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ABSTRACT

A comprehensive structural and geochronologic investigation was combined with existing
structural, geochronologic and geophysical data to characterize and interpret across- and along-
strike variations associated with the last two major orogenic events that formed the southeastern
New England Appalachians of eastern North America. These orogenies are the mid-Paleozoic
Acadian orogeny and the late Paleozoic Alleghanian orogeny. The northeast-trending Nashoba-
Putnam terrane, located in eastern Massachusetts and Connecticut is part of the Gondwanan-
derived microcontinent Ganderia. It is in fault contact with greenschist facies rocks of the
Merrimack belt to the west, and with generally low grade rocks of the Avalon terrane to the east.
Structural data in the Nashoba-Putnam terrane show five generations of deformation. Structural
and metamorphic data are generally consistent with a channel flow model, where a hot, viscous
mid- to lower crustal layer flows between relatively cool and more rigid layers, to remove material
laterally in an overthickened orogenic belt. The occurrence of contemporaneous localized sinistral
movement in schist and distributed dip-slip movement in migmatitic gneiss may represent strain
partitioning of lateral movement and ductile extrusion of the channel in a sinistral transpressional
regime. Based on new and existing U-Pb geochronology data, ductile deformation and possibly
channel flow occurred during the latest Silurian to earliest Carboniferous Acadian orogeny, which

resulted from the accretion of the Avalon terrane.

Foliation orientations in the northwest-dipping Nashoba-Putnam terrane show a decrease
in dip angle from subvertical and moderate dips in the north to moderate and shallow dips in the
south, changing in particular at the latitude of Boston, Massachusetts. Furthermore, localized zones
of west-trending foliation and west-trending terrane boundary between the Nashoba-Putnam and
Avalon terranes occur along the generally northeast-trending foliations and boundary. One of these
zones occurs at the latitude on Boston, at the same latitude as the transition from steeper to

shallower dipping foliations.

The Avalon terrane in southeastern New England is a composite terrane that rifted from
Gondwana in the Ordovician and accreted to Laurentia during the Acadian orogeny. U-Pb and Lu-
Hf isotopic analyses of zircon in three sedimentary rocks in the western-most Avalon terrane in

southeastern New England was carried out to compare the detrital zircon signature with those of



other metasedimentary rocks of the southeastern New England Avalon terrane and with Avalonia
in eastern Canada. Analyzed samples are isotopically similar to others in the New England Avalon
terrane, and to Avalonia in Canada, especially the Gamble Brook Formation in the northern part
of Nova Scotia. Finally, detrital zircon of the western Avalon terrane has a mixed source between

Baltica and Amazonia.

U-Pb analyses of zircon from migmatitic rocks in the southeastern Nashoba terrane,
combined with existing®Ar/3°Ar and U-Pb analyses of high temperature minerals suggest a
younging of leucosome and high-grade metamorphism from north to south in the Nashoba-Putnam
and Avalon terranes. The major transition in ages of leucosome occurs at the approximate latitude
of Boston, Massachusetts. Furthermore, west-trending lineaments and a gravity anomaly are
visible in aeromagnetic and Bouguer gravity datasets, respectively. The most notable of these west-
trending lineaments is located along the latitude of Boston, Massachusetts. This lineament
coincides with a change in foliation orientations as outlined above. Furthermore, U-Pb monazite
ages along this lineament are late Paleozoic in the Nashoba terrane. In the Avalon terrane, a
transition occurs from predominantly middle PaleoZ2&e/3°Ar hornblende cooling ages relating
to the Acadian orogeny to the north and mostly late Paleozoic ages relating to the Alleghanian
RURJHQ\ WR WKH VRXWK 7KLV OLQHDPHQW LV WKHUHIRUH L
rocks to the south were affected by the Alleghanian orogeny, while rocks to the north show only

minor effects.
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CHAPTER 1

INTRODUCTION

In this chapter, first, the overall goal of this thesis is defined. Then, a brief synopsis of the
tectonic and geologic history of the southeastern New England Appalachians is provided. Next,
the appropriate methods/analyses carried out to achieve the research goal are listed. Finally, the

organization of the thesis is outlined.

1.1 Research goal

The main objective of this project was to collect and interpret structural field data and
various geochronological analyses to characterize across-strike and along-strike variations within
the Nashoba-Putnam terrane, and Avalon terrane, in southeastern New England, at the
southernmost extent of the northern Appalachians (Figure 1.1). New and existing data were

compared with existing geophysical data.

1.2 General background of the southeastern New England Appalachians

Microcontinents that were rifted from Gondwana in the Cambrian to Ordovician such as
Ganderia and Avalonia (Hibbard et al., 2006; Nance et al., 2008; Murphy et al., 2009; van Staal et
al., 2009; Hatcher, 2010), eventually accreted to Laurentia. The Nashoba-Putnam terrane along the
trailing edge of Ganderia, and the southeastern New England Avalon terrane (in this thesis simply
called Avalon terrane), which is interpreted as part of Avalonia as exposed in Canada, are now
located in eastern Massachusetts, Connecticut, and Rhode Island, and form the focus of this study
(Figure 2A).

The Nashoba-Putnam terrane comprises sedimentary, mafic and felsic volcanic and volcaniclastic
rocks (Figure 1.2B) (Bell and Alvord, 1976; Goldsmith et al., 1991; Hepburn et al., 1995). It
formed in an arc/backarc complex (Goldsmith, 1991; Hepburn et al., 1995, 2014; Kay et al., 2017)
It has Ganderian affinity based on U-Pb detrital zircon and Sm-Nd geochemical aflabgses

2011; Kay et al., 2017). These rocks were later multiply deformed and metamorphosed to upper
amphibolite facies conditions with local evidence for partial melt during the middle Paleozoic
Acadian orogeny. Intermediate and felsic rocks intruded the metamorphosed rocks in the latest



Silurian, Devonian, and Early Carboniferous (Figure 1.2B) (Castle, 1976; Zartman and Naylor,
1984; Hepburn et al., 1995, and others). The deformation history and partial melt histories of the
northwestern Nashoba terrane associated with the middle Paleozoic Acadian orogeny have been
studied in detail (Buchanan et al., 2014a, b, 2015a, b, 2016a, b; 2017). Northwest-side-down
folding occurred in migmatitic gneiss (Buchanan et al., 2014b), while shear fabrics in localized
schist zones show synchronous sinistral deformation (Buchanan et al., 2016b, 2017). These are
crosscut by younger subvertical shear zones that have normal movement (Buchanan et al., 2016Db,
2017). The northwest-dipping Nashoba-Putnam terrane is fault-bounded against greenschist facies
rocks of the Merrimack belt to the northwest, and the Avalon terrane to the southeast. The first
goal of this study was to test how high grade rocks of the Nashoba-Putnam terrane waredempla

between lower grade rocks.

The Avalon terrane contains numerous rock units that are difficult to correlate, which have
led to the interpretation that it is a composite terrane (Rast and Skehan, 1990, 1993; Skehan and
Rast, 1990). It is composed of Ediacaran to Ordovician metasedimentary, igneous, and volcanic
rocks (Figure 1.3) (Zartman and Naylor, 1984; Thompson et al., 1996). Sedimentary rocks are at
the base of the sequence and were deposited in a passive margin to active margin dettimdy (Be
Alvord, 1976; Goldsmith, 1991). Sedimentary rocks were then overlain by mafic metavolcanic
rocks that grade upward into felsic metavolcanic rocks (Goldsmith, 1991). This sequence was later
metamorphosed to quartzite, schist, calc-silicate, amphibolite, and gneiss under increasing
metamorphic conditions (Figure 1.3) (Perry and Emerson, 1903; Hepburn and DiNitto, 1978;
Goldsmith, 1991). The northern Avalon terrane was metamorphosed to lower greenschist facies
conditions with local lower amphibolite facies conditions; the southern Avalon terrane was
metamorphosed to upper amphibolite facies conditions (Wintsch et al., 1992). Two previous U-Pb
detrital zircon studies of sedimentary units of the northern Avalon terrane yielded Ediacaran
(Hepburn et al., 2008) and Tonian maximum depositional ages (Thompson et al., 2012). Based on
rock types and previous isotopic studies of sedimentary units in the New England Avalon terrane,
some correlations have been made between some units and those in Avalonia in Canada (Figure
1.1) (Keppie et al., 1998; Barr et al., 2003, 2019, Murphy et al., 2004; Pollock et al., 2009; Satkoski
et al., 2010; Thompson et al., 2012). A second goal of this study was to make better correlations
between the New England Avalon terrane and other parts of Avalonia, but also between units along
the northwestern margin of the New England Avalon terrane.

2



[] Mesozoic sedimentary and volcanic rocks
[ ] Middle Devonian to Permian predominantly clastic rocks

E] Middle Devonian to Carboniferous magmatic rocks

- Silurian to earliest Devonian felsic/intermediate
magmatic rocks

- Meguma
- Avalonia

100 km

100 mi

[ Early Paleozoic arc with Ganderian affinity
/ Nashoba-Putnam terrane

[ Late Silurian and Early Devonian,
Ganderian and Laurentian affinity

Late Silurian and Early Devonian predominantly
clastic rocks with Laurentian affinity

[ ] Late Silurian and Early Devonian predominantly
clastic rocks with Ganderian affinity

[ ] Late Ordovician to early Silurian clastic and
magmatic rocks with Ganderian affinity

[ ] Laurentian basement and passive margin rocks

Figure 1.1. Lithotectonic map of the northern Appalachians. Modified from Hibbard et al. (2006) and Hatcher (2
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Figure 1.3. Geologic map of the composite Avalon terrane in southeastern New England. Modified
from Goldsmith (1991) and Thompson et al. (2012).
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The Avalon terrane is in fault contact with the Nashoba-Putnam terrane to the northwest
(Figure 1.2A). The timing of accretion of the composite Avalon terrane to Ganderia is
controversial. In northeastern Massachusetts, U-Pb*%éf°Ar data suggest that accretion
occurred during the middle Paleozoic Acadian orogeny (Skehan and Rast, 1990; Hepburn et al.,
1995; Keppie et al., 1998; Dorais et al., 2001), while in Connecticut they suggest juxtaposition of
the terranes during the late Paleozoic Alleghanian orogeny (Wintsch et al., 1992, 2007, 2014). The
third part of this study focused on resolving this controversy, and on along-strike changes in ages
of deformation and metamorphism in both the Nashoba-Putnam and Avalon terranes in general.

1.3 Thesis methods

In this study, the following analyses were carried out to achieve the research objective(s)

of this thesis:

x Field work and structural analyses (using equal-area lower-hemisphere projections) to
create a geologic map and characterize deformation events and across- and along-strike
variations in deformation history in the Nashoba-Putnam terrane,

x U-Pb and Lu-Hf detrital zircon analysis of three metasedimentary rocks in the western-
most Avalon terrane in southeastern New England, and comparison of data with those
from Avalonian samples in Canada to improve correlations determine sediment
source(s) along-strike,

x U-Pb Sensitive High Resolution lon Microbe zircon analysis to determine the age(s) of
partial melt and high-grade metamorphism in the Nashoba terrane,

x Compilation of*°Ar/*°Ar, U-Pb, aeromagnetic, and Bouguer gravity anomaly datasets
from the southeastern New England Appalachians to identify relationships between
them and interpret their tectonic significance determine the ages of partial melt and high-

grade metamorphism.

1.4 Thesis organization

Subsequent to this chapter are three manuscripts (Chapgite e submitted to journals
for publication. Chapter 2 outlines the structural history of the Nashoba-Putnam terrane and will
be submitted to the Journal of Structural Geology. Chapter 3 is a manuscript that focuses on U-Pb

and Lu-Hf isotopic signatures of detrital zircon analyses from quartzite units in the western-most



Avalon terrane in the southeastern New England Appalachians to determine if these samples are
comparable to Avalonia in Canadian, and to determine the potential source of detritus for the
Avalon terrane. This manuscript will be submitted to a Geological Society of America Special
3DSHU WLWOHG 31HZ GHYHORS&BNwD UWIQV \DKH RIS DHD® F K&LKOL
discusses U-Pb SHRIMP-RG analyses of zircon grains in migmatitic rocks to determine the
range(s) of partial melt in the Nashoba-Putnam terrane. This chapter includes a compilation study

of 4°Ar/*%Ar hornblende cooling ages, U-Pb high-temperature ages that represent partial melt and
metamorphism, and several geophysical datasets covering southeastern New England in an attempt

to characterize the high-temperature history of the southeastern New England Appalachians. This
manuscript will be submitted to Geochemistry, Geophysics, and Geosystems (G3). Chapter 5

summarizes the outcome of all three projects.
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CHAPTER 2

THE STRUCTURAL HISTORY OF THE NASHOBA-PUTNAM TERRANE,
SOUTHEASTERN NEW ENGLAND+AN EXAMPLE
OF CHANNEL FLOW?

A manuscript to be submitted to theurnal of Structural Geology
Allison R. Seversoh Yvette D. Kuipet

!Department of Geology and Geological Engineering, Colorado School of Mines, 1516 lllinois
Street, Golden, CO 80401, USA

The Nashoba-Putnam terrane is a northwest-dipping fault-bounded block located in eastern
Massachusetts and Connecticut in the southeastern New England Appalachians. It comprises
highly deformed and metamorphosed Cambrian-Ordovician arc-backarc metavolcanic and
metasedimentary rocks intruded by late Silurian to Early Carboniferous plutons. The Nashoba-
Putnam terrane was metamorphosed to upper amphibolite facies conditions with local migmatitic
rocks, and is bounded by greenschist-facies rocks of the Merrimack belt to the northwest and the
Avalon terrane to the southeast.

Recent studies suggest that during the middle Paleozoic Acadian orogeny, the partially
melted Nashoba-Putnam terrane may have been exhumed via channel flow and ductile extrusion
between the colder and more competent Avalon terrane and Merrimack belt. Channel flow
generally occurs when a hot, ductile zone flows between two rigid, relatively cool bodies.
Typically, a reverse shear zone exists at the base and a normal shear zone exidte &pnaf
the extrusion zone, with related asymmetric fabrics throughout the channel. Studies in
Massachusetts revealed predominant normal or northwest-side-down asymmetric folds that
formed during partial melting along the northwest side of the Nashoba terrane. The normal
movement between the partially melted Nashoba-Putnam terrane and the greenschist facies rocks
of the Merrimack belt is consistent with expected structures in the upper level of the channel. The
main purpose of this study was to test whether the southeastern Nashoba terrane preserves reverse
or northwest-side-up structures, consistent with the bottom part of the channel. The second purpose

of this study was to investigate movement senses throughout the Putnam terrane to determine if its
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deformational history is consistent with that of the Nashoba terrane and if the entire Nashoba-

Putnam terrane reflects a channel flow model.

Combined field work and previous geochronological studies revealed five generations of
deformation throughout the Nashoba-Putnam terrane. Isoclinal folds are present along northwest-
and southeast-dipping foliations throughout the Nashoba-Putnam terrane. These are refolded
locally by northwest-side-down asymmetric folds. Northwest-side-up folds antb-tbp-
southeast folds along subhorizontal surfaces are also present in the southeastern part of the
Nashoba-Putnam terrane. Localized sinistral shear zones throughout the northwestern Nashoba-
Punam terrane are syn- to post-northwest-side-down movement and probably accommodated
transpressional motion during the Acadian orogeny. Because the ages of sinistral shear zones
overlap with those of late northwest-side-down folds, the shear zones are interpreted as a result of
partitioning of the strike-slip component of the convergent strain into localized shear zones during
ductile extrusion. Subvertical, northwest- and southeast-dipping mylonitic and brittle-ductile shear
zones are also observed throughout the Nashoba-Putnam terrane, and post-date asymmetric folds.

Local en echelon veins with various orientations and shear senses crosscut all deformation events.

An additional observation that is not explained by channel flow and ductile extrusion is the
shallowing of the foliation from north to south in the Nashoba-Putnam terrane. A clear transition
occurs at the latitude of Boston, Massachusetts where to the north, the foliation has a moderate to
steep northwesterly dip, while to the south, extending into the southern-most Putnam terrane, the
foliation has a moderate to shallow northwesterly dip. Furthermore, localized zones along the
southeastern terrane boundary have a north-dipping foliation, and the main one of these zones
occurs at the latitude of Boston in the Nashoba-Putnam terrane where the transition from steeper

to shallower dip of foliation occurs.

2.1 Introduction

The ductilely deformed, amphibolite-grade Nashoba-Putnam terrane is a piece of the Ganderian

microcontinent derived from supercontinent Gondwana. The Nashoba-Putnam terrane now resides

in eastern Massachusetts and Connecticut in New England at the southern extent of the northern

Appalachians (Figures 2.1). The tectonic history of the Nashoba-Putnam terrane has long been

studied (e.g., Perry and Emerson, 1903), but the context of its tectonic emplacement between

greenschist facies rocks of terranes to either side has not been explored. The structural and
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metamorphic characteristics of the Nashoba-Putnam terrane and its location between domains with
lower metamorphic grade rocks may be explained by a model of channel flow and ductile extrusion
(e.g., Beaumont et al., 2001; Godin et al., 2006; Harris, 2007). Channel flow is typified by a hot,
partially melted layer between two colder, more rigid slabs (Godin et al., 2006; Grujic, 2006).
Folds with opposing asymmetry form within the channel as a result of drag along channel
boundaries (Williams and Jiang, 2005; Godin et al., 2006; Williams et al., 2006). During ductile
extrusion, normal movement occurs at the top of the channel and reverse movement at the bottom
(Godin et al., 2006; Williams et al., 2006). The cold slabs to either side will also play a role in the
thermodynamics of the channel causing an inverted metamorphic gradient in the bottom part of
the channel (Beaumont et al., 2001; Jamieson et al., 2004). Partial melt forms within the channel
and migrates upward through and above the channel to form plutons that have similar age and
geochemistry as the migmatitic rocks in the channel (Beaumont et al., 2001; Grujic et al., 2002;
Kuiper et al., 2006).

In this study, we compared the structures in the northwestern Nashoba terrane to those in
the southeastern Nashoba terrane in order to test whether or not the Nashoba terrane fits a channel
flow model based on movement sense across the terrane. Northwest-side-down (normal)
movement has been documented in the northwestern Nashoba terrane (Buchanan et al., 2014a,
2014b, 2015a, 2016b, 2017), but no detailed structural work had been done in the southeastern
Nashoba terrane prior to this study. If the southeastern Nashoba terrane has northwest-side-down
(reverse) movement, this would further support the channel flow hypothesis. Next, we compared
scarcely exposed structures of the Putnam terrane with those of the better exposed outcrops of the

Nashoba terrane, in order to determine if structures are consistent along-strike.

2.2 Background
2.2.1 Tectonic background

The tectonic history of the southeastern New England Appalachians in Massachusetts,
Connecticut, and Rhode Island, is a result of numerous collisions between Laurentia and
Gondwanan-derived microcontinents such as Ganderia and Avalonia in the early and middle
Paleozoic (Figure 2.1), followed by the eventual collision between Laurentia and Gondwana in the
late Paleozoic to form supercontinent Pangea (Landing, 1996; van Staal et al., 1996, 2009; Nance
et al., 2008; Hatcher, 2010; Pollock et al., 2012; MacDonald et al., 2014, 2017; Karabinos, et al.,
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Figure 2.1. Lithotectonic map of the northern Appalachians. Modified after Hibbard et al. (2006) and Hatcher (2010).
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2017). This resulted in several major orogenies (Hibbard et al., 2007; van Staal et al., 2009;
Hatcher, 2010). The Ordovician Taconic orogeny formed during collision between a Laurentian
fragment (the Shelburne Falls arc) and the Gondwanan-derived Moretown terrane (Karabinos and
Tucker, 1992; Karabinos et al., 1998, 2017; MacDonald et al., 2014, 2017). The second major
orogeny was the late Ordovician to early Silurian Salinic orogen, which formed when back-arc
basin closure occurred between the leading and trailing edge of microcontinent Ganderia during
its accretion to Laurentia (Nance and Linnemann, 2008; van Staal et al., 2009). Third, the latest
Silurian to early Mississippian Acadian orogeny occurred during accretion of Avalonia to
Ganderia (Skehan and Rast, 1990; van Staal et al., 1996, 2009; Hibbard et al., 2006; Hatcher,
2010). The fourth and final major orogen was the late Mississippian to Permian Alleghanian
orogen which formed from collision between Laurentia and Gondwana, resulting in the formation

of supercontinent Pangea (Nance and Linnemann, 2008; Hatcher, 2010).

2.2.2 Geologic background

The Nashoba-Putnam terrane (Figure 2.2) formed in an early Paleozoic arc-backarc system
and is composed of mafic to felsic volcanic and volcaniclastic and sedimentary rocks that were
complexly deformed, metamorphosed up to sillimanite conditions and/or partially melted to form
migmatitic rocks starting in the late Silurian (Figures 2.3 and 2.4) (Bell and Alvord, 1976;
Goldsmith, 1991a; Hepburn et al., 1995, 2014; Kay et al., 2017). Based on U-Pb detrital zircon
ages and similarities, and Sm-Nd model ages, the Nashoba-Putnam terrane has Ganderian affinity
(Loan, 2011; Kay et al., 2017).

