozoic shear
zone structures (e.g., Goldstein, 1989; Grimes and Skehan, 1995; Kruckenberg
et al., 2019). Preliminary geochronologic analysis of the Putnam-Nashoba
terrane suggests that sinistral motion occurred during the Middle Devonian
and earliest Carboniferous (ca. 405-340 Ma; Buchanan et al., 2017; Severson,
2020). These results suggest that sinistral deformation in the eastern Central
Maine terrane, Merrimack Terrane, and Putnam-Nashoba terrane is coeval
with dextral transpression in the western Central Maine terrane. This implies
south-directed lateral transport of the Central Maine terrane relative to adjacent
terranes during the Late Devonian and Early Carboniferous.

Our analysis of the Permo-Carboniferous macrostructure and microstructure
of southern New England suggests that localized, steep, strike-slip shear zones
in the shallow crust (i.e., Norumbega shear zone and Western Bronson Hill shear
zone, <15 km depth) transition to distributed coaxial strains and subhorizontal
fabrics in the middle to lower crust beneath the Central Maine terrane (Figs. 1-3).
Firstly, there is a clear macrostructural transition from steep regional fabrics to
shallow regional fabrics across the Eastford shear zone in eastern Connecticut
(Figs. 2 and 3). Additionally, we observe a transition in the lineation style across
the Eastford shear zone. Mineral lineations and fold axes in the Central Maine
terrane are mostly subhorizontal to shallowly north or south plunging (Fig. 3).
In the Merrimack Terrane, mineral lineations and fold axes are all shallow to
subhorizontal; however, they do not conform to a single trend (Fig. 3).

Traditional macrostructural relationships between the foliation and lineation
in the Merrimack Terrane would suggest coaxial flattening or plane strains

based on the relative absence of a preferred lineation direction. However, this
assumes that the lineations all formed during a single deformation episode
(i.e., Fossen et al., 1994). Therefore, while we cannot rule out a prior, Devonian
or earliest Carboniferous phase of pervasive noncoaxial strain within the Mer-
rimack Terrane (e.g., early, E-directed thrusting as implied by the stratigraphic
relationships; Wintsch et al., 2007), the overall structural characteristics of the
terrane suggest a final, pervasive episode of dominantly coaxial strain asso-
ciated with localized top-to-the-NW simple shear.

Following from our previously mentioned observations regarding a tran-
sition from localized noncoaxial strike-slip strain to pervasive coaxial strains
and localized top-to-the-NW extension in southern New England, we estimate
a decreasing component of noncoaxial strain from north to south along the
Western Bronson Hill shear zone. The changing style of deformation along
the Bronson Hill anticlinorium can be visualized in terms of the type and
abundance of asymmetric shear sense indicators. Our northernmost sample
(TH2107) is characterized by asymmetric sinistral S-C-C’ microstructures and
asymmetric quartz pressure shadows around ilmenite porphyroclasts (Fig. 5).
Sample CT2203 from the Western Bronson Hill shear zone in north-central
Connecticut is characterized by asymmetric mica cleavage on the subhori-
zontal plane; however, there are comparatively few indicators of asymmetry
in sample CT2203 relative to sample TH2107. This suggests a component of
sinistral simple shear with perhaps a greater pure shear component of defor-
mation in comparison to sample TH2107. The sample from the southernmost
Western Bronson Hill shear zone (CT2217) lacks consistent and clear asymmet-
ric shear sense indicators. In fact, the presence of symmetric and conjugate
quarter mats around porphyroblasts (Fig. 5) suggests a dominant component
of coaxial strain. Altogether, these observations indicate a decreasing compo-
nent of sinistral simple shear from north to south along the Western Bronson
Hill shear zone, with the southernmost Western Bronson Hill shear zone and
Merrimack Terrane recording primarily coaxial strain.

5.1.2 Along-Strike Continuity of Permo-Carboniferous Dextral Shear
in New England

Of relevance to this study is the change in Permo-Carboniferous deforma-
tion style, or kinematics, from north to south in the New England Appalachians.
The Norumbega shear zone is not clearly continuous along strike of the oro-
genic system (e.g., Goldstein and Hepburn, 1999; Kuiper, 2016). While an
episode of Permo-Carboniferous dextral strike-slip strain is well established
along the main segment of the Norumbega shear zone in southeastern Maine
(West and Lux, 1993; West and Hubbard, 1997; Wang and Ludman, 2003; John-
son et al., 2009; Price et al., 2012, 2016), there is no evidence of continued
dextral simple shear along orogenic strike of the Norumbega shear zone
through southeastern New Hampshire and east-central Massachusetts. In
fact, as established in section 5.1.1, sinistral strain is inferred for east-central
Massachusetts on the margins of the Putnam-Nashoba terrane during the
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Late Devonian to Early Carboniferous (Goldstein, 1989; Grimes and Skehan,
1995; Kruckenberg et al., 2019; this study, Fig. 4B). On the western margin of
the Merrimack Terrane, within the Eastford shear zone, we observe evidence
of primarily top-to-the-SE thrusting (Fig. 4C).

