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ABSTRACT 

The Ordovician to Early-Devonian metasedimentary Merrimack belt of the southeastern New England 

Appalachian Mountains is deformed by multiple generations of folds that may have been a result of the Acadian 

(~421-395 Ma) and/or Alleghanian (~315-290 Ma) orogenies. The adjacent Nashoba terrane to the southeast was 

deformed primarily during the Acadian orogeny, and does not show much evidence for Alleghanian deformation 

and metamorphism, suggesting that the deformation in the Merrimack belt may also be largely a result of the 

Acadian orogeny. However, existing 
40

Ar/
39

Ar geochronology results suggest that the deformation in the Merrimack 

belt is largely Alleghanian. Potentially Pennsylvanian units in the Merrimack belt were investigated to determine if 

deformation was a result of the Alleghanian orogeny. Along the southeastern margin of the Merrimack belt in 

Massachusetts the Harvard Conglomerate is noncomformably on top of the Ayer Granodiorite at Pin Hill, MA. The 

Vaughn Hill Conglomerate (previously considered the Harvard Conglomerate), is adjacent to the Vaughn Hill 

Formation at Vaughn Hill. The Vaughn Hill Formation may lie at the base of the Merrimack belt. Detailed structural 

mapping was carried out on the four units and compared with deformation in selected units of the southeastern 

Merrimack belt. Detrital zircon U-Pb LA-ICP-MS geochronology was carried out on the metasedimentary units and 

U-Pb CA-TIMS zircon geochronology on the Ayer Granodiorite, in order to constrain the ages of the units and the 

deformation.  

The maximum depositional ages are ~463 Ma for the Vaughn Hill Formation, ~415 Ma for the Harvard 

Conglomerate, and ~416 Ma for the Vaughn Hill Conglomerate. The Ayer Granodiorite at Pin Hill is ~420 Ma. The 

Vaughn Hill Formation is interpreted as representing a time of continued deposition after deposition of the 

metasedimentary units of the Nashoba terrane, and forms the base of the Merrimack belt. Previously, the 

metasedimentary units of the Nashoba terrane and the Merrimack belt were thought to be unrelated as they are now 

separated by the Clinton-Newbury fault zone, which juxtaposed upper amphibolite facies rocks of the Nashoba 

terrane with greenschist facies rocks of the southeastern Merrimack belt. The difference in metamorphic grade can 

be explained by observed normal movement along the Clinton-Newbury fault zone. The Vaughn Hill Formation 

contains a significant population of ~560-530 Ma zircon interpreted to have been sourced from peri-Ganderian arc-

derived sediment recycled from the Nashoba terrane. The Vaughn Hill Formation also contains a significant 

population of ~645-630 zircon from peri-Ganderian arcs not recorded in the peri-Ganderian Nashoba terrane. The 
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Vaughn Hill Formation either received this sediment from ~645-630 Ma arcs now exposed in the northern New 

England Appalachian Mountains via an interconnected basin, or from ~645-630 Ma peri-Ganderian arc sediment 

that was present between the Merrimack belt and the Laurentian margin at ~463 Ma, and that is now buried and/or 

subducted. The Harvard and Vaughn Hill conglomerates contain a significant population of ~430 Ma zircon grains 

interpreted to be sourced from local igneous sources and older zircon grains from recycled Merrimack belt 

metasedimentary units, and are the youngest metasedimentary units in the Merrimack belt, with the exception of the 

Pennsylvanian Coal Mine Brook Formation. Based on new results, significant deformation in the southeastern 

Merrimack belt must be younger than ~415 Ma and may still be Acadian or Alleghanian. Based on new and existing 

structural analysis and on prior 
40

Ar/
39

Ar geochronology data, it is likely that bedding-parallel axial planar cleavage 

of early isoclinal folds (D1) is related to the Acadian orogeny. These are overprinted by m- to km-scale, close to 

tight, generally steeply NNW-dipping folds (D2), and subhorizontal to recumbent chevron to rounded folds (D3). D2-

3 are likely post-Acadian and may be a result of the Alleghanian orogeny. 
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CHAPTER 1 