Previous studies have suggested that the metamorphic grade in the Nashoba terrane
increases from the southeast to the northwest (Hepburn, 2004, and references therein). Metapelitic
schist, phyllite, and minor quartzite make up the Tadmuck Brook Schist and Nashoba Formation,
located in the northwestern part of the Nashoba terrane (Goldsmith, 1991a). The Marlboro
Formation is located along the southeastern boundary of the Nashoba terrane and comprises
amphibolite with lesser schist, gneiss, and minor quartzite (Bell and Alvord, 1976; Goldsmith,
1991a, Hepburn et al., 1995; Kay et al., 2017). The Shawsheen Gneiss lies to the northwest, and
is a paragneiss interlayered with amphibolite (Bell and Alvord, 1976; Hepburn et al., 1995; Loan,
2011). Northwest of the Shawsheen Gneiss is the Fish Brook Gneiss, which is mainly a leucocratic
orthogneiss (Figure 2.3) (Bell and Alvord, 1976; Goldsmith, 1991a). These rocks were intruded in
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Figure 2.3. (A) Generalized geologic and structural map of the Nashoba terrane in eastern
Massachusetts. (B) Zoom-in map of northern Nashoba terrane (north of Boston, Massachusetts
latitude). (C) Zoom-in map of southern Nashoba terrane (south of Boston, MA latitude). Modified
after Zen et al. (1983), Hepburn et al., (1995), and Hibbard et al., 2006).
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Figure 2.3. Continued.
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Figure 2.3. Continued.
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Figure 2.4. Generalized geologic and structural map of the Putnam terrane in eastern Connecticut.
Modified after Rodgers (1985), Hibbard et al., (2006), and Wintsch et al., (2014).

the late Silurian and Early Devonian by peraluminous granite, (grano)diorite, and pegmatite
(Zartman and Naylor, 1984; Hepburn et al., 1995; Acaster and Bickford, 1999; Kay et al., 2017),
and later by Carboniferous metaluminous granite (Figures 2.3) (Hepburn et al., 1995; Acaster and
Bickford, 1999; Kay et al., 2017). In the Putnam terrane, metapelitic schist of the Tatnic Hill
Formation lies in the western part of the terrane (Dixon, 1964; Wintsch et al., 2007). The

Quinebaug Formation is located in the eastern part of the terrane and comprises intermediate to
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mafic metaigneous rocks interlayered with amphibolite and calc-silicate gneiss (Figure 2.3)
(Dixon, 1964; Dixon, 1974; Rodgers, 1985; Wintsch et al., 2007). The Preston Gabbro intruded
the southern Quinebaug Formation in the Silurian (Figure 2.4) (Zartman and Naylor, 1984; Dixon
and Felmlee, 1986; Hepburn et al., 1995).

2.2.3 Structural background

The Nashoba-Putnam terrane is fault-bounded and juxtaposed against lower greenschist
grade rocks within the Merrimack belt to the west and the Avalon terrane to the east (Figures 2.2,
2.3, and 2.4; Goldsmith, 1991a, b; Wintsch et al., 1992, 2014; Goldstein, 1994; Attenoukon, 2009).
Along the western border, the Nashoba-Putnam terrane is in shear contact with the Merrimack belt
along the Clinton-Newbury Fault Zone (Figures 2.3 and 2.4), a northwest-dipping polyphase shear
zone (Jerden, 1997; Dougherty and Kuiper, 2013; Buchanan et al., 2015a) that has sinistral-reverse
fabrics that are overprinted by northwest-side-down movement (Goldsmith, 1991a). The
metamorphic grade within the Merrimack belt increases from greenschist facies in the east to upper
amphibolite in the west (Zen, 1983; Lyons et al., 1997). The eastern boundary of the Nashoba
terrane is separated from the Avalon terrane by the northwest-dipping Burlington Mylonite Zone
(Figure 2.3; Goldsmith, 1991a), which is overprinted by the Bloody Bluff fault zone (Goldsmith,
1991a). The movement sense along the Burlington Mylonite Zone is ambiguous and includes
thrust, high-angle reverse, sinistral, and oblique sinistral-reverse movement (Goldstein, 1989;
Goldsmith, 1991a and references therein; Kruckenberg et al., 2019; Grimes and Skehan, 1995).
The Putnam terrane is in shear contact with the Avalon terrane to the east along the Lake Char
Fault (Figure 2; Goldsmith, 1991a; Hepburn et al., 1995), and along its southern border with the
Honey Hill Fault (Figure 2.4; Goldsmith, 1991a; Hepburn et al., 1995). Goldstein (1989) recorded
normal movement along the Lake Char Fault. The ductilely deformed mylonitic Honey Hill Fault
is northerly dipping (Goldstein, 1989; Pipkin et al., 2019) and has normal and oblique sinistral-
normal shear sense indicators (Figure 2.3) (Goldstein, 1989; this study). The metamorphic grade
in the Avalon terrane is generally lower greenschist facies, but locally up to lower amphibolite
facies, and increases from north to south to upper amphibolite facies and partial melt (Figures 2.3
and 2.4) (Goldsmith, 1991b; Wintsch et al., 1992).

The northwestern Nashoba terrane shows northwest-dipping isoclinal folds refolded by

northwest-side-down (normal) asymmetric folds, which occur predominantly in migmatitic gneiss
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(Table 2.1) (Buchanan et al., 2014a, 2014b, 2015, 2016b). Pegmatite dikes locally crosscut and
follow the northwest-dipping axial planes (Figure 2.3) of asymmetric folds and may or may not be
associated with partial melt in the terrane (Buchanan, personal communication; this study).
Sinistral shear is recorded in schist in the northwestern Nashoba terrane (Table 2.1) (Buchanan et
al., 2016b). All of these deformation events were later cut by ~0.5 to 1.0 meter-wide subvertical
northwest-side-down shear zones (Table 2.1) (Buchanan et al., 2014a,b, 2015; Severson et al.,
2017).

2.2.4 Channel flow model

The channel flow model (Grujic et al., 1996; Beaumont et al., 2001; Godin et al., 2006;
Grujic, 2006) may explain the juxtaposition of the amphibolite-grade metamorphic Nashoba-
Putnam terrane against the greenschist-grade zones of the Merrimack and Avalon terranes.
Channel flow refers to a weakened zone of deformable partially melted crust that lies between sub-
parallel, more rigid bounding crustal slabs (Godin et al., 2006; Grujic, 2006). Lateral channel flow
occurs as a result of partial melting and a pressure gradient as a result of overthickened crust
(Figure 2.5) (Godin et al., 2006). Ductile extrusion will sometimes exhume the channel (Godin et
al., 2006). Channel flow examples are preserved in metamorphic hinterlands of collisional orogens
including the Himalaya-Tibet system (Beaumont et al., 2001; Godin et al., 2006; Grujic, 2006),
the Canadian Cordillera (Brown and Gibson, 2006; Kuiper et al., 2006), and is also proposed in
the southern Appalachians (Merschat et al., 2005; Hatcher and Merschat, 2006).

Asymmetric folds form throughout the channel where flowing material causes shear strain
(Williams and Jiang, 2005), with opposite asymmetry on either side of the channel (i.e., Figure
2.5; Godin et al., 2006; Williams et al., 2006). Furthermore, a decrease in metamorphic grade
toward the base of the channel (Hodges, 2000; Beaumont et al., 2001; Jamieson et al., 2004) is
expected based on numerical thermal modeling because it flows over colder crust. Pervasive
heterogeneous shearing occurs across the middle to lower crust at a regional and microstructural
scale (Godin et al., 2006). Partial melt forms during channel flow (Godin et al., 2006; Buchanan
et al., 2016b). Channel flow models indicate that partial melt occurs approximateA0fillion
years after the onset of crustal thickening (Godin et al., 2006). Plutons may form from the partial

melt toward the top of and above the channel, because of buoyancy contrasts between the melt and
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Table 2.1. Structural and geochronological events of rocks in the northwestern and southeastern
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Figure 2.5. Schematic cross section of an example of channel flow in the Himalayas.

host rocks (Beaumont et al., 2001; Grujic et al., 2002). These plutons have similar geochemistry

and ages to the leucosome in the channel (Grujic et al., 2002; Godin et al., 2006).

2.3 Methods

Three summers (201&2018) were spent mapping bedrock, and measuring planar and linear
structures (see Appendix A) in the Nashoba-Putnam terrane in Massachusetts and Connecticut.
Structural data were collected in the southeastern Nashoba terrane, and the Putnam terrane (Figures
2.3 and 2.4). Planar structures measured include foliation, shear zones, brittle fault zones, and en
echelon veins (Figures 2.3 and 2.4). Individual foliation planes were plotted asgppl@ae in
stereographic projections to observe trends in orientations of fabrics (Figure 2.6). Linear structures
measured include fold hinge lines and stretching/mineral lineations (sillimanite, amphibole,
biotite, muscovite, quartz, feldspar, and chlorite) (Appendix A; Figure 2.6). These data were
collected to build upon the field work of Buchanan et al. (2014a, 2014b, 2015, 2016a, 2016b, 2017)

in the northwestern Nashoba terrane.

Data from this study and from Buchanan et al. (2&2917) were brought into ArcMap
10.5.1 (a geospatial system capable of various useful analysis methods). Bedrock geologic maps
with structural data are presented in Figures 2.3 and 2.4. The terrain base maps were created from

Digital Elevation Models (DEMS) that were downloaded from National Science Foundation
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Figure 2.6. Equal-area lower-hemisphere projections of poles to foliation, and the trend and plunge
of mineral/stretching lineations and fold hinges measured in the (A) northwestern Nashoba terrane,
(B) southeastern Nashoba terrane, and (C) in the Putnam terrane.
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and subsequently converted to smoothed hillshades in ArcMap 10.5.1. Geology base maps were
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converted into shapefiles in ArcMap 10.5.1. Outcrop locations with field observations were plotted

in ArcMap 10.5.1 using the NAD83-converte#WGS84 geographic coordinate system.
Geologic maps were then converted to, and finalized in, Adobe lllustrator format (Figures 2.3 and
2.4).

Stereographic projections were created using the program Stereonet (Allmendinger et al.,
2013). Stereographic projections were created for the northwestern Nashoba terrane and
southeastern Nashoba terrane (Figure 2.6A and 2.6B). The low degree of outcrop and observed
deformation in the Putnam terrane make it difficult to correlate deformation in the Putnam terrane
with deformation in the Nashoba terrane. Thus, data from the Putnam terrane was plotted
separately from the Nashoba terrane (Figure 2.6C), but was not subdivided further. Foliations,

lineations, and fold hinge lines were plotted separately (Figure 2.6).

2.4 Results

The orientations of the foliation, stretching and mineral lineations, and fold hinge lines,
vary between the northwestern and southeastern Nashoba terrane and the Putnam terrane (Figure
2.6). In the northwestern Nashoba terrane, the foliation generally has a moderate to subvertical dip
to the northwest, with fewer foliation planes that dip steeply to the southeast (Figure 2.6A).
Stretching and mineral lineations including sillimanite, amphibole, biotite, quartz, and feldspar
mainly plunge shallowly to moderately, and locally steeply to subvertically toward the northeast
and southwest (Figure 2.6A). Fold hinge lines generally plunge moderately to the north-northeast
(Figure 2.6A). In the southeastern Nashoba terrane, the foliation generally has a shallow to
subvertical dip to the northwest, with lesser foliation with a steep to moderate dip to the southeast
(Figure 2.6B). These foliations dip north and south along localized zones (see below; cf. Pipkin et
al., 2019). Stretching/mineral lineations in the southeastern Nashoba terrane have a steep plunge
to the west, and a few stretching/mineral lineations plunge to the southwest, northwest, and
northeast (Figure 2.6B). Fold hinge lines plunge moderately to the southwest and northeast; fold
hinge lines that plunge to the southwest are more clustered than those that plunge to the northeast
(Figure 2.6B). The foliation in the Putnam terrane generally has a shallow to steep dip varying
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between the north, northwest and west (Figure 2.6C). Stretching/mineral lineations in the Putnam
terrane are scant, and have no obvious pattern, but very generally have a moderatewto shall
plunge toward the northwest and southwest (Figure 2.6C). Fold hinge lines plunge shallowly to
the northeast and moderately to the southwest (Figure 2.6C).

Isoclinal folds are the oldest recorded structures and are only occasionally observed in
migmatitic metavolcanic gneisses in the southeastern Nashoba terrane (e.g., Figure 2.7A).
Asymmetric folds are the structures most observed throughout the Nashoba-Putnam terrane (e.g.,
Figure 2.7A £F and 2.7Hzl), and refolded the isoclinal folds (e.g., Figures 2.7A and 2.7F). The
asymmetric fold interlimb angle ranges generally from close to tight throughout the southeastern
Nashoba terrane (Figures 2.7A7F, 2.7H). The movement direction of asymmetric folds was
determined in the field by the plunge of fold hinge lines and/or stretching/mineral lineations on
fold limbs (Appendix A). Asymmetric folds and associated S-C andshd€ar fabrics show mostly
northwest-side-down and northwest-side-up movement along steeply to moderately northwest-
dipping foliation. Fold hinge lines and stretching/mineral lineations associated with this dip-slip
movement are generally subhorizontal and down-dip, respectively. Loc&-tbe-southeast
movement occurred along a shallowly northwest-dipping foliation (Figure 2.7D). Strike-slip
(sinistral and dextral) movement is recorded along a steeply northwest-dipping foliation. Fold
hinge lines and lineations along strike-slip planes are generally subvertical and subhorizontal,
respectively. Oblique movement along a moderately northwest- and southeast-dipping foliation is
also indicated by asymmetric folds and shear fabrics (see Figures 2.3, 2.4, and 2.7, and Appendix
A for locations of, and measurements associated with, observed movement sense). Fold hinge lines
and lineations plunge shallowly to moderately to the northeast or southwest on surfaces with
obligue movement. Late shear zones crosscut asymmetric folds and occur mostly in the
southwestern Nashoba terrane. Normal movement is preserved along S-C aridbB8e€
comprising biotite, muscovite, and quartz. Subvertical northwest- and southeast-dipping mylonitic
and brittle-ductile shear zones crosscut asymmetric folds (Figure 2.7G and 2.7H), and show both
normal and reverse movement. Late, randomly orientated local quartz-filled en echelon veins
(Figure 2.71) are present along the boundary of the southeastern Nashoba terrane, and crosscut all
earlier structures (Table 2.1). Deformation events in the southeastern Nashoba terrane based on

these overprinting structures are outlined in Table 2.1 and shown schematically in Figure 2.8.
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Figure 2.7. Field photos of structures throughout the Nashoba-Putnam terrane. (A) Isocli
that are folded by northwest-side-down asymmetric folds in the northwestern Nashoba ter
Northwest-side-down asymmetric folds in the southeastern Nashoba terrane. (C) An ex
northwest-side-down asymmetric folds. (D) An example ofttetire-southeast asymmetric fo
along a subhorizontal plane. (E) An example of dextral asymmetric folds along a sut
foliation plane. (F) Isoclinal folds that are folded by oblique sinistral-normal asymmetri
along the Honey Hill Fault. (G) Brittle-ductile ~1-centimeter-wide shear zones that c
northwest-side-down asymmetric folds. (H) Brittle-ductile ~2-centimeter-wide shear zo
crosscut toge-the-east movement. (l) Quartz-filled en echelon veins.
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NwW — Nashoba-Putnam terrane ———
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Figure 2.8. Schematic block diagram of deformation in the Nashoba-Putnam terrane (see
discussion for deformation events). Gradients in the Merrimack belt and Avalon terrane represent
metamorphic gradient, where darker colors represent higher grade of metamorphism.

Movement senses in the Putnam terrane were difficult to interpret in the field, in part
because of the lack of outcrop, and in part because many outcrops have been glacially eroded and
smoothed to flat, two-dimensional exposed surfaces. Furthermore, many outcrops on existing
bedrock geologic maps in Connecticut were inaccessible, because they are now located on private
land where access was not granted by the owners. Rocks of the Putnam terrane are pervasively
overprinted by randomly orientated chlorite and epidote, making original structures difficult to
observe. Observable asymmetric folds and S-C shear fabrics in the Putnam terrane indicated
reverse or normal movement along shallowly to steeply west- to northwest to north-dipping
foliation (Figures 2.4 and 2.6C). Fold hinge lines associated with dip-slip movement plunge

shallowly to the northeast and southwest, and stretching/mineral lineations plunge down-dip
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(Appendix A). Deformation observed along the Honey Hill Fault at the southern boundary of the
Putnam terrane was consistently oblique sinistral-normal along moderately north- to northeast-
dipping foliation (labeled in Figure 2.4). Fold hinge lines plunge shallowly to moderately to the
northeast and mineral lineations plunge moderately to the northwest. These are both associated

with oblique sinistral-normal movement along the Honey Hill Fault.

Two changes in foliation orientations are observed throughout the Nashoba-Putnam terrane
(Figures 2.3 and 2.4). First, the dip angle of foliation planes is steep to moderate in the northeastern
Nashoba terrane, north of the approximate latitude of Boston, Massachusetts, and moderate to
shallow in both the southwestern Nashoba terrane and Putnam terrane (Figures 2.3 and 2.4).
Second, the boundary between the Nashoba-Putham and Avalon terranes is generally defined by
a northwest-dipping foliation (e.g., Figures 2.1, 2.2, 2.3, and 2.4), but locally the boundary trends
west and is defined by a north-dipping foliation (Figures 2.3 and 2.4). This is reflected in the
southeastern Nashoba terrane stereographic projection (Figure stereo 2.6B) where a relatively high
number of foliation measurements are north-dipping, because they were collected along one of
these major west-trending boundaries (Figure 2.8; Pipkin et al., 2019). These west-trending
boundaries are further discussed in Chapter 4. One major west-trending segment lies at the latitude
of Boston, Massachusetts. Another one lies at the southern boundary between the Puthnam and
Avalon terrane, along the north-dipping Honey Hill Fault. The foliation is north-dipping to the
south of the fault in the Avalon terrane. The foliation in the Putnam terrane, however, does not
follow the orientation of the boundary, and mostly dips northwest (Figure 2.4). The movement
sense along these north-dipping foliations throughout the entire Nashoba-Putnam terrane generally
varies. Along the Honey Hill Fault, however, asymmetric folds with northeast-plunging fold hinge
lines indicate sinistral-normal movement (Figures 2.3 and 2.7F).

2.5 Discussion

2.5.1 Deformation events in the Nashoba-Putnam terrane

In general, four or five main generations of deformation can be recognized in the Nashoba-
Putnam terrane (Table 2.1). The oldest structures are isoclinal folds, which are pervasively present
throughout the northwestern Nashoba terrane. The scarcity of isoclinal folds throughout the
southeastern Nashoba terrane and Putnam terrane may be explained either by outcrop exposure

bias (as is likely in the Putnam terrane), or by scale of the isoclinal folds relative to the size of the

32



outcrop. U-Pb CA-TIMS analysis of zircon from an asymmetrically folded pegmatitic dike that
crosscuts isoclinal folds indicate that the isoclinal folds are > ~418 Ma (Buchanan et al., 2014a, b)
(Table 2.1).

Asymmetric folds overprint the isoclinal folds (Table 2.1), and indicate northwest-side-
down movement in the northwestern Nashoba terrane (Buchanan et al., 2014a,b, 2015a, 2016b,
2017) and northwest-side-down, northwest-side-up, andottpe-southeast folding in the
southeastern Nashoba terrane and Putnam terrane (Severson et al., 2017; Figures 2.3, 2.4, and
2.7A-F and 2.7H-I). Northwest-side-down movement may represent the overall fold vergence,
where northwest-side-up and tapthe-southeast asymmetric folds then represent the overturned
limb of tight and close folds, respectively (labeled in Figure 2.8). Asymmetric folds indicate
sinistral, dextral and oblique, normal, and reverse movement in the southeastern Nashoba terrane
and in the Putnam terrane (Appendix A). U-Pb CA-TIMS analysis of zircon from an
asymmetrically folded migmatitic dike and a crosscutting undeformed dike indicate that
northwest-side-down movement initiated at ~410 Ma and ended by ~360 Ma (Buchanan et al.,
2016b, 2017). Sinistral movement occurred between ~405 Ma and ~340 Ma baséthdtbU-

EMP analysis of in situ monazite aligned along S-C fabrics in schist (Buchanan et al., 2016b,
2017). Sinistral S-C fabrics in schist formed late during northwest-side-down folding within

migmatitic gneiss (Table 2.1). These structures are interpreted as a result of strain partitioning of
the sinistral strain into localized shear zones in schist during penetrative northwest-side-down

folding in migmatitic gneiss (Buchanan et al., 2016b, 2017).

Northwest-dipping ~0.5 to 1.0 meter-thick subvertical late normal shear zones crosscut
asymmetric folds (Figure 2.7G and 2.7H), and may reflect a third deformation event, or later stage
of normal movement at shallower crustal levels than northwest-side-down (normal) asymmetric
folds. In situ UTh-Pb EMP analyses of monazite aligned with shear fabric in one of these
crosscutting shear zones indicate that late normal shear zones formed between ~360 and 330 Ma
in the Nashoba terrane (Table 2.1; Buchanan et al., 2016b, 2017). Brittle-ductile ~1 to 5 centimeter-
wide, subvertical shear zones and faults crosscut asymmetric folds and may crosscut the normal
ductile shear zones. They show normal and reverse movement senses, and are expressed by
anastomosing veinlets when brittle, and thin parallel bands of mylonite with indecipherable
movement senses and directions when ductile (Figure 2.7G and 2.7H). Quartz-filled en echelon
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veins with highly variable orientations crosscut all earlier structures throughout the Nashoba-

Putnam terrane (Table 2.1; Figure 2.71).

