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ABSTRACT

The Nashoba terrane (NT) is a fault-bounded lithotectonic belt in southeastern New
England, with the Merrimack Belt (MB) to its northwest and the Avalon terrane to its
southeast. It is an early Paleozoic peri-Gondwanan arc-back arc complex and mainly
consists of Cambrian, Ordovician and Silurian metasedimentary and metavolcanic rocks
that were metamorphosed to amphibolite facies during the latest Silurian and Early
Devonian. The MB is composed of latest Silurian or earliest Devonian metasedimentary
units and Silurian to Devonian plutonic rocks. The metamorphic grade increases from
greenschist facies in the southeast, adjacent to the NT, to amphibolite facies in the
northwest. Both the MB and NT show strong Ganderian affinity. The Rocky Pond Slice
(RPS) is located in between the MB and NT, bounded by the Clinton-Newbury Fault (CNF;
D VKHDU ]RQH DW WKH ODW L \&do@dd filerh eKiblsSat) the DXOW T Q
west and the Ball Hill Shear Zone (BHSZ) the east. It is composed of four
metasedimentary units. From west to east, they are the greenschist-facies Boylston Phyllite,
amphibolite-facies Boylston Schist, amphibolite-facies Sewall Hill Fm. and
greenschist-facies southern Vaughn Hill Fm. They are intruded in the north by the Rocky
Pond Granite. Detailed field mapping, petrographic investigation, detrital zircon U-Pb laser
ablation inductively coupled mass spectrometry (LA-ICPMS) and U-Pb chemical
abrasion-thermal ionization mass spectrometry (CA-TIMS) geochronology analysis was
carried out in order to unravel the origin and geological history of the RPS.

The maximum depositional age of the four metasedimentary units, based on U-Pb

detrital zircon LA-ICPMS analysis is interpreted as ca. 490-470 DMrital zircon
il



populations from the Boylston Phyllite, Boylston Schist and Sewall Hill Fm. are interpreted

as having been derived from a combination of Laurentia, peri-Laurentian arcs, Ganderia
(Amazonia) and peri-Ganderian arcs. These three metasedimentary units are interpreted as
having been deposited at the same time as, and as having had similar sources as the
northern Vaughn Hill Fm. and the Tower Hill Fm., which exist along the SE margin of the
MB. Zircon of the southern Vaughn Hill Fm. can be interpreted as sourced exclusively from
Laurentia and peri-Laurentia arcs. It is not the same unit as the northern Vaughn Hill Fm.,
and its origin and tectonic history are not clear. The Rocky Pond Granite has a 395.67 +
0.16 Ma crystallization age, based on U-Pb zircon CA-TIMS analysis. It is concluded that
the RPSis not part of the NT or the MB, but a separate terrane.

The Boylston Schist and Sewall Hill Fm. underwent sillimanite-zone metamorphism
and partial melting, while the Boylston Phyllite and southern Vaughn Hill Fm. underwent
greenschist-facies metamorphism only. The RPS was deformed by isoclinal folds
overprinted by NW-plunging regional folds. The CNF and BHSZ display sinistral shear
overprinted by normal shear. Deformation and metamorphism was a result of the latest
Silurian to earliest Carboniferous Acadian (accretion of the Avalon terrane to the southeast)
and/or the Pennsylvanian to Permian Alleghanian (formation of Pangea) orogenies.
High-grade metamorphism in the Boylston Schist and Sewall Hill Fm. and possibly early
greenschist facies metamorphism in the Boylston Phyllite and southern Vaughn Hill Fm.,
isoclinal folding in the RPS and sinistral shear along shear zones are all most likely to be a
result of the Acadian orogeny, based on (1) similarities with structures, metamorphic
assemblages, and ages of structures and metamorphism in the NT, (2) rare Devonian
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metamorphic zircon overgrowths in the RPS, and (3) intrusion of the 395.67 + 0.16 Ma
Rocky Pond Granite, which is not deformed by those structures. The ages of late
greenschist facies metamorphism, NW-plunging regional folds, and normal shear are

unclear.
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CHAPTER 1

GEOLOGICAL BACKGROUND
1.1 Introduction

The southeastern New England Appalachians consist of three main lithotectonic zones.
From east to west, they are the Avalon terrane, the Nashoba terrane (NT), which is the
northern part of the Putham-Nashoba terrane, and the Merrimack belt (MB) (Figure 1.1). All
of them are considered Gondwanan or peri-Gondwanan in origin, but each of them underwent
a different complex geological history before their accretion to the Laurentian margin in the
Paleozoic. The Rocky Pond Slice (RPS) (Figure 1.1, 1.3) is an enigmatic block, located
between the NT and the MB. Its origin and geologic history are unknown. The RPS may be:
(1) a piece of the Ndisplaced by a fault, (2) part of the MB that was exhumed from lower
structural levels, or (3) a separate terrane. The goal of this project was to unravel the origin
and geological history of the RPS through detailed structural field mapping, petrographic
investigation, detrital zircon U-Pb laser ablation inductively coupled mass spectrometry
(LA-ICPMS) geochronology of the four main metasedimentary units, and U-Pb Chemical
Abrasion Thermal lonization Mass Spectrometry (CA-TIMS) zircon geochronology of a
granite that intrudes these units, in order to put tR& Rto the general framework of the
regional orogenic history.

1.2 The Appalachian Orogeny

The Appalachian mountain chain stretches 3000 km from Newfoundland in the

northeast to Georgia and Alabama in the southwest, where it is largely buried beneath the

surface (Hatcher, 2010). The Appalachian orogeny began with the breakup of supercontinent
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Rodinia and ended with the formation of another supercontinent Pangea (Hatchert2010).
can be subdivided into the Taconic, Salinic, Acadian, Neoacadian and Alleghanian
orogenies (van Staal and others, 2009; Hatcher, 2010) (Table 1). The Taconic orogeny
occurred in Late Cambrian to Late Ordovician, resulting in the accretion of a diverse set of
microcontinents, including the active leading edge of Ganderia, a peri-Gondwanan terrane,
and peri-Laurentian terranes, to the Laurentian margin (van Staal and others, 2009). The
Late Ordovician to Late Silurian Salinic orogeny resdilfrom the sinistral-oblique
collision between Ganderia and the Laurentian margin (van Staal and others, 2008, 2009).
It included the closure of the Tetagouche-Exploits back-arc basin, which separated the
active edge from the passive edge of Ganderia (van Staal and others, 2008, 2009). The
Acadian orogeny was a result of the collision of Avalonia, another peri-Gondwanan terrane,
and generally took place at ca. 421-400 Ma, immediately after, or perhaps in part
overlapping with, the final stage of the Salinic orogeny (van Staal and others, 2008;
Hatcher, 2010). A third peri-Gondwanan terrane, the Meguma terrane accreted at 395-350
Ma, in the late Silurian to early Carboniferous (van Staal and others, 2008; Hatcher, 2010).
The Meguma terrane is only exposed in Nova Scotia, Canada. The Alleghanian orogeny
represents the collision that eventually formed Pangea in the Pennsylvanian to Permian
(Hatcher, 2010) (Table.1). The Avalon terrane, NT and MB, which comprise southeastern

New England, and theAS the subject of this study, are described in detail below.



1.3 The Avalon terrane

The Avalon terrane in eastern Massachusetts is comprised of several Late Proterozoic
and Cambrian sedimentary and volcanic rock units as well as Ordovician to Devonian
plutons, which are metamorphosed to lower amphibolite facies in the west, upper
amphibolite facies in the southwest, including migmatites in coastal Rhode Island and
Connecticut, and generally greenschist facies elsewhere (Goldsmith, 1991; Wintsch et al.,
1992; Wintsch et al., 2014). It was originally an arc-related volcanic-sedimentary belt that
drifted away from Gondwana in the Ordovician and collided with Laurentia during the
Acadian orogeny (van Staal et al., 2009). The Avalon terrane is not clearly affgdtesl b
Acadian orogeny, but highly deformed as a result of the Alleghanian orogeny (Mosher,
1983; Walsh et al., 2007). It can be correlated with the Avalon Terrane in Newfoundland
(Zartman and Naylor, 1984; Rast and Skehan, 1993; Thompson et al., 2007).
1.4 The Nashoba terrane

The NT is a lithotectonic belt, separated from the MB to the northwest by the CNF
and from the Avalon terrane to the southeast by the Burlington mylonite zone and
overprinting Bloody Bluff Fault (Zen et al., 1983; Williams and Hatcher, 1983; Goldsmith,
1991). It is an early Paleozoic peri-Gondwanan arc-back arc complex and mainly consists
of Cambrian, Ordovician and Silurian metapelitic, metavolcanic and volcanogenic
sedimentary rocks intruded by Silurian or younger granite and diorite (Bell and Alvord,
1976; Zen et al., 1983; Goldsmith, 1991; Hepburn et al., 1995; Loan, 2011). Multiple
generations of deformation and metamorphism up to amphibolite facies occurred during the
latest Silurian to Early Carboniferous (Castle, 1964; Skehan and Abu-Moustafa, 1976;

4



Table 1.1. Summary of orogenies that formed the northern Appalachians. Modified from

Charnock (2015).
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Hepburn and Munn, 1984; Goldsmith, 1991; Stroud et al., 2009; Buchanan et al.,
(2014a,b,c).
1.4.1 Major structural, metamorphic events and associated constrains

The NT was once interpreted as a steeply NW-dipping homoclinal stratigraphic
sequence that was obscured by series of faults and shear zones (Bell and Alvord, 1976).
However, the units are transposed, and therefore the terrane is better described as a
lithotectonic assemblage thama stratigraphic sequence (Buchanan et al., 2014 a,b; Hepburn
et al., 2014). Generally, the NT shows a pervasive foliation dipping moderately to steeply to
the NW (Castle et al.,, 1976; Goldsmith, 1991a,b). Deformation inNfhestared with
pervasive isoclinal folds, followed ByW-side-down asymmetric folds in the NW (Buchanan
et al., 2014cKuiper et al., 2014). In the northwestern part of the NashobairFthe NT
these structures are cut by subvertical, NW-side-down shear zones and younger local
NW-side-down ultra-cataclasites (Buchanan et al., 2014&jiper et al., 2014). U-Pb zircon
ages of a ca. 367 Ma migmatitic dike that was only folded by asymmetric folds and another
ca. 360 Ma dike that crosscut asymmetric folds indicate Nh&tside down asymmetric
folding ages continued until ca. 367-38& (Buchanan et al., 2014a, c; Kuiper et al., 2014).
Isoclinal folding occurred prior to that. A ca. 420 Ma pegmatitic dike crosscuts isoclinal folds,
indicating that isoclinal folding had started by then (Buchanan et al., 2014, unpublished data).
Sinistral shear within the Tadmuck Brook Schist is interpreted to have occurred at ca.
405-340 Ma, and is likely to be, at least in part, coeval with the folding (Buchanan et al.,
2017). Both structures may have been resulted from strain partitioning (Buchanan et al.,
2017). Major faults, such as the Bloody Bluff Fault (Figure 1.2) and Assabet River Fault
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(Figure 1.3), show an earlier ductile movement and a later brittle movement (Hepburn et al.,
2014).

Three major metamorphic events have been distinguished prgvinustroud et al.
(2009). The first event (M involved sillimanite-zone metamorphism at ca. 425 Ma, which is
represented by sillimanite biotite and sillimanite+ garnet+ biotite assemblages in the
Nashoba Fm. The second eventMbok place ata 395 Ma, involved migmatization and
metamorphism up to the sillimanite zone, represented by sillimanite + K-feldspar + biotite
and sillimanite + K-feldspar biotite + garnet assemblages in the Nashoba Fm. A final
metamorphic eveniM3) occurred at ca. 376 Ma, marked by a chlorite + white mica + quartz
and chlorite + biotite + muscovite + quartz assemblage that represent retrograde
greenschist-facies metamorphism (Munn, 1987; Bober,;1988burn et al., 1995; Stroud et
al., 2009; Kuiper et al., 2014). Buchanan et al. (2014a, b, c) reinterpretecidva more
continuous event, based on ages of ca. 418-360 Ma migmatization in the Nashoba F
mentioned above. An additional hydrothermal event was identified at ca. 360-305 Ma based
on U-Th-Pbelectron microprobe monazite geochronology (Stroud et al., 2009)

Geochronology work has been carried out by various isotope methods on both the
stratified and igneous rock units in tN& (Zartman and Naylor, 1984; Hepburn et al., 1995;
Acaster and Bickford, 1999; Loan, 2011; Walsh et al., 2011; Dabrowski, 2014). The NT is
interpreted as an early Paleozoic arc/back-arc complex with strong Ganderian affinity
(Zartman and Naylor, 1984; Hepburn et al., 1995; Kay et al., 2017). The detrital zircon
signature suggests a dominant input from peri-Ganderian arcs and Ganderia (Amazonian
margin) (Loan, 2011). The maximum depositional age of metasedimentary units of the NT is
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between ca. 470 and 463 Ma, based on detrital zircon ages (Figure 1.3) (Loan, 2011).
1.5 The Merrimack belt

The MB (Goldsmith, 1991; Hussey et al., 2010) is separated from the structurally
underlying NT to the east by CNF and from the Central Maine terrane to the west by the
Bronson Hill Zone (Robinson and Goldsmith, 1991; Watts et al., 2000; Wintsch et al., 2007;
Hussey et al., 2010). Rocks in the MB are predominantly Late Silurian to Early Devonian
metasedimentary units and Silurian to Devonian plutonic units (Figure 1.4; Zen et al., 1983;

Goldsmith, 1991; Robinson and Goldsmith, 1991; Hussey and Bothner, 1995; Sorota, 2013).

Nashoba Terrane

A XX X > N
i [y o Ao anaper
+\s4y)| Brook Schist
~ X X X X NH , MA Rk A
N4 Nashoba For- harpners Pond, Straw
K +:{ Hollow and Assabet Dio- I 433 * 5Ma‘ (|D T'Ms)l“ '\
2] rites = ] Assabet River Fault . \
: Indian Head Hill Pluton and
-1 Sgr granites (Zen, 1983)
=| Fish Brook Gneiss , Newbury Val-
Shawsheen Gneiss canic Complex
, Grafton Granite
— Igneous Rock Stratified Rock -
o 379:4Ma | (ot >
461 +19Ma’
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Atlantic
Ocean
501-540Ma® _
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Figure 1.3. Recent published ages of igneous units and maximum depositional ages of
stratified rock units in the NT. Ages for 1. by LA-ICPMS, from Loan (2011); 2: by
ID-TIMS, from Acaster and Bickford (1999); 3: by ID-TIMS, from Hepburn et al. (1995);

4: by CA-TIMS, from Dabrowski (2014); 5: by ID-TIMS, from Walsh et al. (2011); 6: by
ID-TIMS, from Zartman and Naylor (1984).
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U-Pb zircon LA-ICPMS geochronology results suggest a dual source provenance for the MB
from Ganderia and Laurentia, with an increasing input from Laurentia for samples with a
decreasing maximum depositional age (Sorota, 2013). The MB is unconformably overlain by
three conglomerate units: the Early Devonian (or Pennsylvanian?) Harvard Conglomerate and
Vaughn Hill Conglomerate and the Pennsylvanian Coal Mine Braok (Erew, 1973;
Charnock, 2015).

The maximum depositional age of the Harvard and Vaughn Hill conglomerates is ca.
416-415 Ma (Charnock, 2015). They predominantly contain igneous-derived zircon and
locally recycled zircon from the nearby northern Vaughn Hill Fm. and MB (Charnock, 2015).
Compared to the ca. 315-303 Ma Coal Mine Brook.,Rhe Vaughn Hill and Harvard
Conglomerate are interpreted to represent an early basin, while the Coal Mine Brook F
represents a later basin (Charnock, 2015).

1.5.1 Structural and metamorphic history

The MB is believed to have undergone more than one generation of m- to km-scale,
generally east-verging, isoclinal folding, followed by local N-S trending horizontal
recumbent close to tight chevron folds (Robinson, 1978, 1981; Goldstein, 1994; Kopera and
Walsh, 2014; Kuiper et al., 2014; Charnock, 2015). The ca. 315-303 Ma Coal Mine Brook
Fm. is not folded and has only one cleavage (Grew, 1973). The Harvard Conglomerate is
dominated by m-scale close to tight asymmetric folds and some late local folds, while the
Vaughn Hill Conglomerate and northern Vaughn Hith.Fboth possess early isoclinal to tight

fold and late subhorizontal to recumbent local folds (Charnock, 2015).
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The peak metamorphic grade is up to amphibolite facies in the west and decreases to
greenschist facies in the east (Zen et al., 1983; Robinson and Goldsmith, 1991; Lyons et al.,
1997). This was overprinted by chlorite to biotite zone metamorphism (Zen et al., 1983;
Goldsmith, 1991; Kopera and Walsh, 2014). The Harvard Conglomerate and Vaughn Hill
Conglomerate were both metamorphosed to lower greenschist facies conditions (Charnock,
2015). The Coal Mine Brook Fm. was metamorphosed to the garnet zone during or after the
Pennsylvanian (Grew, 1973).