INTRODUCTION 

The formation of the New England and Canadian Appalachian orogenic belt was a result 

of a sequence of collisions of arcs, terranes and a continent with the Laurentian margin, during 

the Paleozoic. These collisions caused, in order of occurrence, the Taconic (Early- to Late-

Ordovician), Salinic (Late-Ordovician to early-Silurian), Acadian (Early- to Mid-Devonian), 

Neoacadian (Mid-Devonian to early-Carboniferous), and Alleghanian (early-Carboniferous to 

early-Permian) orogenies (Table 1.1; Skehan and Rast, 1990; van Staal, 2005; Merschat and 

Hatcher, 2007; Nance et al., 2008; Nance et al., 2008; van Staal et al., 2009; Hatcher, 2010). The 

southeastern New England Appalachian orogenic belt is composed of three major geologic 

domains that experienced the Acadian, Neoacadian, and Alleghanian orogenies. These domains 

are: the Merrimack belt (also called the Merrimack terrane), a stratified Ordovician to Early 

Devonian metasedimentary sequence; the Nashoba terrane to the Merrimack beltsôs southeast, a 

heavily deformed Cambrian-Ordovician arc/backarc complex, and; the peri-Gondwanan Avalon 

terrane to the Nashoba terraneôs southeast (Figs. 1.1 and 1.2). The Acadian orogeny was likely a 

result of the ~421-395 Ma collision of the peri-Gondwanan Avalon terrane with the composite 

Laurentian margin (Skehan and Rast, 1990; Nance et al., 2008; van Staal et al., 2009). The 

Neoacadian orogen may be localized and related to the collision of Meguma, a peri-Gondwana 

terrane exposed in Nova Scotia (Fig. 1.1), but extends to the edge of the continental shelf and 

south off the eastern coast of Cape Cod, MA (Fig. 1.1; Pe-Piper and Jansa, 1999; Nance et al., 

2008), and/or multiple peri-Gondwana terranes that accreted to the composite Laurentian margin 

from north to south, at ~395-350 Ma (Merschat and Hatcher, 2007; Nance et al., 2009; van Staal 
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et al., 2009; Hatcher, 2010). Lastly, the ~315-290 Ma Alleghanian orogeny in interpreted to have 

resulted from the collision between Gondwana and Laurentia/Ganderia during the assembly 

Pangaea (Hatcher, 2010).  

 

Table 1.1- Overview and timing of major orogenic events in the New England and Canadian Appalachians. 

 

The Nashoba terrane experienced higher grade metamorphism, and shows older cooling 

ages than the Merrimack belt, which structurally overlies it. The Nashoba terrane shows 

predominantly evidence for metamorphism and deformation as a result of the Acadian and 

Neoacadian orogenies, and appears to have largely escaped the Alleghanian orogeny that did 

Composite Laurentian Margin 
Oncoming 

Terrane/Continent/Plate 

Resulting 

Orogeny 

Age 

(Ma) 
Geologic Period 

Laurentia/Iapetus/Ganderia/Avalon/

Gondwana 
< Gondwana Alleghanian 

315-

290 

late-

Carboniferous 

(Pennsylvanian) 

to early-Permian 

Laurentia/Iapetus/Ganderia/Avalon < Meguma and others? Neoacadian 
395-

350 

Mid-Devonian to 

early-

Carboniferous 

Laurentia/Iapetus/Ganderia < Avalon Acadian 
421-

395 

Early- to Mid-

Devonian 

Laurentia/Iapetus < Ganderia Salinic 
450-

425 

Late-Ordovician 

to early-Silurian 

Laurentia < Iapetus Ocean plate and arcs Taconic 
480-

450 

Early- to Late-

Ordovician 
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Figure 1.1- Geologic provinces and major lithotectonic divisions of the Northern Appalachians with outline of Figure 1.2. BB: Boston Basin. CT: Connecticut, 

MA: Massachusetts, ME: Maine, NB: New Brunswick, NJ: New Jersey, NL: Newfoundland, NS: Nova Scotia, NY: New York, ON: Ontario, PA: Pennsylvania, 

QC: Quebec, RI: Rhode Island, VT: Vermont. Modified after Hibbard et al. (2007), Rankin et al. (2007), and Thompson and Hermes (2003). 