2.5.2 Structural domains within the Nashoba-Putnam terrane

Stereographic projections from this study and the field work of Buchanan show that
foliation, lineation, and fold hinge orientations vary between the northwestern and southeastern
Nashoba terrane and the Putnam terrane (Figure 2.6). Furthermore, there are tderane-sca
structural observations that are not associated with the five generations of deformation discussed
previously. These differences have been broken into three resultant structural domains, which will

be discussed below.

2.5.2.1 Northwestern Nashoba terrane structural domain

Buchanan et al. (2016b) determined that subhorizontally to shallowly northeast- and
southwest-plunging sillimanite lineations formed during sinistral shear in the northwestern
Nashoba terrane. Fold hinge lines in the northwestern Nashoba terrane with northwest-side-down
(normal) asymmetry plunge mostly moderately to the northeast with fewer fold hinge lines that
plunge shallowly to moderately to the southwest. Some of the moderately northwest-plunging
lineations are down-dip along asymmetric folds with northwest-side-down asymmetry and
therefore likely formed during the normal movement (Buchanan personal communication;

Severson et al., 2017).

2.5.2.2 Southeastern Nashoba terrane structural domain

Based on field observations and measurements in the southeastern Nashoba terrane (Figure
2.3), the foliation is mostly northwest- and southeast-dipping (Figure 2.6B), and asymmetric folds
exist along these planes. The steep to subvertical west- and northwest-plunging lineations are
generally down-dip on west- and northwest-dipping foliation surfaces, respectively, with &C she
fabrics and asymmetric folds that show northwest-side-down and northwest-side-up movement
(Severson et al., 2017). The moderately northeast- and southwest-plunging lineations and fold
hinge lines are associated with obligue movement. The shallowly northeast- and southwest-
plunging lineations are paired with shear fabrics or asymmetric folds associated with strike-slip
movement (Severson et al., 2017). The north-dipping foliation reflects the localized west-trending

orientations of the Nashoba terrane and of the Nashoba and Avalon terrane boundary.
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2.5.2.3 Putnam terrane structural domain

The orientations of foliation surfaces in the Putnam terrane vary from north- to west-
dipping with subhorizontal to subvertical dip angles (Figure 6C). The north-dipping foliation
reflects the localized change in boundary orientation between the Putnam terrane and Avalon
terrane. The moderately northwest-plunging lineations formed down-dip along shear fabrics
(Appendix A). The fold hinge lines plunge shallowly to moderately to the northeast and southwest
and formed as a result of oblique movement throughout the Putnam terrane (Figure 2.6C).
Southwest-plunging lineations may have formed parallel to southwest-plunging fold hinge lines.

2.5.2.4 Summary of structural domains

The stretching/mineral lineations have different plunges between the northwestern and
southeastern Nashoba terrane. Stretching/mineral lineations in the northwestern Nashoba terrane
plunge shallowly to moderately to the northeast and southwest (Figure 2.6G), whereas
stretching/mineral lineations in the southeastern Nashoba terrane mostly have a steep to subvertical
plunge to the west and southwest (Figure 2.6H). Buchanan et al. (2016b, 2017) determined that in
the Nashoba Formation in the northwestern Nashoba terrane, northwest-side-down movement
occurred between ~410 and ~360 Ma in migmatitic gneiss, partly contemporaneous with ~405 to
~340 Ma sinistral movement in schist (Table 2.1). Thus, the concurrent ages of normal and sinistral
movement are interpreted as a result of strain partitioning within the northwestern Nashoba terrane
(Buchanan et al., 2016b, 2017). It is possible that strain partitioning occurred at different scales
throughout the entire Nashoba terrane, where the higher abundance of steep to subvertical west-
and southwest-plunging lineations in the southeastern Nashoba terrane is the result of a higher
degree of dip-slip (normal and reverse) and lower degree of strike-slip movement than in the
northwestern Nashoba terrane. This partitioning is not evident across the Putnam terrane, but that

may be an effect of the low degree of exposure.

2.5.2.5 Along-strike terrane-scale structural trends

Foliation orientations change in two ways along strike in the Nashoba-Putnam terrane.
First, north of the latitude of Boston, the foliation dips moderately to steeply, while south of that
latitude it dips moderately to shallowly. Second, at several locations, including at this same

latitude, the foliation and the boundary between the Nashoba-Putham and Avalon terranes both
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have a local westerly trend. Another example of this is the southern boundary between the Putnam
terrane and the Avalon terrane, which is west-trending with north-dipping foliation. This north-
dipping foliation also exists in the Avalon terrane to the south, but not in the Putnam terrane to the
north (Figure 2.4). In the Putnam terrane, the foliation is generally northwest-dipping. Subsidiary
west-trending boundaries with north-dipping foliations also exist between the Nashoba-Putnam
terrane and Avalon terrane. There is no obvious change in the dip angle of the northwest-dipping

foliations across these subsidiary boundaries, as is evident at the latitude of Boston.

2.5.3 The Nashoba-Putnam terraneta channel flow model?

Characteristics of channel flow are explained in section 2.2.4 of this chapter, are summarized in
Table 2.2, and are depicted in Figures 2.5 and 2.9 (e.g., Beaumont et al., 2001; Grujic et al., 2002;
Jamieson et al., 2004; Godin et al., 2006). The Nashoba-Putnam terrane has been metamorphosed
up to amphibolite grade (Buchanan et al.,, 2014b, 2015b, 2016b; this study, Appendix A).
Greenschist facies rocks are located in the Merrimack belt and Avalon terrane to either side of the
Nashoba-Putnam terrane. These characteristics are consistent with those of the channel flow model
(Table 2.2; Godin et al., 2006; Grujic, 2006). No inverted metamorphic gradient, as predicted by
the channel flow model, was observed within the Nashoba terrane. The bottom part of the channel
may exist within the Avalon terrane, or it may have been cut off by later movement along the
Burlington Mylonite Zone. Localized partial melt occurred throughout the Nashoba-Putnam
terrane from ~413 to ~393 Ma (Table 2.1; Buchanan et al., 2015a), which is ~17 million years
after the ~430 Ma onset of the Acadian orogeny in general (van Staal et al., 1996, 2009) and the
a 0D LQWUXVLRQ R W KardtegRatiroad @ridl INfWor 3R&IGHepburn et al.,
1995), which marks the onset of the Acadian orogeny in the Nashoba terrane. This is consistent
with the channel flow model, where partial melt occurs approximately 10 to 20 million years after
the onset of crustal thickening (Table 2.2; Godin et al., 2006). Partially melt rocks are more
abundant in the northwestern than in the southeastern part of the Nashoba terrane, and are observed
in asymmetrically folded migmatitic rocks indicating normal movement (see field data in
Appendix A) (Bell and Alvord, 1976; Goldsmith, 1991b; Hepburn et al., 1995, 2014; Hepburn,
2004; Buchanan et al., 2014a, b, 2015a, b, 2016a, b, 2017; this study). These migmatitic rocks
indicating normal movement may reflect the top part of a channel, before or during ductile

extrusion. Several plutons also exist in the Nashoba terrane and the eastern Merrimack belt, with
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Table 2.2. Characteristics of the channel flow model with references, and observations made in the
Nashoba-Putham terrane. *Indicative of ductile extrusion rather than channel flow. While late
QRUPDO VKHDU LVQYW DVVRFLDWHG ZLWK FKDQQHO IORZ LW
mountain belt.
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Channel Flow Events

Channel Flow
References

Evidence/Observations in Nashoba-
Putnam terrane

Ductile rocks between
two rigidly behaving
slabs

Godin et al., 2006;
Gruijic, 2006

Amphibolite-grade Nashoba-Putnam

terrane between greenschist-grade ro

of Merrimack belt and Avalon terrane

(Goldsmith, 1991a; Buchanan et al.,
2015a)

Inverted metamorphic
gradient at the base of tt
channel

Beaumont et al.
(2001); Jamieson et g
(2004)

Not observed

Partial melt from channe
flow zone migrates
upward and crystallizes
in and above channel tc
form plutons with similar
age and chemistry of
migmatites

Beaumont et al.
(2001); Gruijic et al.
(2002); Kuiper et al.

(2006)

Plutons fit in ~413 to ~393 Ma range ¢

partial melt in Nashoba-Putnam terrar]

and eastern Merrimack belt; compiled
this study (Table 2.3)

Partial melt occurs ~10
20 my after onset of
crustal thickening

Godin et al. (2006)

Acadian orogeny starts at ~430 Ma,;
partial melt initiates at in Nashoba
terrane at ~413 Ma (Buchanan et al.

2015a)

Asymmetric folds form
within the channel with
opposing asymmetry

from top to bottom of the (2006); Williams et al discussion)
pchannel (2006) (Buchanan et al., 2015a, 2016b; this
study)

Williams and Jiang
(2005); Godin et al.

NW-side-down (normal) in northwestel
Nashoba terrane; movement sense va
in southeastern Nashoba terrane (se

Leucosomes form during
channel flow

Godin et al. (2006)

Asymmetric folds in migmatitic rocks o
Nashoba terrane (Buchanan et al., 201

Pervasive heterogeneol
shearing at macroscopi
and microscopic scale

Godin et al. (2006)

Asymmetric folds, S-C fabrics at outcrg

and terrane scale; (Figures 2.7 and 2.

strain partitioning at outcrop and terra

scale (Buchanan et al., 2016b, 2017; t
study)

*Late normal shear to
accommodate
overthickening crust anc

uplift

Godin et al. (2006);
Harris (2007);
Teyssier (2011)

Normal shear zones crosscut isocling
and asymmetric folds between ~360 a
~330 Ma, toward end of Acadian
orogeny (Buchanan et al., 2016b, 201
this study)
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extrusion

Avalon terrane

Figure 2.9. Schematic cross section through the Merrimack belt, Nashoba-Putnam terrane, and Avalon terrampretitl idtetile
extrusion and channel flow characteristics indicated. Modified from Beaumont et al. (2001).
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Table 2.3. A summary of the crystallization age of major intrusive rocks of the Nashoba-Putnam
terrane and eastern Merrimack b&uchanan et al. (2015a).
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In ~413-393

Pluton _ _
Pluton name Terrane Reference Analysis | Ma partial
age (Ma)
melt range?
Sharpners Ponc Zartman and Naylor
o Nashoba | 430+5 TIMS No
Diorite (1984)
Sudbury Granite Nashoba | 420 £ 0.5| Dabrowski (2014) TIMS No
Andover Granitel Nashoba | 419 + 0.5| Dabrowski (2014) TIMS Maybe
Indian Head Hill ]
o Nashoba | 402 +5 Hill et al. (1984) TIMS Yes
Diorite
Straw Hollow Acaster and Bickford
o Nashoba | 385+ 10 TIMS Yes
Diorite (1999)
, Buchanan et al.
Acton Granite | Nashoba ~361 TIMS No
(2015a)
Indian Head Hill
) Nashoba | 349 +4 | Hepburn etal. (1995) TIMS No
Granite
Fitchburg . Zartman and Naylor
_ Merrimack | 390 + 15 TIMS Yes
Granite (1984)
Chelmsford _
) Merrimack | 375+ 3 Walsh et al. (2013) | SIMS No
Granite
Ayer Granite | Merrimack | 420 £ 0.1 Charnock (2015) TIMS No
Eastford Gneiss| Merrimack | 379 +4 | Wintsch et al. (2007)| SIMS No
Canterbury _ )
_ Merrimack | 414 +3 | Wintsch et al. (2007)] SIMS Yes
Gneiss
Dracut Diorite | Merrimack ~408 Bothner (1974) TIMS Yes
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ages that are synchronous with the ~413 Ma to ~393 Ma partial melt within the northwestern
Nashoba terrane (Tab23). These plutons may have formed from the partial melt in the Nashoba
terrane (Table 2.2; Beaumont et al., 2001; Grujic et al., 2002; Kuiper et al., 2006).

2.5.4 Channel flow in a transpressional regime?

The structures in the Nashoba-Putnam terrane are complex, but may indicate a
deformational history associated with channel flow. Folds in the northwestern Nashoba terrane
predominantly show northwest-side-down (normal) asymmetry that occurred between ~410 and
~360 Ma in migmatitic gneiss (Table 2.1; Buchanan et al., 2014b). Sinistral movement in the
northwestern Nashoba terrane is preserved in S-C shear fabrics and occurred from ~405 Ma to
~340 Ma (Buchanan et al., 2016b, 2017) and is therefore synchronous with normal asymmetry of
folds in the northwestern Nashoba terrane. Folds in the southeastern Nashoba terrane show
northwest-side-down and northwest-side-up asymmetry along moderately to steeply dipping
foliation planes, and tof-the-southeast asymmetry along subhorizontal foliation planes. Sinistral
ard dextral movement is observed in shear fabrics and asymmetric folds in the southeastern
Nashoba terrane. Asymmetric folds in the southeastern Nashoba terrane probably have the same
age as folds in the migmatitic gneiss with northwest-side-down asymmetry in the northwestern
Nashoba terrane, based on the similarity of those folds and relationships with other structures in
the Nashoba-Putnam terrane. Likewise, sinistral and dextral movement in the southeastern
Nashoba terrane probably occurred at the same time as sinistral shear in the northwestern Nashoba
terrane. Buchanan et al. (2016b, 2017) discuss strain partitioning in the northwestern Nashoba
terrane where asymmetric folds accommodated vertical movement and shear fabrics
contemporaneously accommodated horizontal movement. The accommodation of dip-slip and
strike-slip movement throughout the entire Nashoba-Putnam terrane likely also reflects strain
partitioning at a larger scale. This strain partitioning may be associated with ductile extrusion or
escape within the channel during sinistral convergence during the middle Paleozoic transpressional

Acadian orogeny.

Late ~360 to ~330 Ma subvertical normal shear zones crosscut asymmetric folds
(Buchanan et al., 2016b, 2017), and occurred at the end of the Acadian orogeny, either as a result
of late ductile extrusion or exhumation of the Nashoba-Putnam terrane, or a separate event. The
ages of younger mylonitic and brittle-ductile shear zones, and en echelon veins (Table 2.1) are
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unknown. They crosscut the late normal shear zones that formed at the end of the Acadian orogeny,
and therefore must be related to deformation associated with either exhumation or post-Acadian

orogenic events.

2.6 Conclusions

Five major generations of deformational can be recognized in the Nashoba-Putnam terrane
(Figures 2.8 and 2.9 and Table 2.1). Isoclinal folds were refolded by ~410-360 Ma asymmetric,
overturned, close to tight folds (Buchanan et al., 2016b, 2017). The asymmetric folds have
predominantly northwest-side-down (normal) asymmetry in migmatitic gneiss in the northwestern
Nashoba terrane. Sinistral shear fabrics in schist in the northwestern Nashoba terrane formed
between ~405 and ~340 Ma, partially overlapping in age with, and outlasting the northwest-side-
down folds, as a result of strain partitioning (Buchanan et al., 2016b, 2017). In the southeastern
Nashoba terrane, folds and shear fabrics show a combination of northwest-side-down and
northwest-side-up movement along moderate to subvertical northwest-dipping planes,tand top-
the-southeast movement along shallowly northwest-dipping planes. Oblique-slip movement and
strike-slip (sinistral and dextral) movement also occur in the southeastern Nashoba terrane. The
abundance of shallowly northwest- and southeast-plunging stretching/mineral lineations
associated with sinistral movement in the northwestern Nashoba terrane versus moderately to
steeply northwest- and southeast-plunging stretching/mineral lineations associated with oblique-
and dip-slip movement in the southeastern Nashoba terrane, suggest that the northwestern Nashoba
terrane accommodated most of the strike-slip movement whereas the southeastern Nashoba terrane
accommodated most of the dip-slip movement. Asymmetric folds are crosscut by ~0.5 meter-wide
subvertical northwest-dipping normal shear zones. These subvertical shear zones may
accommodate late extrusion of the channel or later normal movement, at shallower crustal levels.
These shear zones are overprinted”by centimeter-wide steep to subvertical northwest- and
southeast-dipping mylonitic and brittle-ductile shear zones, and subsequent randomly oriented en
echelon quartz veins which crosscut all other structures. The Putnam terrane shows reverse and
normal movement along shallowly to subvertically west- to north-dipping foliation and probably
had a similar deformation history as the Nashoba terrane. However, pervasive epidote-chlorite
overprinting and outcrop paucity make it difficult to interpret deformation events throughout the

Putnam terrane.
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The deformation and partial melt characteristics in the Nashoba-Putnam terrane are
somewhat consistent with a channel flow model (see Table 2.2), where the Nashoba-Putnam
terrane behaved ductilely between the colder, rigid slabs of the Merrimack belt and the Avalon
terrane to the west and east, respectively, during the middle Paleozoic Acadian orogeny. The ~410
to ~360 Ma folded migmatitic rocks with northwest-side-down (normal) asymmetry in the
northwestern Nashoba terrane are consistent with structures expected in the top of a channel in the
channel flow model (see Table 2.2). Leucosomes are abundant in the northwestern Nashoba
terrane, and they crystallized between ~413 and ~393 Ma based on U-Pb analyses of zircon in
asymmetrically folded migmatites (Buchanan et al., 2014a). Several plutons in the Nashoba terra
and the eastern Merrimack belt (see Table 2.3) exist, and may have formed from the leucosome in
and above the channel. No evidence for an inverted metamorphic gradient, or consistent reverse
movement was found in the southeastern Nashoba terrane, as is expected in the bottom part of the
channel in the channel flow model. If the channel flow model applies, this may be eitherdse=beca
the base of the channel has been removed by later fault movement, or because the base of the

channel lies in the Avalon terrane to the southeast of the Nashoba-Putnam terrane.

There are two major along-strike changes in foliation orientations in the Nashoba-Putnam
terrane. There is an along-strike shallowing of the foliation dip angle. In the northeastern Nashoba
terrane, the foliation has a moderate to steep dip, and to the south of the approximate latitude of
Boston, Massachusetts, the foliation has a moderate to shallow dip which extends to the southern
Putnam terrane. Furthermore, there are localized changes in orientation of the terrane boundary
between the Nashoba-Putnam and Avalon terranes. The terrane boundary generally trends
northeast, but locally the boundary trends west and has north-dipping foliation. One of ttese we
trending boundaries lies at the latitude of Boston, Massachusetts and coincides with the latitude at
which the dip angle shallows from north to south. Another major west-trending boundary is located
at the boundary between the southern Putnam terrane and the Avalon terrane. Along this boundary,
in the Putnam terrane, the foliation dips northwest, while in the Avalon terrane to the south, the
foliation is moderately north-dipping, parallel to the boundary. Subsidiary west-trending segments
also exist along the Nashoba-Putnam and Avalon terrane boundary. These west-trending

boundaries are most likely post-Acadian orogeny and are further discussed in Chapter 4.
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NEW U-PB DETRITAL ZIRCON AGES AND LU-HF ISOTOPIC DATA FROM
METASEDIMENTARY ROCKS ALONG THE WESTERN-MOST
%281'$5< 2) 7+( 2&20326,7(" $9$/2NE7(55$%
IN THE SOUTHEASTERN NEW ENGLAND
APPALACHIANS

A manuscript to be submitted @SA Special Publicatiodl1HZ GHYHORSPHQWYV LQ V
Appalachian-Caldeonia®@DULVFDQ RURJHQ”

Allison R. Seversoh Yvette D. Kuipet, Nelson Eb¥, Jia-Heui Chet) J. Christopher Hepbuftn

Department of Geology and Geological Engineering, Colorado School of Mines, 1516 lllinois
Street, Golden, CO 80401 USA

2Department of Environmental, Earth & Atmospheric Sciences, University of Massachusetts
Lowell, University Crossing, 220 Pawtucket Street, Lowell, MA 01854 USA

3Institute of Earth Sciences, Academia Sinica, 128, Section 2, Academia Road, Nangang, Taipei,

Taiwan

“Department of Earth and Environmental Sciences, Boston College, Devlin Hall, Chestnut Hill,
MA 02467 USA

Avalonia is a microcontinent and composite terrane that rifted from supercontinent
Gondwana in the Ordovician and accreted to Laurentia during the latest Silurian to Devonian
Acadian orogeny. Today, the extent of Avalonia is well constrained in Nova Scotia, New
Brunswick, and Newfoundland, Canada by U-Pb detrital zircon studies and/or isotope
geochemistry of (meta)sedimentary and igneous rocks. The southern New England Avalon terrane
in eastern Massachusetts and Connecticut, and Rhode Island has been interpreted as part of
Avalonia, but its nature and extent are not as well constrained by detatal and geochemical

studies, and rock types and ages may be interpreted in multiple ways.
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In this study, we provide U-Pb andi-Hf isotopic analyses of detrital zircon from three
samples of quartzite, some with interbedded metapelitic rocks, along the western boundary of the
Avalon terrane in eastern Massachusetts and Connecticut. Data are compared with previous work
in the western Avalon terrane, to determine whether the interpreted Avalon terrane is a single
terrane or whether it consists of multiple terranes with various affinities. Then we compare the
detrital and isotopic signatures of the western-most Avalon terrane with Avalonia in Canada to
resolve whether or not they were derived from the same cratonic source. Finally, we compare our
analyses with U-Pb and Lu-Hf isotopic studies from the potential cratonic sources of Amazonia,
Baltica, and the West African Craton &m attempt to determine the source of detritus for the

Avalon terrane in southern New England and Avalonia in Canada.