Deformation and metamorphism in the MB was interpreted to have resulted from the
Acadian or Alleghanian orogenies based¥w/*°Ar geochronology (Grew, 1970; Robinson,
1981; Goldstein, 1994; Attenoukon et al., 2004, 2006; Attenoukon, 2009). Attenoukon (2009)
estimated the minimum age for the first and second metamorphism as 371 Ma and ca. 300
Ma based on the cooling age of muscovite in mineral assemblages and in associated
cleavages. The metamorphic ages must be younger than the youngest ca. 426 Ma maximum
depositional age (Berwicknk. and Eliot Fn., Figure 1.4) in the MB (Sorota, 2013). A 305
Ma crystallization age of muscovite that overprints a previous foliation and a 293 Ma
crystallization age of muscovite that replaces andalusite bracketed the second metamorphism
between ca. 305 and ca. 293 Ma (Attenoukon, 2008xa. 316-294 Ma crystallization age of
white mica in the same greenschist-facies cleavage that also oveagpigous cleavage
confirms the Alleghanian age of this second metamorphism (Attenoukon, 2009). This
overprinting cleavage is considered to be related to a widely distributelésvage in the
easternMB and it may also be related to the upright folding event in the Harvard
Conglomerate, Vaughn Hill Conglomerate and northern Vaughn Hill Fm. (Goldstein, 1994;
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Attenoukon, 2009; Charnock, 2015). If true, these deformations may have taken place after
the Acadian orogeny, even as late as during the Alleghanian orogeny (Charnock, 2015).
1.5.2 The northern Vaughn Hill Fm.

The Vaughn Hill Fm. along the eastern boundary of the MB was thought to be the
stratigraphic base of the MB (Bell and Alvord, 1976; Peck, 1976; Goldsmith et al., 1982;
Robinson and Goldsmith, 1991). Two areas have been mapped as Vaughn Hill Fm.: one is the
southern hill of the Vaughn Hills (Figure 1.4), located between Oakdaleéd-the west and
Tadmuck Brook Schist to the east, and the other one is a north-trending narrow belt along the
eastern boundary of the RPS (Zen et al., 1983; Kuiper et al., 2014). In order to distinguish
these two, the first one is renamed the northern Vaughn Hill Fm., and the latter (analyzed in
this study) is renamed the southern Vaughn Hill Fm. These two units are separated by
Reubens Hill Complex and Ayer Granodiorite (Figure 1.4). The northern Vaughn Hill Fm. is
composed of generally interbedded fine- to coarse-grained quartzite and phyllite (Charnock,
2015). Deformation in this unit is dominated by cm-scale isoclinal to tight folds overprinted
by local cm- to m-scale shallowly SE and NW-dipping and shallowly NE and SW-plunging
folds (Charnock, 2015).

1.6 The Rocky Pond Slice

The RPS has been previously been interpreted to consist of three metasedimentary

units: the Boylston Schist, southern Vaughn Hill Fm. and Sewall Hill Fm. (Markwort,

2007). These units are intruded by the Rocky Pond Granite (RPG) in the north (Figure 1.2).
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1.6.1 Metasedimentary units

The Boylston Schist was first named by Emerson (1917) for the weakly foliated schist
exposure around Boylston. It exists between the Tower Hill Fm. to the west and is intruded
by the RPG to the east. The rock was described by Munn (1987) to be fine- to
medium-grained, massive sillimanite garnet biotite quartz muscovite schist. Markwort (2007)
also reported that the schist is interlayered with quartzite and powdery calcareous layers. In
this study, the Boylston Schist is further divided into the Boylston Schist and Boylston
Phyllite (see Section 3.1).

The Sewall Hill Fm. was mapped first by Munn (1987), who named it Western
Nashoba k., because the lithology is similar to the Nashoba Fm. in the NT. It was renamed
and given the name Sewall Hill Fm. by Markwort (2007) to separate it from the NT. It is
mapped as the southern part of the RPS, and may be in contact with the Tadmuck Brook
Schist where the southern Vaughn Hill Fm. is faulted out (Markwort, 2007). The rock is
described by Munn (1987) to be dominated by biotite gneisses, and minor schists,
amphibolites and marbles, most of them were later sheared and becameemylonit

The southern Vaughn Hill Fm. is mapped as a N-S stretching narrow unit, bordered by
the Tadmuck Brook Schist to the east and intruded by the RPG to the west. It was initially
believed to be conformable on the top of the Tadmuck Brook Schist (Hansen, 1956; Peck,
1975; Bell and Alvord, 1976). The rock was described by Markwort (2007) as sandstone and
siltstone interbedded with phyllite, chlorite biotite schist and quartzite layers. Near the

contact with the RPG, sillimanite-zone contact metamorphism is reported (Munn, 1987).
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Figure 1.4. Recent published ages of igneous units and maximum depositional ages of
stratified rock units in the MB. Ages for 1: by LA-ICPMS and CA-TIMS, from Sorota
(2013); 2: by SIMS, from Wintsch et al. (2007); 3: by SIMS, from Walsh et al. (2013a,b); 4:
by LA-ICPMS, CA-TIMS, from Charnock (2015); 5: by fossil, from Grew (1973).
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1.6.2 Structural geology

The RPS is characterized by a NW-dipping foliation, two generations of folds and two
major shear zones along both boundaries.

The ONF is a prominent NW-dipping fault separating the RPS from Nti2. The
Rattlesnake Hill Fault along the eastern margin of the RPS is believed to be afffitay
CNF (Castle et al., 1976; Markwort, 2007). Goldstein (1994), Markwort (2007) and Kuiper et
al. (2014) recognized earlier sinistral shear with a thrust component and later normal shearing
events along the CNF. The Ball Hill fault is defined by Markwort (2007) as a 10m-scale
mylonite and ultramylonite zone along the Tadmuck Brook Schist and Nashobaltch is
also believed to be a splay of the CNF (Kuiper et al., 2014). Local shear zones are scattered
in the RPS, dominated by normal shear (Wachusett mylonite zone of Goldstein, 1994).
Normal shear, reverse shear, sinistral shear and dextral shear can all been seen in the RPG
(Brice, 2012), but the relationship with shear along the CNF is unclear.

No large-scale regional folding event was observed in the RPS. By analyzing a 12,806
meters NW-SE trending exposure in the Wachusett-Marlboro tunnel that intersects the
southern Vaughn Hill /. and RPG (Figure 1.5), Skehan and Abu-Moustafa (1976) reported
10 m-scale folds in the NW part, which are shown as repetition of uniddE-Alunging
antiform in the Sewall Hill k. was interpreted by Munn (1987).

1.6.3 Metamorphism

The RPS was interpreted to have undergone three metamorphic events: two
sillimanite-zone metamorphic events followed by greenschist-facies retrograde
metamorphism (Markwort, 2007). The first metamorphism is based on a quartz + biotite +
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Figure 1.5. Location of the Wachusett-Marlborough tunnel. (1) Worcester South
Quadrangle; (2) Paxton Quadrangle; (3) Worcester North Quadrangle; (4) Shrewsbury
Quadrangle; (5) Marlboro Quadrangle; (6) Framingham Quadrangle; (7) Sterling
Quadrangle; (8) Clinton Quadrangle; (9) Hudson Quadrangle; (10) Maynard Quadrangle;
(11) Ayer Quadrangle; (12) Quabbin Aqueduct; (13) Wachusett-Marlborough Tunnel
(Skehan and Abu-Mustafa, 1976).

muscovitet+ sillimanite + garnet assemblage the Boylston Schist (Markwort, 2007), and

on the index mineral sillimanite in the Sewall HilnE(Munn, 1987). The second static
sillimanite-zone metamorphism was interpreted from randomly-grown fibroid sillimanite
and fibrolite on the foliation surface (Munn, 1987; Markwort, 2007). The third
chlorite-zone retrograde metamorphism is based on the presence of chlorite and
fine-grained white mica, replacing the early amphibolite-facies mineral assemblage (Munn,

1987).
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CHAPTER 2
METHODS
2.1 Field mapping

Surface mapping was carried out in the summers of 2015 and 2016 in all four
metasedimentary units in thé®R the Boylston Phyllite, Boylston Schist, Sewall Hill Fm.
and southern Vaughn Hill Fm., and in some areas in adjacent units, including Tadmuck
Brook Schist in the NT, and Tower Hill Fm. and Oakdale Fm. in the MB (Figure 1.3, 1.4).
The Rocky Pond Granite was not investigated in detail. Planar structures are given as dip
direction/dip (000400 ¢ and linear structures are given as trend/plunge ¢00Q,.

Structural data collected include foliation (type, style, composition, attitude),
lineation (mineral, type, attitude), shear sense indicators (type, scale, shear sense),
fold-related data (hinge line, axial plane, shape, scale, symmetry, etc.) and the relationship
between the various structural data (e.g. relationship between lineation and shear sense, and
overprinting relationships). Shear zones were mapped based on shear sense, overprinting
relationships and the metamorphic conditions during shearing.

Data were plotted and analyzed on equal-area lower-hemisphere projections in
Orient 3 (Mollimer, 2015). Structural data were divided into domains based on structural
trends, and plotted separately. Field maps were digitized and edited in Adobe Illustrator
CSe6.

2.2 Petrographic analysis

During field work, 21 oriented and 30 unoriented rock samples were collected

throughout the RPS. Oriented samples were marked with foliation attitude on their foliation
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surface. Rock samples were cut perpendicular to foliation, and parallel or perpendicular to
lineation (depending on the purpose of the thin section). Based on structures visible in the
hand samples, the 21 most representative ones, including 11 oriented ones and 10
un-oriented ones, were selected for thin section analysis. Rocks chips of abdd2drom

V4cm were cut at the Colorado School of Mines, and thin sections were made by

Spectrum Petrographic Inc., Vancouver, BC, Canada.

2.3 Geochronology analysis

Rock samples were broken into pieces in the field by hammer, and collected in
polythene bags in a bucket. Four ca. 40-pound geochronology samples were taken from
each of the four metasedimentary units for detrital zircon analysis: the Boylston Schist
(B002) (lat/long: 42°21'05.5"N 71°43'07.5"W), Boylston Phyllite (B001) (lat/long:

f 1 f © 6HZDOO +LOO )P 6 ODW ORQJ o
DQG VRXWKHUQ 9DXJKQ +LOO )P 9 ODW ORQJ f 1 1
One geochronology sample was taken by Chris Hepburn from the RPG for CA-TIMS
analysis (lat/long: 42°21'12.2"N 71°41'55.5"W).

Mineral separation for the four metasedimentary units was carried out at the
&RORUDGR 6FKRRO RI OLQHV S5RFNV ZHUH FUXVKHG JULQC
material was further separated using a WilfeyyZHW VKDNLQJY 7DEOH WR VHSD
A hand magnet was used to remove metal filings, and a FfaBarrier Separator was
used for magnetic separation. A heavy liquid (Lithium Metatungstate) was used to separate
the grains again by their density. Magnetic separations were carried out at 0.25Amps, 0.5
Amps, 0.8Amps and 1.2Amps. The material that was non-magnetic at 1.2Amps was placed
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Figure 2.1. Locations for geochronology samples.
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into a petri dish, and zircon was hand-picked with tweezers under a binocular microscope.
Zircon was randomly picked in order to avoid sampling bias. About 200 zircon grains per
sample were separated into super small (40-P VPDOO P PHGLXP

(150- P DQG ODUJH JUDLQ PRXQWYV PHDVXUHPHQWY DUH
axis of the grains). All the equipment and tools were cleaned thoroughly to avoid
contamination.

Grains were mounted in epoxy and then polished to about one third of the grain size
to expose the inner structure of the grains for imaging and U-Pb dating. Mounts were
imaged using cathodoluminescence (CL), transmitted light and reflected light. The CL
imaging was conducted at the Denver Microbeam Laboratory, U.S. Geological Survey in
Lakewood, Colorado on a JOEL 5800LV scanning electron microscope. Analysis was
conducted under high vacuum, using a 15 kV operating voltage, and 5 nA beam current.
Transmitted light and reflected light images were taken at the Colorado School of Mines.
After all the procedures described above were carried out, the number of zircon grains
available per sample for Laser Ablation Inductively Coupled Plasma Mass Spectrometry
(LA-ICPMS) analysis was: 137 for the southern Vaughn Hill.,F170 for the Boylston
Phyllite, 141 for the Boylston Schist and 223 for the Sewall Hiill Hable 2.1).

Table 2.1. Sample distribution in grain mounts of different grain sizes.

SAMPLE NAME
ZIRCON SIZE BOOL B002 v S
Large 7 16 23
Medium 29 113 153
Small 134 1 8 47
Super Small 140
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U-Pb analysis for the four metasedimentary units was carried out using (LA-ICPMS)
at the USGS Central Mineral and Environmental Resources Science Center LA-ICPMS
Isotope Lab, Lakewood, CO, operated by Christopher Holm-Denoma. Cores were
primarily targeted for detrital zircon analysis. Two rims in sample B0O01, four in sample S
and two in sample V were analyzed to reveal the age of metamorphism; rims in sample
B002 were too small to aim. The maximum depositional age is constrained by the age of
the youngest detrital zircon population. The minimum depositional age and the age of
metamorphism is constrained by the ages of metamorphic rims, where present, and the age
of the ca. 395 Ma Rocky Pond Granite (this study), which intrudes all units.

Detrital zircons were ablated using a Photon Machines 193 nm Analyte Excite laser
ablation systemZ LWK VSRW VL]HV Rlca. 6EnDaser erefgPv@tiean energy
density of 4.11 J/ich Ablated material was transported to a Nu Instruments AttoM
high-resolution, double focusing, single-collector ICPMS. With the magnet set at a
constant mass, the flat tops of the isotope peaks were measured at the following masses by
rapidly deflecting the ion bearf®?Hg, 2>(Hg+Pb),?°Ph, °'Ph, 2°%Pb, 22Th, 2*U and**U
with a 30s on-peak background measured prior to each 30 s analysis. A laser bea of 25
spot size at 5Hz, ca. 6mJ energy and with a 4.11 ¢ energy density was used on each
zircon grain. Raw data were reduced by Christopher Hdbh@ RPD XVLQJ ,ROLWH
(Paton et al., 2011) to subtract on-peak background signals, correct for U-Pb downhole
fractionation, and normalize the instrumental mass bias using external, well-characterized,
mineral standards. Ages are corrected by standard sample bracketing with the primary
zircon standard Temora2 (417 Ma; Black et al., 2004) and secondary sEaMd&8 OH& R Y LFH
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(337 Ma; Slamaet al., 2008), and an in-house standard WRP-63-08 (1707 Ma, Wayne
Premo, personal communication, 2017) used at the USGS Central Mineral and
Environmental Resources Science Center LA-ICPMS Isotope Lab.

Zircons from the RPG were not imaged, and they were analyzed using U-Pb
Chemical Abrasion-Thermal lonization Mass Spectrometry (CA-TIMS) at the
Massachusetts Institute of Technology (MIT) geochronology lab by Robert Buchwaldt.
Mineral separation was also carried out at MIT. Zircon grains were separated from bulk
rock samples by standard crushing, heavy liquid, and magnetic separation techniques, and
subsequently handpicked under the binocular microscope based on clarity and crystal
morphology. To minimize the effects of Pb loss, the grains were subjected to a version of
the thermal annealing and acid leaching (also known as chemical abrasion or CA-TIMS)
technique of Mattinson (2005) prior to isotope dilution thermal ionization
mass-spectrometry (ID-TIMS) analyses using a mix&®b-**U->**U tracer solution
(spike). Details of zircon pre-treatment, dissolution and U and Pb chemical extraction
procedures are described in Ramezani et al. (2007).

U and Pb isotopic measurements were performed on a VG Sector-54 multicollector
thermal ionization mass spectrometer at MIT. Pb and U were loaded together on a single Re
filament in a silica-gel/phosphoric acid mixture (Gerstenberger and Haase, 1997). Pb
isotopes were measured by peak-hopping using a single Daly photomultiplier detector and
U isotopic measurements were made in static mode using multiple Faraday collectors.
Details of fractionation and blank corrections are given in Appendix. Data reduction, age
calculation, and the generation of concordia plots were carried out using the method of
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McLean et al. (2011), and the statistical reduction and plotting program REDUX (Bowring
et al., 2011). Unless otherwise noted, U-Pb errors on analyses from this study are reported
as: + X/Y/Z, where X is the internal error in absence of all systematic errors, Y includes the
tracer calibration error, and Z includes both tracer calibration and decay constant errors of
Jaffey et al. (1971). The weighted averagé’®b/*®U ages of a zircon cluster with <2.5%
discordance was used as the zircon crystallization age.