Altogether, the western margin of the Bronson Hill anticlinorium displays
clear evidence for sinistral strain in the north (Vermont) transitioning to coaxial
strain in the south (Connecticut). The Eastford shear zone, which is continu-
ous with the dextral Norumbega shear zone along orogenic strike (Fig. 1), is
characterized by middle Carboniferous top-to-the-SE thrusting (Figs. 4 and 13).
This is contemporaneous with dextral strike-slip strain on the Norumbega shear
zone (e.g., West and Lux, 1993). Thus, we must invoke a mechanism to explain
contemporaneous and conflicting shear sense along the eastern margin of
the Central Maine terrane bordering the Merrimack Terrane. We observe that
the regional strike of this interface does rotate from NE-SW in SE Maine to
nearly N-S in eastern Connecticut (Fig. 1). This coupled with a WNW to NNW
maximum horizontal stress direction may explain the variance in shear sense
along strike. This model predicts a relatively abrupt transition in kinematic
sense from north-central Massachusetts to southeastern New Hampshire on
the basis of a rotation in the regional orogenic trend.

5.2 Temperature and Timing of Permo-Carboniferous Deformation

To investigate the exact conditions of deformation and the absolute timing
of the deformation discussed in section 5.1, we integrate quartz microstructures
(Fig. 5; see detailed discussion in Supplemental Text S2), Zr-in-titanite ther-
mometry (Fig. 12), EBSD analysis of titanite, and in situ U-Pb and trace element
analysis of monazite and titanite (Figs. 7-12; see section 4). We supplement
our new observations and data with existing geochronology and studies of
deformation and metamorphism in southern New England.

5.2.1 Western Bronson Hill and Norumbega Shear Zones

Firstly, along the Bronson Hill anticlinorium, there is a general decrease
in metamorphic grade along major ductile shear zones based on previously
published work and our own observations (Wintsch et al., 1992; Fig. 5). Around
the locality for sample TH2107 (Fig. 2), we observed micaceous schists and
phyllites characteristic of greenschist facies metamorphism. In the Bolton
syncline in central Massachusetts and north-central Connecticut, we observed
biotite-garnet schists and blastomylonites. At the southern terminus of the
Bolton syncline, we observed biotite-garnet-staurolite schists. Migmatites are
described even farther south along the Bronson Hill anticlinorium (Wintsch et
al., 2003). A recent study by Hillenbrand et al. (2023a) resolves Alleghanian
metamorphism and deformation localized around Pelham dome in central
Massachusetts (Fig. 1). They identified rapid initial burial of the core of Pelham
dome from ca. 325 Ma to 300 Ma, followed by extension and cooling from
ca. 300 Ma to 250 Ma.

In central Vermont, for sample TH2107, ultrafine grain sizes (<10 um; Fig. 5)
and quartz microstructures are consistent with low-temperature (and/or high
stress) bulge recrystallization or cataclasis. These observations are indica-
tive greenschist facies (300-400 °C) quartz deformation, assuming a typical
orogenic strain rate of 10-'2 s™' (Stipp et al., 2002). The previously mentioned
observations are comparable to those for the Norumbega shear zone in coastal
Maine (e.g., Price et al., 2016) but with the opposite sense of shear. We do
not have an explicit constraint on the pressure of deformation in this sample
(TH2107). If we assume a typical continental geothermal gradient of ~25 °C/km,
the depth of deformation at 300-400 °C was ~12-16 km (i.e., ~0.3-0.4 GPa).
Given that orogenic geotherms can be much steeper than typical continental
geotherms (e.g., Derry et al., 2009; Cross et al., 2015; Sutherland et al., 2017),
these are likely maximum depth constraints. Published Ar-Ar ages of deformed
phyllonites in southeastern Vermont, within the Western Bronson Hill shear
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zone, constrain the timing of low-temperature (~400 °C) deformation to ca.
300 Ma (McWilliams et al., 2013).

In central Massachusetts and north-central Connecticut, there is evidence
for combined sinistral and compressive deformation (sinistral transpression)
in the western Bronson Hill anticlinorium. Massey and Moecher (2013) iden-
tified an oblique sinistral, top-to-the-S shear zone on the western limb of the
Bronson Hill anticlinorium. Massey et al. (2017) constrained the age of sinistral
shear to ca. 330-290 Ma, consistent with Ar-Ar muscovite deformation ages
for sinistral shear in Vermont (McWilliams et al., 2013). Sample CT2203 of this
study is along strike of the locality studied by Massey and Moecher (2013).
This sample is characterized by a sinistral asymmetric crenulation cleavage
(Fig. 5). Sample CT2217 is south and along strike of sample CT2203 in central
Connecticut. Microstructures in this sample suggest a significant component
of coaxial strain based on symmetric mica quarter mats on garnet and biotite
porphyroblasts (Fig. 5).