The maximum depositional age of two of the three detrital zircon samples analyzed in this
study and from a previous study in the western Avalon terrane, based on the youngest detrital
zircon grain(s), is late Neoproterozoic (Ediacaran), which is consistent with the results of most
detrital zircon studies in Canada. The youngest detrital zircon population of all three samples, and
the maximum depositional age of one of these samples from the western Avalon terrane are
Tonian, which is the same as the maximum depositional age of a quartzite unit within the Gamble
Brook Formation in the Cobequid Highlands of Nova Scotia. Furthermore, a previous detrital
zircon sample analyzed from a quartzite roof pendant in an Ediacaran granite pluton from the

Avalon terrane in southern New England also has a Tonian maximum depositional age.

The Lu-Hf analyses from the western Avalon terrane in this study yielded YD O XHV
similar to those of Avalonia, suggesting that both regions were derived from the same cratonic
VRXUFH vakiek &-the western Avalon terrane and Avalonia overlap with both Amazonia
and Baltica suggesting that there is a mixed signature between cratonic sources, eitkerdieca
depositional proximity or as a result of previous collision and basement piracy between cratons
during supercontinent formation. A previous study discusses Hf isotopic signatures from Avalonia
that suggest possible underlying pieces of basement with Baltican affinity. Another study focused
on compilation of recent paleomagnetic datasets and regional geologic models to determine that
northwest Amazonia and southwest Baltica were connected at least between 1.8 and 0.8 Ga during
the existence of supercontinent Rodinia. Therefore, basement piracy provides a reasonable

explanation for the mixed signature between Baltica and Amazonia as basement to Avalonia.

54



3.1 Purpose of Study

The Avalon terrane in the southeastern New England Appalachians is commonly compared
with Avalonia in eastern Canada (Figure 3.1). However, there have letsively few
geochronological and geochemical analyses throughout the Avalon terrane other than initial field
observations (e.g., Rast and Skehan, 1990, 1993; Skehan and Rast, 1990; Goldsmith, 1991), and
past and ongoing U-Pb detrital zircon, Sm-Nd geochemical analyses, and paleogeographic work
(Hepburn, 2008; Thompson and Bowring, 2000; Thompson and Hermes, 2003; Thompson et al.,
1996, 2007, 2010, 2012, 2014, 2018). The southeastern New England Avalon terrane, hereafter
called Avalon terrane, has previously been defined as a composite terrane (Rast and. $8e@han,
1993; Skehan and Rast, 1990), because of various rock types within the terrane that are difficult

to correlate.

In this study, we used Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-
ICP-MS) and High Resolution Multi-Collector Inductively Coupled Mass Spectrometry (HR MC-
ICP-MS) to analyze the U-Pb and Lu-Hf isotopes, respectively, of zircon dramsthree
guartzites along the western-most boundary of the Avalon terrane. The goals were to (1) test
whether the samples are all part of the same terrane, (2) if so, test whether the western-most Avalon
terrane is comparable to Avalonia in Canada, and (3) investigate what possible cratonic source
regions are recorded in the detrital zircon record of the Avalon terrane. We compared the results
of this study to other previous detrital studies in the New England western Avalon terrane, to other
detrital and Lu-Hf studies Avalonia in Canada, and to potential cratonic source regions. This
study expands on previous detrital studies, and is the first Lu-Hf study of detrital zincons
southeastern New England, allowing for a multi-faceted tectonic characterization of the Avalon

terrane.

3.2 Geologic Background

Several microcontinents rifted from supercontinent Gondwana in the early Paleozoic,
including Ganderia and Avalonia in the Cambrian and Early Ordovician, respectively (Goldsmith,
1991; Landing, 1996; van Staal et al., 1996, 2009; Nance et al., 2008; Pollock et al., 2012, 2015).
Avalonia migrated across the ocean before collision with Laurentia in the latest Silurian (Skehan
and Rast, 1990; Nance et al., 2008; van Staal et al., 2009; Hatcher, 2010; Pollock et al., 2012).
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[] Mesozoic sedimentary and volcanic rocks N
[ ] Middle Devonian to Permian predominantly clastic rocks
I:] Middle Devonian to Carboniferous magmatic rocks
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[ Avalonia

1 - Keppie et al. (1998)

2 - Barr et al. (2003)

3 - Hepburn et al. (2008)

4 - Pollock et al. (2009)

5 - Satkoski et al. (2010)

6 - Thompson et al. (2012)

7 - Severson et al. (this study)
8 - Barret al. (2019)

9 - Murphy et al. (2004)
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Figure 3.1. Lithotectonic map of the northern Appalachians. The locations of detrital zircon samples compiled and discussec
this study are shown with red numbers. Modified after Hibbard et al. (2006) and Hatcher (2010).
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Avalonia exists in modern-day eastern coastal Canada in Newfoundland, New Brunswick,
and Nova Scotia (Figure 3.1) (Williams and Hatcher, 1982; Rast and Skehan, 1993; van Staal et
al., 1996; Nance et al., 2008; Pollock et al., 2012). The Avalon terrane in the southeastern New
England Appalachians is considered as part of Avalonia based mainly on faunal records, the
geologic record, U-Pb detrital zircon studies, and a Sm-Nd study (Nance and Thompson, 1996;
Hibbard et al., 2006; Pollock et al., 2012; Thompson et al., 2012; and references therein). The
Avalon terrane is in fault contact with the Nashoba-Putnam terrane to the northwest. The Nashoba-
Putnam terrane is a piece of the Gondwanan-derived Ganderian microcontinent (Kay et al., 2017).

Late Neoproterozoic to Ordovician metasedimentary, igneous and volcanic rocks make up
the composite Avalon terrane in the southeastern New England Appalachians (Figure 3.2
(Zartman and Naylor, 1984; Hepburn et al., 1993; Thompson et al., 1996). In the Avalon terrane,
the stratigraphic sequence is generally consistent throughout and preserves a transition from
deposition in a passive margin to an active margin setting that was later metamorphosed under
increasing metamorphic conditions to the south (Bell and Alvord, 1976; Goldsmith, 1991; Wintsch
et al.,, 1992). Massive quartzite with lesser interbedded micaceous quartzite comprises the
metamorphosed basal stratigraphy (Bell and Alvord, 1976; Goldsmith, 1991 and references
therein). Overlying the massive quartzite are fine grained quartzite, argillite, and slate with
interbedded quartz-rich calc-silicate gneiss (Goldsmith, 1991). This transitions upward to fine-
grained quartzite followed by pale green hornblende gneiss (Goldsmith, 1991 and references
therein). Overlying these sedimentary rocks are mafic metavolcanic rocks that grade upward into
felsic metavolcanic rocks (Goldsmith, 1991 and references therein). Thus, the environment of
deposition likely included sediment deposition on a shelf-edge, possibly on the flank of a volcanic
arc, followed by bimodal volcanism (Goldsmith, 1991).

The Westboro Formation, Plainfield Formation, and Blackstone Group of the Avalon
terrane contain quartzite units that are part of the basal stratigraphy discussed above, but have been
differentiated based in part on geographic location and in part on associated overlying stratigraphy
within the Avalon terrane throughout eastern MA, eastern CT, and RI (Figure 3.2; Bell and Alvord,
1976; Goldsmith, 1991). The Westboro Formation is quartzite with lesser mica schist, calc-silicate,
amphibolite, and biotite gneiss and schist (Perry and Emerson, 1903; Hepburn and DiNitto, 1978;
Goldsmith, 1991). The Plainfield Formation comprises quartzite and schist. The lower section of
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the Blackstone Group consists mainly of schist and quartzite units (Goldsmith, 1991). The upper
section of the Blackstone Group contains mafic and felsic volcanic flows, volcaniclastic rocks, and
hypabyssal intrusive rocks (Goldsmith, 1991). The Plainfield Formation is along-strike with, and

equivalent to the Westboro Formation. The Plainfield Formation and Westboro Formation are also

equivalent to the lower section of the Blackstone Group (Goldsmith, 1991 and references therein).

Metasedimentary rocks were intruded by Ordovician to Devonian alkalic felsic and mafic
plutons (Figure 3.2) (Zartman and Naylor, 1984; Hepburn et al., 1993; Thompson et al., 2007;
Thompson et al., 2012, 2018). Late Devonian-Carboniferous sedimentary rocks of the
Narragansett and Norfolk Basins in Rhode Island (Figure 2; e.g., Mosher, 1983; Skehan et al.,
1986; Thompson and Hermes, 2003) locally overlie the Avalon terrane.

3.3 Methods
3.3.1UPb

Three samples from well exposed outcrops with obvious fold asymmetry or shear fabrics,
and clear crosscutting relationships were collected along the western-most boundary of the Avalon
terrane, adjacent to Nashoba-Putnam terrane (Figure 3.2). Each sample was processed using
conventional mineral separation methods at the Colorado School of Mines. Each sample was
cleaned to remove soil and foreign contaminants from weathered surfaces. Cleaned samples were
crushed and ground down to fine-grained patrticle size (<1 mm) in a Rocklabs Boyd jaw crusher
and Bico disc mill grinder. Each sample was theRprtHVVHG R Q D -shaBih@tdbdlédoZ HW
sort mineral separates by density. Heavy mineral separates were preserved and increorentally
WKURXJK D )UDQW]E %DUULHU VHSDUDWRU WR UHPRYH PDJQ
further separated by density using lithium metatungsta@®.95 g/cni). From the remaining
mineral separates, translucent pink zircons, zircons with inherited brown cores but translucent pink
rims, and zircons that were free of inclusions were hand-picked from a petri dish under a binocular
microscope. From the petri dish, zircons were swirled into a concentric mound, and then a quarter
of the zircon aliquot was sent to the Institute of Earth Sciences (IES) at Academia Sinica in Taipei,
Taiwan for U-Pb isotopic analysis. Zircon grains were mounted in 25 mm epoxy discs. Mounted
zircon grains were then imaged using cathodoluminescence (CL) in a field emission scanning
electron microscope (JEOM FE-SEM JSM-7100F) with a fitted Centaurus detector. After imaging,

spot locations were chosen to avoid cracks, inclusions, metamorphic overgrowths, and any other
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Figure 3.2. Detailed geologic map of the New England Avalon terrane in eastern Massz
and Connecticut, and Rhode Island. Sample locations from this study and other studie:
England are marked with squares, and labeled with the youngest depositional age. Modi
Goldsmith (1991) and Thompson et al. (2012).
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impurities (Appendix A). Zircon grains were then isotopically analyzed using an Agilent 7900
guadrupole U-Pb inductively coupled plasma mass spectrometer (ICP-MS) linked with a Photon
Machines Analyte G2 laser ablation system. The diameter of the spot size was ~35 um with a 5 to
7 Hz laser repetition rate; laser energy density was approximately 6-7. Joen analytical
conditions and procedures followed at the IES lab are similar to those outlined in Chiu et al. (2009)
and Shao et al. (2014). Zircon standard GJ-1 was used as the primary standard for ~600 Ma
205p 238 ages (608.5 + 0.4 Ma; Jackson et al., 2004). Zircon 9150@&M#H aRYLFH ZHUH XV
secondary calibration standards with yielded avet§&?3®%U ages of 1065.1 + 2.7 Ma and 337.2

+ 0.9 Ma, respectively (Wiedenbeck et al., 1995; Slama et al., 2008). Measiite®lJisotopic

ratios were calculated in GLITTER 4.4 software (Griffin et al., 2008). Common Pb was corrected
using the function outlined in Andersen (2002). Weighted mean U-Pb ages, concordia plots, and
relative probability plots were processed and created using Isoplot 3.0 and 4.15 (Ludwig, 2003;
Ludwig, 2012).2°%PW?3&8J ages were used for ages less than 800°RMabP°Pb ages were used

for ages greater than 800 Ma. Ages discussed in this study are recordedniceainty. LA-

ICP-MS analyses greater than 15% discordant were not used, and are crossed out in Appendix A.

3.3.2Lu-Hf

In-situ zircon Hf isotopic analysis was carried out on the same U-Pb dated spot of the grain
by using the Nu Plasma HR MC-ICP-MS attached to the Photon Machines Analyte G2 laser
ablation system. A beam siZe | P  Z L-8VHKz rBpetition rate, and beam energy of9~8-

Jicn? was used to collect measurements. For each spot, an approximate analysis time of 120
seconds was used, which included 30 seconds of background noise for elimination, and ~85
seconds of sample intensity after laser ablation. The He carrier gas of ~0.9 I/min (MFC1 = ~0.7
I/min and MFC2 = ~0.2 I/min) transported the ablated sample from the laser-ablation cell via a
mixing chamber where it was mixed with Ar gas of ~0.8 |/min prior to entering the ICP torch. The
He carrier gasansubstantially reduce the deposition of ablated material onto the sample surface
and greatly improve transport efficiency, and thus increase the signal intensity. The zircon Mud
Tank was used as the primary external standard to monitor facility cosdifibe secondary
standards used wef@O Ha R Y L F Bhd TEMORA zircons for data quality control. They have
long-term averag&®Hf/*’’+1 YDOXHV RI “ 1 Q “
0.282314 + 1 Q DQG “ 1 Q in atcbirfaBdé MAML Y H O\
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those of 0.282504 + 44, 0.282482 + 13, 0.282307 + 31 and 0.282680 * 31 reported in Woodhead
and Hergt (2005), Wu et al. (2006) and Slama et al. (2008). All calculated data were considered
for isobaric interferences and normalized #if/*"’'Hf = 0.7325, using an exponential correction

for mass bias.

The Hf isotope results of the samples and calculation formula are presented in Appendix A
Additionally, the results of the Mud Tank standard acquired during the experimental period (mean
value of'"®Hf/*""Hf = 0.282500 + 26) along with the detailed interference corrections and related
parameters are shown in (Appendix A). Reference model age lines were placed based on the
calculated'"®_u/*""Hf average slope (m = 0.0215) of all zircons using the init@f(T)] and
current [MHf(0)] values, and U-Pb zircon ages (see s Appendix A). The calculated slope (m =
0.0215) is similar to th&®Lu/*""Hf ratio of 0.022 used for the average range of crustal mafic rocks
(Amelin et al., 1999; Souders et al., 2013; Spencer et al., 2019). This value is reasonable for the
western Avalon terrane based on the overall bimodal to mafic crust that made up parts of Avalonia

prior to Neoproterozoic felsic plutonism (Goldsmith, 1991).

3.4 Results
3.4.1 U-Pb and Lu-Hf detrital zircon results

A total of 329 detrital zircon grains were analyzed foPbfrom three metasedimentary
units along the western-most Avalon terrane in southeastern New England. U-Pb zircon data are
presented in Appendix A. Cathodoluminescence images of zircon grain textures are available in
Appendix A. Sample locations are shown in Figures 3.1 and 3.2. Relative probability and
Concordia plots are shown in Figure 3.3. A total of 222 Lu-Hf isotopic analyses were acquired
from the same detrital zircon grains that were used for U-Pb analysis. The three detrital zircon

samples will be discussed from north to south.

3.4.1.1 Westboro Quartzite - MAS-159

The Westboro quartzite, sample MAS-159, was collected in a neighborhood approximately
3 km northeast of Reading, MA (Figure 3.2). This sample is a dark grey tan quartzite with
indiscernible bedding in outcrop. Approximately 4 kg of rock was sampled. A total of 116 zircon
grains was analyzed for Bb. Zircon grainsize UDQJH EHWZHHQ @&are @dedto P

subrounded, translucent pink to translucent brown in transmitted light, with and without inclusions,
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and have aspect ratios of ~2:1 and 1:1. In CL, they typically show oscillatory dod z®tng
(Appendix A). Several grains in this sample exhibit inherited cores surrounded by dissolution rims
and metamorphic overgrowths. From this sample, 6 analyses with greater than 15% discordance
were discarded. One analysis yield&/>%Pb age of 600 + 14 Ma, which #.7% discordant.

The youngest detrital zircon age population is 735 + 24 Ma (MSWD = 0.0069), based on 2 grains
(Appendix A). The next youngest detrital zircon age population is 993 + 16 Ma (MSWD = 1.2),
based on 15 grains (Table 1). A continuous range of peaks is observed between ~2.0 Ga and ~1.0
Ga, with scattered analyses up to ~2.7 Ga (Figure 3.3).

The ®if values (n = 110) for this sample range between approxima@ly) and +16.2
(Figure 3.4). Archean and earliest Paleoproterozoic grains (~28984 Ma) have negativeHf
values betwee.6 and#..2, indicating reworking of older Archean crust. Grains between ~2095
and ~1711 Ma have a near-equal amount of positive and nedifiv@lues between®.3 and
+9.2. Grains with U-Pb ages of ~1065 to ~899 Ma have a mixed arr@jf ohlues betweent
29.0 and +16.2, with mainly positive (~90%jf values. Neoproterozoic grains between ~993 and
~735 Ma, have mostly negativ@lf values (6 of 9 grains) ranging betwe&h50 and +2.11. One
grain at ~600 Ma has arfHf value of #7.5. Finally, one ~352 Ma grain, inferred to be
PHWDPRUSKLF EHFDXVH RI LWV DQRPDORXVO\ \RXQJ DJH
metamorphic origin (see Corfu et al., 2003), hagbdirvalue of 18.2.

3.4.1.2 Plainfield Formation - MAS-177

The phyllitic quartzite Plainfield Formation sample (MAS-177) was collected ~4 km north
of the MA-CT border, and 2 km northeast of the town of Webster, MA (Figure 3.2). The bedding
at this location dips shallowly to moderately to the west-southwest. Approximately 5 kg of rock
was sampled from this location. In this sample, zircon grains have a ~2:1 to 1:1 ratio, range from
~50 to P  DrbuAded to subrounded, and translucent pink and translucent brown in
transmitted light. Zircon grains are with and without inclusions, and have only oscillatory and
sector zoning, with no inherited cores or metamorphic overgrowths (visible in CL images;
Appendix A). Of the 114 grains analyzed, 109 were used for further interpretation; grains with
>15% discordance were discarded from analysis. The calculated maximum age of deposition for
the Plainfield Formation at this location is 959 + 20 Ma (MSWD = 0.47) based on the 4 youngest
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Figure 3.3. Relative probability plot of each sample analyzed for this study in left ¢
Wetherill concordia diagram of each detrital zircon sample analyzed for U-Pb in thi
in right column. Inset is of youngest detrital zircon grains with ages labeled.
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Figure 3.4.0 +1 D J D {PQ age/of3etrital zircons analyzed in this study. Lines with Lu/Hf
of 0.0215 are reference zircon Hf model age lines.

grains (Figure 3.2, Appendix A). For this sample, a continuous range of ages exists between ~2.0

Ga and 1.0 Ga, with scattered ages between ~2.7 and ~2.5 Ga (Figure 3.3).

Zircon yielded Hf values (n = 52) betweerB.2 and +8.9 (Table 2; Figure 3.4). Three
Archean to earliest Paleoproterozoic grains (~2%3889 Ma) havelf values betweer#.5 and
+0.4. Grains with U-Pb ages between ~2112 and ~1905 Ma yiétfadilues betweenB.2 and
+5.6, with negative values for 6 of the 8 graifif values range betweet#.6 and +8.9 for grains
between ~1750 and ~99@a. Approximately 866 (n = 42) of these grains have positigaf
values. The youngest 7 grains in this population have mostly poditfwealues decreasing with

decreasing age from +7.3 t6.3.
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3.4.1.3 Plainfield Formation - MAS-170

Quartzite with interbedded phyllite in the Plainfield Formation (sample MAS-170) was
collected approximately 4 km southeast of Putnam, CT (Figure 3.2). The bedding at this location
dips shallowly to the west-northwest. Approximately 7 kg was collected for this sample. A total
of 99 zircon grains was analyzed using U-Pb methods. Grains in this sample range from ~50 to

Pin length with aspect ratios of ~3:1 to 5:1, and are subangular to rounded. In transmitted
light, the grains range from translucent pink to translucent brown. In CL images, grains have sector
and oscillatory zoning (Appendix A). A minor amount of grains in CL displays inherited cores
with dissolution rims and metamorphic overgrowths. Five analyses with >15% discordance were
discardedSingle concordant analyses h&®bf3¥Pb ages of 857 + 18 Ma, 81716 Ma, 732+
16 Ma, 617 + 14 Ma, and 523 + 12 Ma (Figure 3.3B). The youngest detrital zircon age population,
based on 8 grains is 935 = 36 Ma (Appendix A). This sample yielded a continuous range of ages
between ~2.25 and ~1@®g, and scattered ~2.7 to ~Z3aages (Figure 3.3).

In this sample, zircon®f values (n = 60) are betweefi7.8 and +9.9 (Figure 3.4;
Appendix A). One ~2414 Ma grain has a negatd# value of 8.9. Seven of the eight grains
between ~1966 and ~1794 Ma have positlé values that range fromb.5 to +6.9. Grains
between ~1592 and ~817 Ma have mix®d values that range betweefi.3 and +9.9. The three
youngest grains in this Mesoproterozoic to Neoproterozoic population (813 Ma) have
negative Hf values betweenb.3 and 8.0. One Cambrian (~523 Ma) grain has a negafiife

value of ©.3.