Two diagrams are used for data visualization in this study: a Wetherill concordia
diagram and a probability density diagram. Concordia diagrams bas€8Pb/**U and
2PpPY ratios are used to show all analyses and their level of concordance. Probability
density diagrams are used for provenance analysis. Data with discordance greater than 10%
were excluded from thes&°Pb/*®U ages were used for zircon younger than 800 Ma, and
the 2°Pb/°Pb age for zircon older 800 Ma. Both Concordia and probability density
diagrams were generated using Isoplot 3.70 (Ludwig, 2008) in Microsoft Excel.

There are several methods for determining the maximum depositional U-Pb age
from detrital zircon. From the least to the most statistically robust method they are: (1) the
youngest single zircon age, (2) the youngest graphical age peak in the youngest age
population formed by more than one grain age, (3) the mean age of the youngest two or
PRUH DQDO\VHVY WKDW RYHUODS DW WKH 1 XQFHUWDLQW\
WKUHH RU PRUH DQDO\VHV WK DWveR Didkin€ob andDFehrédlsK H 1 X Q
2009). In this study, for samples B001, BO02 and S, the youngest U-Pb age is determined
by calculating the weighted average’$Pb/7*®U ages of the three or more youngest zircon
DIJHV RYHUODSSLQJ DW W Kdample X @d-rrotyiddduChve clBternytheO $V
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age of the youngest population was defined by the weighted averd§ewf®U ages of
WKH WZR \RXQJHVW JLUFRQ DJHVY RYHUODSSLQJ DW WKH
Gehrels, 2009). Analytical diagrams were further modified for aesthetical purposes in

Adobe lllustrator CS6.
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CHAPTER 3
RESULTS
3.1 Lithological analysis
The RPS contains four metasedimentary units (from west to east: the Boylston
Phyllite, Boylston Schist, Sewall Hill Fm. and southern Vaughn Hill Fm.) and one major

intrusive unit, the Rocky Pond Granite (RPG) (Figure 3.1, 3.2).
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Figure 3.1. Geological map of the RPS. Cross sections can be found in Section 3.2.
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3.1.1 Boylston Phyllite

The Boylston Phyllite is mapped as a narrow belt trending N-S along the western
boundary of the RPS, abutting the Tower Hill Fm. to the west (Figure 1.4). It reaches
Faggot Hill to the north, abuts the Boylston Schist to the east and wedges out to the south
after crossing Rt-140 (Figure 3.1). It is about 1 km wide in the north and narrows down
towards the south. It is intruded by 100m-scale granite bodies near Rt-70 (Figure 3.1, 3.2A).
It has previously been mapped as the western part of the Boylston Schist (Emerson, 1917;
Grew, 1970; Hepburn, 1978; Zen et al., 1983; Markwort, 2007). The best exposure is

located along Rt-70, east to Diamond Hill; another good stop is to the east of the

intersection of Central St. and Rt-70 (Figure 3.1).
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Figure 3.2. Contacts between (A) Boylston Phyllite and RPG; (B) Boylston Schist and RPG;
(C) southern Vaughn Hill Fm. and RPG; (D) Sewall Hill Fm. and RPG.
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The Boylston Phyllite is predominantly a weakly to moderately foliated muscovite
chlorite phyllite and a massive meta-diorite. The color of the rock is dark grey to greenish
grey with Fe-stains, and the grain size varies from 0.1 to 0.5 mm. Weakly to moderately
foliated Boylston Phyllite, with a slight phyllite luster, is distributed along the boundary
with the Tower Hill Fm., at the trace of theNE More massive Boylston Phyllite exists
near Faggot Hill and Tower Hill, adjacent to the Boylston Schist (Figure 3.1).

One thin section was analyzed from the Boylston Phyllite (Table 3.1). Sample 007 is
from the weakly foliated area and shows only one mineral assemblage: white mica +
chlorite + quartz, representing a peak chlorite-zone metamorphism (Table 3.1). White mica
replaces the original porphyroclasts completely (Figure 3.3A). Sample 106 is within a
meta-diorite unit that intruded Boylston Phyllite (Figure 3.3B). It recorded a single chlorite
metamorphic stage represented by epidote, chlorite and white mica (Figure 3.3C, D). The
Boylston Phyllite is thus metamorphosed to the chlorite zone of the greenschist facies.
3.1.2 Boylston Schist

The Boylston Schist is mapped as a narrow belt to the east of Boylston Phyllite,
intruded by the RPG in the east (Figure 3.1). It reaches Green Hill in the north, and thins
out south of Rt-140, similar to the Boylston Phyllite (Figure 3.1). The boundary is
interpreted to be curvy based on the outcrop distribution of both Boylston Schist and RPG
(Figure 3.2B). The best outcrop is along Central St. to the south of Apron Hill (Figure 3.1).

The Boylston Schist is predominantly garnet sillimanite biotite muscovite plagioclase
schist. The rock is generally dark grey, greenish grey to reddish and purplish grey with
Fe-stain, with grain size from 0.5-1mm, which is coarser-grained than the Boylston
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Figure 3.3. Thin sections of Boylston Phyllite. (A) Sericitic alteration of preiegist
porphyroclast; (B) Hypidiomorphic to allotriomorphic texture in the meta-diorite; (C)
Epidote and chlorite may have formed together; (D) Chlorite filled in cracks of biotite
grains.
Phyllite. Cm- to dm-scale thick quartzite layers can be found. The typical mineral
composition is quartz, feldspar, muscovite, biotite, and locally sillimanite, and garnet
porphyroblasts. The amount of biotite is significantly more than in the Boylston Phyllite.
There are 7 thin sections from the Boylston Schist. Common minerals found in thin
sections include garnet, sillimanite, biotite, chlorite, white mica, plagioclase and quartz
(Table 3.1). Garnet porphyroblasts can be found in all 7 thin sections. Biotite, muscovite

and chlorite are present in cracks and fractures of garnet grains. Sillimanite is present in 6
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Table 3.1 Thin section descriptions.

Rock S-(I;thinon Sample| Location Rock Composition Texture Deformational event
Unit No No. | (Lat/Long) Name interpretation
Foliation is defined by thg
differentiation of mica and quart
Fine-grained white mica has tw
textures. The first one has
preferred orientation, which NW-side-down
parallel to muscovite. The secol normal shear can b
42990'42.0 _ Muscoyite 30%/| one is 3-5mm aggregates, of whi seen with naked eyg
Boylston N MUSCQVIte C_hlonte ?0% the shapes resemble shown by.C&‘H ID
Phyllite 02 007 71°44'33.6 chlor_lte F.lne-g_ralned p_orphyroclasts: The cg. 0.1-0.5n and possible rota_te
"y phyllite | white mica 25%| size muscovite grains formg porphyroclasts, whicl
Quartz 25% | parallel to the foliation an¢ has been replaced I
wrapping around the possib fine-grained white
previous porphyroclasts. It is hard| mica.
tell what the original porphyroclas
is because it is completely replag
by fine-grained white mica and le
no remnant.
Garnet 8% | The 3-5mm garnet porphyroblag G q h
. Fine-grained |are filled by biotite, chlorite| ©3Met ~and othe
42°21'19.7 white mica 30%| muscovite in their cracks ar possible Previou;
Boyl;ton 04 070 ‘N Garr_1et Muscovite 10% /| fractures. The ca. 0.1mm muscoV porphyroclasts/
Schist 71°43'21.9|  schist Chlorite 20% | grains overprint biotite. Chlorite ca porphyroblasts ar
"W stretched along

Quartz 25%
Rutile 5%

also be seen filing in the gg
between biotite grains. However, tl

SE-NW direction.
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Table 3.1: continued.

Boylston
Schist

04

070

42°21'19.7
IIN

71°43'21.9
IIW

Garnet
schist

Biotite 2%

relationship between chlorite ar
muscovite is not seen. Strol
retrogression is  shown 0
fine-grained white mica, chlorit
and mica replacing garnet a
possible unknown porphyroclasi
The fine-grained white mica an
chlorite aggregates are elongai
parallel to the dip direction and &
ca. 1-2cm along the long axis.

10

128

42°21'16.8
IIN

71°43'05.2
IIW

Garnet
plagioclas
e chlorite

schist

Garnet 20%
Quartz 17%
Biotite 10%
Chlorite 20%
Muscovite 5%
Fine-grained
white mica 8%
Plagioclase 8%
K-feldspar 12%

Foliation is defined by the alignme
of biotite. Pressure shadows exist
both sides of a l1cm garn
porphyroblast, filled by ca. 1-3mi
biotite grains on one side, and qua
and feldspar on the other side. Alo,
the margins of the pressure shad
small (<0.1mm on the long axi
mica are randomly distributed ar
overprinting the minerals in th
pressure shadow. Other gari
porphyroblasts have chlorite, bioti
and fine-grained white mic
wrapping around them and filling i
their cracks.

Schistosity IS
well-defined by the
bands of mica. Larg
garnet porphyroblast
exists, but it is hard t
tell the shear sense.
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Table 3.1: continued.

Boylston
Schist

Garnet 15%
Biotite 15%

Foliation is defined by the alignme
of biotite and muscovite. Biotite ar
muscovite grains are both ¢

42 %l 114 Mu§CQV|te Muscovite 20% 0.5-1mm along the long axis. Qarr Schistosity is defined b
N biotite porphyroblasts can be divided intg 0
11 129.2 o A Quartz 45% _ : the biotite ano
71°43'10.9] garnet groups: one is ca. 1cm, the other ¢ .
W . Feldspar 3% | ; L muscovite bands.
W schist . is <0.5mm. Biotite filled the crack
Chlorite 2% ) .
o . and fracture in garnet grain
Sillimanite <1% . . .
Muscovite and chlorite overprint
biotite.
Foliation is defined by the alignme
of muscovite, chlorite, fine-graine
Fibrolite 15% | white mica and fibrolite. Orientatio
Sillimanite 2% | of prismatic ca. 1-2mm sillimanit Schistosity defined b
. . Garnet 10% | grains goes parallel to the foliatio| the preferred orientatio
42°20'42.2| Mica : :
. - . Chlorite 16% | The 1-3mm garnet porphyroblag of mica and <O0.1mn
N sillimanite . . ] . . L
16 118.4 . Fine-grained | have pressure shadow on both sig finely acicular fibrolite.
71°43'09.8| garnet . . . . . .
" schist white mica 20% filled by 0.5-1mm muscovite grairl Asymmetric folds
Muscovite 20% | and quartz. Muscovite is overprint{ defined by fibrolite

Quartz 15%
Limonite 2%

by fine-grained white mica an
chlorite. No relationship betweg
garnet and fibrolite is observe

Myrmekite is also observed.

indicates shear event.
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Table 3.1: continued.

Boylston
Schist

Chlorite 20%
Biotite 5%
Fine-grained

Sillimanite grains are prismatic c
1-3mm along their long axis. Garn
grains are ca. 1-2mm. Biotite a
muscovite can be seen filling

Schistosity is defined b

42°20'41.9| Sillimanite | white mica 15%| cracks of the prismatic sillimanit : .
B . the preferred orientatio
N mica Garnet 5% | and garnet. However, n . N .
17 118.5 o A . s : : of prismatic sillimanite
71°43'10.3] garnet Muscovite 2% | overprinting relationship can & . . .
W . - . - chlorite and fine-graine
W schist Sillimanite 15% | seen between garnet and silliman white mica
Plagioclase 5%| partly due to the fact that both grai '
K-feldspar 15%| are  strongly  overprinted b
Quartz 5% | fine-grained white mica an
chlorite.
There are two groups of sillimanit
one is prismatic-shaped and is
2-3mm along its long axis, the oth . o .
Garnet 15% . : : Schistosity is defined b
. : one is <0.lmm finely aciculg . .
Sillimanite 25% fibrolite. Both the silimanite an the preferred orientatio
42°20'41.9| Sillimanite | Muscovite 2% ' e | of biotite and prismati(
. - . garnet have biotite filling in thei _. . : . .
N biotite Biotite 20% . : sillimanite. Foliation ig
18 1185 o A . cracks. Biotite is generally cq L
71°43'10.3] garnet Plagioclase 3% wavy, but it is not clea
. . 0.1-0.5mm, except the >0.5mm orn
W schist Quartz 17% . .| whether by shear ¢
grow on sides of garnet, whig
K-feldspar 15%] " ovist  with  muscovite.  N{ O type of
Chlorite 3% ' deformation.

overprinting relationship is observg
between garnet and sillimanite, b

they have smooth contacts.
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Table 3.1: continued.

Sillimanite 30%

There are also two groups
sillimanite: one prismatic-shape
and is ca. 3-10mm along its lor
axis, the other one is <0.1mm fing
acicular  fibrolite. A garne
porphyroblast is >1cm. Fibrolite

0
42°21'03.3| Sillimanite ;;:?:tzgcﬁ) randomly distributed on the ci{ The distribution  of
Boylston 19 195 "N biotite Fine-arained surface. Garnet grains contg prismatic sillimanite
Schist 71°43'09.7| garnet ine-g biotite and fibrolite in their crackg outlines mm-scalé
W . white mica 12%| _ . . . e .
W schist Prismatic sillimanite also has bioti| isoclinal folds.
Quartz 25% e .
. filling its cracks, but the relationsh
Chlorite 3% . L .
between prismatic sillimanite ar
garnet is not clear. Sligh
retrogression is marked L
fine-grained white mica an
chlorite.
Foliation is defined by the preferre ,
: : . NW-side-down norma
, orientation of mica and bandg .
Muscovite 27% , .. | shear can be interpreté
. quartz. Muscovite can be dividg
Biotite 10% | . ) . based on C& Y D QG5
. . . into two groups: one with >1mrn . )
42°18'23.2 Fine-grained . . fabric, defined by
| . . , grains, the other one with <0.5m , .
Sewall N Mylonitic | white mica 2% . - muscovite, biotite an
. 03 068 . ) grains. Biotite are generall )
Hill Fm. 71°44'30.6| gneiss Quartz 35% . .| the preferentia
] _ <0.5mm. Both muscovite and bioti| . _
W Plagioclase 5% dissolution of quartz

K-feldspar 20%
Chlorite 1%

show the same preferred orientati
Quartz bands are ca. 0.5-2mm wi
Mica and quartz defines @G D

S-C fabric. The ca. 1-3mm feldspa|

It can also be interprete
by rotated feldspa
porphyroclasts.
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Table 3.1: continued.

Sewall
Hill Fm.

porphyroclasts are rotated a

42°18'23.2 wrapped by mica. Some are brok
"N Mylonitic into pieces, with mica filling th¢
03 068 71°44'30.6| gneiss cracks. Minor retrogression
"W shown by fine-grained white mig
and chlorite
This thin section has a pegmat
vein, which shows large aggregal
of quartz grains and contains 2-5ni
tourmaline grains. The schistose p
is composed of garnet, chlorif
Muscovite 10% vv.hitle mica and .smaII amount
Fine-grained biotite. ~ Muscovite grains ar
white mica 15% ge.n.erally.ca. 0.3-1mm, but the
42°17'17.4) Pegmatite| Chlorite 10% original sizes may be reduced o .
N + Mica Feldsparl7% fine-grained Whllte.mlca and chlori{ Schistosity is de_flned .b
07 039 71°44331)  garnet Quartz 25% replacement._ Biotite and muscov| the preferred orientatio
.y <chist Garnet 3% are. present in the fracturg of garr of mica.
Tourmaline 154 9r&ins- Strong retrogression in t
Biotite 2% §ch|st |§ shown by large .amount
Rutile 3% fine-grained white mica an

chlorite. Much of chlorite is als
forming by the contact of pegmati
vein and the schist. Tourmaline is
equilibrium with the chlorite, and
is only found in or along th

pegmatite vein.
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Table 3.1: continued.

Sewall
Hill Fm.