Altogether, we observe a transition from end-member sinistral strain in
central Vermont to end-member coaxial strain in central Connecticut. Geochro-
nologic constraints on the timing of this deformation span ca. 330-290 Ma
based on monazite geochronology and Ar-Ar mineral ages in central Massa-
chusetts (Massey et al., 2017) as well as Ar-Ar mica deformation ages in central
Vermont (McWilliams et al., 2013).

5.2.2 Central Maine Terrane and Eastford Shear Zone

Previous studies found that most of the pervasive internal structure and
metamorphism of the Central Maine terrane developed during Acadian-
Neoacadian orogenesis between ca. 420 Ma and 340 Ma (Eusden and Barrerio,
1988; Massey et al., 2017; Moecher et al., 2021; Hillenbrand et al., 2023a). Ar-Ar
amphibole plateau ages suggest that the Central Maine terrane in central Mas-
sachusetts and northern Connecticut, as well as the Putnam-Nashoba terrane,
had cooled to <~500 °C by ca. 340-290 Ma (Spear and Harrison, 1989; Wintsch
et al., 1992, 2003; Hillenbrand et al., 2021, 2023a; Ma et al., 2023). Ar-Ar white
mica plateau ages suggest cooling to <~400 °C by ca. 300-250 Ma for much
of the Central Maine terrane in New Hampshire and central Massachusetts
(Harrison et al., 1989; Hillenbrand et al., 2021; Ma et al., 2023). Thus, the existing
Ar-Ar data suggest that the Central Maine terrane was broadly at temperatures
of 400-500 °C between 340 Ma and 250 Ma. Recent studies of metamorphic
monazite crystallization and retrograde metamorphism in the Central Maine
terrane of central Massachusetts have found that retrograde metamorphism,
contemporaneous with regional transpression and lateral extrusion, began
at ca. 350-340 Ma following Acadian-Neoacadian orogenesis (Hillenbrand et
al., 2021, 2023a; Moecher et al., 2021).

In sample MA2207, from the Central Maine terrane in central Massachu-
setts, we find evidence of ductile plagioclase deformation based on undulose
extinction in plagioclase grains (>600 °C; Tullis and Yund, 1992) and high-
temperature quartz deformation (i.e., grain boundary migration and subgrain

rotation recrystallization, >500 °C; Stipp et al., 2002; see also Fig. 5). Micro-
structures in this sample are indicative of bulk constriction and N-S lateral
extrusion. A minimum age constraint on this high-temperature deformation
is likely provided by old, late- to postkinematic monazite core domains (364
+ 5.2 Ma; Fig. 6).

We identify three monazite rim domains in sample MA2207 characterized
by lobate-patchy textures or discontinuous outer rims. The Y-rich monazite
rim domains are typically related to late-metamorphic, garnet-breakdown
reactions and are therefore inferred to represent retrograde metamorphic crys-
tallization of monazite throughout central Massachusetts (Massey et al., 2017;
Hillenbrand and Williams, 2021; Hillenbrand et al., 2021, 2023a; Moecher et al.,
2021). Thus, our findings of Y-rich monazite crystallization at 340 + 6 Ma, 345
+5 Ma, and 355 + 1 Ma are consistent with existing constraints on the timing
of retrograde monatzite crystallization in central Massachusetts.

Furthermore, the high to moderate Y contents and discontinuous
lobate-cuspate rim textures (e.g., Fig. 7) indicate dissolution-reprecipitation
recrystallization of monazite from ca. 355 Ma to 340 Ma. Dissolution-
reprecipitation of monazite is commonly associated with fluid influx and may
fully reset the U-Th-Pb dates of monazite at low-temperature (~450 °C) con-
ditions (Williams et al., 2011). We posit that much of the retrograde monazite
in this sample is recrystallized in the presence of a fluid, based on abun-
dant lobate-cuspate, Y-rich rim growth around relict and resorbed Devonian
monazite cores (e.g., Putnis, 2009; Williams et al., 2011). This fluid may have
been generated by crystallization of Late Devonian granites observed through-
out New England (e.g., Concord Granite: Lyons and Livingston, 1977; Harrison
et al., 1987; Dorais, 2022; Hardwick Tonalite and Fitchburg Complex: Robin-
son et al., 1998), devolatilization reactions at depth (Stewart and Ague, 2018;
e.g., from burial and heating of the Merrimack Terrane or other sedimentary
protolith terranes beneath the Eastford shear zone), and/or channelization
of an ambient fluid phase during localized ductile shearing and deformation
(Connolly, 1997; Holcomb and Olsson, 2003).