3.5 Discussion

3.5.1 U-Pb implications for composite Avalon terrane

The Westboro Formation (MAS-159) sample from this study has one concordant grain at 600 +
14 Ma (Figure 3.3). We interpret this grain to represent the maximum depositional age for the
Westboro Formation at this location, based on consistency with rare Ediacaran grains in the
Plainfield Formation samples analyzed in this study (MAS-177, and MAS-170) and from
previously analyzed western Avalon terrane detrital zircon samples in Thompson et al. (2012) and
abundant Ediacaran grains analyzed in Hepburn et al. (2018). The youngest detrital zircon age
population for the Westboro Formation in this study is 993 £ 16 Ma (n = 15). The Plainfield

Formation sample (MAS-177), located at the border between Massachusetts and Connecticut, has
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a youngest detrital zircon population, and inferred maximum depositional age of 959 + 20 Ma (n
= 4) (Figure 3.3). Single grains in the southernmost Plainfield sample (MAS-170) frivE*eU

ages of 817 £ 16 Ma, 732 £ 16 Ma, 617 = 14 Ma, and 523 + 12 Ma (Figure 3.3). These grains are
between#.0 and9.9% discordant. The ~523 Ma detrital zircon is younger than any other detrital
zircons from this study and other studies (e.g., those compiled in Figures 3.5)aidHdé we

exclude this analysis from our interpretation as an outlier, it may become significant in the context
of future studies. Therefore, the interpreted maximum depositional age of the Plainfield Formation
at this location is 617 + 14 Ma, based on one detrital zircon, and consistency arguments as outlined
above (Figure 3.3). The youngest detrital zircon age population for this sample is 935 + 36 Ma (n
= 8).

While the maximum depositional age varies by sample analyzed in this study from north
to south at ~600, ~959, and ~617 Ma, all have equivalent Tonian youngest detrital zircon
populations (~993, ~959, and ~935 Ma). The detrital signatures for all samples in this study are
relatively consistent (Figure 3.5). For all samples, ages range mainly between ~2.0 Ga and ~1.0
Ga, with major peaks at ~1.95, ~1.50, ~1.20, and ~1.00 Ga. Ages are also recorded between ~3.1
Ga and ~3.0 Ga, and between ~2.8 Ga and ~2.6 Ga (Figure 3.5).

We compare samples analyzed from the Westboro and Plainfield quartzites in this study
with the results of two other studies that sampled the Westboro Formation in the western Avalon
terrane in southeastern New England (Figures 3.2 and 3.5) (Hepburn et al., 2008; Thompson et al.,
2012). Hepburn et al. (2008) determined an Ediacaran maximum depositional age of 600 + 3 Ma
(n = 6) for the Westboro Formation at one location in southern New England by U-Pb EA-ICP
MS analyses of detrital zircon (Figure 3.2). Thompson et al. (2012) determined a 912.23 = 0.61
Ma maximum depositional age based on CA-TIMS analyses of detrital zircon from the Westboro
Formation that is a roof pendant in an Ediacaran intrusion (Figure 3.2). The detrital zircon
signatures for the three samples from this study, from Hepburn et al. (2008), and from Thompson
et al. (2012), are plotted individually in Figure 3.5 to compare the range of ages and the peak ages
of each sample. All samples have U-Pb ages of +3D Ga, ~2.&2.6 Ga and ~2.11.0 Ga.

Small peaks are present at ~2.70 Ga, ~2.50 Ga, and ~1.95 Ga (Figure 3.5). Maximum peaks exist
in all samples at ~1.8 Ga, ~1.5 Ga, ~1.2 Ga, and ~1.0 Ga (Figure 3.5). The ~600 Ma peak varies
from sample to sample. A major ~600 Ma peak is present in the Westboro Formation sample of
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Figure 3.5. Normalized probability diagrams for detrital zircon samples discussed for tl
England Avalon terrane and Avalonia in Canada. Grey numbers on the left side correl
reference number locations in Figure 3.1.
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Figure 3.6. Normalized probability diagrams (>700 Ma only) of detrital zircon samples discussed
in this study (numbers in left column indicate references outlined in Figure 3.1).
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Hepburn et al. (2008). A minor ~600 Ma peak exists in the Westboro Formation sample and
southernmost Plainfield Formation sample in Connecticut from this study. In southern New
England, three of five detrital zircon studies from the western Avalon terrane (Hepburn et al., 2008;
Thompson et al., 2012; this study) have an Ediacaran maximum depositional age (Figures 3.2 and
3.5).

The minimum depositional age for the Westboro and Plainfield Formations is constrained
between ~609 and ~595 Ma by U-Pb zircon ages in plutons that crosscut sedimentary rocks
(Thompson et al., 2012 and references therein). Thus, the maximum depositional age of ~600 Ma
from this study (MAS-159; Westboro Formation) and Hepburn et al. (2008), must reflect the latest
depositional event in the western Avalon terrane before emplacement of these plutons. The Tonian
youngest detrital zircon age population of the Plainfield Formation and Westboro Formation
samples from this study are relatively consistent with the Tonian ~912 Ma maximum depositional
age of the Westboro Formation discussed in Thompson and Bowring (2000), and Thompson et al.
(2012), and compiled herein (Figures 3.2 angl. 3.1 possible that the samples without Ediacaran
zircon are Tonian in age, or they are also Ediacaran, but did not have Ediacaran zircon sources
Despite this conundrum, the similarities between detrital zircon signatures in the Westboro and
Plainfield Formations suggests that they must be derived from the same, or similar continental
sources. Thusalthough the Avalon terrane is considered a composite terrane, detrital zircon
signatures discussed herein suggest that at least the western-most sedimentary rocks at the base of

the stratigraphy can be considered correlative.

We compared detrital zircon signatures from the New England western Avalon terrane to
Avalonian samples in Canada (Figures 3.1, 3.5, and 3.6). Detrital zircon grains that are Ediacaran
to Cambrian are abundantly present in one sample from the Westboro Formation (Hepburn et al.,
2008) and in most Avalonian sedimentary rocks in Canada, which are compiled in Figures 3.5 and
3.6 (Murphy et al., 2004; Pollock et al., 2009; Satkoski et al., 2010; Barr et al., 2019¢ The
Ediacaran to Cambrian peaks mute all older detrital zircon peak ages; becausevefchested
a relative probability plot that includes only >700 Ma data (see Figure 3.6). The detrital zircon
signature for U-Pb ages older than 700 Ma shows similarities in all Canadian and New England
Avalonian samples, with age populations of ~34095 Ga, ~2.85%2.55 Ga, and ~2.1@1.00
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Ga. Major age peaks within the ~ 2+1.0 Ga range exist at ~2.1 Ga, ~1.5 Ga, ~1.2 Ga, and ~1.0
Ga. (Figure 3.6).

Previously, the Westboro Formation in New England has been compared with a quartzite
unit within the Gamble Brook Formation in the Cobequid Highlands in northern Nova Scotia
(Figure 3.1) because of the paucity of Ediacaran and Cambrian grains, and relatively similar
detrital zircon signatures (Figure 3.5) (Keppie et al., 1998; Thompson and Bowring, 2000; Barr et
al., 2003; Thompson et al., 2012). The Gamble Brook Formation has a maximum depositional age
of 997 £ 2 Ma, determined by U-Pb zircon Isotope Dilution Thermal lonization Mass Spectrometry
(ID-TIMS) (Keppie et al., 1998; Barr et al., 2003; Figures 3.5 and 3.6), which is similar to the
Tonian youngest detrital zircon population in all samples from the Westboro Formation and
Plainfield Formation and the maximum depositional age of two of the samples discussed in this
study (Figures 3.2 and 3.5). The minimum depositional ages of the Westboro Formation, Plainfield
Formation, and Gamble Brook Formation are also very similar. The minimum age of the Gamble
Brook Formation is based on unconformably overlying volcanic and sedimentary rocks of the
Folly River Formation, which has been correlated with the 629 + 3 Ma Jeffers Group in the western
Cobequid Highlands, and the 618 + 2 Ma Georgeville Group in the Antigonish Highlands. These
ages are based on youngest U-Pb zircon and monazite ages from basal volcanic units in each

Group, respectively (Murphy et al., 1997; Keppie et al., 1998).

The lack of Ediacaran to late Cambrian zircon in the Gamble Brook Formation in the
Cobequid Highlands of Nova Scotia (e.g., Murphy, 2002; Barr et al., 2003; Thompson et al., 2010
Thompson et al., 2012) and in the western Avalon terrane may indicate that the events producing
these younger zircon grains were less active or too distant for significant detrital input in southern
New England. Deposition from widespread arc magmatism and coeval sedimentation was
pervasive throughout Avalonia in Canada during this interval, so this option seems unlikely (e.g.,
Murphy et al., 2004; Pollock et al., 2009; Satkoski et al., 2010; Barr et al., ZBdr¥)er
preliminary detrital zircon studies throughout the New England Avalon terrane (Ellison et al. 2019,
2020) show 2 samples from the Plainfield quartzite and 2 samples from the Blackstone quartzite
that have Tonian maximum depositional ages. One sample of Ellison et al. (2020) from exposed
bedrock of the Hoppin Hill quartzite in the northwestern corner of the Narragansett Basin has an

Ediacaran to Cambrian maximum depositional age. These preliminary results, along with results
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from this study and previastudies, all suggest a major event in the Tonian, with a more localized
Ediacaran to Cambrian event that was the source for detrital zircon grains spread erratically
throughout Ediacaran sedimentary rocks of the New England Avalon terrane. The change along
strike with a high abundance of detrital zircon grains that are Ediacaran to Cambrian in Canada
and a noticeably lower abundance of these same grains in New England may indicate that the event
associated with these younger (~600 Ma) grains was more widespread in Canada, or that Canada
was closer to this sediment source area than New England, or some other process preventing the
New England Avalon terrane from receiving much Ediacaran zircon. In general, this shift in
Ediacaran detrital zircon abundance may be explained by an along-strike change in the

depositional environment and/or by a large-scale change in the tectonic setting.

3.5.2 Hf isotope tectonic provenance comparisons

The0+1 YDOXHV GLVF XYV VtheGvektertiHdstQAvaldhHertah& $amples from
this study, and from data previously compiled for Avalonia, Baltica, Amazonia, and the West
African Craton (WAC) by Henderson et al. (2016, 2018) and references therein. Comparisons
between the Avalon terrane, Avalonia, and potential cratonic sources are compared and presented
in Figures 3.743.10.*UDLQ SRSXODWLRQV DQG 0+I YDOXHV DUH RXWOl
from Henderson et al. (2016, 2018).

3.5.2.1 Avalon terrane vs. Avalonia

The only significant difference between the New England Avalon terrane and Canadian
Avalonia is the sparsity of Ediacaran to Cambrian magmatically-derived grains in New England
that are abundant in Canada. One minor difference exists il the U HFeRvEe@ the western
Avalon terrane and Avalonia from ~2000 to ~1750 Ma where Avalonia has mo$thy| YDOXHV
ZKLOH WKH ZHVWHUQ $YDORQ WHUUDQH KOM\MnD+PAJ@EFQGuUP UUD\ R
3.7). This may indicate that the Avalonian crust in Canada is more evolved than the western Avalon
terrane crust which has a mixed evolved to juvenile crustal signature. Otherwise, the detrital and
hafnium isotope signature of zircons in the western Avalon terrane is analogous to the detrital and

hafnium signature of Avalonia in Canada (see Figures 3.5, 3.6, and 3.7).
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Figure 3.7. A comparison of Hafnium data from this study plotted over outlines of Hafniu
from Avalonia in Canadaidenderson et al., 2018).

3.5.2.2 Avalon terrane vs. potential cratonic sources

Previously interpreted possible craitoisources for Avalonia have included Amazonia,
Baltica, and the WAC (Murphy, 2002; Barr et al., 2003; Thompson et al., 2012; Pollock et al.,
2015; Henderson et al., 2016, 2018; and others). Herein, we compare all potential cratonic sources
compiled in previous studies by Henderson et al. (2016, 2018), with the detrital zircon and Hf
isotopic record of metasedimentary rocks of the western Avalon terrane in an attempt to better

characterize the cratonic source of detritus.

The detrital andO + $ignatures between the western Avalon terrane and Amazonia show
similar populations. A high concentration of Mesoproterozoic grains with modily ¥ YD O XH V
exists in both records (Figure 3.8). Sparse Archean grainss@k 1 YDOXHV H[LVW LQ VLJ
both the western Avalon terrane and Amazonia. Several key differences also exist in the detrital
DQG 0+ VLIQDWXUHYV $ KLIJK FRQFHQWUDWLRQ RI PLG 3DOHEF
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Ga) with £+ 0+1 Y D O X HLY) exisi&/ ®r Amazonia with very few Avalonian grains in this

interval. There is a relatively high concentration of mid to late Paleoproterozoic grains (~2.0 to

a *D ZLWK D PL[HG DUUD\ RI 0+1 YDOXHV SUHVHQW LQ WKF
Amazonian record. Finally, a spread of early to middle Neoproterozoic (~1000 to ~700 Ma) grains

with £0+1 YDOXHV H[LVWV LQ $PD]RQLD ZLWK D ORZ GHQVLW\ R

terrane interval.

Figure 3.8 A comparison oftHf data from this study plotted over outlines @f-data compile
from Amazonia {Henderson et al., 2016

The western Avalon terrane and Baltica have similar populations iGtReVN ULW DO DQG
data (Figure 3.9). Scant Archean to early Paleoproterozoic (~3.4 to ~2.3 Ga) grains Qvith
valuesexist RU ERWK VRXUFHV $ 3Ji230 GaHMb£Kdts@h loth recdrds. The
Baltican record shows a higher concentration of ~2.1 to ~2.0 Ga grainsQvith Y DtBax kh¥
western Avalon terrane record, which has only 4 grains with mastl/+ laloés. A high
concentration of grains exists in both the Baltican and Avalonian record between ~2.0 and ~0.9

Ga. Within this interval for both Baltica and the western Avalon terrane, grains between ~1.6 and
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~ *D KDYH PRVWO \5.00e +10.0),@xdHjMinstbetween ~1.1 and ~0.9 Ga have +5.0
to 5.0 0 +Values that decrease with age. A clear gap exists in the Neoproterozoic between ~900
and ~750 Ma in the Baltican record, with only three grains with +/alues in the Avalonian
record.

Figure 3.9 A comparison ofHf data from this study plotted over outlines @f+dlata compile
from Baltica Henderson et al., 2016

7KH GHWULW D Oof tn®Westeml AuatbR ReiithGe is very different from the WAC
(Figure 3.10). In general, the WAC has Archean to late Paleoproterozoic detrital zircons (~3.40 to
~ *D ZLWK 0+1 YD QXabvd EH W MdtdsQRectically, between ~2.25 and ~1.75
*D WKH :$& KDV D KLJK FRQFHQWUDWLRQ 50laddHB8.0.QWe ZLWK C
western Avalon terrane has a low concentration of grains that are Archean to early
Paleoproterozoic (~2.7% *D ZLWK 0+1 YDOXHV WKROWIG deErebsimyV H TURF
age (Figure 3.10). A moderate concentration of grains exists in the western Avalon terrane between
~2.25 and ~ *D WKDW KDYH 0+1 YDOLR.6 ¢ HIQG-WitH devrea@idg BgeR R +
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distinct gap exists in the WAC between the late Paleoproterozoic and the middle Mesoproterozoic
(~1.75 Gato ~1.25 Ga), whereas the western Avalon terrane has a large population of grains with
O+1 YDOXHV WK D W .Ydan@-v18.0EbrvgatiisHr@erdal (Figure 3.10). The WAC also
preserves ~1.25and~ *D JUDLQV WKDW KDYH PRY.WMO+1&®R,WhW,LYH O0+I
in this age range WKH ZHVWHUQ $YDORQ WHUUDQH VKRZV GHFUHDYV
from approximately +7.0 tat 7KH :$& KDV D PL[HG D(dpgpixinRtely+1 Y DO X
35.0 to +20.0) for the late Neoproterozoic to Cambrian grains (~750 to ~500 Ma) whereas the
western Avalon terrane has very few grains, WiiliHJDWLYH 0+ Y O®0aAdS5BHWZHHQ +

Figure 3.10A comparison oftHf data from this study plotted over outlines @f+dlata compile
from the West African Cratortflenderson et al., 20).6

Avalonia has been interpreted as having Baltican and/or Amazonian sources and basement,
based on detrital zircon, Sm-Nd and Lu-Hf geochemistry, and paleogeographic constraints (e.g.,
Keppie et al., 198; Murphy et al., 2002; Barr et al., 2003; Pollock et al., 2012; Thompson et al.,
2012; Henderson et al., 2016, 2018; Murphy et al., 2018). In this study, the detritataiedord

of detrital zircon grains within the western-most Avalon terrane in southern New England are also
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indicative of an Amazonian and/or Baltican source (Figures 3.8 and 3.@jtbAnumerous other

studies, it remains difficult to distinguish between the two sources (e.g., Nance et al., 2002; Barr
et al., 2003; Thompson et al., 2007, 2012; Henderson et al., 2016; Murphy et al., 2018; Barr et al.,
2019). The western-most Avalon terrane reflects the pre-Ediacaran detritl-asidgnature of

both Amazonia and Baltica (Figures 3.8 and 3.9) (Henderson et al., 2016), and the detfitalland
signature of the Gamble Brook Formation in Canada (Henderson et al., 2016, 2018). The weak
~900-800 Ma signature in the western Avalon terrane and the Gamble Brook Formation is similar
to the magmatic gap, or period of tectonic quiescence, in Baltica (Figyr€rBdmpson et al.,

2012; Henderson et al., 2016). During this same period, the Goias magmatic belt was active
throughout Amazonia in the Brasiliano and Pan-African orogens as a result of island and
continental magmatic arc accretion (Thompson et al., 2012; Henderson et al., 2016, and references
therein). Therefore, a reasonable input of zircon grains of this age would be expected in Avalonia
if Amazonia was the sole source. Furthermore, like the western Avalon terrane and Gamble Brook
Formation, Baltica has little to no detrital zircon ages between ~2.25 andG& (Figure 3.9)

while Amazonia has abundant magmatic zircon between ~2.25 and ~1.90 Ga (Figure 3.8), because
of the Trans-Amazonian Orogeiyhompson et al., 2012; Henderson et al., 2016, and references
therein. A Baltican provenance for Avalonia is also consistent with the paleogeography of the
New England Avalon terrane, which positions Baltica and Avalonia at a similar latitude until the
Ediacaran (Thompson et al., 2012). Thus, while some of the deDPi@QG 0+1 GDWD VXJJ
Amazonia as an origin and/or source for Avalonia, the data are more consistent with Baltica. A
mixed source between Baltica and Amazonia is also possible, as Baltica and Amazonia were
adjoined during formation of supercontinent Rodinia (Dalziel, 1997; Nance et al.,, 2002,
Johansson, 2009; Henderson et al., 2016). Fragments or slivers may have been captured by one
from the other, perhaps during the formation of Rodinia as has been suggested by Johansson (2009)
and Murphy et al. (2018). This could explain the geochronological and geochemical overlap in

their geologic records.

3.6 Conclusions

The pre-Ediacaran detrital zircon signature of the western Avalon terrane is consistent
across all samples with populations of ~34P.95 Ga, ~2.85t2.55 Ga, and ~2.1@1.00 Ga
Major age peaks are ~1.95 Ga, ~1.50 Ga, ~1.20 Ga, and ~1.00 Ga, with lesser peaks at ~2.75 and
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~2.10 Ga. These peaks and ranges of ages are also consistent with the detrital zircon signatures of
Avalonian samples in Canada. Three of five detrital zircon samples from this and previous studies
in southern New England show an Ediacaran maximum depositional age, which is consistent with
the results of most detrital zircon studies on Avalonian rocks. The overall abundance of detrital
zircons that are Ediacaran to Cambrian is significantly lower in New England than in Canada. The
youngest detrital zircon age populations of the western Avalon terrane samples are Tonian, and
the maximum depositional age of two of the New England samples are also Tonian, which is
consistent with the Tonian maximum depositional age of the Gamble Brook Formation in Canada.
The paucity of Ediacaran and Cambrian grains throughout the New England western Avalon
terrane and the abundance of these grains throughout Canada is likely a result of ddpositiona
and/or tectonic variations along-strike. Although the origin of the Avalonian basement remains
enigmatic, the detrital an@ +1 VLIQDWXUHYV RI PHWDVHGLPHQWDU\ VDPSC
terrane are consistent with Baltican and/or Amazonian sources, albeit more consistent with a
Baltican source. This is congruous with previous provenance studies of Avalonia. The possible
mixed signature between Amazonia and Baltica may be associated with basement piracy during
the formation of supercontinent Rodinia.
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CHAPTER 4

THE ALLEGHANIAN FRONT IN THE SOUTHEASTERN NEW ENGLAND
APPALACHIANS: A COMPREHENSIVE ANALYSIS OF U-PB,
4AR/*°AR, K/AR, AND AEROMAGNETIC AND
GRAVITY ANOMALY DATA

A manuscript to be submitted @eochemistry, Geophysics, Geosystems (G3)
Allison R. Seversoh Yvette D. Kuipet

Department of Geology and Geological Engineering, Colorado School of Mines, 1516 lllinois
Street, Golden CO 80401 USA

The southeastern New England Appalachians show along-strike differences in structural,
geochronological, and geophysical data that may be explained by variations in tectonic processes
during the latest orogenic event(s). These differences may in part explain controversies between
the northern and southern Appalachians at large. The middle Paleozoic Acadian orogeny (~421
360 Ma) occurred as a result of collision between North America and Avalonia, a microcontinent
that rifted from supercontinent Gondwana. Associated metamorphism and deformation are
pervasive in the northern Appalachians throughout eastern Canada and in the northeastern US as
far south as northeastern Massachusetts, but less prevalent to the south. The late Paleozoic
Alleghanian orogeny (~32@&280 Ma) occurred as a result of collision between North America
and West Africa during formation of supercontinent Pangea. Associated widespread high-grade
metamorphism and deformation are minor north of the Massachusetts-Connecticut border, but
prominent in and south of Connecticut and Rhode Island, where the Acadian deformation and

metamorphism is locally overprinted.

