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ABSTRACT 

The >300 km long, northeast-trending dextral transpressive Norumbega fault system in 

Maine and New Brunswick is defined by a tens of kilometers wide zone of multiple dextral shear 

zones. Based on published 40Ar/39Ar hornblende data and U-Pb zircon and monazite ages, dextral 

shear along the fault system initiated by ~380 Ma. The location and nature of the southwestern 

termination of the Norumbega fault system was investigated in this study. Previously, no fault 

system in New Hampshire or eastern Massachusetts has been recognized with an orientation, 

timing, and motion sense consistent with those of the NFS. Detailed structural mapping was carried 

out along topographic lineaments and mapped shear zones in New Hampshire and Massachusetts 

to test whether the NFS extends into those areas. The Rye Complex in southeastern coastal NH 

was the only location investigated that presented field characteristics consistent with the NFS. The 

Nannie Island shear zone in southeastern NH is along strike with the NFS, but contains both 

sinistral and dextral shear sense indicators and has a lower metamorphic grade. The dextral ENE-

trending Shirley mylonite zone in central-eastern MA is similar to the NFS, but the ENE trend is 

not consistent with that of the NFS, and no connecting shear zone between the Shirley mylonite 

zone and NFS has been found. 

U-Pb monazite laser ablation inductively coupled mass spectrometry (LA-ICPMS) dates 

dextral deformation along the NFS and its potential extensions to the southwest. The four sample 

locations dated were the NFS in ME, the Rye Complex, the Nannie Island shear zone, and the 

Shirley mylonite zone. The NFS contained monazite ages of ~390-370 Ma related to dextral 

deformation. The Rye Complex yielded ages of ~430 to ~370-360 Ma, ~380 Ma and ~370 Ma, 

consistent with NFS deformation and earlier Acadian metamorphism that started at ~430 Ma. The 

Nannie Island shear zone produced monazite populations of ~441, ~700, ~900-800, and ~1775 
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Ma, which are all older than the late Silurian or earliest Devonian age of the rock and, therefore, 

interpreted as detrital. The Shirley mylonite zone in MA yielded an age of ~380 Ma which is 

consistent with the age of deformation along the NFS. 

Thus, the Rye Complex is the only location investigated in this study that matches the NFS 

in shear zone orientation, deformation style, shear sense, and age of deformation, and therefore 

could be the southernmost extension of the NFS. The NFS has been demonstrated not to extend 

farther to the southwest.  
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CHAPTER 1 

INTRODUCTION 

The New England Appalachian orogenic belt is the result of a series of arc and terrane 

collisions with the Laurentian margin in the Paleozoic. They caused the Taconic (Early-Late 

Ordovician), Salinic (Late Ordovician to early Silurian), Acadian-Neoacadian (late Silurian to 

Early Carboniferous), and Alleghanian (Early Carboniferous to Early Permian) orogenies (Table 

1.1) (van Staal et al., 2009; Hatcher, 2010). In the Middle to Late Devonian during the Acadian-

Neoacadian orogeny, the NE-trending, subvertical, crustal-scale, predominantly dextral strike-slip 

Norumbega fault system (NFS) was active.  The fault system stretches >300 km from New 

Brunswick to southeastern Maine (ME), but beyond Casco Bay in southeastern ME, the southern 

extent and termination of the large, crustal-scale fault system are unknown (Fig. 1.1). Potential 

southern continuations of the NFS could exist in NH or MA along topographic lineaments or 

mapped high-strain zones. The purpose of this project was to characterize the southern extent and 

termination of the NFS through detailed structural field mapping in NH and MA to test whether 

there are shear zones with similar field characteristics to the NFS in ME. Subsequently, U-Pb 

monazite laser ablation inductively coupled mass spectrometry was carried out to test if the ages 

of dextral deformation associated with selected shear zones were consistent with the age of dextral 

deformation along the NFS. Shear zones that are consistent with the NFS in shear zone orientation, 

deformation style, shear sense, and age of deformation may represent the southern extension of 

the NFS.  

Currently, Kuiper’s (2016) subducting ridge model is the only viable tectonic model that 

explains why the extensive NFS may terminate suddenly in southern ME. This model suggests 

that the NFS formed as a result of subduction of an oceanic ridge-transform fault system in the late 
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Silurian and Early Devonian, similar to formation of the San Andreas Fault system (Figure 1.2; 

Kuiper, 2016; Kuiper and Wakabayashi, in review; see Section 2.8 for a detailed explanation). In 

the model, a Mendocino style triple junction existed south of the NFS, and the NFS terminates on 

a fracture zone to the south of the NFS, similar to the way the San Andreas Fault system terminates 

on the Mendocino fracture zone to the north. If the NFS continues south into MA, Kuiper’s 

interpretation (2016) is incorrect, and the NFS formed in a different way, perhaps as a result of 

indentation tectonics or as an intra-arc fault system. 

 

Table 1.1 Summary of northern Appalachian orogenies. Modified from Charnock (2015) and He 
(2017). 



 3 

 
Figure 1.1 Generalized tectonic map of New England, modified from Hibbard et al. (2006) with 
faults that have been proposed as southern continuations of the Norumbega fault system. 
(Swanson, 1988; Bothner and Hussey, 1999; Goldstein and Hepburn, 1999; Swanson, 1999). 
BBF-Bloody Bluff fault, CHF-Campbell Hill fault, CNF-Clinton-Newbury fault, CSZ-Calef 
shear zone, FHF- Flint Hill fault, FPF-Flying Point fault, GCF-Great Commons fault, HHF-
Honey Hill fault, LCF-Lake Char fault, NFS-Norumbega Fault System, NISZ-Nannie Island 
shear zone, NRF- Nonesuch River fault, PF-Portsmouth fault, SHF- South Harpswell fault, 
SLF-Silver Lake fault, WF-Wekepeke fault, RC-Rye Complex, CB-Casco Bay. Interpreted ages 
(see text) from the key sample locations are: 1. NFS: 389 Ma, 2. NFS: 366.6 Ma and ~375-390 
Ma, 3. RC: 370 Ma 4. RC: 379 Ma and ~370-430 Ma, 5. NISZ: 430 Ma, 441 Ma, 6. SMZ: 380 
Ma 
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Figure 1.2 Cartoon showing the evolution of the San Andreas Fault (after Atwater and Stock, 
1998). As subduction of the East Pacific Rise oceanic ridge-transform fault system occurs, the 
western boundary of the North American plate changes from convergent to transcurrent 
movement between the Mendocino triple junction (MTJ) and the Rivera triple junction (RTJ). E-
Explorer plate, G-Gorda plate, JF-Juan de Fuca plate, R-Rivera plate. Taken from Kuiper and 
Wakabayashi (in review). 
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CHAPTER 2 

GEOLOGIC BACKGROUND 

 Appalachian orogeny 

The Appalachian mountain chain stretches from Newfoundland southwestward to the 

subsurface of the coastal plains of southern Alabama and Georgia.  The accretionary orogeny 

formed during the Paleozoic in a complete Wilson cycle that can be subdivided into four major 

accretionary events (Table 1.1): the Taconic, Salinic, Acadian-Neoacadian and Alleghanian 

orogenies (van Staal et al., 2009; Hatcher, 2010).  

In the late Cambrian to Late Ordovician (480-450 Ma), the Taconic orogeny involved the 

accretion of a series of volcanic arcs and microterranes to Laurentia (van Staal et al., 2009; 

Karabinos et al., 1998). The Salinic orogeny occurred in the Late Ordovician to Early Silurian 

(450-425 Ma) and resulted from the accretion of the Gander terrane to composite Laurentia (van 

Staal et al., 2009). Immediately following the Salinic orogeny was the Acadian-Neoacadian 

orogeny involving the collisions of the Avalon and Meguma terranes in the late Silurian to early 

Mississippian (421-350 Ma) (Hatcher, 2010).  The Alleghanian orogeny concluded the four 

orogenies and the orogen represents the collision of previously formed Appalachian components 

with Gondwana to form Pangea during the Mississippian to Early Permian (315-290 Ma) (van 

Staal et al., 2009). The southeastern New England Appalachian orogenic belt is composed of four 

geologic lithotectonic terranes: the Avalon terrane, the Nashoba terrane, the Merrimack belt and 

the Central Maine belt (Figure 1.1), which are described in detail below. 

 The Avalon terrane 

The peri-Gondwanan Avalon terrane is in eastern Massachusetts (MA; Figure 1.1) and can 

be correlated with the Avalon terrane in Newfoundland (Williams and Hatcher, 1983; Hepburn et 
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al., 1995). It is composed of late Proterozoic to Cambrian metasedimentary and volcanic rocks and 

Ordovician to Devonian plutonic intrusions (Wintsch et al., 1992, 2014; Hepburn et al., 1993; 

Thompson et al., 1996, 2007, 2010a, 2010b, 2014; Walsh et al., 2009). The Avalon terrane is a 

series of arc-related volcanic-sedimentary belts that rifted from Gondwana in the Ordovician and 

accreted to Laurentia during the Acadian orogeny and was deformed during the Alleghanian 

orogeny (Mosher, 1983; Wintsch et al., 1992; Walsh et al., 2007; van Staal et al., 2009). Peak 

metamorphic grade of the Avalon terrane increases from greenschist facies in the northeast to 

upper amphibolite facies in the southwest (Dallmeyer et al., 1982; Skehan et al., 1986; Cazier, 

1987; Hepburn et al., 1987). 

 The Nashoba terrane 

The Nashoba terrane in eastern Massachusetts (Figure 1.1) is a strongly deformed Cambrian-

Ordovician peri-Gondwanan arc-backarc complex that is composed of metavolcanic, 

metasedimentary, and volcanogenic metasedimentary rocks intruded by Silurian and younger 

granitic plutons (Zen et al., 1983; Goldsmith, 1991a; Hepburn et al., 1995; Kay et al., 2017). The 

Nashoba terrane is separated from the Avalon terrane to the southeast by the Burlington mylonite 

zone (Hepburn et al., 1995; Stroud et al., 2009) and overprinting brittle Bloody Bluff fault (Zen et 

al., 1983; Goldsmith, 1991b). To the northwest, the Clinton-Newbury fault separates the Nashoba 

terrane from the Merrimack belt. Several events of deformation and metamorphism at middle to 

upper amphibolite facies occurred during the late Silurian to Early Carboniferous (Goldsmith, 

1991a; Stroud et al., 2009; Buchanan et al., 2014a,b,c). Deformation of the Nashoba terrane is a 

result of at least four main deformation events. A foliation that dips steeply to the NW and 

preserves isoclinal folds, and migmatite are present throughout the terrane (Castle et al., 1976; 

Goldsmith, 1991a,b). Overprinting NW-side-down asymmetric folds and shear fabrics are 
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preserved throughout the Nashoba terrane, and NW-side-up folds are present throughout the 

southeastern Nashoba terrane (Buchanan et al., 2014a,b,c; Severson et al., 2017). No overprinting 

relationships are recognized between the NW-side-down and NW-side-up folds and they are 

interpreted as one generation of folds. In addition to folds, several sinistral shear zones are present 

throughout the terrane and are syn- to post- NW-side-down asymmetric folding (Hepburn et al., 

2014; Severson et al., 2017). Small ~0.5 m wide NW-side-down shear zones cut foliation and post-

date the NW-side-down folding. Movement along these late shear zones is documented by drag 

folds (Buchanan et al., 2014a). The Nashoba Terrane experienced high-grade metamorphism 

between ~430 and ~360 Ma (e.g., Hepburn et al., 1995; Stroud et al., 2009; Buchanan et al., 2014a) 

due to the accretion of the Avalon terrane to the SE at ~425 Ma and subsequent convergence 

(Hepburn et al., 1995; van Staal et al., 2009).  NW-side-down asymmetric folds in the Nashoba 

terrane are associated with ~365-360 Ma partial melt that probably formed during exhumation of 

the terrane from mid-crustal levels (Buchanan et al., 2014a). 

 The Merrimack belt 

The Merrimack belt (MB; Figure 1.1) (Goldsmith, 1991a; Hussey et al., 2010) is composed 

of Late Silurian to Early Devonian metasedimentary units intruded by Silurian to Devonian 

plutonic units  (Bothner, 1974; Zen et al., 1983; Bothner et al., 1993; Fargo and Bothner, 1995; 

Wintsch et al., 2007; Walsh et al., 2008, 2013; Sorota, 2013). Zircon ages suggest dual sources for 

the MB from Ganderia and Laurentia with decreasing Ganderian input with decreasing 

depositional age (Sorota, 2013). The metamorphic grade in the MB increases westward from 

lower-greenschist facies to amphibolite facies (Lyons et al., 1997; Robinson, 1981; Wintsch et al., 

1992; Watts et al., 2000). The MB underwent multiple folding events beginning with several 

generations of m-to km-scale, east-verging isoclinal folds, followed by local north-trending 
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horizontal recumbent chevron folds (Robinson, 1978,1981; Goldstein, 1994; Kopera and Walsh, 

2014; Kuiper et al., 2014; Charnock, 2015). Metamorphism of the MB has been interpreted as 

primarily a result of the Alleghanian orogeny (Goldstein, 1994; Attenoukon, 2009). This is based 

on 40Ar/39Ar muscovite crystallization ages of ~316-294 Ma for white mica that overprint a Late 

Devonian (Acadian) muscovite cleavage (Attenoukon, 2009).       

 The Central Maine belt 

The Central Maine belt (Figure 1.1) is part of a large basin that stretches from New 

Brunswick across central Maine (ME) to northwest Connecticut (CT). It is located NW of the 

Merrimack belt, and cut in the southeast by the Campbell Hill-Nonesuch River-Norumbega fault 

zones. The terrane consists of complexly deformed late Ordovician to Devonian marine 

metasedimentary rocks (Osberg et al., 1985; Eusden and Barreiro, 1988; Lyons et al., 1997). Three 

main phases of regional deformation have been recognized and are considered Acadian in age 

based on 40Ar/39Ar hornblende ages of cross cutting plutons (Hubacher and Lux, 1987; Gerbi and 

West, 2007). Isoclinal recumbent folds are overprinted by NE-trending, shallowly-plunging, 

upright isoclinal folds (Osberg et al., 1988; Gerbi and West, 2007) that pre-date 399 Ma cross 

cutting igneous intrusive rocks. These are overprinted by small-scale, N-trending NW-side-up 

asymmetric folds (Gerbi and West, 2007). The metamorphic grade varies from prehnite-

pumpellyite in the north to upper amphibolite in the south (Osberg et al., 1985; Eusden and 

Barreiro, 1988; Lyons et al., 1997). U-Pb monazite ages from schists from the Central Maine belt 

suggest that high-grade metamorphism and deformation occurred together early in the Acadian 

orogeny at 398-365 Ma (Eusden and Barreiro, 1988). 
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 The Norumbega fault system 

The Norumbega fault system (NFS; Figure 1.1) is a mid-Paleozoic northeast-trending dextral 

transpressive fault system along the eastern margin of the Appalachian orogen. It is an orogen-

parallel system defined by a tens of kilometers wide zone of multiple dextral shear zones (West 

and Hubbard, 1997; Wang and Ludman, 2004). The >300 km NFS stretches from New Brunswick 

to southeastern Maine  where the southwestern extent of the fault system has not been constrained 

(Ludman and West, 1999; Hibbard et al., 2006).  

Ductile shear zones that compose the NFS are characterized by mylonite, ultramylonite, 

strongly sheared schist, phyllonite, and cataclasite (Bothner and Hussey, 1999; Price et al., 2010). 