Quartz 28%

Biotite 10%

Chlorite 15%
Muscovite 10%

This thin section also has

pegmatite vein. The schistose p
contains garnet, chlorite, white mi
and Dbiotite. The one garn
porphyroblast is ca. 5mm. Garn
fractures and cracks are filled |

42 1; 199 Pfgl\;lr;(z:a;te Fine-grained | later biotite, muscovite and chlorit| Schistosity is de_fined .b
14 039.1 . white mica 20%| The  overprinting relationshi| the preferred orientatio
71°44'32.1| garnet ) . .
"y schist Feldspar 10% bgtvyee_n muscovite, chlorite ar of mica.
Garnet 5% | biotite is not observed due to t
Tourmaline 2% | fact that they are too fine-graine
Hornblende | Tourmaline formed in equilibriun
<1% with chlorite, and it is also onl
found in or along the pegmati
vein. Myrmekite exists.
Foliation is defined by th¢ NW-side-down norma
differentiation of mica and quart] shear can be interpretg
The quartz aggregates gbyC-&Y IDEULF
Biotite 25% | predominantly porphyroclast-shap| alignment of mica. Mice
42°23'20.2 L Muscovite 10% | than bands with consistent widf also  shows mino
R Biotite . . . : :
01 001 N epidote Chlorite 5% | Biotite and muscgvr[e grains for structure; Ilke. mme-scal
71°39'47.5 phyllite Quartz 39% |ca. 0.5-2mm wide bands, ai close to isoclinal folds
"W Epidote 20% | epidote grains generally grow with| found in betweer

Limonite 1%

or parallel to these band
Fine-grained (<0.1lmm) mica als
exists within the

porphyroclasts-shaped quartz

foliations, but they arg
not in a consisten
pattern and it is hard t
tell their relationships

36



Table 3.1: continued.

Southern
Vaughn
Hill Fm.

Biotite 25%

aggregates. They show mm-sc
close to isoclinal folds, but the folg

with the shear event.

420%3'20'2 Biotite MUSCO\_/'te 10% are randomly orientated. Chlori
01 001 . N' epidote Chiorite 5(:)/0 can be seen growing along t
1 ?\;’/47'5 phyllite Eanrtz 39? contact of mica and quar
‘p|dotle 20% aggregates.
Limonite 1%
Foliation is defined by layered mic
qguartz and feldspar, with tourmalir
porphyroclasts in between. Tk
tourmaline porphyroclasts can
seen with different orientation
Muscovite 18% | Most have their long axis parall
Biotite 16% | and sub-parallel to the cuttin
Chlorite 2% | orientation. The others show th¢ NW-side-down norma
42°19'45.4 Mica Plagioclase 5%| basal sections on the cuttif shear can be interpretg
06 026 "N tourmaline Quartz 35% | orientation. On.e tourmaline gr{i basgd on .C&‘ﬂ D QG5
71°41'33.8 phyllite K-feldspar 15%| shows an oblique basal sectiq fabric defined by the
"W Tourmaline 8% | Muscovite grains are ca. 0.3-1m| alignment of mica an

Fine-grained
white mica 1%
Titanite <1%

and biotite grains are genera
smaller (ca. 0.1-0.5mm), but c
1mm grains can still be seen. Biot
can be seen filling in the gg
between muscovite grains and {
cracks in tourmaline.  Sligh
retrogression is marked by chlori

and fine-grained white mica.

banded quartz.
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Table 3.1: continued.

Southern
Vaughn
Hill Fm.

Foliation is defined by layered mig
and banded epidote aggregat

Fine-grained | Feldspar grains are ca. 0.5-2m
white mica 20%| Biotite grains are ca. 0.5-1mm. Th S _
Biotite 506 | generally form mm-scale layers, a Foliation is defined by
42°20'27.6 Epidote Chlorite 206 | occasionally 1-2mm  aggregatd ml.ca Wlth preferreg
08 057 N feldspar | Feldspar 15% | Epidote aggregates grow parallel| Orentation and th{
71741098 -y lite Quartz 25% | the biotite layers. Fine-grained whi ePidote aggregates th
W Muscovite 5% | Mica can be seen wrapping aroy Parallel to the micg
Epidote 25% | feldspar grains, aligning parallel bands.
Titanite 3% | the biotite layers, scattering with
the feldspar grains and growing
aggregates.
Foliation is defined by the preferre
Biotite 15% | orientation of mica. Biotite, epidof
Epidote 15% | and chlorite can be seen filling
Feldspar 20% | the cracks and gaps in felds
42920278 Mica Fine-grained | porphyroclasts. A cm-scal _
"N feldspar white mlc_:a 10% plagioclase porphyroclast Wi Follathn is defined b)
15 057.3 71°41'05.0| epidote MUSCOYIte 5% | proken into several pieces, seve the allgnment of mica
" phyllite Chlorite 3% | epidote veins were broken aloj and epidote.

Quartz 23%
Limonite 5%
Titanite3%
Rutile 1%

with the plagioclase, and the crag
were filled by biotite and chlorite
One limonite grain that is more thg
5mm can be seen.
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Table 3.1: continued.

Biotite 15%
Muscovite 5%
Epidote 20%

Foliation is defined by mica band
and the epidote aggregates &
bands are parallel to them. Biot

Foliation is formed by
the preferred orientatio

42 %2 38.7 Mica Quartz 25% | grains are ca. 0.1-0.5mm. Feldsj OT miea and . thg
N . distribution of epidote
20 151 . epidote Feldspar 10% | porphyroclasts are wrapped arou
71°40'04.5 . : - . Mm-scale close fold
" phyllite Chlorite 5% | by biotite and epidote. Sms
W . . . . are also shown by th
Fine-grained | amount of chlorite grows in th .~ .~ . .
. : L . distribution of biotite
white mica 15%| gap of biotite grains or along th and eidote
Tadmuck Titanite 5% | boundary of biotite bands. P '
Brook Quartz 28%
Schist Epidote 20% | Foliation is defined by thy
Feldsparl0% | preferred orientation of mica ar
42°22'38.7 Epidote Fine-grained | the distribution of epidote grain| Foliation is defined by
21 151 "N rF:ﬂca white mica 15%| Epidote  grains also  forr the preferred orientatio
71°40'04.5 hvllite Biotite 7% aggregates. Biotite and muscov of mica and the
"W PRy Muscovite 10%| grains are ca. <0.3mm. T distribution of epidote.
Chlorite 2% | relationship between chlorite ar
Pyrite 3% mica is not clear.
Titanite 5%

Rock 42°23'08.5 Muscovite 25% NW-side-up reverse
Pongl 05 153 "N Quartz-rich| Quartz 65% | Mica and quartz differentiatio| shear can be interpretg
. 71°40'13.3| granitoid Feldspar 9% | defines NW-dipping foliation based on S-C fabric.

Granite W .
W Rutile 1%
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Table 3.1: continued.

Unknown
Dioritic
unit

Biotite 15%

Chlorite 10%

Epidote 5%
Plagioclase25%

It is fineto-medium-grained, unfoliateq
It displays a hypidiomorphic
allotriomorphic texture, because miner|
are all subhedral to anhedral (Figy
3.3B). Biotite, plagioclase and actinoli

42°22'03.5| Meta-diori | Actinolite 21% . .
" : . , maybe from the original rock. Epido
N te(intrudes| Fine-grained . No clear
09 106 o A . : can be found as coronas arounda min :
71°42'59.3| Boylston | white mica 10% . . : : deformation.
oy Phyllite) Quartz 10% replaced by fine-grained white mig
Muscovite 1% Fine-grained white mica aggregat
Titanite 1% coexist with chlorite and epidoti
Opaaue 1% Chlorite and epidote have a smo(
Rputi?e 1% contact, and they are both present in
gap and cracks in biotite grains.
Dioritic It is fine- to medium-grained. /
42°20'06.8 orohvrite Hornblende | porphyritic texture can be seen in part
12 030 "N p(infruiles 25% the thin section with 2-3mm larg No clear
71°43'57.6 Boviston Biotite 10% | plagioclase phenocrysts with hornblen deformation.
"W Sé/hist) Plagioclase 65% and biotite groundmass. Grains
randomly distributed with no foliation.
Hornblende L . . :
. It is fine- to medium-grained withot
°20"' 0
42 %O 06.8 F)lorlte . 2.5/0 obvious porphyritic texture. Grains &
N (intrudes Biotite 10% . : . No clear
13 030 o A . randomly distributed with no foliation. , .
71°43'57.6| Boylston | Plagioclase 609 ca. 1mm wide quartz vein cut through 1 deformation.
"W Schist) K-feldspar 2% '

Quartz 3%

thin section at the edge.
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thin sections. Two groups of sillimanite exist: one group of prismatic-shaped sillimanite
with 2-3mm length, and one of <0.1mm finely acicular fibrolite (Figure 3.4A, B). The
fibrolite is found filling the cracks of garnet in one thin section, but the prismatic
sillimanite is likely to form together with garnet (Figure 3.4A). Biotite fills in cracks in the
prismatic sillimanite. Thus garnet and prismatic sillimanite are likely to form in the same

metamorphic stage that predates biotite, muscovite and chlorite. Biotite is overprinted by

Imm » ol 2 IR 04mm
R e —

. e 3
Imm d LV & s 0.4mm

Figure 3.4. Thin sections of Boylston Schist. (A) Biotite overgrowing on garnet. Euhedral
sillimanite and garnet have smooth contacts, indicating they are one assemblage; (B)
Fibrolite and biotite filling in the cracks of garnet porphyroblast; (C) Muscovite and
chlorite with <0.1mm grain sizes overprint large biotite grains; (D) Strong retrogression
showed by sericitic alteration of white mica and chlorite.
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muscovite and chlorite, and is generally <0.5mm along the long axis (Figure 3.4C). Thus
three or more common mineral assemblages can be identified. The first one is prismatic
sillimanite + garnet, representing sillimanite-zone metamorphism. The second one is
fibrolite G biotite, also representing sillimanite-zone metamorphism. The last one is
chlorite + white mica G biotite, representing chlorite-zone or biotite-zone metamorphism
during retrogression (Figure 3.4D). Some myrmekite is present in one sample.

3.1.3 Sewall Hill Fm.

The Sewall Hill Fn. is mapped in the southern part of the RPS. Its contacts with the
Boylston Schist and southern Vaughn Hill Fm. are not observed. The northern part is
intruded by the RPG (Figure 3.1). Several bodies of RPG intrusion are distributed within
the formation. There are several great exposures. The best ones are at the intersection of 22
and 23 along 1-290 (Figure 3.1).

The formation is composed of fine-grained dm-scale to cm-scale thick layered biotite
guartzofeldspathic gneiss, mylonite, migmatite and amphibolite schist, occasionally marble.
The colors vary between dark grey, greenish grey and white. The typical mineral
composition is quartz, feldspar, muscovite, biotite and locally sillimanite and calcite. In the
field, the Sewall Hill fn. is similar to the Nashobant: in Nashoba terrane, which is also
composed of biotite and quartzofeldspathic gneiss, migmatite and amphibolite schist
(Bober, 1989).

There are 3 thin sections collected from the Sewall Hill Fm. Common minerals found
are muscovite, biotite, quartz, plagioclase and chlorite and white mica (Table 3.1). Sample
068 best represents the Sewall Hill Fm., as both sample 039 and 039.1 have pegmatite
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veins and get influenced by pegmatitic components. Sample 068 records an early mineral
assemblage of muscovite + biotite + plagioclase, and a late mineral assemblage of chlorite
+ white mica wrapping around and overprinting the earlier minerals (Table 3.1). Although
the quartzofeldspathic composition of the Sewall Hill Fm. makes it somewhat low in
metamorphic index minerals, migmatization and the presence of minor prismatic
sillimanite on the outcrop near the Shrewsbury High School (Figure 3.1) indicates a
high-grade metamorphic environment. Both sample 039 and 039.1 contain garnet
porphyroblasts that are filled by biotite and muscovite in the fractures (Figure 3.5A). The
garnet represents early garnet-zone metamorphism and the biotite and muscovite represent
late biotite-zone metamorphism during retrogression (Table 3.1; Figure 3.5A). It is
unknown whether chlorite and fine-grained white mica represent a different metamorphic
assemblage or not, because their relationship with biotite and muscovite is not clear.
However, chlorite and fine-grained white mica is observed to overprint plagioclase
porphyroclasts (Figure 3.5B). The chlorite is likely to have formed in equilibrium to the
tourmaline grains introduced by the pegmatite (Figure 3.5C). Muscovite and biotite
preferred orientations define the gneissosity.

3.1.4 Southern Vaughn Hill Fm.

The southern Vaughn Hillrk. is mapped as a NNE-SSW trending narrow belt along
the eastern boundary of the RPS (Figure 3.1). To the north it reaches the end of Allen Rd.,
and to the south it extends to 1-290 and is intruded by the RPG (Figure 3.1). To the north it
abuts the Reubens Hill Complex, and to the south it is next to the Sewall Hill Fm. However,
its contact with the Sewall Hill Fm. is not observed. To the west it is intruded by the RPG,
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Figure 3.5. Thin sections of Sewall Hill Fm. (A) Chlorite and biotite filling the cracks of
previously formed garnet grain; (B) Chlorite and fine-grained white mica overprinting
plagioclase porphyroclast; (C) Tourmaline and chlorite have a smooth equilibrium contact.
and to the west it is next to the Tadmuck Brook Schist in Nashoba Terrane (Figure 3.1).
Outcrops of the southern Vaughn HilinFand Tadmuck Brook Schist can be found next to
each other along both Rt.62 and 1-290. The best exposure of the southern Vaughn Hill Fm.
is to the north of Rattlesnake Hill by Rt-62 (Figure 3.1).

The southern Vaughn Hill Fm. is predominantly a weakly to moderately foliated,

fine-grained sandy phyllite and chlorite biotite schist interbedded with dm-thick quartzite.
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Foliations are mm-scale. The color is generally light grey to whitish grey, and some places
are Fe-stained. It is generally composed of quartz, feldspar, muscovite, biotite and chlorite.
The Tadmuck Brook Schist is better foliated and has a better-developed phyllitic luster than
the southern Vaughn Hill Fm., which is sandier. A good example can be found in outcrops
of Tadmuck Brook Schist and southern Vaughn Hill Fm. expose 500m away from each
other along 1-290. Local 1-3cm-sized tourmaline porphyroblasts can also be found in this
outcrop. From field observation, the biotite amount is usually <5%, or absent.

There are 4 thin sections from the southern Vaughn Hill Fm. Common minerals
include muscovite, biotite, epidote, chlorite and quartz. Mineral assemblages identified
include early epidote, which represents greenschist-facies metamorphism. This is
overprinted by a later mineral assemblage of biotdemuscovite, which represents
biotite-zone metamorphism (Table 3.1, figure 3.6B). This mineral assemblage is
overprinted by chlorite in sample 001, and the chlorite is sometimes associated with
fine-grained white mica (Figure 3.6A, C). Thus late chloriBewhite mica assemblage
exists and represents chlorite-zone metamorphism. Limonite is found in sample 057.3,
which can be altered from pyrite that was found in hand specimen (Figure 3.6D).

3.2 Structural analysis

The general structure in the RPS is characterized by a moderately to steeply
NW-dipping foliation that can be found in all four metasedimentary units and in part of the
RPG (Figure 3.7, 3.9). The RPS was divided into 4 structural domains (Figure 3.7).
Domain 1 (Figure 3.7) is defined by a folded foliation pattern. It is divided into 6
sub-domains, from open to close folds in the north (Domain 1A) to gentle to no folds in the
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0.2mm 4 f . 2 1mm

Figure 3.6. Thin sections of the southern Vaughn Hill Fm. (A) Chlorite overgrows biotite
and epidote, Biotite and epidote form along the same trend and defines foliation; (B)
Biotite crosscuts epidote; (C) Chlorite overprinting biotite; (D) Large limonite grain that
may be altered from pyrite.

south (Domain 1F). Domain 2 is a small area located along the southern boundary of the
RPG, and along the southern Vaughn Hill Fm. and Sewall Hill Fm. It was separated out
because the foliation orientation pattern shows a local fold not recognized elsewhere in the

RPS. Domain 3 and Domain 4 are two shear zone domains defined by shear sense, location

and structural orientations. Further details are described below.
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Figure 3.8. Interpreted cross section of the RPS$(- 6 KRZV \pihbing regional folds in the Boylston Phyllite, Boylston Schist and
southern Vaughn Hill Fm.; (B 6KRZV WKH ERXQGDU\ EHWZHHQ WKH 6HZAMOiQruddddPthgRP® @G VR XW
well as local shear zones within the Sewall Hill Fm.; & %HVW VKRZV WKH GLS DQJOH RI WKH IROLDWLRQ SO

of transects can be found in Figure 3.1.
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3.2.1 Folds

Field data show that the RPS is deformed by mm- to m- scale isoclinal folds,
overprinted by moderately NW-plunging, upright regional close to open folds. The isoclinal
folds occur throughout all four metasedimentary units (Figure 3.11A, B, 3.13 A). Their
hinge lines plunge from moderately to steeply to the W to moderately to shallowly to the
11( )LJIXUH $ 7KH LVRFOLQDO IROGV JHQHUDOO\ DUF
discontinuous limbs (Figure 3.11A).

Domain 1 is defined by fold patterns (Figure 3.7). It can be viewed as a single domain,
but is divided into subdomains to show the variation in foliation patterns variation from N
to S. The NE-striking boundaries between subdomains 1B-F were designed to be
perpendicular to the calculated NW-plunging fold axes. The locations of the subdomain
boundaries and the widths of the subdomains were picked somewhat arbitrarily to show the
variation in foliation pattern in Domain 1. Subdomain 1A is separated from the others by
the RPG.