4 

 

Figure 1.2- Lithotectonic provinces of the southeastern New England Appalachians (see box in Figure 1.1 for 

location) with descriptions of the three easternmost geologic belts in Massachusetts that are discussed in this thesis. 

Orogenies that affected belts indicated. BMZ-BBZ: Burlington mylonite zone-Bloody Bluff fault. CNFZ: Clinton-

Newbury fault zone. Location of 1: Pin Hill (Harvard Conglomerate and Ayer Granodiorite), 2: Vaughn Hill 

(Vaughn Hill Formation and Vaughn Hill Conglomerate), 3: part of the eastern Merrimack belt investigated in this 

study, and 4: the Coal Mine Brook Formation. 
 

affect the Avalon terrane and Merrimack belt. Isoclinal folds in the Merrimack belt may be 

kinematically consistent with those in the Nashoba terrane and a result of the Acadian orogeny. 

If true, the much lower grade of the folds in the Merrimack belt relative to those in the Nashoba 

terrane need to be explained. However, at least some of the metamorphism and deformation in 

the Merrimack belt has been interpreted as a result of the Alleghanian orogeny (Goldstein, 1994; 

Attenoukon, 2009). If true, perhaps the crystalline Nashoba terrane acted as a rigid block during 
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the Alleghanian orogeny between the much more deformable, generally lower grade Avalon 

terrane and Merrimack belt. 

The goal of this study was to test whether deformation in the southeastern Merrimack belt 

was a result of Acadian, Neoacadian, Alleghanian, or some combination of the three orogenies, 

to better constrain the deformation history of the southeastern New England Appalachians by (1) 

conducting detailed structural analysis of potentially Pennsylvanian (i.e. post-Neoacadian) rocks, 

(2) carrying out U-Pb zircon analysis to constrain the maximum depositional age and provenance 

of these rocks, and (3) comparing the structures in these rocks to those in other rocks of the 

Merrimack belt to investigate their extent within the Merrimack belt. The Harvard Conglomerate 

(Figs. 1.2 and 2.1), which may be Pennsylvanian in age based on correlation to the 

Pennsylvanian Coal Mine Brook Formation (Figs. 1.2 and 2.1; Grew, 1973; Goldstein, 1994), is 

folded by tight to close NW-dipping folds. The Vaughn Hill Conglomerate (Figs. 1.2 and 2.1), 

previously thought to be equivalent to the Harvard Conglomerate, is folded by late, sub-

horizontal, SSW- and NNE-trending close to open folds. Some of or all of these folds may be a 

result of Alleghanian deformation, either of which may be related to the latest folding events in 

the Merrimack belt. If the Harvard Conglomerate and/or Vaughn Hill Conglomerate are 

Pennsylvanian in age and deformation elsewhere in the Merrimack belt can be related to 

deformation in the conglomerates, then at least part of the deformation in the southeastern 

Merrimack belt is Alleghanian. The Ayer Granodiorite at Pin Hill (Figs. 1.2 and 2.1) was 

investigated because the Harvard Conglomerate lies unconformably on top of it, and therefore 

the age of the granodiorite constrains that of the conglomerate. The Vaughn Hill Formation was 

investigated as it appeared in contact with the Vaughn Hill Conglomerate. 
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CHAPTER 2 

GEOLOGIC SETTING 

This chapter is a brief description of the geologic setting of the three easternmost 

geologic provinces of the southeastern New England Appalachians in Massachusetts, from west 

to east, and of former research that has contributed to our understanding of their geologic 

histories. 