These units vary in composition. The metamorphic grade varies from amphibolite facies in the 

southwest to greenschist facies in the north near the New Brunswick border (Hubbard et al., 1995; 

Ludman and Gibbons, 1999; Swanson, 1999; Wang and Ludman, 2004; Price, 2012). Kinematic 

indicators are abundant, varied, and all consistent with dextral shear sense.  

Prior to Devonian metamorphism and dextral shear associated with the NFS, evidence for 

regional contractional deformation associated with the accretion of the Avalon terrane during the 

Acadian orogeny includes NW-directed thrusts and recumbent folds that are folded by NE-

trending upright, isoclinal folds and subsequently deformed by late thrust faults (Osberg, 1988; 

Tucker et al., 2001). At least locally, folding ended before ~380 Ma based on hornblende cooling 

ages (West et al., 1995) and before intrusion of a ~399 Ma cross cutting dike (Tucker et al., 2001; 

Gerbi and West, 2007).  

 The start of dextral deformation and the initiation of the regionally extensive NFS is suggested 

to be syn- to post-metamorphism, based on microstructural studies that indicate amphibolite facies 

mineral growth during dextral deformation (West and Lux, 1993; Price et al., 2010). Dextral shear 
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along the fault system has been interpreted to have initiated in the Middle Devonian by 380 Ma 

based on 40Ar/39Ar hornblende data (West et al., 1988; Ludman and West, 1999) and U-(Th)-Pb 

zircon and monazite ages (Gerbi and West, 2007). A wider zone of dextral shear developed during 

the Late Devonian to Early Carboniferous (West and Hubbard, 1997). Portions of the fault system 

were reactivated with normal movement in the Late Paleozoic to Mesozoic (West and Roden-Tice, 

2003; Wang and Ludman, 2004).  

The southern extent and termination of the NFS are unknown. The southernmost recognized 

faults that may represent along-strike continuations or splays of the NFS are faults in the Casco 

Bay in ME (Bothner and Hussey, 1999; Goldstein and Hepburn, 1999). Previously, no fault system 

in southeastern NH, eastern CT, eastern MA or offshore ME has been demonstrated to be 

consistent with the sub-vertical, northeast-trending orientation, the dextral shear sense and the 

timing of the NFS (Bothner and Hussey, 1999; Goldstein and Hepburn, 1999; Kuiper, 2016), as 

outlined below.  

 Potential NFS-related faults to the southeast  

A number of major faults has been recognized in eastern MA and eastern CT including the 

Clinton-Newbury, Bloody Bluff, Flint Hill–Silver Lake–Wekepeke, and Honey Hill–Lake Char 

faults (Figure 1.1; Goldstein and Hepburn, 1999; Bothner and Hussey, 1999). The Clinton-

Newbury fault (CNF) along the northwestern boundary of the Nashoba terrane dips moderately to 

steeply to the NW and shows sinistral shear that has been overprinted by normal shear (Goldstein, 

1994; Dougherty and Kuiper, 2013; Kuiper et al., 2014; He, 2017). It brings greenschist facies 

metasedimentary rocks of the Merrimack belt into contact with highly metamorphosed and 

deformed upper amphibolite facies rocks of the Nashoba terrane. Sinistral motion is interpreted as 

having continued until ~345-340 Ma, but may have started in the Devonian (Buchanan et al., 
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2017).  Normal motion has been interpreted as late Paleozoic based on cross cutting relationships 

(Goldstein, 1994). The Bloody Bluff fault (Figure 1.1) is the steeply NW-dipping southeastern 

boundary of the Nashoba terrane. The fault is characterized by a zone of brittle faulting that 

overprints the Burlington mylonite zone, a NE-trending shear zone that exhibits predominantly 

sinistral kinematic indicators (Grimes and Skehan, 1995; Parsons, 2017). Based on cross cutting 

relationships of intrusions, the age of the Burlington mylonite zone is late Silurian to Devonian 

(Kohut and Hepburn, 2004). The timing of brittle faulting along the Bloody Bluff fault is later and 

poorly constrained (Grimes and Skehan, 1995; Goldstein, 1994), but the latest reactivation was 

<140 Ma (Roden-Tice et al., 2008). The Lake Char and Honey Hill faults in southern MA and 

eastern CT are southern extensions of the Bloody Bluff fault, characterized by wide zones of 

mylonite (Goldstein and Hepburn, 1999). However, the faults contain predominantly normal-sense 

indicators with no evidence of dextral shear (Goldstein, 1994; Goldstein and Hepburn, 1999). The 

Flint Hill and Silver Lake faults (NH) that continue as the Wekepeke Fault (MA) have been 

interpreted as a series on linking faults that follow the trace of the southern projection of the NFS 

(Goldstein and Hepburn, 1999). The Flint Hill and Silver Lake faults are brittle faults in 

southeastern NH that are marked by discontinuous silicified zones (Bothner and Hussey, 1999). 

The Wekepeke fault records dextral-normal movement that is interpreted as Permian, based on 

cross cutting relationships (Goldstein, 1994; Kopera and Walsh, 2014). Given the inferred minor 

offset and lack of ductile shear zones fabric, it is unlikely that these faults are continuations of the 

ductile NFS (Goldstein and Hepburn, 1999).  

The Flying Point–Nonesuch River–Campbell Hill faults in NH extend from the Casco Bay 

area in ME to southeast NH along the projected path of the NFS (Hussey, 1985; Goldstein and 

Hepburn, 1999). The fault system is considered brittle in nature with minor ductile shear 
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concentrated in narrow, ~1 km zones (Eusden, 1988; Bothner and Hussey, 1999; Goldstein and 

Hepburn, 1999). The insignificant offset along these faults, constrained by crosscut plutons, make 

them unlikely to be ductile continuations of the NFS (Goldstein and Hepburn, 1999). The 

Portsmouth fault is a steeply WNW-dipping, 100-300m wide fault zone that exists along the coast 

of NH and ME, along strike of the NFS to the northeast (Figure 1.1; Bothner and Hussey, 1999). 

Dextral mylonite to ultramylonite overprinted by later brittle deformation characterizes this fault 

(Swanson and Carrigan, 1984; Swanson, 1988; Hussey and Bothner, 1993, 1995; Goldstein and 

Hepburn, 1999). The Portsmouth fault wraps around the western edge of the Rye Complex (Figure 

1.1), an anomalous package of variably mylonitized, polymetamorphosed metasedimentary rocks 

and deformed pegmatitc intrusions (Hussey and Bothner, 1995; Bothner and Hussey, 1999). The 

ages of deformation along the Rye Complex and bounding Portsmouth fault are uncertain, but the 

Rye Complex is interpreted to be Cambrian to very earliest Ordovician based on detrital zircon U-

Pb LA-ICPMS data from a metasedimentary unit and a 482 Ma felsic rock interpreted as a highly 

tectonized granitic intrusion (Gaudette et al., 1984; Bothner and Hussey, 1999; Goldstein and 

Hepburn, 1999; Kane et al., 2014). The Great Commons fault parallels the Portsmouth fault in NH 

and exists within the Rye Complex. It extends northeast through the Fort Foster brittle zone in ME 

(Figure 1.1; Swanson, 1988; Hussey, 1980; Hussey and Bothner, 1993). The fault zone is an ~50 

m-wide ultramylonite zone similar to the Portsmouth fault that separates less migmatized 

lithologies to the southeast side from more migmatized lithologies to the northwest (Carrigan, 

1984; Hussey and Bothner, 1993; Welch, 1993). Both sides of the Great Commons fault are 

variably mylonitized preserving well-developed dextral shear sense indicators (Swanson, 1988; 

Hussey and Bothner, 1993). Similar to the Portsmouth fault, the Great Commons fault is 

characterized by both early ductile and later brittle fault fabrics (Bothner and Hussey, 1999). The 
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Calef and Nannie Island shear zones in southeastern NH are poorly exposed, narrow (<200 m) 

high-strain zones of phyllonite that are parallel to each other and converge at their northern extent 

near the NH-ME border (Bothner and Hussey, 1999). The age and shear sense along the Calef 

shear zone are not defined (Bothner and Hussey, 1999; Loveless, 2002). The Nannie Island shear 

zone is described as having predominantly dextral shear sense indicators and isoclinal folds 

(Bothner and Hussey, 1999). It has been hypothesized that these two faults are connected with the 

Nonesuch River and Flying Point faults and NFS to the northeast, but no evidence has been 

provided (Bothner and Hussey, 1999).  

Bothner and Hussey (1999) interpret an offshore lineament in the Gulf of Maine as a 

connection between the South Harpswell fault in ME and the Portsmouth and/or Clinton-

Newbury-Bloody Bluff faults to the southeast (Fig. 2.1). The South Harpswell fault is an 

offshore lineament and has minor exposure on the coast of ME. Aeromagnetic data shows 

offshore structures that could be interpreted as dextral shear zones and align with the trend of 

the NFS. However, these lineaments are discontinuous and there is no evidence for a well-

defined connection between the South Harpswell fault and the NFS (Bothner and Hussey, 1999). 

 Potential tectonic models explaining the NFS 

The purpose of this study was to define the southern extent and termination of the NFS. 

The sudden termination of this large, crustal-scale strike-slip fault is unusual given the scale of the 

fault system. This anomaly brings into question the tectonic setting of this area and evolution of 

the NFS. One interpretation for the formation of the NFS involves a subducting ridge model 

(Figure 2.1), in which the NFS formed in a manner similar to the San Andreas Fault system 

(Kuiper, 2016). In this model, Kuiper (2016) proposes that subduction of a spreading ridge and 

associated transform fault occurs after Avalonia accretes to the Laurentian margin in the late 
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Silurian to Early Devonian (Figure 2.1a). As a result, a dextral fault system forms to accommodate 

the relative plate motions between the southern Rheic Ocean and Laurentian plates (Figure 2.1b). 

Subduction continues and the dextral fault migrates land-inward during the Middle to Late 

Devonian where it is recognized as the NFS (Figure 2.1c). In this interpretation, the NFS ends on 

a NNW-trending transform fault that continues into the ocean along a triple junction in the Gulf 

of Maine, similar to the termination of the San Andreas Fault system at the Mendocino triple 

junction (Figure 2.1d,e). Thus, Kuiper’s (2016) model explains why the NFS does not continue 

south into MA. If the model is correct, the NFS would be the first recognized ancient equivalent 

to the San Andreas Fault system, which is the only known modern transform fault on land that 

links two oceanic spreading ridge segments (Molnar and Dayem, 2010; Kuiper, 2016). 

 
Figure 2.1 Kuiper’s (2016) interpretation for the termination of the Norumbega fault system in 
MA on a NNW-trending transform fault that continues into the ocean. Sections A-E show 
progression of this forming through time. SW = Slab Window. Modified from Kuiper (2016). 
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An alternative to this model for formation of the NFS may be that it is part of a lateral 

escape fault system associated with indentation tectonics. This model includes a broad indenter 

body, conjugate strike-slip fault sets, and lateral tectonic escape of a block between these faults 

(Ratschbacher et al., 1991; Jacobs and Thomas, 2004). Well-known modern examples of this 

model exist in the Himalaya-Alpine belt (Jacobs and Thomas, 2004). However, this model is an 

unlikely explanation for the formation of the NFS, because there are no other strike-slip faults in 

the New England Appalachians that would suggest a mid-Paleozoic escape system including the 

NFS (Kuiper, 2016). 

Another alternative is that the NFS is an intra-arc strike-slip fault that is associated with an 

arc or backarc system. A modern day example of this occurs in Sumatra along the intra-arc 

Semangko fault zone (Fitch, 1972). This model can also be ruled out as a possible scenario for the 

NFS because oblique tectonic movement during the Acadian was sinistral (Hibbard and Hall, 

1993). Additionally, the geochemical signatures of volcanic rocks related to the convergence of 

Avalonia indicate that subduction below ME may have ended in the Early Devonian and thus too 

early for the NFS to be an intra-arc strike-slip fault (Tucker et al., 2001; Piñan-Llamas and 

Hepburn, 2013). 

The sudden, somewhat enigmatic termination of the NFS is probably not explained by a 

cross cutting structure such as a later fault or plate boundary. The rock units along the fault system 

including its southernmost known extent are continuous, and there is no evidence for cross cutting 

structures. Thus, currently, Kuiper’s (2016) subducting ridge model is the only model that explains 

the sudden termination of the large, crustal-scale strike-slip NFS in ME.   
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CHAPTER 3 

METHODS 

Field work began with examining outcrops of the mapped NFS in Maine (ME) to gain an 

understanding of the rock types, shear sense indicators, and degree of deformation exhibited by 

the NFS. The NFS and associated outcrops are described in great detail by e.g. Ludman and West 

(1999), Swanson (1999), Price et al. (2010).  

Detailed structural mapping was carried out to find potential continuations of the NFS to 

the south. Shear zones mapped by others in NH and MA and topographic lineaments in MA that 

have not been previously considered as continuations of the NFS were investigated in this study. 

Topographic lineament mapping was focused in the Billerica (Massey, 2011), Lawrence (Castle 

et al., 2005a), Lowell (Kopera et al., 2010), South Groveland (Castle et al., 2005b), and Concord 

(Langford, 2007) quadrangles, because they show topographic lineaments such as NNE-trending 

segments along rivers that may align with projected southern traces of the NFS (Figure 3.1). 

Previously mapped shear zones in MA and NH that have been considered as potential 

continuations for the NFS (see above), or those that exhibit dextral shear and/or trend NE were 

also investigated in the field. Selected shear zones and lineaments were mapped in detail to test 

whether they had the same characteristics as the NFS. The NFS typically contains sheared rocks 

such as protomylonite, mylonite and ultramylonite with a steeply WNW-dipping foliation, a 

subhorizontal lineation and dextral shear sense indicators.  

Twenty-six thin sections were made from selected oriented samples that contained 

characteristics similar to those of the NFS. Transmitted light microscopy was used to analyze 

mineral assemblages and microstructures preserved in each sample. From these twenty-six thin 

sections, twelve samples with well-developed microstructures were selected for Automated 
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Mineralogy (AM) analysis at the Colorado School of Mines to locate monazite. The samples were 

loaded into the TESCAN-VEGA-3 Model LMU VP-SEM platform and the analysis was initiated 

using the control program TIMA3. Four energy dispersive X-ray (EDX) spectrometers acquired 

spectra from only minerals that have a BSE brightness greater than 60% determined based on the 

relative high mean atomic number of monazite. This process located predominantly monazite in 

these samples. The samples were all scanned at a beam stepping interval (the spacing between 

acquisition points) of 5 µm, an accelerating voltage of 25keV, and a beam intensity of 14. 

Interactions between the beam and each sample were modeled using the Monte Carlo simulation. 

The EDX spectra collected for phases brighter than 60% were compared with spectra contained in 

a reference table allowing a mineral assignment to be made for each composition at every 

acquisition point. This assignment makes no distinction between species and amorphous grains of 

similar composition. Results are output by the TIMA software in a spreadsheet that details the area 

percent of each composition in the reference table. This procedure generates a BSE image of the 

samples with all minerals brighter than 60% highlighted. Composition assignments were grouped 

appropriately. 