We present new Sensitive High Resolution lon MicroprobdReverse Geometry
(SHRIMP-RG) data to investigate and constrain ages of progressive partial melt and high-grade
metamorphism along the southeastern boundary of Nashoba terrane, the trailing edge of
Gondwanan-derived microcontinent Ganderia. The data are complementary to pre-existing data in
the Nashoba terrane and the equivalent along-strike Putham terrane to the south. Partial melt

occurred between ~430 and ~410 Ma in the migmatitic metapelitic Shawsheen Gneiss, and
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between ~385 and ~345 in the migmatitic mafic metavolcanic Marlboro Formation, suggesting, in

the context of previous U-Pb data, a southward younging of partial melt in the Nashoba terrane.

Based on a compilation of U-PBPAr/*°Ar, and K/Ar geochronological data and
aeromagnetic and Bouguer gravity geophysical data in the Nashoba-Putnam and Avalon terranes
in eastern Massachusetts, eastern Connecticut, and Rhode Island, we interpret the significance of
a west-trending lineament that runs approximately 50 km west from Boston to Westborough,
Massachusetts through the Avalon terrane and into the Nashoba terrane. The lineament is
represented by an aeromagnetic anomaly, and gravity anomalies are high to the north and low to
the south of it. North of this lineament, U-Pb zircon, monazite, and titanite ag&¥aithr and
K/Ar hornblende cooling ages are predominantly middle Paleozoic (Acadian) in eastern
Massachusetts. South of48Ar/3°Ar hornblende cooling ages are late Paleozoic (Alleghanian) in
the Avalon terrane in eastern-most Massachusetts, Connecticut and Rhode Island. We interpret
this lineament as a previously unrecognized west-trending tectonic boundary that may represent
ZKDW ZH WHUP WKH p$OOHJKDQLDQ )URQW T 7KLV ERXQGDU\
Paleozoic (Acadian) tectonism in the north from a zone dominated by late Paleozoic (Alleghanian)
tectonism in the south. Other west-trending subsidiary lineaments exist to the north and south of

the main lineament, the Alleghanian Front.

4.1 Introduction

In the southeastern New England Appalachians, previous studies suggest that (1) middle
Paleozoic Acadian orogenic high-grade metamorphism youngs southward from the late Silurian
in northern-most eastern Massachusetts (Hepburn et al., 1995; van Staal, 2009; Hatcher, 2010;
Buchanan et al., 2014a) to the early Mississippian (Hatcher, 2010, and references therein) in
southern-most New England, and (2) a transition occurs from late Paleozoic Alleghanian orogenic
high-grade metamorphism and deformation in southern-most New England (southern Connecticut
and Rhode Island) to almost no Alleghanian overprint at the latitude of and north of Boston,
Massachusetts (e.g., Zartman et al., 1970, Wintsch et al., 1992, 2001, 2007; Loan, 2011; Reynolds,
2012; Buchanan et al., 2014a, b, 2015a, b). The southern New England Appalachians also lie at
the transition between the northern and southern Appalachians, which have controversial tectonic
histories (e.g., Hibbard et al., 2010). For example, the Alleghanian orogeny strongly impacted the
southern Appalachians, but had only minor effects on the northern Appalachians. We present new
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Sensitive High Resolution lon MicroproheReverse Geometry (SHRIMP-RG) data to investigate
along-strike differences in the melting history of the Nashoba terrane, at the latitude in southeastern
New England where these metamorphic changes occur. Then, we compare results from this study
with existing geochronology data in the Nashoba-Putnam terrane, the trailing edge of Gondwanan
microcontinent Ganderia, and with existing geochronology data in the Avalon terrane, another
Gondwanan terrane, to its east and southeast. Furthermore, this compiled data is interpreted in
conjunction with structural and geophysical data, which together reveal a previously unrecognized
tectonic boundary. This boundary is primarily associated with the late Paleozoic Alleghanian
orogeny, but may also have affected the latest part of the middle Paleozoic Acadian orogeny. This
study includes the first comprehensive geochronological-geophysical data compilation in the

southeastern New England Appalachians and may form a base for future studies.

4.2 Geologic and tectonic background

4.2.1 Northern Appalachian tectonic overview

Formation of the Appalachians (Figure 4.1) began after the Neoproterozoic breakup of
supercontinent Rodinia, through a sequence of terrane accretions to the Laurentian margin
(Hibbard et al., 2007; Murphy et al., 2009; van Staal et al., 2009, 2012, Hatcher, 2010; and
references therein). Rifting of these terranes (Ganderia, Avalonia, Carolinia, and Meguma) from
the Gondwanan continent occurred from the Cambrian to the early Silurian (e.g., Murphy et al.,
2009; van Staal et al., 2009, 2012; MacDonald et al., 2002). Four major accretionary events
affected the southeastern New England Appalachians of Massachusetts, Connecticut, and Rhode
Island (Hibbard et al., 2007; van Staal et al., 2009; Hatcher, 2010). The Ordovician Taconic
orogeny formed during convergence between the Shelburne Falls arc (a Laurentian fragment) and
the Moretown terrane (a Gondwanan terrane), which were then accreted to the Laurentian platform
(Karabinos and Tucker, 1992; Karabinos et al., 1998; Hibbard et al., 2007; van Staal et al., 2009;
Hatcher, 2010; MacDonald et al., 2014; Karabinos et al., 2017; MacDonald et al., 2017). The mid-
Silurian Salinic orogeny (~450-423 Ma), specific only to the northern Appalachians (van Staal et
al., 2009; Hatcher, 2010), occurred as a result of back-arc basin closure between the active margin
and passive margin of Ganderia as it accreted onto Laurentia in the Late Ordovician to Early
Silurian (Nance and Linnemann, 2008; van Staal et al., 2009). The latest Silurian to early
Mississippian Acadian orogeny (~421-360 Ma) resulted from accretion of Avalonia to Ganderia
(Skehan and Rast, 1990; van Staal et al., 2009; Hatcher, 2010). The late Mississippian to Permian
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Figure 4.1. Lithotectonic map of the northern Appalachians. Modified from Hibbard et al. (2006) and Hatcher (2010).

87



Alleghanian orogeny (~320-280 Ma; Wintsch et al., 1992, 2014), occurred as a result of collision
between Laurentia and Gondwana to form supercontinent Pangea (Nance and Linnemann, 2008;
Hatcher, 2010). Evidence of the Alleghanian orogeny is widespread throughout the southern and
central Appalachians, but is more localized to non-existent in the southeastern New England and
northern Canadian Appalachians, respectively (van Staal et al., 2009; Hatcher, 2010). The
Mesozoic break-up of Pangea marks the end of compression and culmination of the Appalachian

mountain belt (Marzoli et al., 1999).

4.2.2 Geology of the Nashoba-Putnam terrane

The Nashoba-Putnam terrane is an approximately 185 km long by 30 km wide fault-
bounded amphibolite-grade terrane (Goldsmith, 1991a; Hepburn et al., 1995; Stroud et al., 2009)
juxtaposed to the west and east against lower greenschist grade rocks of the Merrimack belt and
Avalon terrane, respectively (Figures 4.1 and 4.2) (Goldsmith, 1991a; Wintsch et al., 1992, 2014;
Goldstein, 1994; Attenoukon, 2009). Based on Sm-Nd model ages and U-Pb detrital zircon ages,
the Nashoba terrane has a Ganderian affinity (Loan, 2011; Kay et al., 2017 and references therein).

The Nashoba terrane comprises metasedimentary, mafic metavolcanic and
metavolcaniclastic rocks as well as various ortho- and para-gneisses (Bell and Alvord, 1976;
Goldsmith, 1991b; Hepburn et al., 1995). Units of the Nashoba terrane with volcanic protolith are
mainly composed of amphibolite, with lesser andesitic, dacitic, and rhyodacitic rocks (Goldsmith,
1991b) and are interpreted to have been deposited in an arc or back-arc setting (Goldsmith, 1991b;
Hepburn et al., 1995; Hepburn et al., 2014; Kay et al., 2017). These rocks were multiply deformed
and metamorphosed to amphibolite facies conditions between ~430 Ma and ~360 Ma (Goldsmith,
1991a, b; Hepburn et al., 1995; Stroud, et al., 2009; Buchanan et al., 2014a, b). Locally, migmatitic
rocks are abundant, especially in the northwestern part of the terrane in metapelitic rocks, and in
the northeastern section of the terrane near the contact between the Nashoba Formation and the

peraluminous Andover Granite (Castle, 1964; Hepburn et al., 1995; Buchanan et al, 2015a).

Units within the Nashoba terrane were initially thought to be in stratigraphic order and
young to the northwest based on detailed bedrock mapping of Bell and Alvord (1976). However,
the units have been multiply deformed, metamorphosed, and partially melted (e.g., Goldsmith,
1991b; Hepburn et al., 1995; Loan, 2011; Hepburn et al., 2014), and thus units of the Nashoba
terrane are not necessarily in stratigraphic order. The Marlboro Formation is the oldest unit in the
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Figure 4.2. Geologic map of the Nashoba-Putnam terrane in the southern-most New
Appalachians (A). Tectonic terrane map for the southern-most New England Appalachi
Modified from Zartman et al. (1970) and Hepburn et al. (1995).
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Nashoba terrane and lies along the southeastern-most boundary (Figure 4.2). It consists of mainly
mafic metavolcanic rocks metamorphosed to amphibolite, and lesser volcaniclastic and clastic
rocks metamorphosed to schist, and gneiss with minor quartzite (Bell and Alvord, 1976;
Goldsmith, 1991b; Hepburn et al., 1995; Kay et al., 2017). U-Pb ages of igneous zircen in th
igneous and metavolcaniclastic rocks of the Marlboro Formation in the Nashoba terrane and
equivalent Quinebaug Formation in the Putnam terrane are 543 + 7 Ma and 501 + 3 Ma,
respectively (Walsh et al., 2011). A 515 + 4 Ma granitic gneiss intrudes part of the Marlboro
Formation in the southern Nashoba terrane (Walsh et al., 2009, 2011a, 2011b, 2015), suggesting
that the Marlboro Formation is older than that, and possibly older than the Quinebaug Formation.
The <~470 Ma Shawsheen Gneiss (based on youngest detrital zircon U-Pb laser ablation
inductively coupled mass spectrometry age; Loan, 2011) lies northwest of the Marlboro Formation
(Figure 4.2) and is a paragneiss interlayered with amphibolite (Bell and Alvord, 1976; Hepburn et
al., 1995; Loan, 2011). The Fish Brook Gneiss is northwest of the Shawsheen Gneiss (Figure 4.2),
and is ~499 Ma, based on three abraded fractions of U-Pb translucent zircon Isotope Dilution
Thermal lonization Mass Spectrometry (ID-TIMS) geochronology (Hepburn et al., 1995). Its
protolith is unknown, but it is mainly a leucocratic orthogneiss, derived either from a felsic
volcanic rock or a granitic pluton (Castle, 1964; Bell and Alvord, 1976; Goldsmith, 1991b;
Hepburn et al., 1995; Loan, 2011). To the west of the Fish Brook Gneiss;46& Ma Nashoba
Formation (based on youngest detrital zircon; Loan, 2011) comprises pelitic schist, metawacke,
and gneiss with minor amounts of marble, calc-silicate, and amphibolite (Abu-Moustafa and
Skehan, 1976; Goldsmith, 1991b; Hepburn et al., 1995; Loan, 2011; Hepburn et al., 2014). The
Nashoba Formation is interpreted to have volcanic and sedimentary protoliths (Abu-Moustafa and
Skehan, 1976; Bell and Alvord, 1976; Hepburn et al., 1995). To the northwest of the Nashoba
Formation lies the Tadmuck Brook Schist, a pelitic schist and phyllite with minor quartzite that
lies along the northwestern boundary of the Nashoba terrane (Figure 4.2; Bell and Alvord, 1976;
Goldsmith, 1991b; Loan, 2011). The maximum age of the Tadmuck Brook Schist is 463 + 42 Ma,
determined by the weighted average of four youngest detrital zircon grains (Loan, 2011). A series
of intrusive rocks is present throughout the entire Nashoba terrane (Figure 4.2; Jerden, 1997).
Intermediate and felsic rocks intruded the NPT in the latest Silurian, Devonian, and Early
Carboniferous (Castle, 1976; Zartman and Naylor, 1984; Hepburn et al., 1995; Acaster and
Bickford, 1999; Daly, 2003; Dabrowski, 2014). Major intrusions in the Nashoba terrane include
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the Sharpners Pond and Straw Hallow diorites, the Andover Granite, and the Indian Head Hill
Granodiorite (Figure 4.2) (cf. Hepburn et al., 1995; Daly, 2003; Dabrowski, 2014, Buchanan et
al., 2014a, 2015a, 2016a). Migmatization within the Nashoba Formation was previously thought
to have occurred between ~435 Ma and ~385 Ma based on in situ monazite ages and zircon ages
of crosscutting, unfoliated intrusive rocks (Stroud et al., 2009; Buchanan et al., 2014, 2015a, b,
2016a).

Major stratified units of the Putnam terrane include the Quinebaug and Tatnic Hill
Formations (Figure 4.2; Rodgers, 1985; Goldsmith, 1991a, b). The Quinebaug Formation is the
oldest unit of the Putnam terrane, has a probable volcanic origin (Dixon, 1974; Goldsmith, 1991b),
and is comprised of heterogeneous gneiss interlayered with amphibolite and calc-silicate gneiss
(Dixon, 1974). It may be correlated to the Marlboro Formation of the Nashoba terrane (Zartman
and Naylor, 1984; Hepburn et al., 1995). The Tatnic Hill Formation lies west of the Quinebaug
Formation and is composed of gneiss with or without garnet and sillimanite with interlayers of
calc-silicate gneiss and amphibolite (Goldsmith, 1991b). The Tatnic Hill Formation is between
~426 Ma and ~408 Ma constrained by two youngest detrital zircon grains, and the ages of
metamorphic overgrowths on zircons in a quartzite, respectively (Wintsch et al., 2007). The
Silurian Preston Gabbro in the southeastern Putnam terrane (Figure 4.2) is composed of mainly
medium-grained gabbro, and may be correlated with the Sharpners Pond Diorite in the northeast
Nashoba terrane (Dixon and Felmlee, 1986; Hepburn et al., 1995). In some locations, the gabbro
is metamorphosed and deformed to gneiss or schist, or is cataclastically deformed (Dixon and
Felmlee, 1986). The Preston Gabbro is 4B Ma based on Uh-Pb ID-TIMS of zircon grains
(Zartman and Naylor, 1984). Metamorphism in the Putnam terrane reached up to amphibolite
facies conditions, based on sillimanite-bearing rocks and partial melt (Dixon, 1974; Dixon and
Felmlee, 1986). Peak metamorphism recorded by metamorphic titanite, monazite, and zircon
occurred within the Putnam terrane between ~420 Ma and ~370 Ma (Wintsch et al., 2007).

Structures in the Nashoba terrane include northwest-dipping isoclinal folds refolded by
NW-side-down asymmetric folds (Buchanan et al., 2014a, b, 2015b, 2016b) with northwest-
dipping axial planes (Buchanan et al., 2014a, b, 2015b, 2016b; Severson et al., 2017). Asymmetric
folds also display lesser northwest-side-up movement (Severson et al.,, 2017). Isoclinal folds
predate the Devonian based on a ~418 Ma U-Pb CA-TIMS analysis from zircons in a crosscutting
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asymmetrically folded pegmatitic dike (Buchanan et al., 2014a, b). Asymmetric folding occurred

at one area in the southern Nashoba terrane between ~364 and ~361 Ma bracketed by U-Pb zircon
CA-TIMS analysis from an asymmetrically folded migmatitic dike and an undeformed migmatitic
dike, respectively (Buchanan et al., 2014b). These fabrics were later cut throughout the Nashoba
terrane by ~0.5 meter subvertical normal shear zones that arex3600Ma based on Electron
Microprobe (EMP) analysis of in situ monazite cores (Buchanan et al., 2014a; 2017). Cataclastic
zones crosscut normal shear zones, throughout the Nashoba-Putnam terrane (Dixon and Felmlee,
1986; Buchanan et al., 2014a, b, 2017), but are of an unknown age and origin. In the vicinity of
Boylston, and Hudson, Massachusetts, Buchanan et al. (2017) also analyzed a single late
Carboniferous monazite rim along a steeply south-dipping cleavage plane£38%2Ma) by in

situ EMP analysis. The growth of this rim was attributed to distal fluids associated with the
Alleghanian orogeny. Several zircon grains (Loan, 2011) and two monazite grains (Stroud et al.,
2009) in this area of the Nashoba terrane also indicate a localized late Carboniferous event in the
Nashoba terrane that was attributed to hydrothermal fluid flow (Stroud et al., 2009; Loan, 2011).
The type of deformation associated with the zircon ages (Loan, 2011) is unknown. Stroud et al.
(2009) analyzed monazites along northtagipping fault and shear zones in the Nashoba terrane.
Near these faults and shear zones, there is weak evidence for north-dipping foliation based on the
field work and structural analyses by Markwort (2007). These localized north-dipping foliations

are proximal to the location of the analyzed monazite that is Carboniferous.

4.2.3 Geology of the Avalon terrane

The Avalon terrane comprises Late Proterozoic to Ordovician volcanic and sedimentary
rocks (Zartman and Naylor, 1984; Rodgers, 1985; Hepburn et al., 1993; Hermes, et al., 1994), late
Proterozoic granitic plutons, and Devonian alkaline felsic and mafic plutons (Hermes and Zartman,
1985). It is considered a composite terrane because sedimentary units are difficult to correlate
throughout the terrane (Rast and Skehan, 1990; Skehan and Rast, 1990; Goldsmith, 1991). Late
Carboniferous to Early Permian graben sediments of the Narragansett Basin were deposited on top
of the Avalon terrane (Figure 4.1; Zartman et al., 1970; Mosher, 1983; Skehan et al., 1986).
Metamorphism within the Avalon terrane was predominantly greenschist facies, but locally up to
lower amphibolite facies in western parts of the Avalon terrane in Massachusetts, and upper
amphibolite facies with partial melt in southern Connecticut and southwestern Rhode Island (Bell
and Alvord, 1976; Table 3 in Goldsmith 1991c; Wintsch et al., 1992). One-dimensional thermal
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modeling by Wintsch et al. (1992) suggests that Alleghanian metamorphism never occurred in the
Nashoba-Putnam terrane though it was pervasive in the Avalon terrane to the east. They suggested
significant movement along the boundary, juxtaposing high-grade metamorphic rocks the
Nashoba-Putnam terrane with low-grade metamorphic rocks along the western-most boundary of

the Avalon terrane during the Alleghanian orogeny.

4.3 Methods
4.3.1 U-Pb SHRIMP-RG zircon sample preparation

Three ~10 kg samples were collected in the southeastern Nashoba terrane for U-Pb
SHRIMP-RG analysis of zircon. Two samples were collected from locally migmatitic rocks; one
from the Shawsheen Gneiss (sample ID: MAS-052) in the northeastern Nashoba terrane, and one
from the Marlboro Formation (sample ID: MAS-107) in the southeastern Nashoba terrane (see
Figures 4.2 and 4.3 for location). A third sample was collected from an unfoliated granitic dike
(sample ID: MAS-136d) that crosscuts the Marlboro Formation (see Figures 4.2 and 4.3 for

location).

After bulk sample collection, each sample was prepared and processed using conventional
mineral separation methods at the Colorado School of Mines. Each sample was scrubbed under
running water to remove soil and sand contaminants from weathered surfaces. Cleaned samples
were crushed and ground to fine-grained sand size (<1mm) using a Rocklabs Boyd jaw crusher
and Bico disc mill grinder, respectively. A Wilfil&§wet-shaking table was used to sort mineral
separates by density. Resultant heavy mineral separates were incrementally run thraogh'a F
Barrier separator to separate minerals based on magnetic properties, up to 1.2A. Minerals were
then further separated by density using lithium metatungstate (density is ~2 35gétioquially
NQRZQ DV D 3KHDY\ OLTXLG®™ =LUFRQ JUDLQV WKDW ZHUH WU
picked under a microscope. Zircon grains were then placed on Kapton double-sided tape and
mounted in Struers© epoxy in three mounts based on grain size. They were then ground to
approximately half-thickness with 2500 grit wety sandpaper, and then polished on a lap wheel
with 6 pum and 1pm diamond suspension. Zircon grains were imaged in transmitted light and
reflected light using an Olympus BX51 petrographic microscope. Cathodoluminescence (CL)

images were also produced on a JOEL 5800LV scanning electron microscope at the United States
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Figure 4.3. Outcrop images of rocks sampled for U-Pb SHRIMP-RG analysis of zircon grains. (A)
Outcrop view of the sampled of Shawsheen Gneiss (MAS-052), located in the northeast-central
Nashoba terrane. Zoomed-in image to right is representative of northwest-side-down asymmetric
folds present in this outcrop of the Shawsheen Gneiss, looking northeast. (B) Outcrop view of the
sampled Marlboro Formation (MAS-107) located in the southern Nashoba terrane, looking
northeast. The zoomed-in image below shows northwest-side-down asymmetric folds that are
consistent throughout the outcrop and mostly consistent throughout the Marlboro Formation. (C)
Outcrop view of the sampled Phantom Dike crosscutting the migmatitic Marlboro Formation,
located in the southern Nashoba terrane, looking northeast.
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Geological SurveyxDenver Federal Center in Lakewood, Colorado to characterize internal
zonation of each zircon (Figure 4.4), and determine spot locations that would avoid inclusions,

cracks, and cross-over between potential age domains.