 

2.1 The Merrimack belt 

The Merrimack belt (Figs. 1.1 and 1.2) is an Ordovician to Early-Devonian 

metasedimentary sequence of metaturbidites, metasandstones, and metapelitic rocks (Zen et al., 

1983; Robinson and Goldsmith, 1991; Hussey and Bothner, 1995) with Laurentian and 

Ganderian detrital zircon affinities (Wintsch et al., 2007; Sorota, 2013). With decreasing 

depositional age of the units within the Merrimack belt, Ganderian affinity decreases (Sorota, 

2013). The Merrimack belt is intruded by a series of Silurian to Devonian granitic to dioritic 

plutons (Table 2.1; Bothner, 1974; Zen et al., 1983; Zartman and Naylor, 1984; Robinson and 

Goldsmith, 1991; Zartman and Marvin, 1991; Bothner et al., 1993; Fargo and Bothner, 1995; 

Lyons et al., 1997; Watts et al., 2000; Hon et al., 2007; Wintsch et al., 2007; Walsh et al., 2008, 

2013a, b). The Merrimack belt is separated from the Nashoba terrane to the southeast by the 

NW-dipping Clinton-Newbury fault zone (Fig. 1.2) and bounded to the west by the Connecticut 

Valley Belt (Watts et al., 2000; Wintsch et al., 2007; Hussey et al., 2010). Generally, the 

metamorphic grade in the Merrimack belt increases from lower-greenschist facies in the east to 

amphibolite facies in the west (Lyons et al., 1997; Watts et al., 2000). 
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Table 2.1- Most recent published ages of units in the Merrimack belt. Units are ordered with increasing youngest 

detrital zircon or crystallization age, even though the ages of deposition of the metasedimentary units may be 

younger than their youngest detrital zircon ages. All dates were deterimed by U-Pb zircon analysis unless otherwise 

noted. Chemical Abrasion-Isotope Dilution Thermal Ionization Mass Spectrometry (CA-TIMS); Laser Ablation-

Inductively Couple Plasma-Mass Spectrometry (LA-ICP-MS); Isotope Dilution-Thermal Ionization Mass 

Spectrometry (ID-TIMS); Secondary Ion Mass Spectrometry (SIMS). 

 

Merrimack belt 

  Stratified Rocks Igneous Rocks     

Notes Unit Age (Ma) Age (Ma) Unit  Reference Method 

Worcester basin Coal Mine Brook Fm. 315-303     Grew (1973) fossil 

      
372 ± 7; 

365 ± 15 
granite at Millstone Hill 

Zen et al. 

(1983) 
ID-TIMS 

      372 ±3 
Chelmsford Granite at 

Deadhorse Hill 

Walsh et al. 

(2013a) 
SIMS 

      375 ±3 Chelmsford Granite 
Walsh et al. 

(2013b) 
SIMS 

      379 ±4 Eastford Gneiss 
Wintsch et 
al. (2007) 

SIMS 

      386 ±3 Granite at Prospect Hill 
Walsh et al. 

(2013a) 
SIMS 

      406 ±1 Exeter Diorite 
Bothner et 

al. (1993) 
TIMS 

      407 ±4 

Ayer Granodiorite- 

Devens-Long Pond 
facies 

Walsh et al. 

(2013b) 
SIMS 

      ~408 Dracut Diorite 
Bothner 

(1974) 
TIMS 

eastern Merrimack 
belt 

Berwick Fm. (weighted mean 
of 4 youngest grains) 

409 ±11     
Sorota 
(2013) 

LA-ICP-
MS 

Eliot Fm. (weighted mean of 4 

youngest grains) 
409 ±19     

Sorota 

(2013) 

LA-ICP-

MS 

Kittery Fm. (weighted mean of 

4 youngest grains) 
413 ±12     

Sorota 

(2013) 

LA-ICP-

MS, CA-
TIMS 

      414 ±3 Canterbury Gneiss 
Wintsch et 

al. (2007) 
SIMS 

unconformably on top 

of western Merrimack 

belt 

Harvard Conglomerate 

(weighted mean of 13 youngest 

grains that overlap at the 2ů 

level) 

414.6 ±2.1     this study 

LA-ICP-

MS, CA-
TIMS 

Vaughn Hill Conglomerate 

(weighted average of 5 

youngest grains that overlap at 
the 2ů level) 

415.7 ±2.5     this study 
LA-ICP-
MS, CA-

TIMS 

      418 ±1 
Newburyport quartz 

diorite 

Fargo and 

Bothner 

(1995) 

TIMS 

      
420.1 

±0.1 

Ayer Granodiorite- 

Clinton facies 

(chemically weathered 
zone) 

this study CA-TIMS 

  Hebron Fm. (youngest grain) 423 ±9     
Wintsch et 

al. (2007) 
SIMS 

      424 ±3 
Ayer Granodiorite at 

Eddy Pond 
Walsh et al. 