From these twelve thin section, ten (3 from the NFS, 4 from the Rye Complex, 2 from Nannie 

Island, and 1 from Shirley mylonite zone; Figure 1.1) contained abundant monazite grains larger 

than 5µm (generally ~10-20 µm). These were further analyzed using Backscattered Electron (BSE) 

analysis in order to examine their shape and textural relationships. Internal zonations were not 

visible. BSE analysis was conducted using a TESCAN MIRA3 LMH Schottky high-resolution 

Field Emission Scanning Electron Microscope (FE-SEM). The instrument provides imaging 

capabilities at magnifications of 10x to 300,000x with a spatial resolution down to the nanometer 

scale. It features a motorized annular, single-crystal YAG BSE detector for high resolution 
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imaging. 

In situ U-Pb monazite Laser Ablation Inductively Coupled Mass Spectrometry (LA-ICP-MS) 

geochronology was carried out on all ten thin sections, using a Nu Instruments AttoMTM at the 

U.S. Geological Survey Geology, Geophysics, and Geochemistry Science Center in Denver, CO. 

Monazite grains were ablated with a Photon Machines ExciteTM 193 ArF excimer laser in spot 

mode with 150 total bursts for each monazite analysis, repetition rate of 5 Hz, laser energy of 3 

mJ, and an energy density of ~4 J/cm2.  The laser spot size for monazite was set at ~10 µm. The 

following isotope peaks were measured by rapidly deflecting the ion beam: 202Hg, 204(Hg+Pb), 

206Pb, 207Pb, 208Pb, 235U, and 238U. A 30-second on-peak background was measured for each 

analysis. The 232Th peak was excluded from this analytical sequence due to high Th concentration 

in monazite and high sensitivity of the instrument. The raw data were reduced at the lab using 

IoliteTM 2.5 program (Paton et al., 2011). The reduction process includes subtracting on-peak 

signals and correcting for U-Pb downhole fractionation. Instrumental mass bias was normalized 

using mineral standards for which the ages have been previously been determined using Isotope 

Dilution Thermal Ionization Mass Spectrometry (ID-TIMS). Monazite 44069 (Aleinikoff et al., 

2006) was used as an external reference standard. The reference material was analyzed after every 

five spot analyses of monazite unknowns.  

The data were then further analyzed and plotted using Isoplot (Ludwig, 2012). Tera-

Wasserburg diagrams were used to show common Pb. Discordia chords were plotted through 

individual monazite populations that were not affected by older inherited monazite or overgrowths. 

The lower intercept ages are interpreted as the common Pb-corrected ages of those populations. 

For some samples weighted averages of 206Pb/238U ages were calculated and/or linear probability 
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plots were used to test for continuous monazite growth.  

 
Figure 2.2 (a) Map outline of eastern Massachusetts and labeled quadrangles investigated. The 
gray quadrangle indicates the location of map (b). (b) Bedrock geologic map of the Billerica 
Quadrangle (Massey, 2011) is provided as an example to indicate the location of a lineament 
examined in this study as a potential continuation of the Norumbega fault system. 
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CHAPTER 4 

RESULTS 

In this chapter, rock descriptions, structural measurements and observations, and U-Pb 

monazite geochronology results for shear zones investigated as potential southern continuations 

of the NFS are given. These results have been integrated with published rock descriptions and 

structural observations for each location. All structural measurements are listed in Appendix A. 

 The Norumbega fault system in ME 

Outcrops of the NFS in ME were examined at three primary locations (see below). Each 

outcrop location has been defined as the Norumbega fault system by others (West et al., 1988, 

1995, 1999; Price et al., 2010), and were examined in this study to document key characteristics 

of the NFS. 

4.1.1 Lincoln Syenite  

The deformed Lincoln Syenite outcrop is located along the Liberty-Orrington shear zone, 

which is parallel to and about 5 km southeast of the Sandhill Corner shear zone within the NFS in 

ME (Stop 2 of Price et al., 2010). The outcrop is a large block about 2 m width and 1.5 m height 

of a foliated coarse-grained biotite-actinolite schist with alkali feldspar megacrysts (cf. Price et al., 

2010; ~3-5 cm long, 1 cm wide) (Figure 4.1a). The megacrysts are dark gray in color and zoning 

can be observed at the outcrop scale (Figure 4.1b). The matrix fabric is predominantly composed 

of biotite and actinolite (Figure 4.1c,g) with minor quartz, albite and sphene. Recrystallized quartz, 

albite, biotite, and actinolite form asymmetric pressure shadows around the megacrysts (Figure 

4.1d,e). Deflection of elongated biotite and actinolite crystals form an anastomosing S-C fabric 

(Figure 4.1d). The feldspar megacrysts align parallel to the foliation and align adjacent to dextral 
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shear bands (Figure 4.1a,c). The foliation of this rock is sub-vertical, striking about 063° (Figure 

4.2). Mineral lineations of biotite, actinolite, and feldspar megacrysts trend northeast and plunge 

subhorizontally, parallel to the direction of shearing. Steeply-plunging lineations are probably 

intersection lineations.  

 
Figure 4.1 Field and optical microscopy photos of sample NFG-019 from the deformed Lincoln 
Syenite outcrop along the Norumbega fault system (Price et al., 2010). Blue dashed lines indicate 
the C fabric, yellow the C’ fabric, and red the S fabric of the rock. (a) Field photo of outcrop 
NFG-019 with inset photo (b) of a feldspar megacryst with zoning. Box C shows the orientation 
and location of (c) zoomed field photo of the S-C fabric reflected by the feldspar megacrysts. (d) 
Photomicrograph of the S-C fabric outlined by a feldspar asymmetric clast and deflection of 
biotite and actinolite in plain polarized light (PPL) (e) Same photomicrograph as C in crossed-
polarize light (XPL). (f) XPL photomicrograph of anastomosing S-C fabric in biotite and 
actinolite. Kfs=alkali feldspar, Act=actinolite, Qtz=quartz, Bt=biotite 



 22 

 
Figure 4.2 Equal-area lower-hemisphere projection for structural measurements along the NFS 
from the deformed Lincoln Syenite, Appleton Ridge, and Sandhill Corner outcrops. The black 
planes are foliation and the red dots are biotite, muscovite, and elongated quartz mineral 
lineations. The foliation of the NFS dips steeply NW and lineations plunge ENE. 

4.1.2 Appleton Ridge Formation 

The Appleton Ridge Formation is located in south-central Maine within the defined 

Norumbega fault zone (Sample location 1 on Figure 1.1; Stop 3 of Price et al., 2010). The rocks at 

the outcrop location consist of foliated staurolite-andalusite schist interbedded with feldspathic 

and micaceous quartzite NFS (Figure 4.3a). The outcrop is composed of discontinuous flat 

exposures that are ~0.5-2 m wide and ~10-15 m long. The schist beds are ~5-50 cm and the 

quartzite beds are ~3-10 cm thick. Centimeter-scale dextral shear sense indicators are abundant 

and include asymmetric boudins and asymmetric folds of quartz veins and pegmatite sills (Figure 

4.3a). Compositional layering and foliation are sub-parallel and dip steeply to the southeast  
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Figure 4.3 Field and optical microscopy photos of sample NFG-020B of pelitic schist from 
Appleton Ridge outcrop along the Norumbega fault system (Stop 3 of Price et al., 2010; Frieman 
et al., 2012). Blue dashed lines indicate the C fabric, yellow the C’ fabric, and red the S fabric of 
the rock. (a) Outcrop photo with the C’ fabric highlighted and porphyroclasts circled in white. 
(b) PPL and (c) XPL photomicrograph of staurolite porphyroclasts forming “fish” along the S 
fabric and cut by shear bands. Note the inclusion trails within the staurolite that are at high 
angles to the C fabric and record a pre-staurolite deformation fabric. (d) PPL and (e) XPL 
photomicrographs of a garnet sigma clast. (f) PPL and (g) XPL photomicrograph of staurolite 
sigma clasts with clear relationships with S, C, and C’ fabrics. Sil=sillimanite, Grt=garnet, 
Qtz=quartz, Bt=biotite, Ms=muscovite 
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(Figure 4.2). At this field location, lineated mica grains plunge subhorizontally to the northeast 

and are parallel to the direction of shearing (Figure 4.2). The matrix of the pelitic schist at 

Appleton Ridge is comprised of biotite, quartz, muscovite, plagioclase, and sillimanite. This 

schistose matrix wraps around staurolite, biotite, garnet, and andalusite porphyroblasts with 

asymmetric pressure shadows of quartz and biotite. (Figure 4.3b-g). Inclusion fabrics within 

staurolite porphyroblasts are composed of quartz and feldspar, and preserve straight to slightly 

curved fabrics at high angles to the surrounding matrix fabric (Figure 4.3b,c,f,g). Well-developed 

dextral shear bands deflect and deform staurolite and andalusite porphyroblasts (Figure 4.3b,c). 

The quartz and feldspar in the matrix preserve a dextral oblique foliation (Figure 4.3c,e,g).  

4.1.3 Sandhill Corner shear zone  

The Sandhill Corner shear zone is located about 15 km southwest of the Appleton Ridge 

Formation outcrop in southeastern Maine and is defined as a shear zone associated with the NFS 

(Sample location 2 on Figure 1.1; Stop 5 of Price et al., 2010). The outcrop is a series of 

discontinuous exposures that cover an area about 15 m long and 8 m wide. This field location 

presents quartzo-feldspathic mylonite and intensively sheared pelitic schist. The mylonitic rocks 

are fine grained, gray in color, and contain muscovite and plagioclase porphyroclasts. Centimeter-

scale quartz veins that are asymmetrically folded are present (Figure 4.4a). Thin mm-to cm-thick 

pseudotachylite give the outcrop a banded appearance (Figure 4.4a; Price et al., 2012). The mica 

schist is fine grained, tan in color, and contains biotite porphyroclasts and abundant quartz veins 

that are asymmetrically folded and sheared (Figure 4.4b).  

The matrix of the mylonite contains fine grained, elongated muscovite and biotite, and 

recrystallized quartz (Figure 4.4c,d). The quartz preserves an oblique foliation consistent with 

dextral shear. Plagioclase sigma and delta porphyroclasts are abundant and small (<2mm) (Figure 
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Figure 4.4 Field and optical microscopy photos of sample NFG-022 from Sandhill Corner 
outcrop along the Norumbega fault system (Stop 5 in Price et al., 2010). Blue dashed lines 
indicate the C fabric, yellow the C’ fabric, and red the S fabric of the rock. (a) Field photo 
showing folded quartz veins. (b) Outcrop photo showing well-defined S-C-C’ fabric in schist. (c) 
PPL photomicrograph of sample NFG-022.1A illustrating compositional banding and sigma and 
delta clasts with dextral shear sense outlined in white. (d) PPL photomicrograph of samples 
NFG-022.1A showing fine grained matrix and dextral sigma clasts. (e) XPL photomicrograph of 
sample NFG-022.3 of plagioclase clasts cut by a shear band and associated anastomosing fabrics 
in the mica matrix. Notice the various degrees of deformation and recrystallization within the 
quartz in the strain shadows of the clasts. (f) PPL photomicrograph of sample NFG-022.3 of two 
garnet sigma clasts and quartz veins pinched by the garnet. (g) PPL photomicrograph of sample 
NFG-022.3 showing garnet, muscovite and plagioclase sigma clasts with fine grained mica and 
quartz deflecting around the S-C’ fabrics. The inset white box highlights an area of folded 
muscovite. (h) PPL photomicrograph of sample NFG-022.3 of a Z-fold in a quartz vein. 
Grt=garnet, Qtz=quartz, Bt=biotite, Ms=muscovite. Pl=Plagioclase 



 26 
  



 27 

4.4c,d). The matrix of the schist contains primarily muscovite and biotite and also recrystallized 

quartz (Figure 4.4e-h). This rock type is coarser grained than the mylonite, and it contains large 

(>1mm) garnet and plagioclase clasts with strain shadows and mica fish with internal deformation 

(Figure 4.4e-g). The fine grained matrix wraps around the garnet and plagioclase porphyroclasts. 

Asymmetrical strain shadows on the porphyroclasts are comprised of recrystallized quartz and 

mica (Figure 4.4e). Recrystallized quartz and muscovite ribbons show local folds, and are bent 

around porphyroclasts (Figure 4.4g,h).  

The foliation is very well developed in both rock types and dips sub-vertically striking 309° 

(Figure 4.2). Muscovite lineations in the schist plunge shallowly and trend 040°. Shear bands are 

present in both rock types and observations of muscovite fish, asymmetric clasts, and shape 

preferred orientation are all consistent with dextral deformation (Figure 4.4c-h). Asymmetrical 

folds in both rock types, and shear bands in the schist indicate dextral shear (Figure 4.4a,b). Coarse-

grained mica in the schist forms dextral S-C fabrics (Figure 4.4b).  

 NE-trending lineaments in MA 

Over one hundred outcrops were examined along NE-trending topographic lineaments in 

MA (Figure 3.1; Appendix B). The majority of outcrops were located in the Nashoba terrane with 

less than twenty outcrops located in the Merrimack belt and Avalon terrane adjacent to the 

boundaries of the Nashoba terrane (Figure 1.1; Appendix B). Exposure of outcrop was generally 

poor and outcrop size ranged from ≤1m in width and length to large outcrops ~5-8 m in width and 

length with the majority of outcrops being smaller in size.  

Rocks examined in the Nashoba terrane included foliated muscovite-biotite-schist, 

migmatite (partially melted metamorphic rock), and muscovite-biotite-plagioclase granite. The 

granite was light to medium gray, medium to coarse grained, and non-foliated to foliated. Shear 
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sense indicators were not observed in the granite (Figure 4.5a). This was the most common rock 

type examined in the Nashoba terrane. The schist was moderately-foliated. S-C fabrics and shear 

bands commonly formed by micas (Figure 4.5f) were poorly defined and it was difficult to  

 
Figure 4.5 A collection of outcrop photos from various topographic lineament field locations in 
MA that represent the variety of rocks observed. The blue dashed line shows the C fabric. (a) 
Field photo of undeformed to weakly deformed granite located along the Merrimack River in the 
Merrimack belt portion of the Lowell quadrangle. (b) Field photo of a weakly foliated phyllitic 
rock which showed microscale folds with both dextral. This outcrop is located in the Merrimack 
belt portion of the Lawrence quadrangle. (c) and sinistral movement (d). (e) Field photo of 
migmatite and compositional banding in the Nashoba terrane. (f) Field photo of weakly 
deformed schist with undetermined sense of motion in the Nashoba terrane of the Billerica 
quadrangle. (f) Equal-area lower-hemisphere projection for all structural data collected along 
lineaments in MA. The black dots represent poles to foliation and the red dots represent mineral 
lineations. Data is scattered, but foliation generally trends NE along the lineaments. 
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determine a shear sense. Local folded quartz veins displayed both sinistral and dextral movement 

senses in one outcrop (Figure 4.5c,d) and were otherwise symmetrical. Migmatitic fabrics in schist 

and gneiss are characteristic in the Nashoba terrane (Figure 4.5e) and were commonly examined 

in the field area. The foliation was very well developed in the migmatite. These rock types and 

textures compose the majority of outcrops examined along the NE-trending topographic 

lineaments.  

Rocks in the Avalon terrane were all dark to medium gray biotite-quartz-plagioclase non-

foliated to foliated granite. Outcrops in the Merrimack belt consisted of foliated biotite feldspar-

quartz granofels. Shear sense indicators were rare in both of these terranes, and where present 

consisted of weakly defined S-C fabrics. It was difficult to determine the shear sense of these 

fabrics with certainty.  