4.3.2 SHRIMP analysis

Zircon grains were analyzed using the sensitive high resolution ion microprobeerse
geometry (SHRIMP-RG) at the USGS-Stanford University laboratory, following the methods
described in Ireland (2014), and references therein. The surface area of the patneaynGize
for analysis was approximately 21 x 23 um with a depth of about 1 pm. One spot was placed on
each zircon grain, and each spot was analyzed with 5 iterative scans per grain. U, Th, Pb, and Hf
were collected for each analysis. Zircon standards TEMORA and R33 (Black et al., 2004) were
used to calibraté®®PbP* ratios. Concentrations of U, Th, Pb and Hf were standardized using the
Madagascar Green zircon standard (MADDER; Barth and Wooden, 2010). Data were reduced and
processed using the Squid 2.51 program (Ludwig, 2009). Weighted average age and Tera-
Wasserburg plots of zircon data were plotted with Isoplot 3.75 (Ludwig, 2012). Ages were visually
compared to the Tera-Wasserburg plot to ensure concordance of calculated age(s) (Figure 4.5).
205pp P38y ages are used for younger <1200 Ma analyses’4ioP°Pb ages are used for >1200
Ma analyses for interpretation and in Appendix A.

After SHRIMP-RG analysis, grains were re-imaged in BSE to determine spot location. Any
data with spot locations that overlapped an inclusion, crack, or cores and overgrowths, thereby

producing erroneous ages, were discarded; these data are included in Appendix A.

4.4 Results

Based on external and internal zircon morphology (visible in CL images), Th/U ratios, and
age, zircon can be divided into populations. Both migmatitic samples (Shawsheen Gneiss and
Marlboro Formation) display three major age domains under CL and BSE&igurwhich will
herein be referred to as core, mantle, and rim (see Figure 4.4 for examples). Zircon grains from
the crosscutting granitic dike display one major age population, though some grains have inherited

cores (see Figure 4.4 for examples).
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Figure 4.4. Representative zircon grains from three samples analyzed by SHRIMP-R@nd\ges
errors are recorded in millions of years.
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Figure 4.5. Tera-Wasserburg plots (left column) and weighted mean plot with ages recorded in
millions of years (right column) results of three samples analyzed by SHRIMP-RG.

98



4.4.1 MAS-052 tpartially melted Shawsheen Gneiss

Sample MAS-052 was collected from a locally migmatitic part of the Shawsheen Gneiss
in the northeastern Nashoba terrane (Figures 4.2 and 4.3; Appendix A) near the intersection of
Cook Road and Shanpauly Drive, approximately 4 km southeast of Billerica, Massachusetts. The
foliation at this outcrop varies from steeply northwest dipping to subvertical. Asymmetric folds
and shear fabrics at this outcrop indicate northwest-side-down movement (Figure 4.4). The
Shawsheen gneiss consists of metapelitic and mafic metavolcanic rocks. The Shawsheen Gneiss
at this location is a migmatitic metapelitic gneiss. The melanosome is composed mainly of biotite,

amphibole, and minor garnet; the leucosome is composed mainly of quartz and feldspar.

Zircon grains display euhedral to subhedral subangular morphologies with aspect ratios of
2:1 to 4:1. Zircon grains range in size from approximately 100 um to 200 um with two prismati
outliers that are approximately 350 um in length (Figure 4.4). In transmitted light, zircon cores are
translucent to brown and metamict with local inclusions. Translucent, inclusion-free rims surround
the cores. Zircon cores are mostly bright in CL, and have oscillatory and/or sector zoning. Core
boundaries are irregular and truncated by a brighter dissolution rim, distinguishable in CL (Figure
4.4). CL-dark zircon mantles surround the CL-bright dissolution rim (Figure 4.4), and have
oscillatory zonation. Zircon rims are conformable with mantles, have oscillatory zonation, and are
marginally brighter in CL than the mantles (Figure 4.4). Two large prismatic zircon grains have
unusual sector-type zonations with no inherited cores (Figure 4.4).

A total of 19 zircon cores, 17 mantles, 12 rims, and 2 prismatic zircon grains (50 total)
were analyzed (Figure 4.3; Appendix A). Of these analyses, 8 were excluded from further
interpretation, because the spot location overlapped age domains or fractures, or because data were
discordant. Data record two major ages between zircon cores, mantles, and rims. Ages from 19
zircon cores are 188847 Ma with one anomalously young ~456 Ma core (Figure 4.6; Appendix
A). Seventeen zircon mantles and 12 rims have an age range of ~430 to 410 Ma with a weighted
mean of°Pb*®U ages of 422.2 + 2.8 Ma [n = 22; mean square of weighted deviates (MSWD) =
0.8] (see Figure 4.5; Appendix) A

Th/U ratios are below 0.2 for zircon mantles and rims, and 0.6 to 1.3 for zircon cores
(Figure 4.6; Appendix A). Mantles generally have a higher Th/U ratio (as high as 0.2) than rims

(below 0.035) (Figure 4.6). Two prismatic zircon grains have Th/U ratios analogous to Th/U ratios
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for rims (blue on plot; Figure 4.6). Although mantles and rims can be distinguished based on

internal zircon morphologies and Th/U ratios, their ages overlap and are within uncertainty.

Figure 4.6. Th/U value plotted against age for analyzed zircon grains from a migmaijie sa

from the Shawsheen Gneiss. Inherited cores all have high Th/U values (greater thancor).
mantles, rims, and prismatic grains have low Th/U values (<0.2). Th/U value generally decreases
from zircon mantles to rims.

4.4.2 MAS-107 tpartially melted Marlboro Formation
Sample MAS-107 was collected from a locally migmatitic part of the Marlboro Formation,
in the southeastern Nashoba terrane (Figures 4.2 and 4.3; Appendix A) near the intersection of

Northboro Road and the overpass of Interstate 495 at the 495 Technology Center complex. The
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Marlboro Formation at this location is a locally migmatitic gneiss with chloritic biotite-rich layers
with or without muscovite, and quartz- and feldspar-rich layers. The foliation at this outcrop dips
steeply to the north-northwest and south-southeast. Asymmetric folds and shear fabrics at this

outcrop show north-northwest-side-down movement (Figure 4.4).

The external morphology of zircon is subhedral to euhedral prismatic, and aspect ratios are
2:1 to 4:1. Zircon grains range in size from approximately 100 pm to 300 um. In transmitted light,
inherited cores range from translucent to brown and metamict with local inclusions. Translucent,
inclusion-free rims surround the cores. Zircon cores are bright in CL and have oscillatory and/or
sector zoning (Figure 4.4). The majority of core boundaries (38 of 48 grains) is discontinuous and
truncated by a brighter dissolution rim in CL (Figure 4.4). However, 10 of the 48 grains do not
show such a dissolution rim. Three of these grains (MAS-107C-; 4.1C, 6.1C, and 24.1C) are
prismatic with no inheritance. The remaining 7 grains have no dissolution rim surrounding the
core, but their Th/U ratios are consistent with all other zircon analyses of similar ages in this

sample.

A total of 4 zircon cores, 25 mantles, 16 rims, and 3 prismatic zircon grains (48 total) were
analyzed (Appendix A). Eight of these analyses were not included in the data analysis below,
because the spot location overlapped age domains or fractures, the data were discordant, or they
were outliers. Zircon core ages are mostly Mesoproterozoic (between ~1500 and 1200 Ma); Figure
7; Appendix A). Zircon mantles and rims are ~38%85 Ma with a weighted mean of tHé&PbP38U
ages of 365.1 + 1.8 Ma [n = 32 of 35; MSWD = 1.8] (see Figure 4.5; Appendix A).

Th/U ratios are below 0.15 for zircon mantles and rims (Appendix A). Mantles generally
have Th/U ratios up to 0.043, with 3 outliers that have ratios up to 0.112 (5.1F, 16.1C, 22.1F;
Figure 4.7), and rims have generally higher Th/U ratios, as high as 0.059. Minor overlap exists
between mantle and rim Th/U ratios (Figure 4.7). Zircon cores have Th/U ratios that range from
0.32 to 0.61(Figure 4.7). The three prismatic grains (Figure 4.4) have noticeably low U- and high
Th-values, therefore Th/U ratios that are significantly higher (0.92 to 1.46) (blue on plot; Figure
4.7).
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Figure 4.7. Th/U value plotted against age for analyzed zircon grains from migmatitic
from the Marlboro Formation. Inherited cores all have high Th/U values (greater the
Zircon mantles and rims have low Th/U values (<0.2). Th/U value generally increas:
zircon mantles to rims. Prismatic zircon grains have relatively high Th/U values, but ¢
temporally with zircon mantles and rims.
4.4.3 MAS-136d tPhantom Dike

Sample MAS-136d was collected from an undeformed granitic dike that dips gently to
moderately to the southeast. This dike, termed the Phantom dike because its diffuse boundaries
make it difficult to distinguish it from the host rock in outcrop, crosscuts the foliated Marlboro
Formation (see Figures 4.2 and 4.3 for location). This outcrop is located at an industrial complex
immediately off Silver Leaf Way, adjacent to interstate 495, and is approximately 500 meters north
of MAS-107. Rare ~1-3 cm xenoliths of biotite schist (similar to and presumable part of the
Marlboro Formation) are present throughout the dike. These xenoliths were removed prior to

mineral separation.
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Zircon grains range in size from approximately 75 pum to 225 um (Figure 4.4). In
transmitted light, zircon grains are translucent with brown cracks and minor inclusions. In CL, 15
zircon grains show concentric oscillatory zonations, typically representative of igneous zircon
textures (Corfu et al., 2003). Two grains have bright inherited cores that are separated from dark

rims by brighter dissolution textures (Figure 4.4).

A total of 17 zircon grains was analyzed (Appendix A) and used for further interpretation.
Zircon grains are euhedral and elongate with aspect ratios of 3:1 to 5:1 (Figure 4.4). Two analyses,
likely from inherited cores, preserve an approximate 520 Ma age. The remaining zircon grains
have an age range of ~380 to 345 Ma with a weighted me&fPbP8U ages of 355.9 + 3.0 Ma
[n =9 of 15; MSWD = 0.88] (see Figure 4.5; Appendix A

Th/U ratios range between 0.03 and 1.9 (Figure 4.8; Appendix A), but are generally
consistent with Th/U ratios fordQHR XV JLUFRQ JUDLQV - VHH +RVNLQ I

Rubatto, 2017). There is no discernable correlation between zircon textures and Th/U ratios.

Figure 4.8. Th/U value against age for analyzed zircon grains from granitic dike that crosscuts the
Marlboro Formation. Inherited cores have Cambrian ages; igneous zircon without inherited cores
have Devonian to Carboniferous ages.
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4 5 Discussion

4.5.1 Shawsheen Gneiss (MAS-052)

Zircon cores, mantles and rims in the Shawsheen Gneiss are visible in CL and generally
have different Th/U ratios (Figures 4.3 and 4.6). However, U-Pb SHRIMP results show only two
age groups. Inherited cores yielded mostly Mesoproterozdeb?°Pb ages with one
Paleoproterozoic and one NeoproteroZdi®b %Pb age (Appendix A). These may represent
Ganderian basement, which is consistent with the previously interpreted Ganderian affinity of
metasedimentary rocks based on Proterozoic detrital zircon ages (Hibbard et al., 2007; Stroud et
al., 2009; Loan, 2011; Kay et al., 2017). Alternatively, they may represent Avalonian basement.
The U-Pb ages of zircon mantles and rims overlap and are between 430 and 410 Ma (Figure 4.5),
suggesting that zircon mantles and rims grew contemporaneously. The Th/U ratio%0.062)
decreases from mantle to rim, with a generally constant U (ppm) and decrease in Th (ppm) from
mantle to rim (see Appendix A). Th may have become depleted in the system as a result of zircon
mantle formation. It is also possible that zircon mantles grew prior to other Th-sequestering
accessory minerals (e.g., monazite or garnet), and that zircon rims grew synchronously with

monazite or garnet (Kohn et al., 2005; Williams et al., 2007).

Two ~428 and ~422 Ma zircon grains have an anomalous prismatic texture (Figure 4.3).
While it is more likely for zircon to grow on pre-existing nuclei, if present, than to form new grains
from a melt (Rubatto et al., 2001; Williams, 2001; Rubatto, 2017; Kohn and Kelly, 2018), the
prismatic nature (see Figure 4.4), ages, and lack of cores in these zircon grains do suggest new
growth from the melt. The U-Pb ages and ~0.01 Th/U ratios of the two anomalous grains are
similar to the U-Pb age and Th/U ratio of ~433 to ~413 Ma zircon mantles and rims (Figure 4.6B).
These prismatic grains may therefore also represent the age of partial melt in this sample of the
migmatitic Shawsheen Gneiss. The anomalous morphologies of the two prismatic zircon grains
may be the result of a different melt source than that of the other zircon in this sample (cf. Rubatto,
2017 and references therein).

The range of ages in the zircon mantle and rim domains and in the two prismatic grains is
considered representative of continuous partial melt formation and crystallization within the
Shawsheen Gneiss between ~430 and ~410 Ma. However, a mantle and a rim from two zircon

grains are ~395 Ma, suggesting partial melt may have continued until then.
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4.5.2 Marlboro Formation (MAS-107)

Inherited cores (4 analyzed) in the Marlboro Formation are Mesoproterozoic and may
represent Ganderian or Avalonian basement (see above). Zircon mantles and rims overlap in age
between ~385 and ~345 Ma (Figure 4.5), indicating synchronous growth (see Figure 4.5). Th/U
ratios show a subtle increase (0.020.112), and U-content a decrease, from mantles to rims
(Appendix A). The increase in Th/U ratio from zircon mantle to rim may be explained by increased
U-sequestration during growth of zircon and/or other U-bearing minerals (e.g., monazite) (Kohn
and Kelly, 2018) or crystallization of the nearby ~350 Ma Indian Head Hill granite (Hepburn et
al., 1995), or an open system and changing melt composition (Kohn and Kelly, 2018, and

references therein).

Three prismatic zircon grains with oscillatory and sector zoning and no inherited core
(Figure 4.4) show higher (0.921.48) Th/U ratios than all other analyzed zircon grains (< 0.11)
(Figure 4.7). The ~37%366 Ma ages for these prismatic grains are consistent with those of the
oldest metamorphic mantles and rims on zircon grains (see FidsireRdibatto (2017) and
references therein discuss high and ultra-high temperature conditions where metamorphic zircon
grains have Th/U ratios that are greater than ~0.1. Furthermore, phase equilibria models together
with accessory mineral solubility expressions suggest that zircon grains that grow near peak-
metamorphism have elevated Th/U ratios (Yakymchuk et al., 2018). This is because the conditions
under which these zircon grains grow is unsuitable for accessory minerals such as monazite to
grow, thereby allowing zircon to utilize the Th in the system. Thus, based on Th/U values, textures
(see above; Rubatto et al., 2001; Williams, 2001; Rubatto, 2017; Kohn and Kelly, 2018), and
overlap in age, the three prismatic grains may have grown directly from the partial melt

synchronous with metamorphic overgrowths on all other zircons analyzed.

In general, ~385 to ~345 Ma ages were yielded by mantle and rim domains and prismatic
grains from the locally migmatitic Marlboro Formation. Low Th/U ratios (<0.11) in mantles and
rims is consistent with <0.1 metamorphic zircon Th/U ratios (Hoskin and Schaltegger, 2003;
Rubatto, 2017). The texture present in almost all grains with overgrowths on dissolution rims that
surround inherited cores is consistent with a metamorphic event involving partial melt. Together,
these observations all strongly suggest continuous growth during partial melt and melt
crystallization in the southeastern Nashoba terrane. Thus, partial melt of the Marlboro Formation
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initiated during the Acadian orogeny, and continued after completion of the Acadian orogeny
(~360 Ma; van Staal et al., 2009; Hatcher, 2010).

4.5.3 Phantom dike (MAS-136d)

The Phantom dike crosscuts the migmatitic Marlboro Formation in the southeastern
Nashoba terrane. All but two analyzed grains have oscillatory and sector zoning with no
overgrowths visible in CL images (Figure 4.4). The Th/U ratios (022871), with 14 of the 17
grains having Th/U ratios greater than 0.1, together with internal zonations are generally consistent
with an igneous origin (Th/U > 0.1, Hoskin and Schaltegger, 2003; Corfu et al., 2003). U-Pb
SHRIMP-RG results show that these igneous zircon grains grew between ~380 and ~345 Ma
(Figure 4.5). The age spread between ~380 and ~345 Ma in the Phantom dike may indicate that
zircon grains grew over a long period of time in melt or that zircon grains grew out of partial melt
of the same age range of the Marlboro Formation (see above), before some of the melt collected
in a dike that crystallizes within the country rock at ~345 Ma. The age of the undeformed and
unaltered Phantom dike that crosscuts the partially melted Marlboro Formation therefore
constrains the youngest age of partial melt in this area. Two grains in the dike have inherited cores
that are ~520 Ma (Figure 4.8) and show a bright rim that may represent a dissolution rim, and a
younger overgrowth (Figure 4.4). These rims were too thin for SHRIMP-RG analysis. The
presence of Cambrian cores suggests that these grains were likely inherited from the Marlboro
Formation. Minor late brittle-ductile deformation-related veins crosscut the Phantom dike and
indicate that some deformation occurred after its emplacement. These late veins may be related to

exhumation, or to post-Acadian deformation.

4.5.4 Compiled geochronological and geophysical studies in southeastern New England

Results from this study were combined with newly compiled high-temperature metamorphic U-
Pb,%%Ar/*°Ar, and K/Ar data from previous work in the Nashoba, Putnam, and Avalon terranes to
interpret the tectonic history associated with the Acadian and Alleghanian orogenies. To record
the ages of high-temperature metamorphism and/or partiaPPAglt°®Pb data were compiled for

zircon (closure temperaturec = ~800C - 1000C; Rubatto, 2017 and references therein),
monazite (€ =80C0°C; Williams et al., 2007; Cherniak et al., 2000), and titanite *550C; cf.

Wintsch et al., 1992). The U-Pb ages compiled are based on metamorphic rock type, metamorphic

condition(s), zircon textures and/or overgrowths, and Th/U values that are all consistent with high-
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grade metamorphism and/or partial mé&¥r/*°Ar and K/Ar cooling ages of hornblende were
compiled because they can record cooling from higher temperature events480C - 58C°C;
Harrison, 1981). The age compilation is presented in Figures 4.9 and 4.10B (cf. Wintsch et al.,
1992; Hepburn et al., 1995; Aleinikoff et al., 2007; Walsh et al., 2007; Wintsch et al., 2007; Stroud
et al., 2009; Loan, 2011; Walsh et al., 2011; Buchanan et al., 2014a, b 2015b, 20164, b, 2017; this
study). In Figure 4.9, the U-PHAr/*°Ar and K/Ar ages are plotted in sections normal to line A

A «+A Z(red line in inset, Figure 4.9) to geographically represent along-strike variations in the
Nashoba-Putnam and Avalon terranes. Geochronology data were then compared with an
aeromagnetic survey (Daniels and Snyder, 2004) and gravity anomaly map of the southeastern
New England Appalachians (Figure 4.11) (Hildenbrand et al., 2002; Hinze et al., 2005).