(2013a) 
SIMS 

eastern Merrimack 

belt avg. 

Eastern Merrimack Belt units 

(Berwick, Eliot, Kittery fms.) 
~426     

Sorota 

(2013) 

LA-ICP-

MS, ID-
TIMS 
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Table 2.1- Continued 

Merrimack belt 

 Stratified Rocks Igneous Rocks   

Notes Unit Age (Ma) 
Age 
(Ma) 

Unit  Reference Method 

western Merrimack belt 

Paxton Fm. (weighted mean of 

10 youngest grains) 
426 ±6     

Sorota 

(2013) 
LA-ICP-MS 

Oakdale Fm. (weighted mean 

of 4 youngest grains) 
431 ±12     

Sorota 

(2013) 
LA-ICP-MS 

eastern Merrimack belt 
Kittery Fm (youngest grain by 

ID-TIMS) 
432 ±0.08     

Sorota 

(2013) 
ID-TIMS 

western Merrimack belt 
Worcester Fm. (weighted mean 

of 4 youngest grains) 
436 ±9     

Sorota 

(2013) 
LA-ICP-MS 

western Merrimack belt avg. 

Western Merrimack belt units 

(Paxton, Oakdale, Worcester 
fms.) 

~436     
Sorota 

(2013) 

LA-ICP-MS, ID-

TIMS 

stratigraphic base(?) of 

Merrimack belt 

Vaughn Hill Fm. (weighted 
mean of 3 youngest grains that 

overlap at the 2ů level) 

463 ±28     this study LA-ICP-MS 

  
Tower Hill Fm. (weighted 

average of 3 youngest grains) 
513 ±15     

Sorota 
(2013) 

LA-ICP-MS 

 

 

The Worcester and Oakdale formations, Harvard Conglomerate, Vaughn Hill Conglomerate, 

Vaughn Hill Formation, and Ayer Granodiorite (Fig. 2.1) are units of the Merrimack belt that 

were part of the topic of this thesis and are therefore described in more detail below. The 

Worcester Formation is a mid-Silurian (Sorota, 2013) carbonaceous slate and phyllite 

interbedded with meta-graywacke (Robinson and Goldsmith, 1991), and the Oakdale Formation 

is a mid-Silurian (Sorota, 2013) calcareous turbidite sequence (Robinson and Goldsmith, 1991). 

The fossiliferous Coal Mine Brook Formation is a Pennsylvanian coal-bearing unit with 

conglomerate layers that is unconformably on top of older Merrimack belt rocks (Grew, 1973). 

The non-fossiliferous Harvard Conglomerateôs type-locality is at Pin Hill, MA (Burbank, 1876; 

Emerson, 1917; Hansen, 1956; Thompson and Robinson, 1976). Because both the Harvard 

Conglomerate and Coal Mine Brook Formation contain conglomerate layers and are interpreted 

to be unconformable on top of older surrounding rocks, the Harvard Conglomerate is interpreted 

to have been deposited during the Pennsylvanian (Grew, 1973). The Vaughn Hill Conglomerate 
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was considered the Harvard Conglomerate by Currier and Jahns (1952) and Hansen (1956), and 

by others after, because they are both conglomerates that define topographically high hills along 

strike with each other and are unconformably overlying the Merrimack belt. This was questioned 

by Robinson and Goldsmith (1991) because of differences in interpreted origins of quartzite 

clasts. Emerson (1917) considered quartzite clasts of the Harvard Conglomerate at Pin Hill, MA, 

to be from quartzite beds of the Oakdale Formation (to the ENE). Hansen (1956) considered 

quartzite clasts in the Harvard Conglomerate to be from unnamed quartzite beds to the NNE near 

Lowell, MA. Currier and Jahns (1952) considered quartzite clasts in the Vaughn Hill 

Conglomerates (considered the Harvard Conglomerate at the time) to be from thin quartzite beds 

of the adjacent Vaughn Hill Formation. The Vaughn Hill Formation (the Vaughn Hill Quartzite 

from Zen et al., 1983; Robinson and Goldsmith, 1991) is considered to be gradational with the 

upper portions of the Tadmuck Brook Schist (see Section 2.2 for Tadmuck Brook Schist 

description). The Vaughn Hill Formation may represent the stratigraphic base of the Merrimack 

belt (Bell and Alvord, 1976; Peck, 1976; Goldsmith et al. 1982; Robinson and Goldsmith, 1991). 