Where foliation could be measured in rocks from all three terranes, it was weakly 

developed and generally NE-striking with dips between 40-80° (Figure 4.5b,g). Mineral lineations 

are predominantly formed by mica or elongated quartz and generally plunge variably NE and SW. 

Evidence of shear is weak and senses of motion are inconsistent (Figure 4.5a-f). Because these 

rocks did not show evidence of major shearing expected of rocks deformed by a fault zone related 

to the NFS, samples were not collected from these outcrops.  

 Previously mapped shear zones in Massachusetts 

Two previously mapped shear zones in eastern Massachusetts (Figure 1.1), the Wekepeke 

fault and Shirley mylonite zone (Figure 1.1), were investigated as potential continuations of the 

NFS in this study. The Wekepeke fault was selected because the mapped fault orientation was 

consistent with the orientation of the NFS, and it had been hypothesized by others as a potential 

NFS continuation but had not been investigated (Bothner and Hussey, 1999; Goldstein and 
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Hepburn, 1999; Hibbard et al., 2006). The Shirley mylonite zone was investigated because it 

contains zones of dextral mylonite. 

4.3.1 Wekepeke fault 

The Wekepeke fault (WF, Figure 1.1) located in central-eastern MA trends NNE and is 

described to have a component of dextral movement based on drag folds (Robinson, 1981). 

Outcrops of the WF were scarce and examined exposures were ~2-3 m in length and <1.5 m in 

width. The outcrops along the WF consisted of quartzofeldspathic granofels that were highly 

silicified and brittlely deformed (Figure 4.6a,b). The foliation was moderately to weakly defined, 

and in highly silicified zones it was generally curved (Figure 4.6b). Rare asymmetric quartz 

porphyroclasts indicate dextral movement, but no other shear sense indicators were observed.   

 
Figure 4.6 Field photos of outcrops along the Wekepeke fault. The blue dashed line illustrates 
the orientation of the C fabric. (a) Field photo of a weakly foliated quartzofeldspathic granofels 
with a single quartz sigma clast outlined in red (b) Field photo of highly silicified foliated 
quartzofeldspathic granofels. Foliation bends and is overprinted with pervasive brittle 
deformation. (c) Equal-area lower-hemisphere projection for all structural data collected along 
the Wekepeke fault. The black planes represent foliation and the red dots represent mineral 
lineations. 
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Two foliation orientations were recognized. The curved foliation along highly silicified 

zones dips steeply NE (Figure 4.6b,c). This orientation is not parallel to the mapped orientation of 

the fault and is probably not related to fault movement. The foliation in less silicified granofels 

outcrops was shallowly ESE-dipping, which is consistent with the trend of the fault (Figure 4.6a,c).  

4.3.2 Shirley mylonite zone 

The Shirley mylonite zone (SMZ, Figure 1.1) in eastern MA is a series of small ENE-

striking dextral mylonitic zones that merge with or are cut off by the Clinton-Newbury Fault 

(Kopera, 2006). Minimal field work or research has been done on these mylonite zones. Outcrops 

occur as narrow mylonitic zones with multiple ~0.5-1 m long and ~1 m wide exposures. Samples 

from the Shirley mylonite zone are mylonite composed of mostly quartz, feldspar, and muscovite 

with minor amounts of chlorite and sericite present (Figure 4.7a,b). The matrix is composed of 

coarse- to fine-grained quartz that is recrystallized, fine grained muscovite, and chlorite (Figure 

4.7c-e). Large feldspar grains show replacement by a fine-grained phyllosilicate, possibly sericite 

(Figure 4.7c-e). The structural fabrics are very well defined in these mylonitic zones and consist 

of ENE striking vertical foliation with subhorizontal quartz mineral lineations (Figure 4.7f). In thin 

section, the fine grained muscovite and quartz ribbons form the foliation, while large grained mica 

fish are parallel to a dextral S fabric (Figure 4.7c,e). In all samples of the Shirley mylonite zone, 

muscovite fish, S-C fabric, and weakly-developed oblique foliation in quartz show dextral shear 

(Figure 4.7a-e). 

 Previously mapped shear zones in New Hampshire 

The Rye Complex, Nannie Island shear zone, and the Calef shear zone are high-strain zones 

in NH that have been proposed by others as southern continuations of the NFS, but have not been  
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Figure 4.7 Field and optical microscopy photos of outcrops form the Shirley mylonite Zone. Blue 
dashed lines indicate the C fabric, yellow the C’ fabric, and red the S fabric of the rock. (a) Field 
photo of quartzofelspathic mylonite with clear dextral sigma clasts. (b) Field photo of a strongly 
foliated mylonite sample NFG-102 from which the photomicrographs are shown. (c) PPL and (d) 
XPL photomicrograph of the mylonitic fabric with mica fish. (e) XPL photomicrograph of the 
relationship between the S-C-C’ fabrics in the rock with a dextral mica fish. (f) Equal-area 
lower-hemisphere projection for all structural data collected along the Shirley mylonite Zone. 
The black planes represent foliation and the red dots represent mineral lineations. The foliation is 
steeply dipping and trends ENE. Pl=plagioclase, Qtz=quartz, Se=sericite, Ms=muscovite. 
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previously investigated in detail (Bothner and Hussey, 1999; Goldstein and Hepburn, 1999). They 

are described below. 

4.4.1 Rye Complex 

The Rye Complex is a package of highly deformed schist and gneiss located along the 

southeastern coast of New Hampshire. It is bounded by the Portsmouth fault zone (~250 m wide) 

to the northwest and cut by the smaller Great Commons fault (~25-35 m wide) to the southeast  

(Hussey and Bothner, 1995). The Rye Complex includes calcareous quartzite, metapelite, 

metasandstone, metasiltsone, amphibolite, calc-silicate-bearing amphibolite, and graphitic-

sulfidic pelitic schist, sheared at variable amounts (Swason and Carrigan, 1984; Hussey and 

Bothner, 1995). Blastomylonitic schist, granitic-augen gneiss, and ultramylonite are characteristic 

of this formation. Samples from the Rye Complex all contain a matrix composed of recrystallized 

quartz, muscovite, biotite with varying gain sizes (Figures 4.8 and 4.9). Porphyroclasts include 

garnet, staurolite and feldspar. Staurolite and garnet are minor but are deformed and present in a 

majority of the samples from this location (Figure 4.8 b,c and Figure 4.9b,c,f). 

The structural fabrics of the outcrops visited reflect the orientation and deformation style 

of the NFS closely (Figures 4.8 and 4.9). For all field locations in the Rye Complex, the foliation 

is consistently sub-vertical and NE- to NNE-striking. Mineral lineations of mica, feldspar, and 

quartz are consistently horizontal (Figure 4.10).  

Shear sense indicators in these rocks are well preserved and show dextral sense of motion. 

Cm- to m-scale S-C-C’ bands (Figures 4.8 and 4.9), cm-scale folds (Figure 4.9a), and 2-7 

centimeter feldspar, garnet, staurolite, and muscovite asymmetric clasts are abundant and  indicate 

dextral shear sense (Figure 4.8a,d,e,f and Figure 4.9b,d,f). Local pseudotachylite is preserved, but 

fairly altered throughout the Rye Complex.  



 34 

  
 
Figure 4.8 Field photos and photomicrographs of samples NFG-059.2 (a-c) and NFG-060.1 (d-f) 
from the Rye Complex. Blue dashed lines indicate the C fabric, yellow the C’ fabric, and red the 
S fabric of the rock. (a) Field photo of sample NFG-059.2 showing a dextral feldspar sigma clast 
and defined S-C-C’ fabric. (b) PPL and (c) XPL photomicrograph of a well-defined dextral C-C’ 
fabric with sigma clasts and mica fish. The quartz matrix shows a moderately defined oblique 
foliation. A stretched garnet is outlined in black, and throughout the sample, new quartz growth 
can be seen within the garnet fractures. (d) Field photo of sample NFG-060.1 with large 
staurolite and garnet sigma clasts. (e) PPL and (f) XPL photomicrograph of a mica fish. 
Grt=garnet, Qtz=quartz, Bt=biotite, Ms=muscovite. 
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Figure 4.9 Field photos and photomicrographs of samples NFG-061.1A (a-c) and NFG-077.1 (d-
f) from the Rye Complex. Blue dashed lines indicate the C fabric, yellow the C’ fabric, and red 
the S fabric of the rock. (a) Field photo of sample NFG-061 showing a dextral z-folds of a quartz 
vein at the top of the photo and feldspar sigma clasts. (b) PPL and (c) XPL photomicrograph of 
feldspar and deformed garnet sigma clasts with recrystallized quartz in the wings. (d) Field photo 
of sample NFG-077.1 with small (5-10mm) stretched feldspar sigma clasts. (e) PPL 
photomicrograph of mica fish and plagioclase sigma clasts with abundant and well-defined shear 
bands that indicate dextral (yellow) and sinistral (white) movement. (f) PPL photomicrograph of 
biotite fish and plagioclase boudins. The quartz ribbons are fine grained and highly 
recrystallized, and the garnet porphyroclasts are stretched. Grt=garnet, Qtz=quartz, Bt=biotite, 
Ms=muscovite, Pl=plagioclase. 
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Figure 4.10 Equal-area lower-hemisphere projection of all measured structural data from the Rye 
Complex. The black planes are foliation planes and the red dots are mineral lineations. 
 
 

In thin section, samples from the Rye Complex contain shear zone microstructures such as 

S-C fabrics (Figure 4.8e,f and Figure 4.9e,f), shear bands (Figure 4.8b,c,e and Figure 4.9b,c,e), 

oblique foliation (Figure 4.8c), mica fish (Figure 4.8e,f and Figure 4.9f), and sigma and delta clasts 

(Figure 4.8b, and Figure 4.9b,c,e,f). These fabrics are consistently indicative of dextral movement 

for each sample location within the Rye Complex.  

Four representative samples from the Rye complex were selected for analysis and 

described here. Sample NFG-059.2 (Figure 4.8a-c; 4.11) is from Wallis Sands State Beach (Stop 

3 of Bothner et al., 2014) along the coast of NH. It is a foliated garnet-bearing quartzofeldspathic 

schist with thin calc-silicate layers (1-5cm). The >100 m long and 7 m wide outcrop is located 

along the coast of NH within the Rye Complex. Isoclinal folds, strong S-C fabrics, and 

asymmetical porphyroclasts bound by shear bands (Figure 4.8a) were well developed. The 

mineralogy of this rock consisted of quartz, biotite, muscovite, and garnet and plagioclase clasts. 

Sample NFG-060.1 (Figure 4.8d-f) is from Fort Stark on New Castle Island, NH within the 

Rye Complex (Figure 4.11; Stop 4 of Bothner et al., 2014). Outcrops are located on the coast with 
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over 200 m of exposure.  It is a coarse-grained pelitic schist with 5-10cm knots of garnet and 

staurolite (Figure 4.8d). It is of lower metamorphic grade than NFG-059.2 (Welch, 1993; Bothner 

et al., 2014). S-C-C’ fabrics are well preserved in outcrop scale, and mica fish are prevalent in thin 

section (Figure 4.8d-f). This samples does not contain garnet. 

 
Figure 4.11 Generalized map of the Rye Complex (modified from Hussey and Bothner, 1995; 
Bothner et al., 2014) showing the locations of the Portsmouth Fault Zone, Great Commons Fault 
Zone, Rye Complex, and the approximate location of samples within the Rye Complex used in 
this study. ME=Maine, NFS=Norumbega Fault system, NH=New Hampshire 

NFG-061.1A (Figure 4.9a-c) is located along the Great Commons fault on New Castle 

Island, NH (Figure 4.11; Stop 5 of Bothner et al., 2014). Exposure along the coast is ~5 m wide 
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and over 10 m in length. The rock type is a strongly sheared ultramylonitic amphibolite. Strongly 

sheared amphibolite was seen exposed as a boudin and mafic dikes are prevalent. Bothner et al. 

(2014) explain that this outcrop location defines the Great Common Fault Zone based on the zone 

of ultramylonite rocks present. Centimeter-scale folds, S-C fabrics, shear bands, and asymmetric 

clasts indicate dextral movement (Figure 4.9a). In thin section, shear bands are very well defined 

and common garnet sigma clasts are stretched out with recrystallized quartz pressure shadows 

(Figure 4.9b,c). 

Sample NFG-077.1 (Figure 4.9d-f) is from the pier at Fort Foster on Gerrish Island, ME 

along the Great Commons fault zone (Figure 4.11; Stop 7B of Swanson and Carrigan, 1984). 

Coastal exposure of outcrops stretches ~10 m in width and ~ 3km in length around the coast of the 

island. Rocks include pelitic schist and mylonitized quartzo-feldspathic gneiss. Sigma and delta 

clasts and shear boudins were prevalent and indicated dextral shear sense (Figure 4.9d). In thin 

section, two sets of well defined shear bands are present (Figure 4.9e). The predominant dextral 

shear bands deform and bound large biotite amd garnet porphyroclasts (Figure 4.9f). In local finer-

grained, mica-rich zones of the rock, small sinistral shear bands are also present (Figure 4.9e). 

There was no cross cutting relationships observed between the dextral and sinistral shear bands 

observed in thin section. Most shear sense indicators reflect dextral shear. 

4.4.2 Nannie Island shear zone 

The Nannie Island shear zone (NISZ; Figure 1.1) is located along the coast of a tidal estuary 

in southeastern NH. It is a narrow northeast trending phyllonitic shear zone about 200 m wide 

(Escamilla-Casas, 2003; Bothner and Hussey, 1999). The shear zone cuts through the Eliot 

Formation in the Merrimack belt, which contains phyllite, calcareous feldspathic quartzite, quartz-

mica schist, and metasiltstone sequences (Lyons et al., 1997). U-Pb LA-ICPMS and ID-TIMS 
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analysis of detrital zircon constrain the age of the formation to be mid- to late Silurian (~426-407 

Ma; Sorota, 2013). The outcrop is ~3 m wide and 8 m long on a coastal jetty. Phyllonitic layers 

alternate with laminated metasiltstone and metasandstone layers and calcite veins (Figure 4.12a,b).  

 
Figure 4.12 Field photos and photomicrographs of samples NFG-080.2 (c-d) and NFG-080.8A (e-
g) from the Nannie Island shear zone. Yellow dashed lines indicate the C’ fabric and red the S 
fabric of the rock. (a) Field photo showing the sinistral S-C-C’ fabric. (b) Field photo showing 
sinistral S-C-C’ fabric in the schist at the top of the photo, and a dextral z-fold outlined in green in 
a metasedimentary layer at the bottom of the photo. (c) PPL and (d) XPL of sample NFG-080.8A 
with a fine-grained crenulated muscovite-biotite-quartz matrix. (e) PPL and (f) XPL of sample 
NFG-080.2 with a folded quartz vein. (g) Equal-area lower-hemisphere projection of all Nannie 
Island shear zone structural measurements, which consists of foliation planes, one ESE-side up 
fold hinge lineation, and one E-side up shear band plane. Ms=muscovite, Qtz=quartz, Bt=biotite 
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The phyllonitic beds are ~10-60 cm thick and the metasiltstone and metasandstone layers are 5-15 

cm thick. Thin section observations reveal that the schist is predominantly composed of very 

weathered and fine grained quartz, biotite, and muscovite with minor amounts of rutile. The 

metasiltstone and metasandstone layers are rich in quartz (Figure 4.12c-f).  