Foliations throughout the domain are generally NW-dipping, but vary in each
sub-domain (Figure 3.7, 3.9). Foliations in Subdomain 1A can be divided into a moderately
W-dipping and a shallowly to steeply Ndiipping cluster (Figure 3.7, 3.9). Foliations
gradually change from showing a moderately NW plunging fold pattern in Subdomain 1B
to a shallowly to steeply NW-dipping cluster in Subdomain 1F that may represent
NW-plunging open folds (Figures 3.7, 3.9).

Fold hinge lines of m-scale, rounded, open to close upright NW-plunging folds are
consistent with the calculated fold axes orientations from foliation patterns (Figures 3.7,
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foliation pole foliation pole

Domain 1B [ Domain 1F

foliation pole - foliation pole

Domain 1C Interpreted

foliation pole fold axes
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" foliation pole

Figure 3.9. Sketch of structural trends in the Domain 1 series representing moderately NW-plungingofol&td-N foliations change from
concentrating in the hinge zone to scattering on both limbs. The interpreted fold axis is calculated franmttie rigenvector in Orient 3.0
(Vollmer, 2015).
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3.10 B, 3.11 C). Fold hinge lines in Domain 1 are generally moderately to steeply NW- to

N-plunging, at an average of 3421 {trend/plunge) (Figure 3.10B) as represented by the

./N“) Hinge lines of isoclinal
& folds

Hinge lines of m-scale

el
| open to close folds

[

Hinge lines of the par-
@ asitic folds

O Calculated average of
the fold hinge lines

180

Figure 3.10. Equal-area lower-hemisphere projection of the regional fold and isoclinal fold
hinge lines. (A) Fold hinge line orientations of the isoclinal folds from all four

metasedimentary units; (B) Fold hinge line orientations from Domain 1 of m-scale open to
close folds, including the ones of the parasitic folds, that may correspond to the orientation

of a regional fold.
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Figure 3.11. Field photographs (A) Cm-scale isoclinal folded quartz vein in the Sewall Hill
Fm., fold hinge line is 35835* (B) 10-cm-scale isoclinal folds in Boylston Schist, the
hinge line is 10425t (C) M-scale open fold in the Boylston Phyllite, the hinge line is
321925t (D) S-shape asymmetric folds in the southern Vaughn Hill Fm., fold hinge line is
300%55¢ (E) Z-shape asymmetric folds in the southern Vaughn Hill Fm., fold hinge line is
333¥50* (F) Local 10em-scale folds on the boundary of southern Vaughn Hill Fm.,
Sewall Hill Fm. and RPG, fold hinge line is OB&b *
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minimum eigenvector calculate in Orient 3.0 (Vollmer, 2015), whereas the regional fold

axis calculated from the foliation poles is 3&B {trend/plunge) (Figure 3.9). Additionally,

the dm-scale parasitic S- and Z- folds distribution in Domain 1A also suggests a regional
fold (Figure 3.10B, 3.11D, E). Domain 2 is defined by steeply NE-plunging local folds as

shown by the foliation distribution on the equal-area lower-hemisphere projection and in
the field (Figure 3.7, 3.11F).

3.2.2 Shear zones

Major shear zones are exposed in Domains 3 and 4, and are generally parallel to
sub-parallel to the regional moderately NW-dipping foliation. The two Domains are
described below.

The CNF in Domain 3 is defined by a 200-500m wide NNE- trending sheared area
along the western boundary of the RPS. It is best observed in an outcrop north of the Rt-70
and Rt-140 intersection (Figure 3.7). Foliations are shallowly to moderately W- to
WNW-dipping, with an average attitude of 2BB?* (dip direction/dip) (Figure 3.7).

Two types of shear are recorded along the CNF: sinistral shear and normal shear. In
the south, normal shear is predominant, while in the north, evidence for sinistral shear
exists, commonly overprinted by normal shear (Figure 3.1, 3.12, 3.13, 3.14). An outcrop by
the intersection of Diamond Hill Ave. and Rt-70 shows sinistral shear overprinted by
normal shear. Asymmetric folding can be seen down the dip direction of the foliation
surface, indicating sinistral shear (Figure 3.14). In the hinge area of the asymmetric folds
there exVW SRR/ XKDBRIG™ TXDUW] DQG IHOGVSDU YHLQ ZKLFK PD
material migration into the fold hinge areas during the deformation. Along the strike

53



Figure 3.12. Field photo of (A) M-scale S-C fabric indicating NW-side-down normal shear

along the east side of the CNF in the Sewall Hill Fm.; (B) Cm-scale S-C aAqICcDEULF
indicating NW-side-down normal shear along the CNF in the Oakdale Fm. (C) Cm-scale

C-&Y IDEULF L QGidd=downln@Qrhallshear along the CNF in the Tower Hill;Fm.

(D) Dm-scaleC& Y IDEULF LQGLFDWLQJ VLQLVWUDO VKHDU DORQJ
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GLUHFWLRQ WKH KLQJH OLQH RI WKLV IROG VKRZHG

asymmetrically folded again, indicating normal shear (Figure 3.14). S-C afddbrics

in the field (Figure 3.12A-D) and in thin section (Figure 3.13B, C) also indicate sinistral

shear and normal shear in this domain.

Figure 3.13. Microstructures: (A) Mm-scale close fold in sample 001 of unclear
significance; (B) S-C fabric in sample 007 indicating NW-side-down normal shear along
the CNF zone; (C)C& 1 IDEULF LQ VDPSO Hside-dovwn@arimal $héeapalodg
the CNF zone; (D) S-C fabric in sample 153 indicating NW-side-up reverse shear in local
shear zone.

Mineral lineations found in this domain can be divided up into two groups: one is

composed of biotite, sillimanite, quartz and feldspar lineations, indicating shear under

amphibolite facies. They generally plunge shallowly to moderately to the N-NNW (Figure
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3.15A). The other one is composed of chlorite and muscovite lineations, indicating shear
under greenschist facies. They generally plunge moderately to the NW and W (Figure
3.15A). From field relationships, the amphibolite-facies lineation group can be associated
with the sinistral shear event, and the greenschist-facies lineation group can be associated
with the normal shear event. No brittle movement is found along CNF; it represents more
of a shear zone than a fault.

This BHSZ (Domain 4) is defined by the shear zone along the eastern boundary of
the RPS. The Ball Hill fault, previously defined by Markwort (2007), is a 10-20m wide
sheared mylonite and ultramylonite area along the boundary of Tadmuck Brook Schist and
Nashoba Fm. The Rattlesnake Hill Fault, first identified by Skehan (1968) through a series
of intensely sheared sections in the western part of the Wachusett-Marlborough tunnel, was
mapped as the contact between southern Vaughn Hill Fm. and RPG (Goldsmith, 1991b;
Markwort, 2007) in the Shrewsbury quadrangle. In this study a series of moderately to
steeply NW-dipping minor shear zones was found between the Ball Hill fault and
Rattlesnake Hill fault. These scattered NW-dipping sheared areas that exist in between the
Rattlesnake Hill fault and Ball Hill fault have also been observed by Jerden (1997), who
reported the existence of dominant normal shear in the west of this area and that of
dominant sinistral shear in the east. The area is reinterpreted as a 1-2 km wide shear zone,
the BHSZ as opposed to two narrow faults. The BHSZ is observed along the northern part
of the eastern boundary of the RPS, corresponding to Domain 4. Foliations dip moderately
to the NW, with an average attitude of 3@8B?! (Figure 3.7). In the north foliations dip
steeper (58809 than in the south, near 1-290 (2803. While the shear zone is not

56



Figure 3.14. Sketch on field photo of asymmetric fold hinge line formed by sinistral shear re-foldegnbyetrigc fold formed by
NW-side-down normal shear.
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Figure 3.15. Mineral lineations and intersection lineations distributed along the (A) CNF,

and (B) BHSZ.

exposed along the southern part of the RPS, it is interpreted to continue along the entire

length of the RPS.
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Sinistral shear is interpreted frovMand Gporphyroclasts and & 9§ IDEULF LQ WKH IL
(Figure 3.16A). Normal shear is interpreted from&Cf IDEULF REVHUYHG ERWK LQ
in thin section (Figure 3.16 B, C, D). No overprinting relationship is observed between the
two shear events. The mineral lineations measured can be divided into two groups. One is
composed of biotite, hornblende, quartz and feldspar, indicating shear under amphibolite
facies, and generally plunges shallowly to moderately to the NNE-NW. The other one is
composed of chlorite and muscovite lineations, indicating shear under greenschist facies,

and generally plunges shallowly to moderately to the W-NW. As for the CNF, the

Figure 3.16. (A) Rotated sigmoidal clasts indicating sinistral shear along BHSZ in
Tadmuck Brook Schist; (B) S-C and &9 IDEULF L Q Gidd-ddWhLnQrdhall shear
along BHSZ in the Tadmuck Brook Schist; (C) S-C fabric in sample 026 indicating
NW-side-down normal shear along the BHSZ; (D) S-C fabric in sample 026 indicating
NW-side-down normal shear along the BHSZ.
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amphibolite-facies lineation group can be associated with the sinistral shear event, and the
greenschist-facies lineation group can be associated with the normal shear even€ The S-

and C-&T IDEULF LQGLFDWLQJ QR UMD GhaNoiliy DNE-pudgingDVVRFLD
intersection lineations (Figure 3.15B).

A number of local shear zones are scattered within the RPS, distributed throughout
the Sewall Hill Fm. and RPG (Figure 3.1, 3.8). They generally show normal shear, and
locally sinistral shear and reverse shear (Figure 3.13D).

3.3 U-Pb Zircon geochronology analysis

U-Pb LA-ICPMS detrital zircon geochronology analysis was carried out on all four
metasedimentary units of the RPS (the Boylston Phyllite, Boylston Schist, Sewall Hill Fm.
and southern Vaughn Hill Fm.) in order to determine their provenance and maximum
depositional ages. The results were compared to previous geochronology data from
adjacent terranes.

3.3.1 Boylston Phyllite

The Boylston Phyllite sample was taken from a 10m wide outcrop hidden in the
woods on Central St., to the north of First Congregational Church, Boylston, MA (lat/ long:
42°21'14.4"N 71°43'52.0"W) (Figure 3.17A). This outcrop was picked because it is
representative of the Boylston Phyllite. It is composed of grey to greenish grey,
slightly-to-moderately-weathered, massive to weakly foliated, fine-grained feldspathic

phyllite.
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Figure 3.17. Field photos of geochronology samples. (A) Sample location of Boylston
Phyllite (lat/ long: 42°21'14.4"N 71°43'52.0"W); (B) Sample location of Boylston Schist
(lat/ long: 42°21'05.5"N 71°43'07.5"W); (C) Sample location of Sewall Hill Fm. (lat/ long:
f 1 "1 f 1 " ' 6DPSOH ORFDWLRQ RI VRXWKHUQ ¢

f 1 71 o

There were 170 zircon grains imaged using CL, transmitted light and reflected light,
including 7 grains in the Large mount, 29 in the Medium mount and 134 in the Small
PRXQW 7DEOH =LUFRQ VL]JHV YDU\ IURP P WR P D
mostly betwee) P DQG P 7KH JUDLQV DUH VPDOOHU WKDQ
and Sewall Hill Fn., but distinctly larger than the ones in Boylston Schist. The zircon
morphologies of BOO1 do not vary much within the sample (Figure 3.18). More than 75%
of the grains are rounded and abraded, among which more than 80% have aspect ratio <2:1

(Figure 3.18). Other grains are indented, broken or fragments. Under transmitted light,
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grains are clear, cloudy, cloudy brown or rusty. About 30% of the grains possess cracks
parallel or subparallel to their short axis (Figure 3.18). Under CL less than 10% of the
zircon grains have a visible dark to light metamorphic overgrowth, and they are usually
WKLQQHU WKDQ P ORUH WKDQ RI WKH JUDLQV PDLQ\

zoning in the internal structure.

Figure 3.18. Representative zircon images of samples B0O01 (Boylston Phyllite) and B0O02
(Boylston Schist).
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Of the 132 grains analyzed using LA-ICPMS, 77 yielded data <10% discordant. The
data are presented in Appendix A-1. All zircon analyses discussed in the text below are <10%
discordant unless noted otherwise (Figure 3.19).

A cluster of 19 analyses is ca. 650-500 Ma with a narrow peak at ca. 536 Ma (Figure
3.20). Ages of 40 analyses spread between ca. 900 and 1600 Ma, with a peak at ca. 1238
Ma. A third dominant cluster of 16 analyses occurs between ca. 1700 and 2200 Ma. Three
analyses are between ca. 2550 and 2850 Ma.

For one grain both core and rim were analyzed. The core yieltfa#**U age of
618 + 8 Ma and the rim one of 589 + 6 Ma. Both analyses were >10% discordant and not

used for further interpretation.

Figure 3.19. Concordia diagram for detrital zircon analyses from sample BOO1 (Boylston
Phyllite). Analyses with discordance >10% are marked grey.
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Figure 3.20. Probability density diagram for sample BO01 (Boylston Phyllite). Bin width is
100 Ma. Data are <10% discordant.

The weighted average 8fPbf*®U ages of the youngest age cluster defined by 8
DQERDO\WHY RYHUODSSLQJ DW WKH 1 OHYHO LV ¢ 0D
to be the youngest detrital zircon population (Figure 3.21). The single youngest zircon is
476 £+ 20 Ma.

3.3.2 Boylston Schist:

The Boylston Schist sample was also taken on Central St. to the south of Mondi
Enterprises, Boylston, MA (lat/ long: 42°21'05.5"N 71°43'07.5"W) (Figure 3.17B). It is
along the road, tens of meters wide and well-exposed. This outcrop was picked because it is
representative of the Boylston Schist. Rock here is composed of greenish grey, dark grey to
reddish grey, slightlye-moderately-weathered, moderately foliated, fine- to

medium-grained garnet and sillimanite schist.
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Figure 3.21. Concordia diagram (A) and weighted averagé&”®bf*®U ages for the
\RXQJHVW FOXVWHU RI DQDO\VHVY RYHUODSSLQJ DW WKH 1
Phyllite.
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There were 141 zircon grains in BO02 that were imaged by CL, transmitted light and
reflected light. Only one grain is in the Small mount and all other 140 are in the Super
Small mount. The latter only contains grains from the Boylston Schist (Table 2.1).

=LUFRQ VL]HV YDU\ IURIéhg thé’lohg Rxis. TH& grains are smaller
than those in the other three samples (Figure 3.18). Under transmitted light shapes of the
zircon are mainly rounded to sub-rounded, about 10% are faceted and 5% are fragments or
broken pieces (Figure 3.18). They are clear to rusty (Figure 3.18). Under CL, 38&b of
JUDLQV KDYH D YLVLEOH GDUN WR OLJKW P WKLFN PHYV
More than half of the grains show concentric or other types of zoning in the internal
structure (Figure 3.18).

Of the 120 grains analyzed using LA-ICPMS, 43 yielded data <10% discordant
(Figure 3.22). The complete data set is presented in Appendix A-2. No overgrowths were
dated.

The most dominant cluster of 14 analyses occurs at ca. 700-500 Ma with peaks at
530 Ma and 616 Ma. Other clusters are distributed from ca. 900 Ma to ca. 1600 Ma with
decreasing size. They have several peaks at 990 Ma, 1080 Ma, 1220 Ma and 1490 Ma. Four
analyses are between 1800 Ma and 1900 Ma and two analyses are between 2100 and 2500
Ma (Figure 3.23).

One zircon shows an unrealistic young age of 358.7 Ma. It has a Th/U ratio of 0.28,
which does not indicate metamorphic zircon. Under CL it does not show good zoning
(Figure 3.24). However, based on the fact that the Boylston Schist is intruded by ca. 395
Ma RPG, this maybe a result of Pb-loss. Thus it is not used as the youngest zircon age.
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Figure 3.22. Concordia diagram for detrital zircon analyses from sample B002 (Boylston
Schist). Analyses with discordance >10% are marked grey.

Figure 3.23. Probability density diagram of BO02 (Boylston Schist). Bin width is 100 Ma.
Data are <10% discordant.
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Figure 3.24. CL image of the ca. 358.7 Ma zircon grain.

The weighted average 6fPb/*®U ages of the youngest age cluster defined by 4
analysesRYHUODSSLQJ DW wiKa3 Ma (I@DHI®6), Which is considered
to be the youngest detrital zircon population (Figure 3.25). The single youngest zircon is
493 + 14 Ma.