Turbiditic sequences have been identified in the Vaughn Hill Formation (Currier and Jahns, 

1952; Robinson and Goldsmith, 1991). The Vaughn Hill Formation is in contact with the 

Vaughn Hill Conglomerate (Fig. 2.1 and 2.2), but it is unclear if it truly represents the oldest unit 

in the Merrimack belt. The Ayer Granodiorite (also called Ayer Granite; Hansen, 1956) has been 

subdivided into the Clinton facies and the Devens-Long Pond facies (Gore, 1976). The Clinton 

facies is coarse grained, porphyritic, and quartz monzonite to granodiorite in composition. It is 

occasionally chemically weathered near boundary zones (Gore, 1976; Zen et al., 1983). The 

Devens-Long Pond facies is quartz diorite to granodiorite in composition, but is gneissic and 

varies from porphyritic to equigranular in texture (Gore, 1976; Peck, 1975; Zartman and Naylor, 
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1984; Robinson and Goldsmith, 1991). The Ayer Granodiorite has been dated at ~424 Ma and 

~407 Ma (U-Pb zircon geochronology; Walsh et al., 2013a, b). The Tower Hill Formation was 

not investigated during this study, but is discussed in this thesis. The Tower Hill Formation (Fig. 

2.1) is an interbedded quartzite and phyllite, and may be related to the Vaughn Hill Formation at 

the base of the Merrimack belt, or may lie above it (Zen et al., 1983; Robinson and Goldsmith, 

1991). The maximum depositional age for the Tower Hill Formation it is interpreted as 513 ± 15 

Ma (U-Pb LA-ICP-MS detrital zircon; Sorota, 2013).  

Deformation in the southeastern Merrimack belt is characterized by one or more 

generations of sub-meter- to kilometer-scale, generally easterly-verging, isoclinal to close folds, 

including local non-cylindrical folds (Peck, 1975; Hepburn, 1976a-c; Robinson, 1978, 1981; 

Goldstein, 1994; Kopera and Walsh, 2014; Kuiper et al., 2014; Peck and Kopera, 2014). These 

folds are overprinted by centimeter- to meter-scale, north-trending, recumbent, close to tight 

chevron folds (Robinson, 1978, 1981; Goldstein, 1994; Kopera and Walsh, 2014; Kuiper et al., 

2014). Deformation and metamorphism in the Merrimack belt was thought to be a result of the 

Acadian orogeny (Zen et al., 1983), and more recently has been interpreted as primarily a result 

of the Neoacadian (Attenoukon, 2009) and Alleghanian orogenies (Goldstein, 1994; Attenoukon, 

2009). The Coal Mine Brook Formation lacks folds and contains only one cleavage (Grew, 

1973). While this cleavage must be related to the Alleghanian orogeny, it is difficult to ascertain 

that better developed structural fabrics in older rock types of the Merrimack belt are also related 

to the Alleghanian orogeny.  

 Muscovite that forms an early cleavage, S1 of Attenoukon (2009), cooled through its Ar 

closure temperature by ~370 Ma, based on 
40

Ar/
39

Ar geochronology, suggesting cooling after the 
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Figure 2.1- Plan view location of field areas with structural measurements and geochronology sample sites from this 

study. Field area inset from Figure 1.1, A.- Pin Hill area, B.- Vaughn Hill area, C.- shore of Wachusett Reservoir 

area. Note that north in inset C is not towards top of page. Structural measurements show dip/plunge in degrees. 