Monazite grains in sample MA2207 are late to postkinematic based on
their equant crystal shapes and crosscutting relationship with respect to the
biotite foliation (Fig. 6). We interpret Carboniferous monazite rims in this sam-
ple to provide a minimum age constraint on deformation within the Central
Maine terrane. Therefore, based on the available Ar-Ar cooling ages, our new
monazite geochronology throughout the Central Maine terrane, quartz and
plagioclase microstructures, and existing constraints on monazite crystalli-
zation from the literature (Massey et al., 2017; Hillenbrand et al., 2021, 2023a;
Moecher et al., 2021), we conclude that there is little to no evidence of perva-
sive moderate- to high-temperature (>400 °C) deformation within the Central
Maine terrane in central Massachusetts after ca. 340-330 Ma. This implies rigid
to semi-rigid behavior of the Central Maine terrane in central Massachusetts
and farther north in New Hampshire and Maine during the Late Carboniferous,
with deformation localized onto general shear and dip-slip shear zones on the
western and eastern margins of the Central Maine terrane, respectively, and
localized high-angle reverse faults (e.g., Moecher et al., 2021). Moreover, these
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data constrain the minimum age of paired dextral and sinistral transpressive
strains on the margins of the Central Maine terrane.

Within the southernmost Central Maine terrane of northeastern Connecti-
cut, near the Eastford shear zone, we observe relatively high-temperature
(>500 °C) Permo-Carboniferous deformation and greenschist to amphibolite
facies metamorphism overprinting prior Acadian-Neoacadian deformation
and metamorphism. Samples CT2205, CT2207, and CT2208 all display high-
temperature grain boundary migration (Fig. 5), which is typically associated
with deformation temperatures >500 °C (Stipp et al., 2002; Toy et al., 2008).
Deformed late-metamorphic assemblages in proximity to the Eastford shear
zone typically contain quartz, plagioclase, biotite, white mica, and in some
cases garnet.

Monazite in sample CT2205 is syn- to late kinematic with respect to the
biotite foliation (Fig. 6). The cores of monazite grains in this sample yield a
weighted mean age of 405 + 4 Ma. The low-Y and high-Th characteristics of
these cores could indicate crystallization during Early Devonian (Acadian)
high-temperature metamorphism and partial melting (see Fig. S15 for com-
positional maps; Dumond et al., 2015). The Y-rich, inner rims of monazite in
this sample are characterized by lobate-cuspate rim textures, whereas the
moderate-Y outer rims are discontinuous around the grains (Fig. 7). As for
sample MA2207, the high-Y characteristics and lobate-cuspate textures of the
inner rims are likely indicative of monazite recrystallization during retrograde
garnet breakdown and fluid-saturated conditions (dissolution-reprecipitation).
However, the age of this breakdown (ca. 374 Ma; Fig. 8) is significantly older
than suggested for central Massachusetts (ca. 350-340 Ma; Moecher et al.,
2021; Hillenbrand et al., 2023a).

The early onset of retrograde metamorphism in our sample CT2205 may
be indicative of the early metamorphic history of the Merrimack Terrane and
disparate Devonian metamorphic conditions between the Central Maine ter-
rane and Merrimack Terrane. The disparity in retrograde metamorphic timing
compared with much of the monazite data in the Central Maine terrane (i.e.,
Massey et al., 2017, Moecher et al., 2021; Hillenbrand et al., 2023a) suggests that
the protolith of sample CT2205 may belong to the Merrimack Terrane. Based
on this assumption and the monazite data from this sample, the Merrimack
Terrane did experience early metamorphism in the Devonian, followed by Late
Devonian retrograde metamorphism at ca. 375 Ma.

The outermost discontinuous rim in sample CT2205 is the only Permo-
Carboniferous monazite domain in this sample. This zone (ca. 324 Ma) is
significantly younger than the monazite inner rims (ca. 375 Ma). Discontinu-
ous rims argue for dissolution-reprecipitation. Moreover, the texture of the
outer rim in grain 4 of this sample suggests there may have been dissolution-
reprecipitation creep localized on opposing corners of the monazite grain.
This texture is consistent with top-to-the-E simple shear and dissolution-
reprecipitation creep monazite textures described by Dumond et al. (2022).
Within the Central Maine terrane, such young monazite dates are only observed
near major shear zones and faults (e.g., Moecher et al., 2021). Ar-Ar hornblende
cooling dates in the southernmost Central Maine terrane suggest cooling below

500 °C by ca. 300-290 Ma (Fig. 12; Wintsch et al., 1995). Therefore, we interpret
this monazite zone as reflecting fluid-reprecipitated monazite localized along
shear zones during lower amphibolite (~500-550 °C) to upper greenschist
(~450-500 °C) facies deformation.