3.3.3 Sewall Hill Fm.

The Sewall Hill Ffn. sample was taken at the intersection to the south of Shrewsbury
+LJK 6FKRRO 6KUHZVEXU\ 0% ODW ORQJ f 1 "1
This outcrop is along Cypress Ave., hundreds of meters long and very-well-exposed. It was
picked because it is representative of Sewall Hill Fm. It is composed of grey, dark grey to

white, fine-grained interlayered quartzofeldspathic gneiss, mylonite and migmatite.
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Figure 3.25. Concordia diagram (A) and weighted averagé”®®bf*®U ages for the
youngest cluster of analyses overlappingdK H 1 Q téryshndple B002, the Boylston
Schist.
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There were 231 zircon grains imaged using CL, transmitted light and reflected light,
including 23 grains in the Large mount, 153 in the Medium mount and 47 in the Small
mount (Table 2.1). Zircon size§ DU\ IURP P WR P DORQJ WKH ORQ
EHWZHHQ P WR P =LUFRQ PRUSKRORJLHV DUH VKF

transmitted light they are clear, cloudy to rusty (Figure 3.26). In total, about 80% of the

Figure 3.26. Representative zircon images of sample S (Sewall Hill Fm.) and V (southern
Vaughn Hill Fm.).
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grains are rounded, 10% are faceted and the rest are cracked, or are broken pigees (Fi

3.26). Over 80% of the grains have aspect ratio <2:1 (Figure 3.26). About half aredabrade
(Figure 3.26). Under CL, over 80% show different kinds of zoning, including concentric
zoning, sector zoning and more (Figure 3.26). Over half of the grains contain dark to light
metamorphic overgrowth, mostly thipHU WKD Q P )LJXUH 21 WKH
analyzed using LA-ICPMS, 87 yielded data <10% discordant (Figure 3.27). Data are

shown in Appendix A-3.

Figure 3.27. Concordia diagram for detrital zircon analyses from sample S (Sewall Hill
Fm.). Grains with discordance >10% are marked grey.

A cluster of 30 analyses is ca. 650-500 Ma with peaks at ca. 525 Ma and ca. 608
Ma. Three other minor clusters occur between ca. 950 and 1250 Ma, ca. 1400 and 1600 Ma
and ca. 1750 and 2100 Ma, with peaks at ca. 1170 Ma, 1475 Ma and 1860 Ma. Three
analyses are between ca. 2000 and 2550 Ma and two analyses between ca. 3200 and 3300

Ma (Figure 3.28).
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Figure 3.28. Probability density diagram for sample S (Sewall Hill Fm.). Bin width is 100
Ma. Data are <10% discordant.

For four grains (MS-6, MS-30, MS-32, MS-39), both core and rim were analyzed.
Both MS-30 and MS-32 yielded >10% discordant analyses for both rim and core. MS-6
yielded a core age of 618 + 19 Ma and a 11% discordant rim age of 388.4 + 315139,
yielded a 17% discordant core age of 550 £ 16 Ma and a rim age 382 + 12 Ma. The rim
ages, while one is >10% discordant, are consistent with each other, thus these two will be
used in further interpretation.

The weighted average 6fPb/*®U ages of the youngest age cluster defined by 7
DQDO\WHV RYHUODSSL Q7+DWMa/(KBWI=0DR) YnHhich is \onsidered
to be the youngest detrital zircon population (Figure 3.29). The single youngest zircon is

468 + 7 Ma.
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Figure 3.29. Concordia diagram (A) and weighted averagé®®®b/*®U ages for the
\RXQJHVW FOXVWHU RI DQDO\VH\YorRantpled 8 S&GILKIIFD.W WKH 1
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3.3.4 Southern Vaughn Hill Fm.

The southern Vaughn Hill . sample was taken by Yvette Kuiper and Kaleb
McMaster in the summer of 2014. Sample location is on a small outcrop to the west of the
intersection of Lincoln Rd. and Rt- %HUOLQ 0$ ODW ORQJ f 1 "1
(Figure 3.17D). This outcrop was picked because of its representativeness of southern
Vaughn Hill Fm. It is composed of light grey to grey, moderately foliated, fine-grained
sandy phyllite interlayered with cm-scale quartzite layer.

Total number of zircon grains imaged using CL, transmitted light and reflected light
is 137, including 16 large mount grains, 113 Medium mount grains and 8 Small mount
JuDLQV T7DEOH =LUFRQ VL]HV YDU\ IURP P WR P
EHWZHHQ P WR P 8QGHU WUDQVPLWWHG OLJKW WKH
brown, and a few are clear (Figure 3.26). The shapes are rounded and sub-rounded for 90%
of the group, of which more than 90% have aspect ratios <2:1 (Figure 3.26). Grains are
predominantly abraded (Figure 3.26). Broken pieces form slightly more than 10% of the
grains (Figure 3.26). Under CL about 20% of the grains have visible dark to light
PHWDPRUSKLF RYHUJURZWK WKHLU PD[LPXP ZLGWKYV YDU\
3.26). More than half of the grains show concentric or other types of zoning in the internal
structure (Figure 3.26).

Of the 112 grains analyzed using LA-ICPMS, 89 yielded <10% discordant data
(Figure 3.30). The complete data set is presented in Appendix A-4.

A cluster of 43 analyses occurs at ca. 1350-900 Ma with two peaks at ca. 1120 Ma
and 1250 Ma. Another cluster of 35 analyses occurs at 1825-1400 Ma with the peak at ca.
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Figure 3.30. Concordia diagram for detrital zircon analyses from sample V (southern
Vaughn Hill Fn.). Grains with discordance >10% are marked grey.

1680 Ma. Four analyses are between ca. 3000 Ma and 2500 Ma (Figure 3.31).

For two grains both core and rim were analyzed. Grain MV-70 yielded 1749 + 140
Ma for the core and 1081 + 32 Ma for the rim. Both analyses are within 10% discordance.

Grain SV-6 yielded 920 + 100 Ma for the core and 469 = 8 Ma for the rim. However, both
analyses were >10% discordant.

The weighted average 8fPbf*®U ages of the youngest age cluster defined by 2
DQEQDO\WHYVY RYHUODSSLQJ DW WKH 1 OHYHO LV . 0D 06
to be the youngest detrital zircon population (Figure 3.32). This measurement uses only
two grains to define a cluster, but is more statistically robust than just using a single

youngest grain age or the youngest graphical age peak (Dickinson and Gehrels, 2009).
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Figure 3.31. Probability density diagram of V (Vaughn Hihr Bin width is 100 Ma.
Data are <10% discordant.

3.3.5 The RPG

The RPG sample was taken by Chris Hepburn at a 100m-scale long outcrop along
Maple Way, Boylston, MA (lat/ long: 42°21'12.2"N 71°41'55.5"W). Zircon images were
not taken of this sample. A total of 8 grains were analyzed using U-Pb CA-TIMS in order
to provide a youngest age constraint on the four metasedimentary units that were intruded
by RPG. Concordia diagram is shown in Figure 3.33. The crystallization age is defined by
the weighted average 61Pb?®U ages of 395.67 + 0.16 Ma of the three youngest grains
that are <2.5% discordant (Figure 3.34). Zircon grains older than this are considered

inherited zircon (Figure 3.33). The data are present in Appendix B-1.
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Figure 3.32. Concordia diagram (A) and weighted averagé®®bF*®U ages for tk
\RXQJHVW FOXVWHU RI DQDO\VH VioRsdaHdleQ/Ol®eS/a@hin BIW WKH 1
Fm.
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Figure 3.33. Concordia diagram for zircon analyses from sample RPG.
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Figure 3.34. Concordia diagram (A) and weighted averagé®®®b/*®U ages for the
youngest cluster of analyses overlappinggtt 1 OHYHO % IRU 6DPSOH 53*
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CHAPTER 4
DISCUSSION

4.1 U-Pb geochronology analysis

The detrital zircon populations of the four metasedimentary units are compared below
to published geochronology data from the NT, MB, Avalon terrane, Ganderia and
Laurentian margin, in order to unravel their provenance and tectonic setting during
deposition.
4.1.1 Constraints on ages of deposition

The youngest age populations of samples B001, BO02 and S are 537.8 + 7.4 Ma, 530.4
+ 6.3 Ma and 519.8 £ 9.5 Ma (see Section 4.3). Sample B001 has a 476 + 20 Ma single
youngest zircon, BO02 has a 493 + 14 Ma single youngest zircon and S has two youngest
zircon grains, which are 468 + 7 Ma and 491 + 7 Ma (see Section 3.3). The youngest age
population of V is 478 + 23 Ma (Section 3.3). Given that each sample consistently has one or
two ca. 493-468 Ma zircon grains, the youngest zircon age population for all samples
together may be interpreted as 486 + 7 Ma, in the weighted averd§ewt®U ages of all
youngest grains in all these four units (Figure 4.1). The youngest age population of the
northern Vaughn Hill Fm. is 463 + 28 Ma (Charnock, 2015), and for the Tower Hill Fm. it is
interpreted as 513 + 15 Ma, but it has one 463 + 9 Ma grain (Figure 4.2) (Sorota, 2013). The
youngest zircon populations in metasedimentary units of the Nashoba terrane are ca. 500-460
Ma, except for the ca. 540-501 Ma Marlbonm.KLoan, 2011; Walsh et al., 2011). Based on
the consistency of the ca. 500-460 Ma maximum depositional ages (single youngest zircon
for BOO1, B002, S and Tower Hill Fm.) in these adjacent units, it is likely that they were all
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deposited at ca. 486 Ma (Figure 4.2). The minimum depositional age is constrained by the ca.
395 Ma RPG (this study), which intrudes the metasedimentary units, and probably by the ca.
425 Ma onset of the Acadian orogeny as recognized in the NT, which also affected the RPS

(Stroud et al., 2009; Hepburn et al., 2014).

Figure 4.1. Weighted average 8fPb/*®U ages for the youngest zircon grains in the
Boylston Phyllite, Boylston Schist, Sewall Hill Fm. and southern Vaughn Hill Fm. The CL
image of each zircon grain is shown. The 468 + 7 Ma youngest grain from Sewall Hill Fm.
is precluded from the weighted average determination because its <0.1 Th/U ratio and its
large overgrowth suggest that part of the overgrowth may have been included in the
analysis.

4.1.2 A comparison between the Boylston Phyllite, Boylston Schist and Sewall Hill Fm.
Detrital zircon signatures from the Boylston Phyllite (BO01), Boylston Schist (B002)

and Sewall Hill Fm. (S) are similar (Figure 4.3). All three units contain a youngest single ca.
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Figure 4.2 Weighted average 81Pb/*®U ages for the youngest zircon grains in the
Boylston Phyllite, Boylston Schist, Sewall Hill Fm., southern Vaughn Hill Fm., northern
Vaughn Hill Fm. and Tower Hill Fm. One grain from the Sewall Hill Fm. is excluded from

the calculation (see Figure 4.1). Number at the top of each column represents Th/U ratio.
490-460 Ma grain and a ca. 515-495 Ma age gap. Each has a major ca. 650-520 Ma age
population with ca. 530 Ma and 630-610 Ma peaks and a minor ca. 700-650 Ma population.
All contain a major ca. 1300-900 Ma population with a ca. 1250 Ma peak, and minor ca.
1600-1350 Ma and ca. 2200-1700 Ma populations. Zircon between ca. 3500 Ma and ca. 2500
Ma is rare. Only three grains are present in BOO1 and S, and none in BO02.

Differences between the three units mainly exist in the Mesoproterozoic population. A

minor peak at ca. 1000 Ma exists for both BO0O2 and S, but not for BOO1. The relative
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probability of the population increases gradually from ca. 1238 Ma to a ca. 1000 Ma peak for
B001, while several peaks occur for BO0O2 and S in this age range. However, in general, the
detrital zircon populations are similar for the three units, suggesting that they were deposited
around the same time and have similar sources. They are therefore discussed together below,
DQG QDPHG WKH pODLQ 536 8QLWVY

4.1.3 A comparison between the main RPS Units, northern Vaughn Hill Fm., and
Tower Hill Fm.

The provenance of the northern Vaughn Hill Fm. is interpreted as a combination of
Ganderian arcs, eastern Laurentia and Ganderia, which may have been recycled from the NT
or Ganderia, and Laurentian margin arcs (Charnock, 2015). Even though its detrital zircon
suite does not resemble other MB or NT units, it highly resembles that of the Tower Hill Fm.
(Figure 4.4) (Charnock, 2015). Both the Tower Hill Fm. and northern Vaughn Hill Fm. lie at
the base of th#B, and they may share one zircon source (Zen et al., 1983; Robinson and
Goldsmith, 1991; Charnock, 2015). The detrital zircon signature of the main RPS units is
similar to that of the northern Vaughn Hill Fm. and Tower Hill Fm. (Figure 4.4).

All units have a small ca. 500-450 Ma population with a ca. 470 Ma peak. A major ca.
750-500 Ma population shows two peaks. The first peak is ca. 530 Ma for the main RPS units
and Tower Hill Fm., and ca. 560 Ma for the northern Vaughn Hill Fm. The second peak is at
ca. 609 Ma for the main RPS units, ca. 630 Ma for the Tower Hill Fm. and ca. 645 Ma for the
northern Vaughn Hill Fm. They also share a ca. 1500-800 Ma population with various peaks.
Differences exist in the ca. 800-700 Ma range, where the main RPS units do not have many
grains, but the northern Vaughn Hill Fm. and Tower Hill Fm. have a small population. The

main RPS units and northern Vaughn Hill Fm. also have a ca. 2200-1700 Ma population,
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while the Tower Hill Fm. only has several grains in that age range. Despite these differences,

the similarities between these units indicate that they probably had similar zircon sources.

Figure 4.3. A comparison between the detrital zircon signatures from the Boylston Phyllite
(B0OO1), Boylston Schist (B002) and Sewall Hill Fm. (S).

4.1.4 A comparison between the northern and southern Vaughn Hill Fm.

Both the northern and southern Vaughn Hill Fm. have a small ca. 500-450 Ma peak,
and a population that is sparsely distributed between ca. 3000 Ma and ca.2500 Ma
(Charnock, 2015). Differences between the two units are as follows. The northern Vaughn

Hill Fm. has a dominant ca. 745-525 Ma population with peaks at ca. 645 Ma and 560 Ma
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Figure 4.4 Age of primary zircon sources for 1. The eastern Laurentian craton (Cdawood e
al.,, 2001) and the Amazonian craton (Sadowski and Betencourt, 1996; Tassinari and
Macambria, 1999; Santos et al., 2000); 2. Early and late Ganderia arc volcanism (Fyffe et
al., 2009); 3. Shelburne Falls and Bronson Hill arc (Karabinos et al., 2015; Valley et al.,
2015) and MB, NT intruding plutons. Detrital zircon population density figures are from: 4,
5, 6, 7: Boylston Phyllite, Boylston Schist, Sewall Hill Fm. and southern Vaughn Hill Fm.
(this study); 8: Northern Vaughn Hill Fm. (Charnock, 2015); 9: Tower Hill Fm. (Sorota,
2013); 10: Merrimack Belt (Wintsch et al., 2007; Sorota, 2013); 11: Nashoba Terrane (Loan,
2011); 12: composite Laurentian margin (Cawood and Nemchin, 2001; Pollock et al., 2007);
13: Ganderia (Barr et al., 2003; Fyffe et al., 2009; Pollock et al., 2007); 14: Avalonian (Barr
et al.,, 2003, 2012; Murphy et al., 2004; Pollock et al., 2009; Satkoski et al., 2010)
(modified from Charnock, 2015).

85



86



(Charnock, 2015), while the southern one has only one 588 + 13 Ma zircon in this age range.
The southern Vaughn Hill Fm. has a dominant (89% of the sample) ca. 1800-900 Ma

population with ca. 1682 Ma and ca. 1117 Ma peaks, while the northern unit does not have
many zircon grains in this age range and no ca. 1750-1500 Ma zircon (Charnock, 2015). The
southern unit did not yield any ca. 2500-1900 Ma zircon grains, while the northern one does
(Charnock, 2015). The differences between the two units indicate that they did not have

similar sources.