The foliation was well defined in both rock types and dips steeply towards the WNW. One 

Z-fold hinge was exposed and plunged shallowly towards the SSW. This measurement indicates 

more of an ESE-side up component than purely dextral shear. A sinistral shear band dips 48° 

towards the east, which is shallower and more east-dipping than the foliation. The orientation 

suggests an E-side-up component. In outcrop, both the fold hinge and shear band looked distinctly 

dextral and sinistral, respectively. Only one exposure of each structure was observed with no other 

similar three-dimensional exposures for comparison. These measurements are regarded with low 

confidence as they suggest ESE- and E-side up component that was not observed in the field. 

In the literature, the NISZ is described as a predominantly dextral shear zone with distinct 

dextral foliation (“phyllite”) fish in the schist (Bothner and Hussey, 1999). The NISZ preserves 

two deformation events, though overprinting relationships were not observed. Within the 

phyllonitic schist, S-C-C’ shear fabrics present throughout the outcrop indicate sinistral shear 

(Figure 4.12a,b). This S-C-C’ fabric is well defined and sinistral fish of the phyllitic foliation are 

common (Figure 4.12a). The more competent metasedimentary and metasiltstone layers show Z-

folds (Figure 4.12b). The main microstructures present are dextral folds (Figure 4.12e,f), 

crenulations, and sinistral shear bands (Figure 4.12c,d).  

4.4.3 Calef shear zone 

The Calef shear zone (CSZ) is parallel to and located west of the NISZ (Figure 1.1). It is 

oriented NNE in the same orientation as the NFS. Bothner and Hussey (1999) suggest that the 
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trace of the fault lies along strike with of the NFS but no direct connection has been made. The 

Calef shear zone is a poorly exposed phyllitic shear zone much like the NISZ (Bothner and Hussey, 

1999). Outcrops examined were ~1m wide and ~1.5 m long exposures of fine grained, dark gray 

phyllite. The foliation of these outcrops is wavy and dips at about 85° towards the WNW (Figure 

4.13a,d). The trend is more northerly than the NFS. The axial plane to crenulations strike NE and 

dips moderately to the SE (Figure 4.13d). Crenulations are prevalent and suggest NW-side-up 

normal sense of motion (Figure 4.13a-c). No shear fabrics were observed to determine if there was 

horizontal movement along the fault. 

 
Figure 4.13 Field photos of the Calef shear zone. (a) and (b) Pervasive kinks in phyllite. (c) 
Crenulation folds in phyllite outlined in white and the axial plane is illustrated with a black line. 
(d) Equal-area lower-hemisphere projection of foliation, mineral lineation, and axial plane of 
crenulation folds in the Calef shear zone.    
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4.4.4 Campbell Hill Fault 

The Campbell Hill Fault (CHF) is located along strike with the NFS in eastern NH (Figure 

1.1). It is the westernmost fault investigated in this study.  The fault is defined by silicified zones 

and topographic lineaments. It has been hypothesized by others as a continuation of the NFS based 

on the ENE trend of the fault and on evidence for minor, rare ductile shear (West, D.P. and Lux, 

1993; Bothner and Hussey, 1999; Dorais et al., 2012). Exposure is scarce and outcrops are typically 

~0.5 m wide and ~1 m long of pegmatite (Figure 4.14). The foliation is poorly defined and 

immeasurable. Shear sense indicators are absent from this outcrop. 

Slickenside lineations plunge shallowly to the NW (Figure 4.14c,d). Slickenside planes 

were not parallel to foliation and do not reflect the orientation of the CHF. The brittle structures 

are likely related to later deformation and not associated with the CHF.   

 
Figure 4.14 Field photos of the Campbell-Hill fault. (a) Typical outcrop of pegmatitic fabric for 
the CHF. (b) Very weak foliation in pegmatite. (c) Pegmatite showing slickenside lineations 
(outlined in red) on a planar face. Structural measurements of the slickenside lineations 
associated plane are plotted on an equal-area lower-hemisphere projection (d) with high 
uncertainty of their relationship to the fault zone.   
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 U-Pb Isotope Analysis 

In situ monazite U-Pb LA-ICPMS dating was the selected geochronology method for this 

study, because the small spot size allows for analysis of monazite grains and overgrowths (if 

present and big enough) in their textural setting. Monazite growth and overgrowth ages can be 

related to specific microstructural fabrics. LA-ICPMS was used as opposed to electron microprobe 

dating, because the latter method assumes that all data are concordant and that common Pb is 

negligible, which is not a valid assumption for the monazite analyzed in this study. Ion microprobe 

analysis would have been a viable and perhaps better method, but is more expensive and less 

readily available. LA-ICPMS is, therefore, the preferred method. However, the method can 

produce somewhat scattered data for various reasons. Monazite grains in thin section are generally 

small, so occasionally the laser hits more than just the monazite grain and collects isotope data 

from adjacent or underlying minerals. The problem would be avoided if rock samples were 

crushed, monazite were separated, and mounted individually for geochronology analysis, but the 

microstructural relationships would be lost. 

Data in this study are also scattered, because they were not corrected for common Pb. The 

amount of 204Pb, commonly used for common Pb corrections, is uncertain because of interference 

with 204Hg from the argon nebulizer gas (cf. Andersen, 2002) and 208Pb was not measured. Data 

were plotted on Tera-Wasserburg diagrams (Figures 4.16, 4.20, 4.25, and 4.28) where measured 

207Pb/206Pb is plotted against 238U/206Pb and data high in common Pb plot towards upper intercept 

ages that are older than the age of the Earth. Ages are then calculated based on the lower intercept 

ages of discordia chords through the common Pb composition (upper intercept) and monazite data. 

The data for each discordia chord were selected by removing significant outliers from the main 

population of monazite analyses. Typically, the lower and/or upper intercepts of the discordia 
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chords were anchored by clusters of data. Because of this, removing additional data as outliers 

improved errors and MSWD values significantly, but had little effect on the calculated ages 

themselves. An inclusive approach was taken where data were included unless they were 

significant outliers. Weighted average diagrams of 206Pb/238U ages were used to examine clusters 

of near-concordant monazite data where present. Linearized probability plots were used to test 

whether clusters represent continuous monazite growth over a period of time or as opposed to one 

single monazite growth age. All selected monazite grains were re-imaged using BSE after LA-

ICPMS analysis. Reflected light microscopy and BSE images of monazite grains selected for U-

Pb dating are listed in Appendix C. Data tables including calculated ages are in Appendix D.  

4.5.1 Norumbega fault system 

Previously, the NFS has been interpreted as having been active by ~380 Ma (West et al., 

1988; West, 1999; Gerbi and West, 2007) using 40Ar/39Ar hornblende data and U-(Th)-Pb zircon 

and monazite ages from samples located along the Sandhill Corner shear zone and Appleton Ridge 

formation. The sample locations from these studies are located in the same area as samples from 

this study and spread northeast and southwest along the Sandhill Corner shear zone. LA-ICPMS 

monazite geochronology dates dextral deformation along the central portion of the Sandhill Corner 

shear zone adjacent to samples of this study and yields ages of 375-372 Ma (Mako, 2017). These 

ages represent the latest dextral deformation along the fault system. We dated three samples 

collected from the NFS in order to investigate the age of deformation along southern parts of the 

NFS in the context of these published ages.  

In the deformed schist from Appleton Ridge, sample NFG-020B, 35 spot analyses were 

obtained from monazite grains dominantly along shear bands and minor grains along S and C 

fabrics (Figure 4.15). All grains were located adjacent to biotite, muscovite, or quartz. All grains  
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Figure 4.15 BSE images showing representative textural relationships of dated monazite in 
Sample NFG-020B from Appleton Ridge of the Norumbega Fault system. The black dashed line 
highlights dextral shear band fabrics (C’) and the red dashed line highlights dextral S fabrics. 
The black arrow points to the monazite grain of interest. The orientation and shear sense 
associated with all images are shown in (a). Three different magnifications are shown for each 
monazite grain. (a-c) Elongated subhedral monazite grain aligned with a shear band. This 
textural relationship is most common of monazite analyzed in this sample. Monazite grain NFG-
020B-1. (d-f) Stubby grain aligned with a shear band. Monazite grain NFG-020B-5. (g-i)  
Elongated subhedral grain aligned with S fabric. NFG-020B-7. 

in this sample were elongate and aligned parallel to the associated microstructural fabric. 

Additionally, all grains analyzed were subhedral with smooth edges. Outliers that contained an 

older 206Pb/238U and/or 207Pb/206Pb monazite component than the main monazite population were 

removed from the set used in the age calculation (Figure 4.16a). These outliers were all along shear 

bands except for one elongated along S fabric and one along the C fabric. The remaining 13 spot 

analyses used to calculate a discordia chord were aligned along shear bands except for one grain 
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oriented along the S fabric. A discordia chord (Figure 4.16a) through these selected spot analyses 

yields a lower intercept age of 389.9±2.9 Ma and an upper intercept age of 4835±420 Ma 

(MSWD=1.3, N=13). While arguments could be made to keep or remove further data from the age 

calculation, that does not change the lower intercept of the discordia chord, which is well 

constrained by the near-concordant data. There is no relationship between age, and grain size, 

shape, location of analysis spot, or adjacent minerals to the analyzed monazite grains. The rejected 

spot analyses and those used in the calculation also show the same characteristics.  

 
Figure 4.16 Tera-Wasserburg diagrams for samples from the Norumbega Fault system in Maine. 
Data in black were used for the age calculation (upper intercept reflects common Pb and lower 
intercept the age of deformation). Data in gray have an older or younger Pb component and 
werenot used for the age calculation. See text for discussion. (a) Sample NFG-020B from a 
staurolite-andalusite pelitic schist along Appleton Ridge. (b)  Sample NFG-022.1A in mylonite 
from Sandhill Corner shear zone with inset (c) weighted average plot of 206Pb/238U ages for the 
youngest cluster of monazite spot analyses from this sample. (d) Sample NFG-022.3 in schist 
from Sandhill Corner shear zone with inset (e) weighted average plot of 206Pb/238U ages for the 
youngest cluster of monazite spot analyses. (f) Combined Tera-Wasserburg diagram for all data 
used in the age calculations for the three Norumbega Fault system samples (data in black in 
a,b,d).   
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In mylonitic sample NGF-022.1 from Sandhill Corner, 34 analysis spots were analyzed on 

monazite grains that had clear relationship with mostly shear bands and a few S fabrics (Figure 

4.17). All grains in this thin section are surrounded by muscovite, biotite, and/or quartz. Of the 34 

spot analyses, 31 spots from thirteen different grains were used in the calculation of the discordia 

ages. Analyses from grains 1 and 3 (Appendix C) were both discarded as outliers. Both of these 

grains occurred in well-preserved microstructural fabrics and were much more stubby and anhedral 

than the other grains in this sample. Analysis spot 11-2 (Appendix C) was also an outlier discarded 

from the calculations with a younger monazite component. The remaining 31 spot analyses used 

for the discordia calculation were all elongate, subhedral, and aligned parallel to mainly shear 

bands and some S fabrics. The Tera-Wasserburg diagram (Figure 4.16b) shows that the lower 

discordia intercept age is 366.2±5.7 Ma, and the upper intercept age, well-constrained by analyses 

with a high common Pb component, is 4912±32 Ma (MSWD=1.4, N=31). The youngest cluster of 

near-concordant data does not show a significant spread of ages. The 206Pb/238U weighted average 

this cluster was 368±7.6 Ma (Figure 4.16c) (MSWD=0.60, N=15). This weighted average age is 

consistent with the lower intercept age. 

Sample NGF-022.3 was also from Sandhill Corner, but more schistose than sample NGF-

022.1. This sample contained significantly less monazite grains than the other two NFS samples 

and yielded 16 spot analyses. Most of the monazite data included grains aligned with the S fabric 

of the rock, but a select few were included within garnet sigma clasts or aligned along shear bands 

(Figure 4.18). Eleven of the 16 analysis points were used in the calculation of the discordia chord, 

while the other five were removed as outliers from the main monazite population. Grains 1, 2.1, 

and 4 (Appendix C) were rejected for further analysis, because they are much younger than the 

main monazite population. Grain 2.2 (Appendix C) was removed from the cluster as a 
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Figure 4.17 BSE images showing representative textural relationships of dated monazite in 
Sample NFG-022.1A of the Sandhill Corner shear zone of the Norumbega Fault system. The 
black dashed line highlights dextral shear band fabrics (C’) and the white dashed line highlights 
dextral S fabrics and outlines clasts. The black arrow points to the monazite grain of interest. The 
orientation and shear sense associated with all images are shown in (a). Three different 
magnifications are shown for each monazite grain. (a-c) Rounded monazite grain as a dextral 
sigma clast. Monazite grain NFG-022.1A-1. (d-f) Elongated subhedral grain along a mica fish. 
Monazite grain NFG-022.1A-5. (g-i)  Elongated subhedral grain aligned with shear band fabric. 
Monazite grain NFG-02.1A-7. 

significant outlier with an older Pb component. These removed grains were all more stubby, 

anhedral, and in some cases more poikiloblastic or broken than the monazite grains that yielded 

more consistent ages. The stubby grains did not show any alignment with the structural fabric they 

existed along. The poikiloblastic or broken grains were elongated and aligned along 
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microstructural fabrics. Seven of the 11 analyses used for discordia chord calculation were from 

monazite within elongated and subhedral to euhedral monazite grains aligned along the S fabric of 

the rock. These grains are all adjacent to muscovite, with the exception of grain 3, which is 

included in a stretched ilmenite grain (Appendix C). The remaining 4 grains are euhedral and 

included in asymmetric garnet porphyroclasts. There is no relationship between location of grains 

including these 4 and age. A Tera-Wasserburg diagram (Figure 4.16d) of these 11 spot analyses 

yields a discordia chord with a lower intercept age of 385±15 Ma and an upper intercept of 

4246±280 Ma (MSWD=6.4, N=11). The most concordant cluster of youngest ages at the bottom 

of the Tera-Wasserburg diagram had a 206Pb/238U weighted average (Figure 4.16e) age of 

382.9±7.1 Ma (MSWD=4.8, N=7), within error of the lower intercept age.  

 
Figure 4.18 BSE images showing representative textural relationships of dated monazite in 
Sample NFG-022.3 of the Sandhill Corner shear zone of the Norumbega Fault system. The white 
dashed line highlights dextral S fabric. The C fabric is highlighted by black dashed lines. The 
black arrow points to the monazite grain of interest. The orientation and shear sense associated 
with all images are shown in (a). Three different magnifications are shown for each monazite 
grain. (a-c) Elongated subhedral monazite grain aligned with S fabric. Monazite grain NFG-
022.3-11. (d-f) Euhedral grain included in a garnet porphyroclast. Monazite grain NFG-022.1A-
10.  
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All samples from the NFS yielded average monazite ages ~390-366 Ma. To calculate a 

general age of deformation along the NFS, all selected data excluding the removed outlier spot 

analyses from the three NFS samples were plotted together on a Tera-Wasserburg diagram (Figure 

4.16f). The lower intercept discordia age was 377.3±6.8 Ma and the upper intercept age controlled 

by the analysis points with an abundance of common Pb in sample NFG-022.1A was 4875±88 Ma 

(MSWD=3.7, N=55). This lower-intercept age is within error of the dates calculated for each 

individual sample. 

4.5.2 Rye Complex 

Field results from this study (Figures 4.8 and 4.9) illustrated that the Rye Complex area 

shared similarities to the NFS in field characteristics (Figures 4.1, 4.3, 4.4). Four samples from the 

Rye Complex were selected for SEM and LA-ICP-MS analysis in order to test whether the 

Portsmouth and Great Commons faults associated with the Rye Complex have the same age as the 

NFS. Figure 4.11 shows the location of these four samples within the Rye Complex and their 

locations relative to the Portsmouth and Great Commons faults. 