Geochronology sample site locations correspond to the following units and sample numbers: 1- Ayer Granodiorite 

(Clinton facies), sample 3.025; 2- Harvard Conglomerate, sample 18.125; 3- Vaughn Hill Conglomerate, sample 

18.128; 4- Vaughn Hill Formation, sample 18.126. Cross-sections for transect lines a-aô and b-bô are shown in 

Figure 2.2. Nearby towns are shown (italicized). The Clinton-Newbury fault zone (CNFZ) separates the Merrimack 

belt from the Nashoba terrane. Worcester Basin location modified after Grew (1973) and Zen et al. (1983). Unit and 

fault locations modified after Gore (1976), Grew (1973), Hepburn (1976c); Zen et al. (1983), Kopera (2005, 2006, 

2012); Markwort (2007). 
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Figure 2.2- Structural interpretations of (A) Pin Hill, MA across a-aô and (B) Vaughn Hill, MA across b-bô (see Fig. 

2.1 for location of transects). (C) Schematic diagram of multiple fold generations at Vaughn Hill. 
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Acadian orogeny (Attenoukon, 2009) or during the Neoacadian orogeny. Metamorphic zircon 

rims in the nearby Chelmsford Granite have a 
207

Pb/
206

Pb weighted average age of 377 ± 15 Ma 

(Walsh et al., 2013b), suggesting local heating during this time. Evidence for deformation and 

metamorphism in the Merrimack belt during the Alleghanian orogeny is bracketed by ~305 Ma 

40
Ar/

39
Ar crystallization ages of muscovite that regionally and uniformly overprint S1 of 

Attenoukon (2009), and a ~293 Ma 
40

Ar/
39

Ar crystallization age of muscovite replacing 

andalusite (Attenoukon, 2009). This overprinting cleavage is considered S2 by Goldstein (1994). 

White mica of the same overprinting cleavage has 
40

Ar/
39

Ar crystallization ages of ~316-294 Ma 

(Attenoukon, 2009).  Goldstein (1994) interpreted the widespread deformation and 

metamorphism in the southeastern Merrimack belt as a result of the Alleghanian orogeny, based 

on extensive folding and foliation development in the Harvard Conglomerate. 

 

2.2 The Nashoba terrane 

The Nashoba terrane (Fig.1.2) is a strongly deformed Cambrian-Ordovician arc/backarc 

complex composed of metavolcanic, metasedimentary and volcanogenic metasedimentary rocks 

(Goldsmith, 1991; Hepburn et al., 1995; Kay et al., 2011) with Ganderian detrital zircon affinity 

(Loan, 2011), all of which are cut by younger granitic and intermediate composition plutons 

(Table 2.2; Zartman and Naylor, 1984; Hepburn et al., 1995; Acaster and Bickford, 1999; 

Dabrowski, 2014). The Nashoba terrane is separated from the Avalon terrane to the southeast by 

the northwest-dipping Burlington mylonite zone (Hepburn et al., 1995; Stroud et al., 2009) and 

overprinting brittle Bloody-Bluff fault (Fig. 1.2) Zen et al., 1983; Goldsmith, 1991). The terrane 

has been metamorphosed at middle and upper amphibolite facies conditions (Goldsmith, 1991).  

A metavolcanic and metasedimentary unit (Marlboro Formation), a volcanogenic unit 

(Nashoba terrane), a schistose unit (Tadmuck Brook Schist), and two gneissic units (the Fish  
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Table 2.2- Most recent published ages of units in the Nashoba terrane. Units are ordered with increasing youngest 

detrital zircon or crystallization age, even though the ages of deposition of the metasedimentary units may be 

younger than their youngest detrital zircon ages. All dates were deterimed by U-Pb zircon analysis unless otherwise 

noted. Chemical Abrasion-Isotope Dilution Thermal Ionization Mass Spectrometry (CA-TIMS); Laser Ablation-

Inductively Couple Plasma-Mass Spectrometry (LA-ICP-MS); Isotope Dilution-Thermal Ionization Mass 

Spectrometry (ID-TIMS). 

 

Nashoba terrane 

  Stratified Rocks Igneous Rocks     

Notes Unit Age (Ma) Age (Ma) Unit  Reference Method 

      349 ±4 
Indian Head Hill 

Granite 

Hepburn et al. 