Thus, top-to-the-SE deformation on the Eastford shear zone occurred during
at least the middle to Late Carboniferous (ca. 330-300 Ma) but may have begun
as early as the Late Devonian (ca. 375 Ma). At approximately the same time,
the southernmost Central Maine terrane had cooled to temperatures of ~500 °C,
and deformation was localized onto discrete high-angle reverse shear zones
within the Central Maine terrane. Additionally, strike-slip shear occurred on
discrete shear zones in the Western Bronson Hill (i.e., Massey and Moecher,
2013) and Norumbega shear zones. The interpretation of Carboniferous top-to-
the-SE deformation on the Eastford shear zone implies Carboniferous loading
of the underlying Merrimack Terrane, as suggested by some previous work
(Fig. 1; Getty and Gromet, 1992; Wintsch et al., 1992, 2003, 2007). In conclusion,
we suggest that the Merrimack Terrane may not have experienced the same
high-grade metamorphic episode observed in the southern Central Maine
terrane (i.e., Ague et al., 2013; Hillenbrand et al., 2023a). Consequently, the
Merrimack Terrane did not experience post-Devonian metamorphism until
Carboniferous loading in the footwall of the Eastford shear zone.

5.2.3 Merrimack Terrane and Willimantic Dome

We interpret the titanite grains in sample CT2223 to be synkinematic for
several reasons. First, the titanite grains are parallel to the prominent pla-
gioclase, amphibole, and biotite foliation (Fig. 6). Second, the titanite grains
in this sample are characterized by relatively homogeneous compositions
(Fig. 9) and yield a uniform population of U-Pb dates at ca. 269 + 13 Ma
(Fig. 11). This suggests a single episode of titanite crystallization rather than
date complexities characteristic of resetting by dislocation creep and/or flu-
ids (Moser et al., 2022, 2023). The grains are deformed and characterized by
locally high misorientations (up to 18°) and subgrain development, display-
ing microstructures similar to those that have previously been interpreted to
represent synkinematic titanite growth (Fig. 9; Moser et al., 2023). The U-Pb
data as well as synkinematic textures (with respect to the primary amphibole
+ plagioclase + epidote assemblage; Fig. 5) and locally high EBSD misorien-
tation angles suggest a single episode of metamorphic, synkinematic titanite
crystallization at ca. 269 Ma.

The Zr-in-titanite temperatures from these titanite grains indicate the tem-
perature of deformation was ~630-700 °C (Fig. 12). These data are inconsistent
with Ar-Ar hornblende and mica plateau ages in the region, which indicate
cooling to <~400-500 °C by ca. 280-260 Ma (Wintsch et al., 1992). This tempera-
ture discrepancy cannot be fully accounted for by the commonly cited Ar-Ar
hornblende uncertainty of +50 °C and potential uncertainties in Zr-in-titanite
temperatures due to sector zoning (also +50 °C; Walters and Kohn, 2017). An
alternative explanation for this inconsistency may be extreme attenuation of
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strata and a pre-existing thermal structure during exhumation and doming.
Thus, our titanite U-Pb data, titanite microstructures, and average Zr-in-titanite
temperatures support a phase of Permian amphibolite facies deformation
proximal to Willimantic dome.

Titanite in sample CT2229 records a wide range of late Paleozoic dates,
consistent with titanite (re)crystallization during Acadian and Alleghanian
metamorphism. The titanite is localized within biotite-rich layers and generally
parallel to the biotite foliation in the rock (Fig. 6). In contrast to titanite in sample
CT2223, titanite in sample CT2229 displays pronounced compositional zoning
(Fig. 10). We identified three trace element zones consistent with BSE textures
(Fig. 10), compositional mapping (Fig. S16), and the trace element data.

Fe and Ce concentrations are relatively homogeneous in sample CT2229
titanites with the exception of grain 3, characterized by a euhedral core enriched
in Fe and Ce and a subhedral to anhedral rim depleted in Fe and Ce. The core
of grain 3 is characterized by an arcuate REE profile, with enrichment of the
MREEs relative to the LREEs and HREEs, characteristic of magmatic titanite
crystallization (Kohn, 2017). This titanite core yielded an average Zr-in-titanite
temperature of 763 °C and an inverse isochron age of 397 Ma (MSWD = 1.5).
The high Fe and Ce, REE concentrations, negative Eu anomaly, low EBSD
misorientation angles (<2°), and high crystallization temperatures suggest
that this core records igneous titanite crystallization at 397 Ma. The isochron
age of this igneous titanite (397 + 11 Ma) overlaps within the 2c uncertainty of
the igneous zircon crystallization age for the Canterbury Gneiss (414 =+ 6 Ma;
Wintsch et al., 2007).

Titanite inner rims are observed in two grains and characterized by a posi-
tive Eu anomaly and relatively “flat” variations in REE concentration (Fig. 10).
We segregate the data in this trace element zone by grain because the spots in
grain 3 were likely affected by significant mechanical mixing during LA-ICP-MS
analysis. The isochron ages for titanite inner rims are significantly different
between the two grains (Fig. 11). Grain 1 yields an inner rim isochron date of
ca. 390 Ma, whereas grain 3 yields an inner rim isochron date of ca. 329 Ma.
Both populations of inner rim data yield high MSWDs indicative of domain
mixing, recrystallization, and/or prolonged crystallization. On inspection of
inner rim spot placement and REE concentrations within grain 3, we observe
that some spots overlap with the outer rim zone due to the fine diameter of
the inner rim (<5 pm). Additionally, REE concentrations are much depleted
in inner rim grain 3 spots as compared with the majority of inner rim grain 1
spots (Fig. 10). Both observations suggest that mechanical mixing between the
inner and outer rim likely occurred for grain 3 spots and that inner rim spots
from grain 1 are most characteristic of the age of this zone.