Sample NFG-059.2 is from the ledges north of Wallis Sands State Beach (Hussey and 

Bothner, 1995; Bothner et al., 2014). In this sample, 28 spot were analyzed from which 17 were 

used in the discordia chord age calculation. Monazite analyses that were outliers from the apparent 

discordia chord trend were removed as these data are probably affected by older or younger 

monazite components. Removed spot analyses are from elongated monazite grains that vary from 

anhedral to euhedral and occur within various microstructural textures. Rejected spot analyses do 

not have any characteristics different from those used in the age calculations (see below), and are 

only rejected because they are outliers. The 15 spot analyses included in the age calculations were 

from monazite grains that are all subhedral to euhedral and aligned parallel to either the S fabric 
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or to shear bands (Figure 4.19). Most spots were within elongated grains, but one spot was within 

a rounded grain situated along a shear band. This sample contained two very large (~20µm 

diameter) euhedral grains in which multiple spot analyses were taken (Figure 4.19f,g). In both of 

these grains, one spot analyses from each grain was removed as an outlier, while the other was 

used. All selected grains were surrounded by muscovite or quartz. For the grains used in the age 

calculation, there was no relationship between age and size of grain or location of spot analysis  

 
Figure 4.19 BSE images showing representative textural relationships of dated monazite in 
Sample NFG-059.2 from the Rye Complex. The black dashed line highlights dextral shear band 
fabrics (C’) and the white dashed line highlights dextral S fabrics. The black arrow points to the 
monazite grain of interest. The orientation and shear sense associated with all images are shown 
in (a). Two to three different magnifications are shown for each monazite grain. (a-b) Elongated 
subhedral grain aligned with the S fabric in the rock. The majority of analyzed monazite grains is 
aligned with S fabrics. Monazite grain NFG-059.2-12. (c-e) Elongated subhedral grain aligned 
along the S fabric of a mica fish. Monazite grain NFG-022.1A-9. (f-g)  Large, elongated 
subhedral grain oriented with shear band fabric. Monazite grain NFG-02.1A-13. 
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within the grain. The plotted discordia chord (Figure 4.20a) yields a lower intercept age of 

379.4±5.2 Ma and an upper intercept age of 4854±42 Ma (MSWD=5.2, N=17). To improve the 

error on the age and associated MSWD of the calculated age, additional minor outliers were 

removed (not shown). This resulted in a 378.9±2.4 Ma lower intercept and a 4820±22 Ma upper 

intercept age (MSWD=1.09, N= 10). While this calculation presents a lower error and better 

MSWD, the ages are within the error of the ones above. The lower intercept age of the discordia 

chord is anchored by the youngest, most concordant cluster of data (labeled box B in Figure 4.20a). 

Discordia chord through these data (Figure 4.20b) yield a lower intercept age of 377.2±3.4 Ma 

(MSWD=0.72, N=6), which is also within error of the lower intercept age of 379.4±5.2 Ma. For 

this reason, the more inclusive age of 379.4±5.2 Ma is used in the discussion below. 

Sample NFG-060.1 from Fort Stark within the Rye Complex was selected because shear 

bands are well preserved and AM analysis showed monazite is abundant. Monazite dated included 

anhedral and subhedral monazite (Figure 4.21). A total of 48 spot analyses were obtained from 19 

monazite grains in this sample. Fourteen monazite grains occur along shear bands, and five are 

aligned with the S fabric. Five of the monazite grains were very stubby, anhedral and not aligned 

with the textural fabric they existed along (Figure 4.21). The other fourteen grains were subhedral 

and elongated. Three spot analyses were removed from the data set as major outliers from the data, 

but the monazite grains from which these points were taken contained other valuable data from 

additional spot analyses. Rejected analyses are from monazite spots with the same characteristics 

(spot location, grain shape or size, or textural fabric) as monazite spots used for the age 

calculations. The data all plots into one main cluster on the Tera-Wasserburg diagram (Figure 

4.20c) near concordia with the exception of the three outliers. The discordia age calculation from 

the Tera-Wasserburg diagram includes the outlier with the oldest 206Pb/207Pb age in order to plot a 
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Figure 4.20 Tera-Wasserburg diagram for samples from the Rye Complex in New Hampshire. 
Data in black were used for the age calculation (upper intercept reflects common Pb and lower 
intercept the age of deformation). Data in gray have an older Pb component and were not used 
for the age calculation. See text for discussion. (a) Sample NFG-059.2 from a foliated garnet-
bearing quartzofeldspathic schist in the Rye Complex formation with inset (b) showing a 
Discordia chord through the youngest cluster of monazite data. (c) Sample NFG-060.1 from a 
pelitic schist within the Rye Complex formation. Inset (d) shows linearized probability plot of 
206Pb/238U ages for the cluster of monazite spot analyses from this sample, which corresponds 
with all the data colored black in (c). (e) Sample NFG-061.1A in an ultramylonite from along the 
Great Commons fault with inset (f) linearized probability plot of 206Pb/238U ages for a cluster of 
monazite spot analyses close to the lower intercept (<46% discordant). (g) Sample NFG-077.1 in 
mylonitized quartzo-feldspathic gneiss from along the Great Commons fault with inset (h) 
weighted average plot of 206Pb/238U ages for a cluster of monazite spot analyses close to the 
lower intercept (<56% discordant). 
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Figure 4.21 BSE images showing representative textural relationships of dated monazite in 
Sample NFG-060.1 from the Rye Complex. The black dashed line highlights dextral shear band 
fabrics (C’) and the white dashed line highlights dextral S fabrics. The black arrow points to the 
monazite grain of interest. The orientation and shear sense associated with all images are shown 
in (a). Three different magnifications are shown for each monazite grain. (a-c) Elongated 
subhedral grain aligned with shear band fabric. This is the most common textural relationship 
and morphology of analyzed monazite grains. Monazite grain NFG-060.1-4. (d-f) Elongated 
angular subhedral grain aligned with the S fabric along a mica fish. Monazite grain NFG-060.1-
6. (g-i)  Elongated subhedral grain aligned with shear band fabric. Monazite grain NFG-060.1-
11. 

discordia with an upper intercept constrained by spot analysis 13-3. This spot analysis likely 

contains an abundance of common Pb. The ages from this calculation (Figure 4.21a) yield a lower 

intercept of 402.1±6.3 Ma and an upper intercept of 5906±6000 Ma (MSWD=10.9, N=47). To 

better constrain the age of the monazite cluster, the selected spot analyses without the outliers were 

plotted in a weighted average of 206Pb/238U age diagram (Figure 4.20d) and yield an age of 

402.6±4.9 Ma (MSWD=13, N=44). This age was consistent with the lower intercept age from the 

Tera-Wasserburg diagram. Close examination of the monazite cluster revealed a continuous age 

distribution and monazite growth between ~430 Ma and ~370 Ma (Figure 4.20c,d). Therefore, the 



 55 

age distribution is interpreted as continuous growth between ~430 Ma and ~370 Ma as opposed to 

one period of growth at 402.6±4.9 Ma.   

Sample NFG-061.1 is located along the Great Commons fault on New Castle Island. This 

sample contains 21 grains and 62 spot analyses. Fourteen of the grains occur aligned along shear 

bands, 5 along S fabrics, and 2 are inclusions in feldspar and garnet sigma clasts (Figure 4.22). 

Grains are all subhedral and elongated with the exception of three grains that are stubby. The 

majority of grains is adjacent to fine grained biotite, muscovite, or quartz, except for the two 

monazite grains included in feldspar and garnet. Of the 62 analyses, 54 were used in the discordia 

age calculation. Analyses removed were those that were outliers from the trending population and 

may contain an older monazite or Pb component and. The Tera-Wasserburg diagram (4.20e) for 

this sample yields a lower intercept age 355±27 Ma and an upper intercept age of 1364±390 Ma 

(MSWD=2.7, N=54). This sample does not contain a large amount of common Pb that anchors the 

upper intercept of the discordia chord, and has an erroneously ‘young’ upper intercept age or 

common Pb composition. To check whether there was a period of continuous monazite growth, a 

linearized probability plot of 206Pb/238U ages (Figure 4.20f) for the youngest 51 monazite analyses 

was plotted. These analyses are <46% discordant. The plot reveals a continuous age distribution 

and growth between ~430 Ma and ~360 Ma (Figure 4.20f). The age distribution is interpreted as 

continuous monazite growth between ~430 Ma and ~360 Ma rather than one period of growth at 

355±27 Ma. 

Sample NFG-077.1 from Fort Foster was selected for LA-ICPMS analysis, because of its 

location in close proximity to the Great Commons fault zone, the abundance of monazite, and the 

presence of well-developed dextral shear sense indicators (Figure 4.23). For this sample 43 spot 

analyses were conducted within 22 monazite grains. Using transmitted light optical 
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Figure 4.22 BSE images showing representative textural relationships of dated monazite in 
Sample NFG-061.1A from the Rye Complex. The black dashed line highlights dextral shear 
band fabrics and the white dashed line highlights dextral S fabrics. The orientation and shear 
sense associated with all images are shown in (a). Three different magnifications are shown for 
each monazite grain. (a-c) Elongated subhedral grain aligned with shear band fabric. Monazite 
grain NFG-061.1A-11. (d-f) Elongated subhedral grain aligned with the S fabric. Monazite grain 
NFG-061.1A-21.  

microscopy, 2 different shear senses were identified. Dextral S fabrics and shear bands were 

present throughout the samples, and sinistral shear bands were small and localized within fine-

grained, mica-rich zones (Figure 4.23d-f). 14 grains existed along dextral shear bands, 2 grains 

were aligned with sinistral shear bands, and the remaining 6 were along dextral S fabrics. 4 of the 

grains in this sample were anhedral and very stubby existing along both S fabrics and shear bands. 

All other grains were subhedral, elongated, and aligned with the microstructural fabric (Figure 

4.23). Monazite grains in this sample were generally contained between biotite, muscovite, or 

quartz, but two monazite grains were within the strain shadow of garnet or plagioclase asymmetric 

porphyroclasts. Of 43 spot analyses, 28 were used in age calculations. Analyses removed were 

outliers from the main trending population of monazite spot analyses, and did not show any 
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consistent grain size, shape, spot location, or microstructural texture that distinguishes them from 

the analyses used in the age calculation. There was no age difference in the grains included in 

sinistral fabrics versus those aligned along dextral fabrics. The Tera-Wasserburg diagram (Figure 

4.20g) for this thin section shows a lower intercept age of 370.2±3.3 Ma and an upper intercept 

age of 4405±140 Ma (MSWD=2.6, N=28). The weighted average of 206Pb/238U ages (Figure 4.20h) 

for the near concordant data yields 372.8±2.5 Ma (MSWD=2, N=17). The lower intercept age and 

the weighted average 206Pb/238U age are within error. 

 
Figure 4.23 BSE images showing representative textural relationships of dated monazite in 
Sample NFG-077.1 from the Rye Complex. The black dashed line highlights dextral shear band 
fabrics (C’) and the white dashed line highlights dextral S fabrics. The black arrow points to the 
monazite grain of interest. The orientation and shear sense associated with all images are shown 
in (a). Three different magnifications are shown for each monazite grain. (a-c) Elongated 
subhedral grain aligned with shear band fabric. Monazite grain NFG-077.1-6. (d-f) Elongated 
euhedral grain aligned with the dextral S fabric, or possibly localized sinistral shear bands 
observed in thin section. Monazite grain NFG-077.1-18. (g-i)  Elongated subhedral grain aligned 
with the S fabric within a mica fish. Monazite grain NFG-077.1-19. 
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4.5.3 Nannie Island 

The Nannie Island shear zone (Figure 1.1) shows two opposite shear senses in the same 

shear zone. Two samples were selected from this location in order to try to date both the sinistral 

and dextral movement associated with this shear zone. 

Sample NFG-080.2 was selected, because it contained dextral folds. It was difficult to 

identify these folds in the BSE images, so the relationship between monazite grains and dextral 

microstructures is not well defined (Figure 4.24). Monazite grains are very scarce in this sample, 

so only 7 monazite grains were analyzed. Five of the grains were anhedral, rounded, and not 

elongated. Three monazite grains existed along or were parallel to sinistral shear bands. Four 

monazite grains, grains 1, 6, 15, and 16, are subhedral and elongated parallel to axial planar 

foliation that shows dextral folding. All monazite grains are adjacent to very fine grained mica.  

 
Figure 4.24 BSE images showing representative textural relationships of dated monazite in 
Sample NFG-080.2 from the Nannie Island shear zone. The black arrow points to the monazite 
grain of interest. The orientation associated with all images is shown in (a). Three different 
magnifications are shown for each monazite grain. (a-c) Elongated anhedral grain aligned with a 
dextral shear band (C’). The black dashed line in (a) highlights the shear band orientation and the 
white dashed line in (b) notes folded foliation that shows a dextral Z-fold.  Monazite grain NFG-
080.2-1. (d-f) Rounded anhedral grain aligned along a sinistral shear band highlighted by the 
black dashed line. Monazite grain NFG-080.2-2. 
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Analyses from grains 5 and 15 were removed as obvious outliers from the trending data set. Both 

of these grains were anhedral grains randomly oriented along poorly defined sinistral shear bands. 

Grain 6 yields the youngest age of 500±17 Ma and is the most concordant of all the data, but is 

likely detrital, because it is older than the age of the rock (~426 Ma, see Results section 4.4.2). 

This grain was subhedral and elongated along the folded foliation. The lower intercept of the 

discordia chord (Figure 4.25a) through the remaining four analyses yields 430±18 Ma and the 

upper intercept gives 4755±82 Ma (MSWD=0.91, N=4).  

 
Figure 4.25 Tera-Wasserburg diagram for samples from the Nannie Island shear zone in New 
Hampshire. Both of these samples are phyllonite. Data in black were used for the age calculation 
(upper intercept reflects common Pb and lower intercept the age of deformation). Data in gray 
have an older or younger Pb component and were not used for the age calculation. See text for 
discussion. (a) Sample NFG-080.2. (b) Sample NFG-080.8A with inset (c) weighted average plot 
of 206Pb/238U ages for a cluster of monazite spot analyses near the lower intercept  
(<51% discordant). (d) Combined Tera-Wasserburg diagram for all data used in the age 
calculations for the two (data in black in a and b) Nannie Island shear zone samples. (e) 
Probability density plot for Nannie Island shear zone monazite grains (<20% discordance), 
206Pb/238U age data for grains <1000 Ma and 207Pb/206Pb age data for grains >1000 Ma. 
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The second sample from the Nannie Island shear zone, NFG-080.8A, was collected in the 

same location as NFG-080.2, but contains more apparent sinistral and dextral shear sense 

indicators. Forty spots in twenty-three grains were analyzed. The majority of grains were anhedral 

with only 7 grains elongated and subhedral (Figure 4.26). Generally, it was difficult to define the 

structural fabric which monazite grains occurred along in this sample. Eleven of the grains exist 

along sinistral shear bands, four of the grains are along sinistral S fabrics, two grains align with 

dextral S fabrics in the folded foliation, and five of the grains occur parallel to dextral axial planar 

foliation. Except for the 7 elongated grains, the anhedral monazite grains are not necessarily 

aligned with the microstructural fabrics. However, they do occur along S fabrics, shear bands, and 

axial planar foliation. All grains are adjacent to quartz and/or fine grained mica. This sample 

contains the only monazite grain analyzed in this study that displays zoning in BSE, grain 17 

(Figure 4.26g). It is an elongated, subhedral grain aligned with a dextral S fabric. Five spot analyses 

were conducted on this grain, and all five 206Pb/238U ages are consistent with each other and 

average ~460 Ma. Multiple small clusters and one main cluster are shown on the Tera-Wasserburg 

diagram (Figure 4.25b). The youngest cluster of three spot analyses are all from one grain (grain 

18) and are younger the main cluster with ages of 393±12 Ma, 382±13 Ma, and 377±9.4 Ma. These 

outlying data were removed from the discordia age calculation. Near-concordant monazite 

populations occur at ~700 Ma and ~ 1600 Ma. These are probably detrital because the ages are 

much older than the age of the rock (~426-407 Ma; Sorota, 2013). These data, and other outliers 

with an older 207Pb/206Pb age component than the main population were also eliminated from the 

age calculations. Twenty-one spot analyses were plotted on the Tera-Wasserburg diagram (Figure 

4.25b) and yielded a lower intercept age of 441±11 Ma and an upper intercept of 4602±140 Ma 

(MSWD=2.7, N=21). A separate discordia chord was plotted through the cluster of data near 



 61 

Concordia (Figure 4.25c), and gives ages 446.9±8 Ma and 3939±1400 Ma (MSWD=0.066, N=6). 