4.1.5 Provenance of the main RPS units: Boylston Phyllite, Boylston Schist and Sewall
Hill Fm.

The small ca. 490-460 Ma population is consistent with the one in the southern
Vaughn Hill Fm. It can be linked with both peri-Laurentian and peri-Ganderian armsyste
(Winstch et al.,, 2007). Rocks of this age range can be found within peri-Laurentian and
peri-Gondwanan arc systems in the northern Appalachians (Wintsch et al., 2007). In
Newfoundland, Ganderian margin arc rocks, specifically those from the 475-455 Ma
Popelogan-Victorian arc and Exploits backarc basin, are within this age range (Figure 4.5)
(McNicoll et al., 2003; Valverde-Vaquero et al., 2006). In southern New England, rocks
within this age range include the ca. 475-470 Ma Shelburne Falls arc (Sevigny and Hanson,
1993; Ratcliffe et al., 1997; Karabinos et al., 1998, 2015; Moench and Aleinikoff, 2003) and
the ca. 475-440 Ma Bronson Hill arc (Tucker and Robinson, 1990; Aleinikoff et al., 2002;
Moench and Aleinikoff, 2003; Valley et al., 2015). Furthermore, a ca. 525-450 Ma arc
population with a ca. 475 Ma peak exists in metasedimentary rocks derived from the
Laurentian margin (Cawood and Nemchin, 2001; Pollock et al., 2007). A ca. 460 Ma

population in the MB units (Sorota, 2013) should not be counted as a potential input source
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because the ca. 430-410 Ma maximum depositional age (these units do not include the
northern Vaughn Hill Fm. and Tower Hill Fm.) is younger than that of the main RPS units.
Another possible zircon source is a ca. 475-426 Ma population from the Falmouth-Brunswick
and Casco Bay Groups (Figure 4.5) (Hussey et al., 2010), but that only partially overlaps with
the ca. 490-460 Ma age range in this study. Thus, the Shelburne Falls and Bronson Hill arcs

or Laurentian margin are as the most likely sources for the Early Ordovician detrital zircon.

Figure 4.5. Possible geological units related to the RPS in the northern Appalachians, as
referred to in the text. Modified after van Staal et al. (1998), Fyffe et al. (2009), Hibbard et
al. (2010) and Hussey et al. (2010).

The ca. 745-525 Ma population with ca. 530 Ma and ca. 630-610 Ma peaks is highly
consistent with that of Ganderia. Each of them represents a different period of arc magmatism
on the Ganderia crust (Fyffe et al., 2009; van Staal, 2011). The ca. 630-610 Ma age

population is only preserved in part of Ganderia (Fyffe et al., 2009, van Staal, 2011). In

southeastern New England, the NT only preserves the ca. 540 Ma zircon signature (Loan,
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2011). The Avalon terrane does also preserve the ca. 630-610 Ma zircon signature (Pollock et
al., 2009; Satkoski et al., 2010). In New Brunswick and Maine, the ca. 630-610 Ma signature
is also partly shown in some of the metasedimentary units, such as the Ganderian Grand
Manan Island and New River belts (Figure 4.5) (Fyffe et al., 2009). A clear gap between the
two age peaks has been documented in New Brunswick and Maine, which is also shown to
exist in the main RPS units analyzed in this study (Fyffe et al., 2009). The Laurentiam marg
lacks both peaks (Cawood and Nemchin, 2001; Pollock et al., 2007). Thus, the ca. 745-525
Ma population is most likely to be sourced from Ganderia, directly or recycled. The ca. 540
Ma population has the same source as the NT (Loan, 2011), and the ca. 630 Ma population
most likely has a similar or the same source as the Grand Manan Island and New River belt in
New Brunswick (Fyffe et al., 2009). Alternatively, the ca. 745-525 Ma population may have
been derived from the Avalon terrane (Murphy et al., 2004; Pollock et al., 2009; Satkoski et
al., 2010), which is less likely, because the NT located between the Avalon terrane and the
RPS would possibly have provided much more ca. 540 Ma zircon to the main RPS units than
are present.

Zircon older than 900 Ma may have been derived from either the Amazonian part of
Gondwana, from which the Ganderian microcontinent rifted at ca. 500 Ma (Fyffe et al., 2009;
van Staal et al.,, 2009), or from Laurentia. The two sources are described below before
interpretations for the sources of the >900 Ma zircon are made. Major orogenies in the
Amazonian craton include multiple Archean orogenies between ca. 3200 Ma and ca. 2600
Ma, and the ca. 2200-1900 Ma Trans-Amazonian , ca. 1750-1500 Ma Jurena/Rio Negro, ca.
1550-1250 Ma Rondonian/San Ignacio and ca. 1100-900 Ma Sunsas/Aguapei orogenies
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(Chew et al., 2007; Pollock et al., 2007). No magmatic activity occurred at ca. 1700-1600 Ma
(Pollock et al., 2007). Well-established events in the Grenville Province of Laurentia include:
the ca. 1980-1790 Ma Trans-Hudson, Ungava, New Quebec and Torngat orogenies (Hoffman,
1989; Rivers, 1997), the ca. 1670-1610 Ma Labradorian Orogenic cycle, ca. 1510-1420 Ma
Pinwarian Orogeny, ca. 1290-1190 Ma Elzevirian Orogenic cycle, ca. 1190-1140 Ma
Shawinigan pulse, ca. 1080-1020 Ma Ottawan pulse, ca. 1000-980 Ma Rigolet pulse (Rivers,
1997; Winstch et al., 2007). The ca. 1600-1520 Ma orogenic and magmatic population cannot
be found in Laurentia (Pollock et al., 2007).

The ca. 1300-900 Ma population can be linked with both the Laurentian and the
Amazonian cratons. The ca. 1000 Ma peak in BO02 and S, the ca. 1080 Ma peak in BO02 and
the ca. 1250 Ma peak in BOO1 and S can be linked with the Rigolet pulse, Ottawan pulse and
Elzevirian orogenic cycle, respectively, in the Grenville Province, or with the the
Sunsas/Aguapei and Rondonian/San Ignacio orogenies in the Amazonian craton (Pollock et
al., 2007; Winstch et al., 2007). The minor ca. 1400-1300 Ma population is consistent with
the sparsity of zircon within that age in the northern Grenville province (Walsh et al., 2004).
The ca. 1600-1450 Ma population can be linked with the Pinwarian orogeny in the Grenville
Province and Jurena/Rio Negro orogeny in the Amazonian craton, but each of these orogenies
can only explain part of the population (Walsh et al., 2004; Pollock et al., 2007; Winstch et
al., 2007). Perhaps it is more likely to be a combination of both sources. The minor ca.
1750-1600 Ma population matches with the lack of magmatic activity along the Amazonia
margin during ca. 1700-1600 Ma (Pollock et al., 2007). The ca. 2200-1700 Ma population
can be linked with Laurentia, the NT and Ganderia. Possible source for the ca. 2200-1700 Ma
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population include the nearby ca. 1960-1926 Ma Mistassini and Otish Groups (Chown, 1984,
Rivers, 1997) and ca. 2100-1800 Ma Kaniapiskau Supergroup (Wardle and Bailey, 1981;
Rivers, 1997). Both BOO1 and S lack zircon that is older than ca. 2200 Ma within this
population, which is consistent with a Ganderian source (Barr et al.,, 2003; Pollock et al.,
2007; Fyffe et al., 2009).

The zircon population between ca. 3500 Ma and ca.2500 Ma in BOO1 and S can be
related to Laurentia, Ganderia or the NT (Figure 4.4) (Cawood and Nemchin, 2001; Barr et
al., 2003; Pollock et al., 2007; Fyffe et al., 2009; Loan, 2011).

In summary, the detrital zircon signatures in BO01, BO02 and S can be explained by
combinations of primary input from the Laurentian margin, peri-Laurentian arcs, Ganderian
(Amazonian) and peri-Ganderian arcs. The Ganderian detrital zircon may be recycled from
the NT metasedimentary units. However, this is unlikely as these units may have the same
age as the main RPS units
4.1.6 Provenance of the southern Vaughn Hill Fm.

The ca. 476 Ma zircon population may have been sourced from the composite
Laurentian margin or the ca. 475-440 Ma Shelburne Falls and Bronson Hill arcs. The NT
only has a minor zircon population in this range (Loan, 2011), and is unlikely to be a source
for the ca. 476 Ma zircon.

The ca. 1825-900 Ma population might correspond to the Ganderian province
(Amazonia), the NT, or from the Grenville province. The ca. 1117 Ma peak and the ca.
1350-950 Ma population correspond to the youngest four orogenies of the Grenville province,
especially the ca. 1190-1140 Ma Shawinigan pulse, while the ca. 1680 Ma peak corresponds
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to the ca. 1670-1610 Ma Labradorian orogenic cycle (Winstch et al., 2007). Two minor peaks
at ca. 1288 Ma and ca. 1515 Ma correspond with to the ca. 1290-1190 Ma Elzevirian
orogenic cycle at and the ca. 1510-1420 Ma Pinwarian orogeny, respectively (Winstch et al.,
2007). The ca. 1400-1300 Ma population is minor in the southern Vaughn Hill Fm, consistent
with the northern Grenville province (Winstch et al., 2007). The ca. 1118 Ma peak and the ca.
1680 Ma peak cannot be linked with any major zircon input from the Amazonian craton (see
above). Thus, Laurentia is a much more likely source for zircon of the southern Vaughn Hill
Fm, than Ganderia and the NT. The oldest zircon grains are four Archean grains with three ca.
2600-2550 Ma ones and a ca. 2821 Ma grain, all of which can be related to Laurentia or
Ganderia.

The MB that was interpreted to be lying on the top of southern Vaughn Hill Fm. (Bell
and Alvord, 1976; Peck, 1976) has a dual input of zircon from Ganderia and Laurentia
(Sorota, 2013). The Tadmuck Brook Schist in the NT that was interpreted to be gradational
with the Vaughn Hill Fm. shows a Ganderian affinity (Loan, 2011). If the southern Vaughn
Hill Fm. received zircon inputs from any of these two units, it would contain recycled zircon
from Ganderia. Thus the southern Vaughn Hill Fm. is not likely to have taken zircon inputs
from either MB or NT, and was probably entirely sourced from Laurentia.

4.2 Correlation of the RPS with the adjacent terranes based on structural and
lithological analysis

The RPS underwent two major folding events, and two shearing events along both of
its boundaries (CNF and BHSZ). The relationship between these structures and those in

adjacent tectonic domains are discussed below.
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4.2.1 Folding events in the RPS

Cm to dm-scale shallowly to moderately NNE- to W-plunging isoclinal folds and
transposition foliation are pervasive in the RPS, except for in the RPG. Isoclinal folds and
associated transposition foliations are also common in the NT and eastern MB (Robinson,
1978, 1981; Goldstein, 1994; Jerden, 1997; Walsh and Clark, 1999; Kopera, 2006; Markwort,
2007; Walsh et al., 2013a; Kopera and Walsh, 2014; Kuiper et al., 2014). Isoclinal folds in
the eastern MB are probably ca. 415-370 Ma (Attenoukon, 2009; Charnock, 2015). Isoclinal
folds in the NT are ca. 420-380 Ma, based on U-Pb zircon Sensitive High Resolution lon
Microprobe (SHRIMP) analysis of folded and crosscutting felsic dikes (Buchanan, personal
communication, 2017). Isoclinal folds in the RPS are probably also ca. 420-380 Ma, and a
result of the Acadian orogeny.

The transposition foliation and isoclinal folds in the RPS are refolded by the shallowly
to moderately NW-plunging regional folds. The NW-plunging folds vary from gentle in the
south to close in the north, suggesting increased SW-directed shortening in the north. In the
Wachusett-Marlboro tunnel, Skehan and Abu-Moustafa (1976) reported 10 m-scale
NW-side-up asymmetrically folded bedding, but no NW-plunging folds. However, the tunnel
strikes WNW, subparallel to the trend of the NW-plunging folds in this study, possibly
making the folds invisible.

In the NW NT, isoclinal folds are overprinted by NW-side-down asymmetric folds
(Buchanan et al., 2014a, c). In the MB, the isoclinal folds are overprinted by N-trending
upright folds and N-trending reclined subhorizontal chevron folds (Robinson, 1978, 1981,
Goldstein, 1994; Kopera and Walsh, 2014). The NW-plunging regional folds in the RPS are
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likely to have resulted from NE-SW shortening, and difficult to relate to any deformation in
the NT or MB. However, they may have formed as drag folds during sinistral shear along the
CNF. Alternatively, they may be a result of SW-directed shortening. SE-directed shortening
occurred north of the RPS in the Reubens Hill Complex (Figure 3.6) as indicated by fold and
reverse shear structures (Conaway, 2016), where it caused lithological duplication of that
complex. While the shortening directions do not match, it is possible that both resulted of
general southerly directed shortening.

No overprinting relationship was observed between the NW-plunging folds and
RPS-bounding shear zones. It is possible that one or both folding events took place during
sinistral shear along the shear zones.

4.2.2 The relationship between CNF and BHSZ

The CNF and BHSZ both form boundaries between major tectonic assemblages, dip to
the NW, and display sinistral shear overprinted by normal shear. The Rattlesnake Hill fault
and the Ball Hill fault have each previously been interpreted as a branch of the CN&n(Skeh
1968; Skehan and Abu-Moustafa, 1976; Castle et al., 1976; Munn, 1987; Goldsmith, 1991b;
Goldstein, 1994; Kuiper, 2014). The newly defined BHSZ (see above), which includes the
Ball Hill Fault and RattlesnakeilHFault may be interpreted as a branch of the CNF.

The CNF is moderately to shallowly W- to NW-dipping, and the BHSZ is steeply to
shallowly NW-dipping (Figure 3.6; cf. Skehan and Abu-Moustafa, 1976). Both shear zones
show amphibolite-facies sinistral shear with a minor reverse component and
greenschist-facies normal shear. The sinistral shear can be identified as being earlier than the
normal shear along the CNF, but not along BHSZ (see Section 3.2). However, it is unlikely
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that the greenschist-facies shear fabrics would have been preserved if overprinted by
deformation under amphibolite-facies metamorphic conditions. Conversely, lower grade
shear is likely to be more localized and not overprint all of the high grade shear fabric.
Therefore, the sinistral shear that took place under higher grade metamorphic conditions was
probably earlier than the greenschist-facies normal shear. Thus it is concluded in this study
that both zones show early sinistral shear and late normal shear. The sinistral shear within the
BHSZ is ca. 405-340 Ma based on electron microprobe monazite dating (Buchanan et al.,
2017).
4.3 A synthesis of metamorphic and structural events in the RPS

The four metasedimentary units in the RPS have different metamorphic histories. The
peak metamorphic grade of the Boylston Phyllite is the chlorite zone of the greenschist facies.
The Boylston Schist shows peak sillimanite-zone metamorphism overprinted by chlorite- or
biotite-zone metamorphism during retrogression. Similarly, the Sewall Hill Fm. underwent
partial melting, sillimanite-zone metamorphism and late chlorite-zone retrograde
metamorphism. The southern Vaughn Hill Fm. underwent early chlorite-zone metamorphism,
followed by peak biotite-zone prograde metamorphism and late chlorite-zone retrograde
metamorphism. Two concordant 388.4 + 8.3 Ma and 382 + 12 Ma metamorphic rims and a
discordant 375.3 + 6.4 Ma one (this study) may represent metamorphism at ca. 395-370 Ma.

The NT was interpreted to have undergone two sillimanite-zone metamorphic events
(Myand M) and a third metamorphism which might be related to fluid introductiof) (M
(Hepburn et al., 1995; Markwort, 2007; Stroud et al., 2009; Hepburn et al., 2014; Kuiper et
al., 2014). Monazite microprobe dating from shear zones within the NT yielded an age of ca.
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435-400 Ma for M (Markwort, 2007; Stroud et al., 2009), supported by a ca. 425 Ma U-Pb
monazite ID-TIMS date from the Fish Brook Gneiss (Figure 1.3 Hepburn et al., 1995). The
age of M is constrained by ca. 400-385 Ma monazite overgrowths dated Dg-Rb
microprobe methods (Markwort, 2007; Stroud et al., 2009) and a ca. 395 Ma U-Pb monazite
ID-TIMS date from a leucosome in the Nashohba.KHepburn et al., 1995). A last
metamorphic event (B occurred at ca. 376 Ma, based onTk}Pb microprobe monazite
overgrowth dating (van Staal and Whalen, 2006; Markwort, 2007; Stroud et al., 2009; Kuiper
et al., 2014). Walsh et al. (2013) and Buchanan et al. (2014a, b, c) interpret these
metamorphic events as one with three pulses in it. High-grade metamorphism and partial
melting may have continued until ca. 360 Ma based on U-Pb zircon CA-TIMS date from
migmatitic and felsic dikes (Buchanan et al., 2014b, c) or locally until ca. 325 Ma, based on a
ca. 325 Ma U-Pb metamorphic overgrowth, ca. 323 Ma U-Pb SHRIMP syn-tectonic titanite
and a ca. 326 Ma pegmatite intrusion in Nashoba Fm. (Walsh et al., 2013).

The MB was metamorphosed up to the chlorite zone in the east and up to
upper-amphibolite facies in the west {)Mand overprinted by pervasive greenschist-facies
retrograde metamorphism @A(Zen et al., 1983; Goldsmith, 1991; Kopera and Walsh, 2014).
Muscovite that defines an $leavage in the WorcestemEyields a ca. 370 M&Ar/*°Ar
cooling age. $is thus older than 370 Ma; $ associated with;Sn the northern Vaughn
Hill Fm. and Vaughn Hill Conglomerate, and therefore has to be younger than the ca. 415 Ma
maximum depositional age of Vaughn Hill Conglomerate (Charnock, 2015). The Ar analysis
also yields a ca. 316-293 Ma white mica crystallization age and a ca. 305-293 Ma muscovite
crystallization age for M (Attenoukon et al., 2004, 2006; Attenoukon, 2009; Kopera and
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Walsh, 2014).