We interpret inner rim titanite (best constrained from grain 1) as reflecting
Devonian high-temperature (~600-700 °C) metamorphism of the Merrimack
Terrane during the Acadian orogeny. The MSWD of the inner rim titanite
isochron (for both grains 1 and 3) is high (6.4 and 4.2 for grains 1 and 3,
respectively). This indicates that inner rim titanite is not a simple product of
single-stage (re)crystallization of titanite. The range of dates within titanite
inner rims likely reflects partial to complete date resetting as a result of titanite

deformation or fluid-related recrystallization (Gordon et al., 2021; Moser et al.,
2022, 2023; Walters et al., 2022). EBSD misorientation data across inner rim
domains are highly variable, with some portions characterized by extremely
low (<1°) degrees of misorientation and other portions characterized by the
highest degrees of misorientation in the crystal (up to 7°-12°; grains 1 and 3,
Fig. 9). There is no clear correlation between dates in highly deformed domains
compared to those in undeformed domains (Fig. 9), suggesting that inner rim
dates do not solely reflect titanite deformation. This indicates that there is a
decoupling of the trace element compositions (used to segregate the titanite
domains) and U-Pb dates (Gordon et al., 2021; Moser et al., 2022; Walters
et al., 2022). We propose that the second phase of titanite (re)crystallization
corresponding to titanite inner rims is likely a product of partial to complete
resetting of dates resulting from deformation and fluid-driven recrystallization.
Thus, the youngest dates likely reflect a minimum deformation age.

Outer rim titanite in sample CT2229 yielded an isochron age of ca. 307 Ma
(Figs. 11 and 12). As with the inner rim, the high MSWD of the inverse iso-
chron (5.4; Fig. 11) indicates that these dates do not reflect a simple phase of
titanite crystallization. The REE profiles of the outer rim data are characterized
by depletion of the LREEs, no Eu anomaly, and a wide range of HREE enrich-
ment (Fig. 10). The BSE and compositional zone textures of grains 2 and 4,
which only yielded “inner rim” spots, display lobate-cuspate, Al-rich rims
(Fig. S16). Lobate-cuspate rims suggest dissolution-reprecipitation of these
titanite grains (e.g., Putnis, 2009; Moser et al., 2023). Furthermore, grains 2 and
4 are significantly deformed based on the EBSD data (Fig. 9). Given the Zr-in-
titanite temperatures from the titanite outer rims (~610-690 °C), we propose
that titanite outer rims (re)crystallized at amphibolite facies conditions, but this
crystallization may reflect an admixture of (neo)crystallization, crystal-plastic
deformation, and dissolution-reprecipitation in the presence of a fluid. Of these
three processes, we see the most evidence for dissolution-reprecipitation
based on lobate-cuspate textures within the grains (Fig. 10).

Titanite rims are characterized by a wide range of U-Pb dates, where those
U-Pb dates do not display a clear correlation with trace element concentrations.
Such decoupling may result from either crystal-plastic deformation (e.g., Gor-
don et al., 2021) or dissolution-reprecipitation in the presence of a fluid (e.g.,
Moser et al., 2022; Walters et al., 2022). Therefore, while titanite in sample
CT2229 may have been synkinematic, the U-Pb dates no longer reflect synki-
nematic crystallization. The youngest dates likely bracket the minimum age of
deformation to the Late Carboniferous (ca. 300-290 Ma; Fig. 12). Deformation
significantly younger than this would likely have resulted in at least partial
resetting of the U-Pb systematics.

Thus, Permo-Carboniferous titanite in sample CT2223 crystallized contem-
poraneous with to just preceding regional bulk coaxial strains and localized
noncoaxial extensional strains between the Merrimack Terrane and underlying
Avalonia. Crystallization within the Merrimack Terrane, best characterized by
titanite in sample CT2229, suggests titanite (re)crystallization contemporaneous
with top-to-the-SE deformation on the Eastford shear zone (Figs. 8, 11, and 12;
ca. 330-300 Ma, this study). This suggests regional strain resulted from loading
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of the overlying hanging wall and perhaps a component of prior top-to-the-SE
and/or -E strain that is not well resolved in our sample. Crystallization around
and within Willimantic dome, best characterized by sample CT2223, suggests
titanite crystallization contemporaneous with exhumation and top-to-the-NW
and/or -N extension on the Honey Hill-Lake Char fault system (Figs. 11 and 12; ca.
300-260 Ma; Wintsch et al., 1992; Fleischer, 2022). Furthermore, the significantly
younger titanite dates observed in sample CT2223 as opposed to CT2229 sug-
gest that titanite crystallization may have been progressively localized toward
the mantle of Willimantic dome in the Permian during exhumation and cooling.