The ages from this sample are within error of the previous Nannie Island shear zone sample.  

All selected analyses from the Nannie Island shear zone were plotted together on a single 

Tera-Wasserburg diagram (Figure 4.25d). The data aligned on a discordia chord, which yielded a  

 
Figure 4.26 BSE images showing representative textural relationships of dated monazite in 
Sample NFG-080.8A from the Nannie Island shear zone. The black arrow points to the monazite 
grain of interest. The orientation associated with all images is shown in (a). Three different 
magnifications are shown for each monazite grain. (a-c) Elongated anhedral grain aligned with 
dextral S fabric band. The edges of the grains in this sample are very irregular. Monazite grain 
NFG-080.8A-18. (d-g) Rounded anhedral grain aligned along a dextral shear band (C’) 
highlighted by the white dashed line. Folded foliation is also outlined in (d) with a white dashed 
line. Image (g) shows potential compositional zoning within the grain. Monazite grain NFG-
080.8A-17. 
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lower intercept age of 444.1±9.8 Ma and 4725±83 Ma (MSWD=2.4, N=23). The lower intercept 

age is within error of those of the individual samples. A probability density plot for the Nannie 

Island shear zone monazite grains that are <20% discordant from both samples, is shown in Figure 

4.25 e, where 206Pb/238U age data are used for grains <1000 Ma and 207Pb/206Pb age data for grains 

>1000 Ma. It shows peaks at ~441 Ma, ~700 Ma, ~800-900 Ma, and ~1775 Ma. These age 

populations are all older than the age of the rock. 

4.5.4 Shirley mylonite zone 

One sample was selected to test the age of the Shirley mylonite zone, because of its clear 

dextral shear sense indicators. Fifty-five spots were analyzed in eleven elongated and subhedral 

monazite grains (Figure 4.27). Only one grain was located and aligned along a shear band (grain 

5). Grains 4, 7a, and 7b were parallel to the foliation, and grain 3 was also aligned with the 

foliation, but included within the wing of a dextral sigma clast. The remaining 8 grains were all 

aligned along S fabrics. All monazite grains dated in this sample were adjacent to quartz and very 

fine grained phyllosilicates. Twenty-five spot analyses that plotted as significant outliers from the 

main trending monazite population on the Tera-Wasserburg diagram were removed from the age 

calculation. Analyses removed did not show any consistent grain size, shape, spot location, or 

microstructural texture that distinguishes them from the analyses used in the age calculation. Most 

of the spot analyses removed were within monazite grains that also yielded data included in the 

calculation. The differences within single grains may be a result of the presence of cores and/or 

overgrowths. The Tera-Wasserburg diagram (Figure 4.28) of the 15 selected spot analyses shows 

a discordia lower intercept age of 370.4±5.8 Ma and an upper intercept of 4515±83 Ma 

(MSWD=2.4, N=15). The youngest, most concordant analyses from this sample produced a 

weighted average 206Pb/238U age of 366.4±3.8 Ma (MSWD=1.08, N=4), consistent with the lower 
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intercept age on the Tera-Wasserburg diagram (Figure 4.28).  

 
Figure 4.27 BSE images showing representative textural relationships of dated monazite in 
Sample NFG-102 from the Shirley mylonite zone. The white dashed line highlights dextral S 
fabrics. The black arrow points to the monazite grain of interest. The orientation and shear sense 
associated with all images are shown in (a). Three different magnifications are shown for each 
monazite grain. (a-b) Elongated subhedral grain aligned in the orientation of the S fabric. 
Monazite grain NFG-102-15. (c-e) Elongated subhedral grain aligned along dextral S fabric. 
Monazite grain NFG-102-6. 

 
Figure 4.28 Tera-Wasserburg diagram for samples from the Shirley mylonite zone in 
Massachusetts. Data in black were used for the age calculation (upper intercept reflects common 
Pb and lower intercept the age of deformation). Data in gray have an older or younger Pb 
component and were not used for the age calculation. See text for discussion.  
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CHAPTER 5 

DISCUSSION 

 Field results synthesis 

Detailed field mapping of mapped shear zones and topographic lineaments in MA and NH 

show that all except the Rye Complex (including Portsmouth and Great Commons faults) do not 

contain the dextral shear sense, steeply WNW-dipping foliation, or mylonitized rocks that are 

characteristic of the NFS in ME. In MA, the Wekepeke fault is predominantly brittle and silicified 

with a shallowly ESE-dipping foliation. The topographic lineaments contain unsheared to weakly 

sheared rocks that do not necessarily show dextral deformation. The Shirley mylonite zone 

presented dextral mylonite that resembled the deformation of the NFS, but the shear zone has a 

more easterly trend than the NFS. In NH, the Campbell Hill fault is a brittle fault with no evidence 

of ductile deformation. The Calef shear zone did not preserve dextral deformation, and the Nannie 

Island shear zone showed both dextral and sinistral movement that is not characteristic of the NFS. 

For these reasons, all of these shear zones and lineaments are not potential southern continuations 

of the NFS. 

The Rye Complex is the only area in this study that has a shear zone orientation, shear 

sense, and deformation style consistent with the NFS. Rocks within the Rye Complex and along 

the associated Portsmouth and Great Commons fault zones are variably mylonitized. The foliation 

dips steeply to the WNW and lineations are sub-horizontal, and abundant shear sense indicators 

record dextral deformation.  

 U-Pb monazite geochronology synthesis 

The three samples from the NFS in ME yielded somewhat consistent ages and a combined 

age of 377.3±6.8 Ma (see Results section 4.5.1). However, the differences in ages for each 
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individual sample are considered meaningful and used in the interpretation below.  Individual 

sample ages along the NFS are 389.9±2.9 Ma in the Appleton Ridge Formation (sample NFG-

020B), and 366.2±5.7 Ma (sample NFG-022.1A) and ~390-375 Ma (sample NFG-022.3) along 

the Sandhill Corner shear zone (Table 5.1; Figure 5.1). The spread of ages from ~390 to ~375 Ma 

in sample NFG-022.3 suggests continuous monazite growth associated with dextral deformation. 

While the age of deformation varies between samples, there are no major differences in rock type, 

deformation style or monazite characteristics that would explain this variation. Each of these 

samples produce ages that are unique, but are all generally consistent with the published ~380 Ma 

age of dextral deformation (West et al., 1988, 1995; Tucker et al., 2001; Gerbi and West, 2007; 

Mako et al., 2017). The latest peak (amphibolite facies) metamorphism related to the Acadian 

orogeny was also ~380 Ma (West et al., 1988, 1995, 1999). The monazite analyzed in this study 

are interpreted to have grown during dextral deformation, because the grains are associated with 

dextral shear fabrics (Figures 4.15, 4.17-4.19, 4.21-4.24, 4.26, 4.27). No internal zoning that would 

suggest metamorphic overgrowth was observed in monazites from the NFS.  

 

Table 5.1 Summary of U-Pb monazite laser ablation inductively coupled mass spectrometry 
ages. See text for discussion. 
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Figure 5.1 Map of the study area with locations of new geochronology samples noted with a star 
and associated ages circled. Published ages along the Norumbega fault system from West and 
others (1988, 1995), Gerbi and West (2007) and Mako (2014) are listed for comparison to the 
ages produced in this study. All ages in Ma. See text for discussion. BBF-Bloody Bluff fault, 
CHF-Campbell Hill fault, CNF-Clinton-Newbury fault, CSZ-Calef shear zone, FHF- Flint Hill 
fault, FPF-Flying Point fault, GCF-Great Commons fault, HHF-Honey Hill fault, LCF-Lake 
Char fault, LOSZ-Liberty-Orrington Shear Zone, NFS-Norumbega Fault System, NISZ-Nannie 
Island shear zone, NRF- Nonesuch River fault, PF-Portsmouth fault, SCSZ-Sandhill Corner 
shear zone, SHF- South Harpswell fault, SLF-Silver Lake fault, SPF-Sennebec Pond fault, WF-
Wekepeke fault, RC-Rye Complex, CB-Casco Bay, PB-Penobscot Bay. 
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Comparison with previous geochronology work along the NFS northwest of Casco Bay 

and Penobscot Bay shows consistency in ages of latest NFS-related dextral deformation. Figure 

5.1 shows a map with sample locations with ages from West et al. (1988, 1995), Gerbi and West 

(2007), and Mako (2014), Tucker et al., (2001), and this study. In this region, 40Ar/39Ar hornblende 

cooling ages along the NFS (Figure 5.1) are indicative of post-metamorphism cooling (West et al., 

1988, 1995, 1999). West et al. (1995) interpret the approximately 380-368 Ma plateau ages to 

reflect a minimum age for the timing of the latest amphibolite faces metamorphism in the area. 

Detailed microstructural studies of deformed metamorphic rocks from south-central Maine show 

that coarse-grained hornblende and sillimanite are lineated, plunging shallowly to the SW (West, 

1999). In the same rocks, staurolite, andalusite, and garnet porphyroblasts that grew during the 

same ~380 Ma metamorphic event are sheared (West, 1999). These relationships indicate that 

dextral shear had started by ~380 Ma and outlasted metamorphism in south-central and coastal 

Maine (West, 1999). West et al. (1995) interpret >400 Ma ages east of the Sennebec Pond fault 

(Figure 5.1) to reflect regional cooling following Silurian metamorphism and not as associated 

with the Sandhill Corner shear zone (Figure 5.1). The <350 Ma ages in the central portion of the 

Sandhill Corner shear zone of the NFS (Figure 5.1) are interpreted to record the time of progressive 

unroofing and cooling after Acadian metamorphism and not as the age of deformation along the 

NFS (West et al., 1988). The <300 Ma 40Ar/39Ar hornblende cooling ages (West et al., 1988, 1995) 

in the southwestern portion of the NFS near Casco Bay (Figure 5.1) represent resetting during a 

late-Paleozoic thermal event (West et al., 1988) and not deformation along the NFS. Along the 

Sandhill Corner shear zone, the 389.9±2.9 Ma, 366±5.7 Ma and ~390-375 Ma monazite ages from 

this study are consistent with the interpretation that dextral shear had started by ~380 Ma and 

outlasted metamorphism based on  40Ar/39Ar hornblende cooling ages (West et al., 1988, 1995).  



 68 

U-Pb sensitive high-resolution ion microbprobe (SHRIMP) monazite and zircon analysis 

was also completed on rocks from this region (Figure 5.1; Gerbi and West, 2007). Analyses along 

the Sandhill Corner shear zone yield 385-377 Ma and 373 Ma zircon ages, and monazite ages of 

414-375 Ma and 421-378 Ma (Gerbi and West, 2007). Gerbi and West (2007) interpreted these 

ages as representing Middle Devonian amphibolite facies metamorphism with some component of 

Early Devonian metamorphism based on the metamorphic mineral assemblages present and 

comparison with 40Ar/39Ar hornblende cooling ages (West et al., 1988, 1995). Upright isoclinal 

folds are cross-cut by a ~399 Ma dike, and porphyroblasts associated with amphibolite facies 

metamorphism that post-date the cleavages associated with these upright isoclinal folds are 

sheared (Osberg, 1988; Tucker et al., 2001; Gerbi and West, 2007). Based on that, folding 

associated with the Acadian orogeny ended at least locally by ~399 Ma and dextral shear occurred 

later (Tucker et al., 2001; Gerbi and West, 2007). Similarly, Tucker et al. (2001) use these 

relationships to link U-Pb metamorphic monazite and sphene ages from gneiss to deformation 

along the Liberty-Orrington shear zone located ~5km south east of the Sandhill Corner shear zone 

in the NFS (Figure 5.2; Tucker et al., 2001). The Haskell Hill gneiss (HH on Figure 5.2) yielded a 

381±1 Ma sphene age, and the North Union granite gneiss (UN on Figure 5.2) yielded a 385.7±0.4 

Ma monazite age (Tucker et al., 2001). Based on the cross cutting relationships discussed 

previously and the U-Pb ages, Tucker et al. (2001) and Gerbi and West (2007) interpret 

deformation along the NFS to have occurred after ~399 Ma and at ~380 Ma. The data from this 

study are consistent with this interpretation.  

LA-ICPMS monazite geochronology along the Sandhill Corner shear zone yielded ages of 

metamorphism of 371.8±3.4 Ma, 373.3±2.9 Ma, 374.7±2 Ma (Figure 5.1; Mako et al., 2017). 

Textural relationships such as monazite included in the rims of staurolite, and overgrowth of 
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monazite aligned with obliquely foliated biotite and muscovite indicate that strike-slip deformation 

was synchronous with the ~375-372 Ma metamorphism (Mako et al., 2017). These ages of 

deformation along the Sandhill Corner shear zone of the NFS are within error of the 366±5.7 Ma 

and ~390-375 Ma ages from this study. 

 
Figure 5.2 Weighted average 206Pb/238U monazite age plot that summarizes the calculated ages 
from all new geochronology samples. Interpretations and published geochronology data along 
the Norumbega fault system are indicated. 

In summary, the ages from this study are consistent with the ~385-373 Ma monazite and 

zircon ages of Gerbi and West (2007), the ~380 Ma 40Ar/39Ar hornblende cooling ages of West et 

al. (1988, 1995), the ~386-381 Ma U-Pb ages of Tucker et al. (2001), and the ~375-372 Ma 

monazite ages of Mako et al. (2017; Figure 5.1). The >400 Ma ages of Gerbi and West (2007) and 

the >400 Ma hornblende cooling ages east of the Sennebec Pond fault (West et al., 1988, 1995) 

are probably related to Silurian-Early Devonian Acadian metamorphism. The oldest age produced 
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by two samples in this study is ~390 Ma. This age is consistent with the interpretation that dextral 

deformation began after ~399 Ma (Tucker et al., 2001; Gerbi and West, 2007). The youngest 

published age along the NFS is a 368±4 Ma hornblende 40Ar/39Ar cooling age considered to be a 

plateau age related to the latest Devonian metamorphic event associated with NFS movement 

(West et al., 1988). Others also report young ages at ~370 Ma (Gerbi and West, 2007; Mako et al., 

2017). In this study, the youngest monazite age is 366±6 Ma. This age indicates that dextral shear 

was still ongoing then, and is within error of the ~370 Ma age suggested for the youngest dextral 

deformation along the NFS. Based on the ages from this study and supporting published ages, the 

timing of dextral deformation associated with the NFS in ME is interpreted as ~390-370 Ma.  