A complete correlation between the RPS and NT, MB is summarized in Figure 4.6 and
will be briefly described. The peak sillimanite-zone metamorphism in the Boylston Schist
and the partial melting in Sewall Hill Fm. can be associated withantl M (early
sillimanite-zone metamorphism and partial melting) in the NT. The peak greenschist-facies
metamorphism in the southern Vaughn Hill Fm. and Boylston Phyllite can be associated with
M; or Mz in the MB or My in the NT (Figure 4.6). However, it is also possible that
greenschist-facies metamorphism in the southern Vaughn Hill Fm. and Boylston Phyllite, and
early greenschist-facies metamorphism in the MB occurred at the same time as high-grade
metamorphism in the NT, if the NT was at deeper structural level at that time and exhumed
later (cf. Buchanan et al. 2014b, c). Partial melting is interpreted to have lasted until ca. 360
Ma (Buchanan et al., 2014b, c) or locally until ca. 325 Ma (Walsh et al., 2013). Thus, the
sillimanite-zone metamorphism and partial melting in Boylston Schist and Sewall Hill Fm.
can be during the Acadian, Neoacadian (if present), or possibly Alleghanian orogenies. The
greenschist-facies metamorphism in southern Vaughn Hill Fm. and Boylston Phyllite may
have started as early as during the Acadian orogeny and/or lasted until the Alleghanian
orogeny (e.g. ca. 295 Ma as dated in the MB by Attenoukon, 2009). The sinistral shear along
BHSZ is interpreted by Buchanan et al. (2017) to have occurred at ca. 405-340 Ma. Ca.
420-380 Ma isoclinal folding in the NT, and possibly in the RPS and BHSZ may in part have
been coeval with the sinistral shear. The NW-plunging regional folds may have formed
during sinistral shear along the CNF, but no age constraints exist (question mark in Figure
4.6). The migmatization and melting in the NT is suggested by Buchanan et al. (2014b) to
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have been responsible for formation of some of the intrusions in the MB (e.g. the ca. 386 + 3
Ma Granite at Prospect Hill). It may also have been the source for the ca. 395 Ma RPG.

A 10-m scale diorite outcrop is found in the Boylston Schist (Figure 3.1; section 3.1).
Another meta-diorite unit intruded the Boylston Phyllite; it only underwent one chlorite-zone
metamorphism and is well-preserved with the original mineral assemblage and texture
(Figure 3.3B, section 3.1). It has a similar primary mineral assemblage and texture as the
diorite unit in Boylston Schist, but it was metamorphosed. Since they are not dated, they may
or may not be related. However, tentative correlations can still be made between these units
and other diorite units in the NT and MB. The diorite units in the eastern MB are not like the
ones within the RPS. The biotite diorite member of the Sharpners Pond Diorite in the NT
resembles these unnamed diorite units. It is reported to have 0-7% quartz, 35-52%
plagioclase, 0-13% biotite and 19-38% hornblende (Castle, 1964; Wones and Goldsmith,
1991). However, the Sharpners Pond Diorite is distributed in the NE part of the NT, which is
more than 50 km away from the RPS (Figure 1.3). Another possible correlation is the diorite
in the Reubens Hill Complex (Munn, 1987, Conaway, 2016). The mineral composition of the
unfoliated member is reported by Munn (1987) to be 65% plagioclase, 30% hornblende and 5%
biotite, which is highly consistent with the ones in the RPS. Considering the location of the
Reubens Hill Complex (Figure 3.6), it may well be related with the unnamed diorite units in

the RPS.
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Figure 4.6. Timetable of major geological events took place in the NT, MB and RPS.
References for 1: Markwort (2007); 2: Stroud et al. (2009); 3: Buchanan et al. (20&4a, b,
2017); 4: Munn (1987); 5: Bober (1989); 6: Hepburn et al. (1995); 7: Kuiper et al. (2014); 8:
Charnock (2015); 9: Grew (1973); 10: Attenoukon (2009); 11: Loan (2011); 12: Walsh et al.
(2013).
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CHAPTER 5
TECTONIC MODEL
5.1 The Boylston Phyllite, Boylston Schist and Sewall Hill Fm.

As mentioned above, the detrital signatures of the Boylston Phyllite, Boylston Schist
and Sewall Hill Fm. (main RPS units) are combinations of inputs from the Laurentian margin,
the peri-Laurentian arcs, Ganderia and peri-Ganderian arcs (Figure 5.1). Inputs from the
Laurentian arcs are represented by the early Ordovician population. Considering the current
geographic location, this zircon source maybe directly recycled from the Shelburne Falls and
Bronson Hill arcs. This population is also shown in the Tower Hill Fm. and northern Vaughn
Hill Fm. (Sorota, 2013; Charnock, 2015). The first dominant Cambrian population is
consistent with Ganderia; the ca. 530 Ma peak and the ca. 630-610 Ma peak corresponds to
two distinct periods of arc magmatism in it (Fyffe et al., 2009). This zircon population may
come from: (1) the same source as the Grand Manan Island and New River belts, transported
from the north along a water pathway, or (2) a local arc that was active at thérsamas
the one in New Brunswick and Maine but was later buried or subducted. The Proterozoic
population in the three units can be linked with the Laurentian margin, Ganderia, or a
combination. Considering the current location of the main RPS units, sediments may also
have been recycled from NT. Thus, the main RPS units represent a separate terrane that has
received dual sediment inputs from both the east (NT, Ganderia) and the west (Laurentia,

peri-Laurentian arcs). They may record a transitional area between the NT and MB.
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Figure 5.1. Plan view tectonic models for the deposition of the main RPS units (Boylston
Phyllite, Boylston Schist and Sewall Hill Fm.) at the time of deposition, after ca. 490-470
Ma, but before ca. 430 Ma. The zircon source for ca. 490-470 Ma population is interpreted
to be Shelburne Falls and Bronson Hill arcs. The ca. 540-525 Ma population is interpreted
to be sourced from the NT. The zircon source for the ca. 630-610 Ma population can be
from (1) the Canadian Appalachians to the north, or (2) an arc between the RPS and
Ganderia that is now buried or subducted. Arrows show detrital zircon input. The main RPS
units outline is amplified. The shapes of geological domains are based on their present
shapes.

5.2 The southern Vaughn Hill Fm.

The detrital signature of southern Vaughn Hill Fm. shows a single input from the
Laurentian margin (Figure 5.2A). This is difficult to achieve considering its current location
between the NT and MB, which both show Ganderian affinity. It does not have similar
provenance to either the NT or MB, so it was probably not deposited at the base of the MB,
or on top of the Tadmuck Brook Schist as previously interpreted (see above). It is unclear

how the southern Vaughn Hill Fm. was caught between the NT and MB. Several
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interpretations can be made (Figure 5.2):

(A) The southern Vaughn Hill Fm. was deposited at its current location, with the NT to
its east and the MB to its west. An arc on the east side blocked sediment input from the NT,
which was later subducted and not preserved. Sediments from the Laurentian margin might
have been transported through an isolated water pathway that cut through all the arcs and the
MB basin, without incorporating sediment from those (Figure 5.2A). This interpretation is
difficult to achieve, due to the fact that the MB to the west contains zircon input from
Ganderia. Additionally, the northern Vaughn Hill Fm. and Nashabartear the southern
Vaughn Hill Fm. have similar maximum depositional ages, yet all possess clear Ganderian
signature. Another possibility is that a Laurentian block existed between the Ganderian
basement and the southern Vaughn Hill Fm., and blocked sediment input from Ganderia,
while providing sediment the southern Vaughn Hill Fm. (Figure 5.2A). If true, Laurentian
domains existed much farther east than previously thought (Zen et al., 1983).

(B) The southern Vaughn Hill Fm. was deposited on the Laurentian margin, and only
received zircon input from the Laurentian margin and Shelburne Falls and Bronson Hill Arcs
(Figure 5.2B). It was later transported from the Laurentian margin to the current location by a
low-angle thrust fault, which is not supported by evidence. It was kept at a high structural
location until being faulted down during later normal shear (Figure 5.3A). This interpretation
explains that the southern Vaughn Hill Fm. only underwent greenschist-facies metamorphism,
and is supported by evidence for normal shear along the BHSZ. For this interpretation to be
correct, however, the remainder of the thrust sheet needs to have eroded or sheared into the
crust, because no other units with similar zircon signatures were reported along the NT-MB
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Figure 5.2. (A) Plan view of tectonic model A for the deposition of southern Vaughn Hill
Fm. between ca. 490-460 Ma and ca. 430 Ma. The southern Vaughn Hill Fm. was deposited
between the NT and MB. It only received zircon input from the Laurentian margin and
Laurentian arcs, but not from the NT or MB. It is interpreted that an arc between the
southern Vaughn Hill Fm. and NT blocked sediments from the east, and (1) an isolated
water pathway transported sediments from Laurentia without incorporating sediments from
the MB, or (2) a nearby, currently unexposed Laurentian rock unit provided sediment and
blocked additional sediment input from the MB. (B) Plan view of tectonic model B for the
deposition of southern Vaughn Hill Fm. between ca. 490-460 Ma and ca. 430 Ma. The
southern Vaughn Hill Fm. was deposited on the Laurentian margin, and was transported to
its current location by tectonic movement. It received zircon input from the Laurentian
margin and, to a minor extent, from the Shelburne Falls and Bronson Hills arcs. The shapes
of geological domains are based on their present shapes.
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boundary. That, combined with the lack of evidence for a long-distance thrust fault, may
make this interpretation less likely than the one above.

The Boylston Schist and Sewall Hill Fm. underwent higher grade metamorphism than
the Boylston Phyllite and southern Vaughn Hill Fm. It is unlikely that they were at the
same structural level during metamorphism. One interpretation is that the Boylston Phyllite
and southern Vaughn Hill Fm. were placed at a higher structural level, and were
transported to the current location by normal shear along the CNF and BHSZ (Figure 5.3A).
An alternative interpretation is that the Boylston Schist and Sewall Hill Fm. were at a lower
structural level and were later exhumed by reverse shear along the CNF and BHSZ (Figure
5.3B). Because no major reverse shear motion was recognized along the CNF or BHSZ, the

first interpretation is favoured.
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Figure 5.3. Tectonic models for the displacement of the RPS metamorphic units. (A) The
low-grade Boylston Phyllite and southern Vaughn Hill Fm. were sheared down by normal
shear along both CNF and BHSZ; (B) The high-grade Boylston Schist and Sewall Hill Fm.
were exhumed by reverse shear along both CNF and BHSZ.
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CHAPTER 6
CONCLUSIONS

Four metasedimentary units and one granite unit are mapped as the RPS: the
Boylston Phyllite, the Boylston Schist, the Sewall Hill Fm., the southern Vaughn Hill Fm.
and the RPG. It is bounded by the CNF on the west and BHSZ on the east.

The youngest detrital zircon populations per sample for the Boylston Phyllite,
Boylston Schist and Sewall Hill Fm. are 537.8 £ 7.4 Ma, 530.4 £ 6.3 Ma and 519.8 + 9.5
Ma, respectively. The Boylston Phyllite yielded a 476 + 20 Ma single youngest zircon and
the Boylston Schist one of 493 + 14 Ma. The Sewall Hill Fm. has two youngest zircon
grains of 468 £ 7 Ma and 491 + 7 Ma. The consistency in the single youngest zircon ages in
the RPS metasedimentary units as well as of those in the northern Vaughn Hill Fm. and
Tower Hill Fm. suggests that the combined ca. 490-470 Ma zircon population better
represents their maximum depositional ages. The detrital zircon sources in these units are
interpreted to be a combination of Laurentian margin, peri-Laurentian arcs, Ganderia
(Amazonia) and peri-Ganderian arcs. The Boylston Phyllite, Boylston Schist, Sewall Hill
Fm., northern Vaughn Hill Fm. and Tower Hill Fm. show similar detrital zircon populations.
They may together represent a separate domain between the NT and MB.

The maximum depositional age of the southern Vaughn Hill Fm. is 478 £ 23 Ma. Its
zircon signature can be entirely explained by Laurentian input, and does not resemble the
detrital zircon signature of any other units in the NT or the MB. The southern Vaughn Hill
Fm. has an unclear origin. It may represent a piece of Laurentian margin rocks that was
transported to its current location by a later tectonic event, or a unit that somehow only
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received Laurentian margin input. The RPG has a crystallization age of 395.67 +&0.16 M
The four dated metasedimentary units that it intrudes must therefore be older than that, and
probably older than the onset of the Acadian orogeny at ca. 425 Ma.

The RPS is dominated by a pervasive moderately to steeply NW-dipping foliation,
which is consistent with the foliations in the NT and MB. It underwent isoclinal folding as
preserved, overprinted by moderately NW-plunging open to close regional folds. Isoclinal
folds are mm- to dm-scale and shallowly to moderately NNE- to W-plunging. The regional
folds may have resulted from shortening alen§E-SW direction, and can be related to
sinistral shear along the CNF, or to possible transportation or unit duplication of the
Reubens Hill Complex. Both the CNF and BHSZ underwent early sinistral shear with a
minor reverse component and late normal shear. Sinistral shear took place under
amphibolite-facies conditions, and normal shear took place under greenschist-facies
conditions.

The Boylston Schist and Sewall Hill Fm. underwent amphibolite-facies
metamorphism and partial melting. This is characterized by sillimanite in the Boylston
Schist and by migmatites and local sillimanite in the Sewall Hill Fm. The Boylston Phyllite
and southern Vaughn Hill Fm. underwent greenschist-facies metamorphism. The high grade
metamorphism in the Boylston Schist and Sewall Hill Fm., and the greenschist-facies
metamorphism in the Boylston Phyllite and southern Vaughn Hill Fm. probably occurred
during the late Silurian to early Carboniferous Acadian orogeny and may have continued
until the Alleghanian orogeny. Isoclinal folds and sinistral shear are also likely to have
resulted from the Acadian orogeny based on similar structures in the NT, and on the fact
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that the ca. 395 Ma RPG was not deformed by these structures. The NW-plunging regional
folding is interpreted to postdate isoclinal folding, but its age is not clear. The age of

normal movement along the shear zones is also unknown.
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APPENDIX A

U-PB ZIRCON LASER ABLATION INDUCTIVELY COUPLED MASS SPECTROMETRYA-ICPMS) DATA.

A-1. Boylston Phyllite. Data marked red represent >10% discordant data. Data marked in bolgresentedest ages. The list is sorted from
the youngest to the oldest zircon.
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A-2. Boylston Schist. Data marked red represent >10% discordant data. Data marked in bold print represent best ages. The list is sorted from
the youngest to the oldest zircon.
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A-3. Sewall Hill Fm. Data marked red represent >10% discordant data. Data marked in bold print represent best ages. The list is sorted from the
youngest to the oldest zircon.
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A-4. Southern Vaughn Hill Fm. Data marked red represent >10% discordant data. Data marked in bold print represent best ages. The list is
sorted from the youngest to the oldest zircon.
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A-5. Zircon overgrowth. Data marked red represent >10% discordant data. Data marked in bold print represent best ages. The list is sorted from
the youngest to the oldest zircon.

137



APPENDIX B
U-PB ZIRCON CHEMICAL ABRASION-THERMAL IONIZATION MASS SPECTROMETRY (CA-TIMS) DATA.

B-1. Rocky Pond Granite.

Blank composition?*Pb/*Pb = 18.15 + 0.48*°Pbf*Pb = 15.30 + 0.29°°*Pbf*Pb = 37.11 + 0.88; Mass fractionation correction of
0.25%/amu = 0.02%/amu (atomic mass unit) was applied to all single-collector Daly analyses.
(a) Th contents calculated from radiogeffb and thé®’Pb/°®Pb date of the sample, assuming concordance between U-Th and Pb systems.
(b) Total mass of common Pb.
(c) Ratio of radiogenic Pb (includiff§®b) to common Pb.
(d) Measured ratio corrected for fractionation and spike contribution only.
(e) Measured ratios corrected for fractionation, tracer and blank. All common Pb was assumed to belpbteekiufotal procedural blank
for U was less than 0.1 pg.
(f) Corrected for Initial Th/U disequilibrium using radiogefiitPb and Th/U [magma] = 2.8
J ,VRWRSLF GDWHV FDOFXO D WgH G.55I25E0 W Kabl= G.84BIE\1F\R Qaffsy Br@lW§71), and for tREU/>U
= 137.818 £ 0.045 (Hiess, J. et al. 2012)
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