5.3 Implications for Permo-Carboniferous Orogenesis in Eastern North
America

Our findings regarding Alleghanian metamorphism and deformation in
southern New England imply a contrasting Alleghanian strain regime in the
northern Appalachians relative to the southern Appalachians. Much of the
existing work from the southern Appalachians suggests a dextral transpressive
regime during the Permo-Carboniferous Alleghanian orogeny. Models of dex-
tral strike slip combined with compression are primarily based on observations
of the Brevard fault zone on the margins of the Piedmont Terrane (Gates et
al., 1988; Secor et al., 1986; Hatcher, 2001). Some evidence from the southern
Appalachians suggests a transition from strike-slip dominant deformation to
shortening (dip-slip) dominant deformation in the middle Mississippian (ca.
350-330 Ma; Hibbard et al., 2010). In addition, Growdon et al. (2013) identified
localized dextral simple shear in central-southern Connecticut, suggesting the
transition to conjugate shear observed farther north in New England (coastal
Maine) occurs in Connecticut to Massachusetts.

The character of Carboniferous deformation in New England, spanning
ca. 350-300 Ma, is highly variable (Fig. 13). Hillenbrand et al. (2023a, 2023b)
proposed that by ca. 350-340 Ma, the Central Maine terrane, Bronson Hill
anticlinorium, and Waterbury dome experienced exhumation and retrograde
metamorphism. They interpreted Pelham and Waterbury domes as forming
during this stage of retrograde metamorphism. Ultimately, Hillenbrand et al.
(2023a) concluded that the Carboniferous structure of central Massachusetts
was produced during regional gravitational collapse and lateral extrusion,
similar to some Himalayan gneiss domes (e.g., Hacker et al., 2017).

Contemporaneous with cooling and exhumation starting at ca. 350 Ma,
the western Central Maine terrane experienced dextral transpression and the
eastern Central Maine terrane experienced combined sinistral and top-to-the-
E oblique simple shear (Massey et al., 2017; this study). Paired Carboniferous
sinistral and dextral deformation on the margins of the Central Maine terrane
suggests south-directed lateral extrusion during retrograde metamorphism
(consistent with constriction in the center of the terrane, identified in sample
MA2207 of this study; Fig. 5).

From ca. 330 Ma to 300 Ma, strike-slip strain was increasingly local-
ized in discrete shear zones (Fig. 13). Dextral strain was localized within the

Norumbega shear zone during ca. 300-290 Ma deformation. Sinistral strain
was localized within the Western Bronson Hill shear zone at similar times (ca.
330-290 Ma; McWilliams et al., 2013; Massey and Moecher, 2013). Further-
more, localized Permo-Carboniferous dextral strain is observed within the
Orange-Milford belt of central Connecticut (Growdon et al., 2013; Wintsch et
al., 2024). Growdon et al. (2013) proposed that this belt, coupled with sinistral
shear in the western Bronson Hill anticlinorium (McWilliams et al., 2013), likely
resulted from the indentation of Gondwana about the New York Promontory.

Paired sinistral strike slip in the west and dextral strike slip in the east in
northern New England (New Hampshire and Maine) implies north-directed
lateral extrusion of the Central Maine terrane. In central Massachusetts and
northeastern Connecticut, sinistral oblique transpression in the Western Bron-
son Hill shear zone was contemporaneous with top-to-the-SE thrusting and
reverse faulting in the southeasternmost portion of the Central Maine ter-
rane (Fig. 13). This implies combined regional compression and localized
sinistral simple shear within the Western Bronson Hill shear zone in south-
ern New England as well as bivergent north-south extrusion of the Central
Maine terrane.

Contemporaneous with ca. 330-300 Ma north- and south-directed extrusion
of the Central Maine terrane, the Merrimack Terrane experienced loading, and
likely top-to-the-E simple shear in the footwall of the Eastford shear zone. This
loading resulted in the pervasive, now shallow, planar fabric observed within
the Merrimack Terrane. Although the fabric formed during the Carboniferous,
we propose that the modern-day subhorizontal orientation, a characteristic
of the entire Merrimack Terrane, is a product of near-symmetrical uplift of
Willimantic dome.

Exhumation of Willimantic dome started at ca. 300 Ma and continued until
at least ca. 260 Ma related to localized top-to-the- and/or -NW extension on the
Honey Hill-Lake Char fault system and the related Willimantic fault. A pop-up
of this top-to-the-N and/or -NW structure may also be exposed around Pelham
dome in central Massachusetts, based on localized, young (Permian) cooling
ages associated with the doming (Hillenbrand et al., 2023a).