The Rye Complex contains two samples that yielded single monazite growth ages, and two 

that suggest continuous monazite growth over an extended period (Table 5.1). Sample NFG-077.1 

from along the Great Commons fault zone and sample NFG-059.2 from farther south within the 

Rye Complex (Figures 2.1, 4.11, 5.2) yielded 370±3.3 Ma and 379±5.3 Ma growth ages, 

respectively (See Results section 4.5.2). Thus, the ages of deformation along the Great Commons 

fault zone and within the Rye Complex are generally similar, although deformation along the Great 

Commons fault is marginally younger than within the Rye Complex. The other two samples, NFG-

060.1 and NFG-061.1A, both located on New Castle Island (Figure 4.11), both give monazite age 

data that shows continuous monazite growth from ~430 Ma to ~370-360 Ma. Sample NFG-060.1 

is located south of the Great Commons fault zone in pelitic schist, and sample NFG-061.1A is 

from a key outcrop of the fault zone (Bothner et al., 2014) containing granitic mylonite and pelitic 

schist injected with mafic melts that are now amphibolite. As for the previous two samples, these 

ages suggest that deformation along the Great Commons fault occurred at the same time as within 

the Rye Complex.  
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Comparison of these ages with previous work is limited because little geochronology work 

has been done in the Rye Complex. Recent LA-ICPMS detrital zircon analysis of a mylonitic 

metasedimentary unit in the Rye Complex yielded a range of ages from 529 Ma to 2175 Ma, with 

distinct peaks at 627 Ma, 794 Ma, 1224 Ma, 1506 Ma and between 1800 Ma and 2200 Ma. The 

youngest age of the detrital zircon population is ~529.7±8.8 Ma, and the age of the 

metasedimentary rock is interpreted to be early Cambrian or younger (Kane et al., 2014). 

Additionally, a mylonitic felsic igneous rock yielded an age of ~482 Ma, which constrains the 

minimum age of the Rye Complex to early Ordovician. The ages presented in this study are the 

first attempt to date deformation of the Rye Complex and associated shear zones. 

Ages from the Rye Complex show striking similarities and some differences to the ages 

produced along the NFS. Deformation along the NFS was determined to occur between 390-370 

Ma based on data from this study and published ages as discussed previously. The Rye Complex 

contains samples with younger and older ages than the NFS, but all samples from the Rye Complex 

yield ages that overlap with the ~390-370 Ma limit of deformation along the NFS. Three out of 

four of the Rye Complex samples do not contain monazite ages younger than 370 Ma. The fourth 

sample, NFG-061.1A, contains five ages that are younger than 370 Ma and range from 368±14 

Ma to 356±15 Ma. These younger ages could represent shear that continued after ~370 Ma, but 

this is not reflected in other samples within the Rye Complex and all but one of the young ages are 

within error of ~370 Ma. The NFS has a similar sample, NFG-022.1A, which yields ages younger 

but within error of ~370 Ma.  Because there are more ~370 Ma ages in all samples in the Rye 

Complex than ~360 Ma ages, it is interpreted that the younger limit of deformation in the Rye 

Complex is ~370 Ma, possibly younger.  Sample NFG-059.2 yields an age of ~380 Ma that could 
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represent the oldest age of deformation and is consistent with the 390-370 Ma age range for 

deformation along the NFS.  

Two Rye Complex samples, NFG-060.1 and NFG-061.1A, give age ranges for continuous 

monazite growth from ~430 Ma to ~370-360 Ma (See Results section 4.5.2) as opposed to single 

growth ages in the two samples discussed above. There is no conclusive difference between the 

samples that yielded ages up to ~430 Ma and those that did not. Samples NFG-061.1A (ages of 

~430-370 Ma) and NFG-077.1 Ma (age of 370.2±3.3 Ma) are both located along the Great 

Commons fault. The other two samples are located within the Rye Complex. Thin section 

observations, microstructures, and monazite morphologies also do not show any differences 

between the samples. The only commonality between the two samples that show continuous 

monazite growth is that they both occur on the same island, New Castle Island (Figure 4.11), which 

is a geographical relationship that does not have geologic importance. It is possible that the pre-

390 Ma ages in the Rye Complex represent dextral deformation as they came from monazite within 

dextral microstructural fabrics. However, they are more likely related to regional Silurian-Early 

Devonian Acadian metamorphism (see above; West et al., 1988, 1995). Thus, deformation in the 

Rye Complex is interpreted to occur from 380 to 370 Ma, possibly earlier. The 380-370 Ma age 

of deformation in the Rye Complex may well be associated with the 390-370 Ma dextral 

deformation of the NFS, and the Rye Complex may represent a southern extension of the NFS. 

The Nannie Island shear zone samples yielded ages older than the age of the rock (~426-

407 Ma; Sorota, 2013) including the 441±11 Ma lower intercept age of sample NFG-080.8A (See 

Results section 4.5.2; Figure 4.25b). The youngest three ages in this sample are 393±12 Ma, 

382±13 Ma, and 377±9 Ma and all are from one grain that is elongated and aligned with a dextral 

S fabric. It is possible that the ages from this grain are a result of regional Devonian metamorphism. 
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Another possibility is that they date dextral deformation along the Nannie Island shear zone that 

is related to ~390-370 Ma dextral deformation along the NFS- and/or Rye Complex. However, the 

shear zone is too low grade and also contains sinistral shear sense, so it is unlikely that it is a 

southwestern extension of the NFS.  

A probability density plot (Figure 5.3) for detrital monazite grains from the Nannie Island 

shear zone (Figure 1.1) shows a prominent peak at 441 Ma and secondary peaks at ~700 Ma, ~900-

800 Ma, and ~1775 Ma.  These ages are compared with detrital zircon data (Sorota, 2013)  

 
Figure 5.3 Probability density plot showing LA-ICPMS U-Pb detrital zircon data for the Eliot 
Formation from Sorota (2013) with LA-ICPMS U-Pb detrital monazite results for Nannie Island 
shear zone from this study (Figure 4.25e) superimposed. See text for discussion. 

 
from the Eliot Formation in the Merrimack terrane in which the shear zone occurs (Figure 5.3). A 

probability density plot for detrital zircon grains in the Eliot Formation yielded a prominent peak 

at ~446 Ma, a spread of ages up to 1970 Ma and minor peaks at ~1.2 Ga, ~1.6 Ga, ~1.9 Ga, ~2.6 

Ga, and ~2.9 Ma. While the number of detrital monazite data is low, the data are consistent with 
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the detrital zircon data for the Eliot Formation from Sorota (2013).  

The age of deformation along the Shirley mylonite zone is consistent with the age of 

deformation along the NFS, but the Shirley mylonite has an ENE trend that cannot be directly 

connected to the NFS (Figure 5.2). The similarity in ages suggests that dextral deformation was 

occurring within this shear zone in the Merrimack terrane during the time of dextral deformation 

along the NFS in the Devonian. Evidence for Acadian deformation is rare in the Merrimack belt 

(Attenoukon, 2009), and thus, the occurrence of the Shirley mylonite zone is difficult to interpret. 

The Shirley mylonite zone is not a splay of the Clinton Newbury fault, because they have opposite 

shear senses. There is no other known structure in the Merrimack belt associated with the Shirley 

mylonite zone, and therefore all that can be interpreted from this data is that the ENE-trending 

Shirley mylonite zone experienced dextral shearing at the same time as the NNE-trending NFS.  

 Tectonic implications  

The current understanding of the sudden termination of the NFS brings into question the 

tectonic evolution of such a large, crustal-scale strike-slip fault system. The only model that 

currently proposes a viable setting for the evolution of the NFS and its abrupt southwestern 

termination is Kuiper’s (2016) subducting ridge model (Figure 2.2, see Section 2.8). Given that 

this study proved the NFS does not continue into MA, an implication is that Kuiper’s (2016) model 

may be generally correct. Her model explains why the NFS ends abruptly to the southwest on a 

fracture zone similar to the Mendocino fracture zone. The results from this study show that the 

Rye Complex area in southeastern NH represents a potential continuation of the NFS in this study, 

so Kuiper’s (2016) triple junction would need to be farther SW than shown in Figure 2.2.  
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CHAPTER 6 

CONCLUSION 

Field mapping indicated that topographic lineaments in MA and mapped shear zones in 

MA and inland NH are not consistent with the NFS in shear zone orientation, deformation style, 

and shear sense. These include the Campbell Hill fault (NH), Calef shear zone (NH), Nannie Island 

shear zone (NH), Wekepeke fault (MA), Shirley mylonite zone (MA), and topographic lineaments 

in MA. The Rye Complex was the only investigated field location that matched the NFS in shear 

zone orientation, deformation style, and shear sense. These results and the work of others (Bothner 

and Hussey, 1999; Goldstein and Hepburn, 1999) prove that the NFS does not continue into MA, 

but could exist along the southeastern coast of NH in the Rye Complex.  

In situ U-Pb LA-ICPMS monazite ages produced in this study indicate that dextral 

deformation along the NFS started at ~ 390 Ma and ended at ~370 Ma. These ages are consistent 

with published ages of deformation along the NFS (West et al., 1988, 1995; Tucker et al., 2001; 

Gerbi and West, 2007; Mako et al., 2017). The Rye Complex yielded monazite ages that suggest 

dextral deformation was ongoing at ~380 Ma and lasted until at least ~370 Ma. It is interpreted 

that this deformation is associated with dextral deformation along the NFS given the similarity in 

ages. Two samples within the Rye Complex showed continuous monazite growth of ~430-370 Ma. 

The ~430 Ma ages are interpreted to be a result of Acadian metamorphism prior to dextral 

deformation. The Nannie Island shear zone in NH yielded detrital monazite ages of ~444.1 Ma 

with minor populations at ~700 Ma, ~800-900 Ma and ~1775 Ma, consistent with Sorota’s (2013) 

detrital zircon data in the Eliot Formation in which the Nannie Island shear zone occurs. The 

Shirley mylonite zone in MA yielded monazite ages of 380±6 Ma, which is consistent with the 

ages of deformation along the NFS but the shear zone has a more easterly trend than the NFS. It 
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is interpreted that this shear zone exhibited dextral deformation at the same time as the NFS, but 

is not directly related to the NFS. The Rye Complex is the only area in this study that matched the 

NFS in fault orientation, shear sense, deformation style, and age of deformation, and therefore is 

the only place where the southern continuation of the NFS may be present.  
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APPENDIX A 

STRUCTURAL FIELD MEASUREMENTS 

Appendix A contains structural measurements collected in the field for each filed location 

investigated. The table is organized by location and includes the outcrop ID, UTM coordinates, 

foliation measurements recorded in dip/dip direction, and mineral lineations. 
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APPENDIX B 

TOPOGRAPHIC LINEAMENT OUTCROPS 

 Appendix B contains a map indicating outcrop locations visited along NE-trending 

topographic lineaments in MA. The gray dots on the map represent outcrops examined in this 

study.  



 91 

APPENDIX C 

SUPPLEMENTAL ELECTRONIC FILES 

The supplemental electronic file contains additional images and data tables for the ten 

samples used for U-Pb monazite LA-ICPMS analysis. The file contains the following 

supplemental material for each sample analyzed: a compilation of field and hand sample photos, a 

full thin section reflected light photomicrograph, a full thin section BSE image with monazites 

highlighted produced from automated mineralogy bright phase scan, and a detailed monazite data 

table. The monazite data table contains U-Pb ages with errors, percent discordance, description of 

the textural fabric each grain occurs within, and annotated BSE and reflected light photos for each 

monazite grain analyzed. The location of each monazite grain number corresponds with the 

location numbers on the BSE image. 

SampleDocumentation_NFG-020B Compilation of sample photos and monazite 
data for sample NFG-020B. 

SampleDocumentation_NFG-022.1A Compilation of sample photos and monazite 
data for sample NFG-022.1A. 

SampleDocumentation_NFG-022.3 Compilation of sample photos and monazite 
data for sample NFG-022.3. 

SampleDocumentation_NFG-059.2 Compilation of sample photos and monazite 
data for sample NFG-059.2. 

SampleDocumentation_NFG-060.1 Compilation of sample photos and monazite 
data for sample NFG-060.1. 

SampleDocumentation_NFG-061.1A Compilation of sample photos and monazite 
data for sample NFG-061.1A. 

SampleDocumentation_NFG-077.1 Compilation of sample photos and monazite 
data for sample NFG-077.1. 

SampleDocumentation_NFG-080.2 Compilation of sample photos and monazite 
data for sample NFG-080.2. 

SampleDocumentation_NFG-080.8A Compilation of sample photos and monazite 
data for sample NFG-080.8A. 

SampleDocumentation_NFG-102 Compilation of sample photos and monazite 
data for sample NFG-102. 
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APPENDIX D 

U-Pb LA-ICPMS MONAZITE DATA 

Appendix D contains all U-Pb laser ablation inductively coupled mass spectrometry monazite data, including isotopic ratios and 

calculated isotopic ages with errors. The following tables are organized by sample. 

D.1 LA-ICPMS analyses for sample NFG-020B from Appleton Ridge Formation along the NFS. The gray rows are analyses not used 
in age calculations, because they are outliers from the main data population (see Results section 4.5). 
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D.2 LA-ICPMS analyses for sample NFG-020B from Appleton Ridge Formation along the NFS. The gray rows are analyses not used 
in age calculations, because they are outliers from the main data population (see Results section 4.5).  
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D.3 LA-ICPMS analyses for sample NFG-020B from Appleton Ridge Formation along the NFS. The gray rows are analyses not used 
in age calculations, because they are outliers from the main data population (see Results section 4.5).  
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D.4 LA-ICPMS analyses for sample NFG-020B from Appleton Ridge Formation along the NFS. The gray rows are analyses not used 
in age calculations, because they are outliers from the main data population (see Results section 4.5). 
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D.5 LA-ICPMS analyses for sample NFG-020B from Appleton Ridge Formation along the NFS. The gray rows are analyses not used 
in age calculations, because they are outliers from the main data population (see Results section 4.5). 
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D.6 LA-ICPMS analyses for sample NFG-020B from Appleton Ridge Formation along the NFS. The gray rows are analyses not used 
in age calculations, because they are outliers from the main data population (see Results section 4.5). 



 98 

D.6 (continued)  
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D.7 LA-ICPMS analyses for sample NFG-020B from Appleton Ridge Formation along the NFS. The gray rows are analyses not used 
in age calculations, because they are outliers from the main data population (see Results section 4.5). 
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D.8 LA-ICPMS analyses for sample NFG-020B from Appleton Ridge Formation along the NFS. The gray rows are analyses not used 
in age calculations, because they are outliers from the main data population (see Results section 4.5). 
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D.9 LA-ICPMS analyses for sample NFG-020B from Appleton Ridge Formation along the NFS. The gray rows are analyses not used 
in age calculations, because they are outliers from the main data population (see Results section 4.5). 
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D.10 LA-ICPMS analyses for sample NFG-020B from Appleton Ridge Formation along the NFS. The gray rows are analyses not 
used in age calculations, because they are outliers from the main data population (see Results section 4.5). 
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D.10 (continued) 

 

 

 

 

 