In the Nashoba-Putnam terrane, partial melt and metamorphism are mainly late Silurian to
Late Devonian (~425360 Ma) (Figures 4.9 & 4.10B). In the Nashoba terrane, partial melt and
metamorphism are progressively younger (~335 Ma) to the south (see Figures 4.9 and 4.10B).
Approximately 35 km north of the Massachusetts-Connecticut border, at the latitude of Boston,
one zircon grain and two monazite grains record a younger late Carboniferous event in the Nashoba
terrane (Figure 4.10B; Stroud et al., 2009; Loan, 2011; Buchanan et al., 2017). These rare young
monazite and zircon ages were originally individually interpreted to represent distal or
hydrothermal fluid flow during the Carboniferous, and thus possibly associated with the
Alleghanian orogeny (Stroud, et al., 2009; Loan, 2011; Buchanan et al., 2017). Because these three
ages are in close proximity (within 15 km) to one another, and are approximately aligned along a
west-trending lineament, these three grains may be associated with this lineament (Figures 4.9 and
4.10B), and will be discussed further below. Late Carboniferous ages have not yet been discovered
in U-Pb minerals in the Putnam terrane. This is either because too few analyses exist, or because
younger events did not affect the Putnam terrane. In the northern Putnam terrane, the youngest U-
Pb titanite ages are ~340-322 Ma (Wintsch et al., 1992). Wintsch et al. (1992) interpreted this age
to represent cooling through the ~86Qitanite closure temperature. These titanite ages overlap
with ~370 +336 Ma“°Ar/*°Ar hornblende cooling ages at the same location. Metamorphic
overgrowths on zircon and monazite grains were analyzed in the southern-most Avalon terrane,

and grew as a result of partial melt and/or high-grade metamorphism in the Permiart25290
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Figure 4.9. Compiled U-Pb, Ar-Ar, and K-Ar data plotted along sections normal to the line A-A

A Zin the location figure. The columns to the left and right of the blue=A-Aine in the main

figure represent geochronology samples that were analyzed in and/or compiled from the Nashoba-
Putnam terrane, and Avalon terrane. The red dashed line in the thumbnail and main figure
UHSUHVHQWY WKH p$0 O HJdein@dnp @ theJNRghdbs§ and Adlowterfalled, R U
VDPSOHV WR WKH QRUWK RI WKH p$OOHJKDQLDQ URQWY UI
related ages in all U-Pb, Ar-Ar, and K-Ar samples. In the southern Nashoba and Putnam terranes,
samples to the sott RI WKH p$OOHJKDQLDQ J)URQWYT UHGre@ed/ KHG OL
and post-Acadian orogeny-related ages in U-Pb and Ar-Ar samples. In the Avalon terrares sampl

WR WKH VRXWK RI WKH u$0O0OHJKDQLD Q-rpldtRdage§ irklDPhHNR Q O\ $(

Ar-Ar samples.
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Figure 4.10. Compiled (AY°Ar/*°Ar hornblende cooling ages (Ma); and (B) U-Pb zircon,
monazite, and titanite ages (Ma) representing high-grade metamorphism and partial melt in the
VRXWKHDVWHUQ 1HZ (QJODQG $SSDODFKLDQV /LQHDPHQWYV
detail and discussion.
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Figure 4.11. Geophysical datasets collected in southeastern New England, with lineaments labeled
D" WKURXJK 3K~ $ $HURPDJQHWLF DQRPDO\ PDS DQG % Jl
detail and discussion.

111



Ma) during the Alleghanian orogeny (cf. Wintsch et al., 1992; Aleinikoff et al., 2007; Walsh et al.,
2007; Wintsch et al., 2007) (Figures 4.9 & 4.10B).

4OAr/3°Ar and K/Ar hornblende cooling ages in the Nashoba-Putnam terrane are Late
Devonian to late Carboniferous (~34816 Ma) (Figures 4.9 and 4.10A). In the northernmost
Avalon terrane,*°Ar/*®Ar and K/Ar hornblende cooling ages are late Silurian to earliest
Carboniferous (~43@&352 Ma) (Zartman et al., 1970; Attenoukon, 2009; Reynolds, 2012), while
to the south (south of the red line in Figure 11B) they are Early Permian to Early Triassick(~276
245 Ma) (Wintsch et al., 1992; Wintsch et al., 2001; Attenoukon, 2009) (Figures 4.9 and 4.10A).

The aeromagnetic anomaly map of southeastern New England has a standard elevation of
305 meters above mean terrain (Daniels and Snyder, 2004). Units are recorded in nanotesla and
are visually represented such that magnetic highs are red and magnetic lows are blue on the map
(Figure 4.11A). Several features are readily observable in the aeromagnetic map such as the Cape
Ann Granite in the northern Avalon terrane, and the Lyme Dome in the southeastern Avalon
WHUUDQH UHG PDJQHWLF KLJKV 41DA.H/adgi&ic dhontaligSthagese LQ )L
not associated with geologic units are west-trending, and outlined and labeled by red and white

dashed lines in Figure 4.11A.

The complete Bouguer (with marine free-air correction) gravity anomaly map (Figure
4.11B) is modified from the North American Gravity database, and explores subsurfacg densit
contrasts that are upward continued to 40 km (Hildenbrand et al., 2002; Hinze et al., 2005). This
resolution was used because it best presents the subsurface geometry and the surface geology.
Units are recorded in milliGal. Gravity highs are depicted in red, while gravity lows are depicted
in blue in Figure 4.11B. One major anomaly exists in the southeastern New England Appalachians
(red dashed line in Figure 4.11B), placing a gravity high to the north against a gravity low in the
south at the latitude of Boston, separating the northern Nashoba and northern Avalon terranes from
the southern Nashoba, Putnam, and southern Avalon terranes. The gravity high to the north

suggests denser or thicker crust whereas the gravity low suggests less dense or thinner crust.

In summary, a major west-trending lineament is evident based on a visible lineament in the
aeromagnetic data, a change in gravity data to either side of the lineament, the overall younging of
U-Pb ages in the Nashoba terrane across the lineament, the anomalously young Carboniferous U-

Pb ages along the west-trending lineament in the Nashoba terrane, and the youllgirépAn
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cooling ages from north to south across the lineament. Additionally, the single ~310 Ma monazite
grain analyzed by Buchanan et al. (2017) was collected along a steeply south-dgxpiage

plane along this noted lineament. Finally, field data in the Framingham and Marlborough bedrock
geology quadrangle maps of Massachusetts also exhibit east- and west-striking foliations along
this lineament (Nelson, 1975; Kopera et al., 2006).

Further analysis from the aeromagnetic map suggests numerous other west-trending
lineaments. These lineaments have several characteristics. First, the generally NE-trending
boundary between the NashoBanam terrane and the Avalon terrane is rotated into a westerly
WUHQG DORQJ OLQHDPHQWYV 3D11A). Sécord, ah acronlagh&ickanomlyd X U H
LV DORQJ DQ RIIVHW RI WKH &DSH $QQ *UDQLWH LQ @RUWKHD
4. $ 7KLUG JHRORJLF XQLWV ZLWKLQ WKH 1DVKRED WHUUDC(
OLQHDPHQWY )RXUWK WKH &HQWUDO 0®810aHd WIH)UW&p® H ODE
west-ZDUG DORQJ OLQHDPH Q Wtrentliig jriagnetio @nom&ies i/ iotdatbavimb
the west-trending lineaments, resembling dextral drag folds.

4.5.5 Tectonic interpretation

Compiled data in this study (Figures 4.9, 4.10, and 4.11), together, suggest a west-trending
OLQHDPHQW OLQHDRIGN £H) tha®runs appebkirdately 120 km west from
Boston, Massachusetts into the Nashoba terrane, and represents a major structural or tectonic
ERXQGDU\ UHG OLQH &DEAIHDAHDG. THS lihc@mehtkEpdtdtes predominantly
Acadian metamorphism and deformation with little to no evidence for Alleghanian-related
metamorphism in northern Massachusetts, from predominantly Alleghanian metamorphism and
deformation that overprints Acadian-related metamorphism and deformation in southeastern
MaVVDFKXVHWWY &RQQHFWLFXW DQG 5KRGH ,vODQG :H WHI
This lineament may be part of a larger Alleghanian front that separated the northern and the
VRXWKHUQ $SSDODFKLDQV /LQHDPHQW é%4.10 ghdR X WikekeD VW H U
the Avalon terrane wraps around the southern end of the Putnam terrane along a west-trending
lineament, may also represent a major structural or tectonic boundary. It is a boundary between
Acadian-related U-Pb arfdAr/3°Ar ages in the Putnam terrane and Alleghanian-related ages to
the south in the Avalon terrane (Figure 4. 7KH DHURPDJQHWLF GDWD DORQJ (

generally south-trending features in the Putnam terrane, and west-trending features in the Avalon
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terrane (Figure 4.11A). The gravity map shows a gravity low to the north, and a gravity high to
WKH VRXWK RI1 OL Q4#HIIB)HQaWhitK lineamdntsdirH-igures 4.10 and 4.11 may be
VXEVLGLDU\ WR WKH PDLQ P$OOHIKDQLDQ tpddtr@ @xtentthk H DHUF
gravity anomalies show dextral drag along these lineaments, although this is based on these images
alone and has not yet been confirmed by field mapping. These lineaments may have formed during

the Acadian or Alleghanian orogenies, and are likely to at least have been modified during the
Alleghanian orogeny. These results form a basis for future field and geochronology studies that
may elucidate the relative movements between terranes and continents during the Alleghanian and

possibly Acadian orogenies.

4.6 Conclusion

The newly interpreted U-Pb SHRIMP data from the migmatitic Shawsheen Gneiss and
Marlboro Formation in this study combined with existing U-Pb &#d/%°Ar data show a
progression of prolonged high-grade metamorphism and partial melt from north to south in the
Nashoba terrane. High-grade metamorphism and partial melt initiated throughout the Nashoba
terrane at ~425 Ma (Hepburn et al., 1995; Stroud et al., 2009; Buchanan et al., 2014a, b, 2015a,
20164, b; this study), and continued until ~385 Ma based on zircon and monazite U-Pb ages
(Hepburn et al., 1995; Stroud et al., 2009; Loan, 2011; Buchanan et al., 2015a, 20164, b) in the
northern Nashoba terrane, and ~335 Ma (Stroud et al., 2009; Loan, 2011; Walsh, 2011b; this study)
in the southern Nashoba terrane during and after the Acadian orogeny (Figutes8).;n the
Putnam terrane, high-grade metamorphism and partial melt initiated at ~400 Ma and lasted until
at least ~375 Ma (Wintsch et al., 2007), although the lack of older and younger ages may be an
artifact of the low number of analyses.

Compilation of the metamorphic, structural, geochronological, and geophysical data in the
southeastern New England Appalachians strongly suggests a major west-trending boundary (the
HSOOHIKDQLDQ )URQWY WKDW VHSDUDWHY DQ DUHD GRPLQCL
in the north from an area strongly overprinted by late Paleozoic (Alleghanian) tectonic events in
the south. Other minor west-trending lineaments may be related to this front, especially the west-
lineament located at the southern-most extent of the Putnam terrane. The results of this study
justify the importance of integrating various methods and datasets, especially those that bridge

between geology and geophysics, to address long unanswered tectonic questions.
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CHAPTER 5

GENERAL CONCLUSIONS

This study assesses across- and along-strike structural, isotopic and gravity and
aeromagnetic variations in the southern New England Appalachians to decipher the nature of
middle Paleozoic Acadian- and late Paleozoic Alleghanian-related orogenic events. A combination
of field work, structural analyses, various geochronological techniques, and compilation of various
geochronological and geophysical datasets was used. A summary of conclusions from these studies

is provided below.

5.1 Structural analyses and geochronological compilation within the Nashoba-Putnam
terrane (Chapter 2)

The combination of detailed structural field mapping, structural analysis, and compilation
of previous structural and geochronological studies revealed 5 major generations of deformational
during, and possibly after, the middle Paleozoic Acadian orogeny. Some of the structures may be
a result of channel flow, which is where a hot, ductile, partially melted assemblage of rocks flows
between two relatively cold, rigid bodies, as a result of a pressure gradient in an overthickened
belt. Where extrusion of a channel to the surface occurs, normal movement occurs at the top of the
channel, and reverse movement occurs at the base. The Nashoba-Putnam terrane is a high-grade
metamorphic and partially melted terrane, and is fault-bounded against greenschist facies rocks of
the Merrimack belt to the northwest and of the Avalon terrane to the southeast, and shows some
characteristics that are typical for channel flow and ductile extrusion. Asymmetric folds that
refolded isoclinal folds in migmatitic gneiss on the northwestern side of the Nashoba-Putnam
terrane show normal movement that occurred between ~410 Ma and ~360 Ma (Buchanan et al.,
2014b), while shear fabrics in localized zones of schist show sinistral movement that occurred
between ~405 Ma and ~340 Ma (Buchanan et al., 2016b, 2017). Synchronous dip-slip and strike-
slip movement in the northwestern Nashoba terrane has been interpreted as a result of strain
partitioning (Buchanan et al., 2016b, 2017). At the same time, in the southeastern side of the
terrane, asymmetric folds and shear fabrics indicate dip-slip, oblique-slip, and strike-slip
movement along generally northwest- and southeast-dipping surfaces. This is not consistent with

the reverse movement expected in the bottom part of an extruded channel. This may be because
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the base of the proposed channel was cut off later along the shear/fault zone between the Nashoba
and Avalon terranes. The presence of contemporaneousligipnd strike-slip movement
throughout the entire Nashoba-Putnam terrane is likely a result of strain partitioning at a larger
scale than that proposed by Buchanan et al. (2016b, 2017). It is interpreted as a result of strain
partitioning in a transpressional regime during sinistral convergence associated with the middle

Paleozoic Acadian orogeny.

Two other terrane-scale observations were made as a result of this study. The first
observation is a general shallowing of the dip angle of the northwest-dipping foliation at the
latitude of Boston, Massachusetts in the Nashoba terrane. To the north of this latitude, the foliation
is subvertically to moderately dipping while to the south, the foliation is moderately to shallowly
dipping. This shallower dip angle continues south into the Putnam terrane. The second observation
is observed in a change in orientation of the boundary between the Nashoba-Putnam and Avalon
terranes, and is reflected in the foliation. The boundary between the terranes generally dips
northwest, but there are localized sections of the boundary that dip north. The main localized west-
trending zones within the boundary are at the latitude of Boston, Massachusetts, where the dip
angle of northwest-dipping foliations also shallows from north to south, and at the southern-most

boundary between the Putnam and Avalon terranes.

5.2 U-Pb and Lu-Hf isotopic investigations of detrital zircon in the western-most Avalon

terrane in southeastern New England (Chapter 3)

U-Pb and Lu-Hf isotopic analysis from three detrital zircon samples (this study) and from
two pre-existing detrital zircon studies (Hepburn et al., 2008; Thompson et al., 2012) along the
western composite Avalon terrane in New England was completed in order to: (A) test whether
the western part of the Avalon terrane may be multiple terranes, thereby possibly explaining along-
strike variations in the Nashoba-Putnam terrane to the west; (B) test whether sedimentary rocks of
the western Avalon terrane had the same sources as Avalonia in Canada; (C) determioaithe cra
source region of detritus in the western Avalon terrane to better understand the tectonic history

associated with the formation and migration path of the Avalon terrane.

Maximum depositional ages of the five samples are either Tonian or Ediacaran. All
samples show similar age populations of ~3#095 Ga, ~2.85:2.55 Ga, and ~2.1@1.00 Ga.
Major age peaks are ~1.50 Ga, ~1.20 Ga, and ~1.10 Ga, with smaller age peaks at ~2.75 Ga and
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~2.10 Ga. The detrital zircon age populations are consistent with those of detrital zircon samples
analyzed in Avalonia in Canada (Keppie et al., 1998; Barr et al., 2003; Murphy et al., @0tk P

et al., 2009; Satkoski et al., 2010; Barr et al., 2019). Ediacaran grains in southeastern New England
are far less abundant than they are in most Canadian Avalonian samples other than the Gamble
Brook Formation, which, unlike the other samples yielded no zircon younger than Tonian.
Ediacaran grains in Canada are attributed to a high influx of Ediacaran magmatism in Avalonia
and its source regions. The general sparsity of Ediacaran grains throughout the western Avalon
terrane in New England, and the high abundance of Ediacaran grains in Avalonia in Canada likely

reflects an along-strike change in the depositional and/or tectonic setting.

The Lu-Hf isotopic record for samples from the western Avalon terrane is consistent with
previously compiled Lu-Hf isotopic results of Avalonia in Canada, as well as Baltican and
Amazonian sources (cf. Henderson et al., 2016, 2018). Based on comparison with the ages and
®f values of magmatic rocks in Baltica versus Amazonia, the sources for sedimentary rocks of
the western Avalon terrane are more consistent with Baltica than with Amazonia. The source for
the western Avalon terrane may be also mixed between Baltica and Amazonia. The two continents
were in contact during the existence of supercontinent Rodinia (Johansson, 2009; Murphy et al.,
2018). During the break-up of supercontinent Rodinia, a piece of crust may have transferred from

one to the other, forming a mixed domain and potential source to the western Avalon terrane.

5.3 U-Pb analysis of migmatitic rocks in the southeastern Nashoba terrane; compilation of
U-Pb, Ar-Ar, aeromagnetic, and Bouguer gravity datasets to determine age(s) of partial
melt and high-grade metamorphism in the Nashoba-Putnam terrane (Chapter 4)

New U-Pb SHRIMP data from migmatitic gneiss, migmatitic schist, and a crosscutting
unfoliated granitic dike in the southeastern Nashoba terrane were interpreted in the context of
compiled U-Pb data from high temperature minerals (zircon, monazite, and titanite) in the
Nashoba-Putnam terrane to refine the partial melt and high-grade metamorphic history of the
Nashoba-Putnam terrane. In the northern Nashoba terrane, partial melt and high-grade
metamorphism occurred from ~425 Ma to ~385 Ma (Hepburn et al., 1995; Stroud et al., Buchanan
et al., 2014a, b, 2015a, 20164, b; this study). In the southern Nashoba terrane, these occurred from
~425 Ma to ~335 Ma (Stroud et al., 2009; Loan, 2011; Walsh, 2011, this study). Therefore,
prolonged partial melt and high-grade metamorphism in the Nashoba terrane youngs from north
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to south, with a noticeable change in ages at the latitude of Boston, Massachusetts. In the Putham
terrane, high-grade metamorphism and partial melt initiated at ~400 Ma and ended at ~375 Ma
(Wintsch et al., 2007), but this smaller range of ages than in the Nashoba terranebeegulse

of the low number of analyses.

Existing “°Ar/3°Ar hornblende cooling ages, and aeromagnetic and Bouguer gravity
anomaly data, also suggest a major west-trending boundary at the latitude of Boston,
Massachusetts. This boundary separates >320 Ma hornblende cooling ages to the north from <320
hornblende cooling ages to the south. The aeromagnetic data show a major west-trending
lineament at the latitude of Boston with subsidiary west-trending lineaments to the north and south.
The Bouguer gravity anomaly map shows a gravity high to the north of the main lineament and a
gravity low to the south. This may indicate thicker or denser crust to the north relative to the south.
In summary, U-PEAr/*°Ar, and geophysical data show a lineament that separates an area that is
dominated by middle Paleozoic Acadian-related events to the north from an area that is dominated
by strongly overprinting late Paleozoic Alleghanian-related events to the south. The lineament is
therefore interpreted as an Alleghanian Front.
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APPENDIX A
SUPPLEMENTAL ELECTRONIC FILES

A table of supplemental electronic material necessary to complete this thesis work. Files
names are provided below (left column) with content description and Chapter reference (right
column). Files include field measurements and field notes, U-Pb zircon geochronology (LA-ICP-

MS and SHRIMP tables), Lu-Hf geochemistry, and cathodoluminescence images of zircons

analyzed. The files are provided as pdf or excel files.

File Name

Content Description

SummerFieldNotes 2016_A.pd

Scanned copy of field notes from summer ¢
2016 (Chapter 2, 4)

SummerFieldNotes_2016_B.pd

Scanned copy of field notes from summer ¢
2016 (Chapter 2, 4)

Summer FieldNotes_2017.pdf

Scanned copy of field notes from summer ¢
2017 (Chapter 2, 4)

SummerFieldNotes_2018.pdf

Scanned copy of field notes from summer ¢
2018 (Chapter 2, 4)

MAS_FieldData_Severson.xls

Compiled spreadsheet of information taken
the field, summers 20162018; includes
outcrop ID, geographic coordinates, planar
measurements & types, linear measuremel
& types, movement sense, confidence leve
movement sense, samples taken, samples
made into thin section, etc. (Chapter 2, 4)

U-Pb_WestAvalon_Severson.xl

U-Pb LA-ICP-MS results from institute of
earth sciences analyses of detrital zircon
grains from western Avalon terrane (Chapt¢
3)

CL LA-ICP-MS zircon
W_Avalon.xls

Cathodoluminescence images of detrital
zircon grains from western Avalon terrane
(Chapter 3)
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Lu-Hf _Severson.xls

Lu-Hf results from institute of earth science
analyses of detrital zircon grains from west
Avalon terrane (Chapter 3)

Detrital_wAvalon&Avalonia.xls

Compiled U-Pb ages from compiled sample
of detrital zircon grains from the western
Avalon terrane and Avalonia in Canada
(Chapter 4)

ARSO01_SHRIMP_UPb.xIs

SHRIMP-RG lab U-Pb results for zircon
grains from migmatitic rocks in southeaster
Nashoba terrane (Chapter 4)

ARS02_SHRIMP_UPb.xls

SHRIMP-RG lab U-Pb results for zircon
grains from migmatitic rocks in southeaster
Nashoba terrane (Chapter 4)

MAS-052_analyzedZircons
_CL_wSpots&ages.pdf

Cathodoluminescence images of zircon grg
from migmatitic Shawsheen gneiss in
Nashoba terrane with analysis spot locatior
age and spot ID (Chapter 4)

MAS-107_analyzedZircons
_CL_wSpots&ages.pdf

Cathodoluminescence images of zircon grg
from migmatitic Marlboro Formation in
Nashoba terrane with analysis spot locatior
age and spot ID (Chapter 4)

MAS-136_analyzedZircons
_CL_wSpots&ages.pdf

Cathodoluminescence images of zircon grs
from Phantom dike in Nashoba terrane with
analysis spot location, age and spot ID
(Chapter 4)
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