We can reconcile the appearance of a sinistral shear zone in the northern
as opposed to the southern Appalachians with two models for Alleghanian
convergence in eastern North America: (1) zipper tectonics and lateral extru-
sion from the convergence between Laurasia and Gondwana (e.g., Vauchez et
al., 1987; Hatcher, 2002; Growdon et al., 2013) or (2) gravitational collapse and
northward extrusion of the upper crust in the northern Appalachians, driven
by prior crustal thickening in the “Acadian altiplano” (e.g., Hillenbrand et al.,
2021; Ma et al., 2023).

We propose a model for the Carboniferous based on zipper tectonics and
lateral extrusion combined with gravitational collapse in an overall conver-
gent plate boundary setting. Our proposed model invokes bivergent, lateral
extrusion similar to the model of Growdon et al. (2013) but also integrates
dextral shear on the Norumbega shear zone and east-directed thrusting on the
Eastford shear zone. Our observations of top-to-the-E and/or -SE deformation
in the Carboniferous require that the maximum stress was locally horizontal
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in southern New England during Carboniferous deformation. Exhumation,
cooling, and retrograde metamorphism of rocks in central Massachusetts
during the Carboniferous may have resulted from exhumation and cooling of
the hanging wall in a thrust fault or décollement as opposed to exhumation
and cooling around an extensional detachment. In the northern Appalachians,
we observe no significant Permo-Carboniferous thrusting. Rather, we propose
north-directed extrusion of the Central Maine terrane between conjugate strike-
slip shear zones (the Norumbega and Western Bronson Hill shear zones).

In southern New England (eastern Connecticut), extensional strain contem-
poraneous with regional exhumation clearly began by the latest Carboniferous
to early Permian on the Honey Hill-Lake Char fault system (ca. 300-290 Ma;
Figs. 11 and 12). This is consistent with observations of changing contractional
to extensional deformation and associated amphibolite facies metamorphism
within Avalonia (i.e., around Lyme dome at ca. 290-275 Ma; Walsh et al., 2007).
This transition from Carboniferous thrusting to Permian extension demarcates
the end of bivergent extrusion and late Paleozoic convergence in New England.

Models of purely gravitational collapse may satisfy observations of
Carboniferous deformation in the northern New England Appalachians
(e.g., Hillenbrand et al., 2023a) and Permian deformation in southern New
England; however, a significant component of Carboniferous convergence
and contraction is necessary to explain the structures and metamorphism in
southern New England. Therefore, the Eastford shear zone and south-central
Massachusetts may represent a fundamental transition point in southern New
England, about which the primary driving mechanism of deformation in the
orogenic belt transitions from gravitational collapse and north-directed extru-
sion in the northern New England Appalachians to south- and east-directed
extrusion of the hanging wall coeval with thrusting and loading of the under-
lying Merrimack Terrane in the southern New England Appalachians.

Extrusion models have been previously proposed for the Alleghanian orog-
eny based on regional structural analysis in the Appalachians and Mauritinides
(Africa; e.g., Vauchez et al., 1987; Hatcher, 2002; Growdon et al., 2013). Biver-
gent extrusion, as proposed herein, may have resulted from the collision of
a Gondwanan promontory (i.e., the Reguibat promontory; Lefort, 1984) in the
central Appalachians (Long Island Sound) or central Massachusetts. Bivergent
extrusion may have also resulted from the convex geometry of the Gondwa-
nan or Laurasian margin.

l 6. CONCLUSIONS

Carboniferous deformation in the northern New England Appalachians
was characterized by steep, conjugate strike-slip shear zones in the shallow
crust bounding a north-extruding semi-rigid to rigid Central Maine terrane.
In central Massachusetts and northeastern Connecticut, the style of Carbon-
iferous strain likely transitions from north-directed extrusion in the northern
New England Appalachians to south-directed extrusion in the southern New
England Appalachians. South-directed Carboniferous extrusion in southern

New England (south-central Massachusetts and northeastern Connecticut) was
coeval with top-to-the-E and/or -SE thrusting on the Eastford shear zone. This
implies Carboniferous loading and prograde burial of the Merrimack Terrane.
Carboniferous lateral extrusion was strongly overprinted in eastern Connecti-
cut by top-to-the-N and/or -NW extension and associated coaxial flattening
around Willimantic dome and the Honey Hill-Lake Char fault system. These
constraints from southern New England suggest that gravitational forcing
from high topography and high crustal thickness played a subsidiary role
to northwest-southeast convergence in southern New England. However, at
the same time, north-directed extrusion of the Central Maine terrane in New
Hampshire and Maine may reflect near-end-member gravitational collapse,
driven exclusively by gravitational potential of the Acadian altiplano. We pro-
pose a zipper extrusion model of Carboniferous tectonics in New England that
reconciles observed south-directed extrusion in the southern Appalachians
and southern New England with north-directed extrusion in northern New
England. The flip from south- to north-directed extrusion was likely related
to the plate boundary orientation of Gondwana and Laurasia or a localized
northwest African promontory.
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