(1995) 
ID-TIMS 

      385 ±10 
Straw Hollow 

Diorite 
Acaster and 

Bickford (1999) 
ID-TIMS 

      
412 ±2 

(monazite age) 
Andover Granite 

Hepburn et al. 

(1995) 
ID-TIMS 

      
419.43 ±0.52; 
419.65 ±0.51 

Andover Granite 
(2 locations) 

Dabrowski 
(2014) 

CA-
TIMS 

      420.49 ±0.52 Sudbury Granite 
Dabrowski 

(2014) 

CA-

TIMS 

      430 ±5 
Sharpner's Pond 

Diorite 
Zartman and 

Naylor (1984) 
ID-TIMS 

volcanogenic 
Nashoba Fm. gneiss 

layer (weighted mean of 

3 youngest grains 

461 ±19     Loan (2011) 
LA-ICP-

MS 

stratigraphic top of 
Nashoba terrane 

Tadmuck Brook Schist- 

(weighted mean of 4 

youngest grains) 

463 ±42     Loan (2011) 
LA-ICP-

MS 

volcanogenic 
Shawsheen Gneiss 

(weighted mean of 3 

youngest grains) 

468 ±20     Loan (2011) 
LA-ICP-

MS 

volcanogenic Fish Brook Gneiss 499 +6/-3     
Hepburn et al. 

(1995) 
ID-TIMS 

volcanogenic Marlboro Fm. 501-540     
Walsh et al. 

(2011) 
ID-TIMS 

volcanogenic Grafton Gneiss 515 ±6     
Walsh et al. 

(2011) 
ID-TIMS 

 

Brook and Shawsheen Gneiss), compose the stratified units of the Nashoba terrane (Bell and 

Alvord, 1976; Hepburn et al., 1995). The Tadmuck Brook Schist (Fig. 2.1) is a schistose unit that 

is exposed along the northwestern margin of, and may represent the stratigraphic top of, the 

Nashoba terrane (Bell and Alvord, 1976; Peck, 1976). It has a maximum depositional age of 

~463 Ma (Loan, 2011). 

The Nashoba terrane records metamorphic monazite growth at ~435-400 Ma during 

amphibolite facies metamorphism (Hepburn et al., 1995; Stroud et al., 2009), that may be related 

to heat generated by I-type intrusions as a result of subduction (i.e. ~430 Ma Sharpnerôs Pond 
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Diorite; Stroud et al., 2009) during the Acadian orogeny. A second generation of monazite dates 

at ~400-385 Ma is interpreted to date growth associated with widespread migmatization and 

deformation in the Nashoba terrane (Hepburn et al., 1995; Stroud et al., 2009), and may be 

related to the Acadian orogeny and/or Neoacadian orogeny. The Nashoba Formation, a Middle- 

to Late-Ordovician deformed volcanogenic unit, contains zircon with metamorphic overgrowths 

dated at ~400 Ma (U-Pb LA-ICP-MS geochronology; Loan, 2011). A third generation of 

metamorphic monazite at 385-360 Ma is interpreted to date growth during widespread high-

grade metamorphism and migmatization (Stroud et al., 2009; Walsh et al., 2011, 2013a; 

Buchanan et al., 2014). The occurrence of an event at this time is supported by metamorphic 

zircon in the Nashoba Formation dated at ~367-360 Ma (U-Pb LA-ICP-MS geochronology; 

Loan, 2011). The ~385-360 Ma event occurred during the timeframe of the Neoacadian orogeny. 

Lastly, a hydrothermal signature in shear zones has been recognized in the Nashoba terrane 

based on monazite dated at ~360-305 Ma (Stroud et al., 2009), and 354-325 Ma 
40

Ar/
39

Ar 

hornblende cooling ages (Hepburn et al., 1987).  

 

2.3 The Avalon terrane 

In the southeastern New England Appalachians, the peri-Gondwanan Avalon terrane 

(Fig. 1.2), correlative with type Avalon rocks in Newfoundland, Canada (Skehan and Rast, 1983; 

Williams and Hatcher, 1983; Rast and Skehan, 1993; Hepburn et al., 1995), is composed of 

early-Cambrian metasedimentary rocks (Thompson et al., 2014) and Proterozoic to Devonian 

granitic, dioritic, and gabbroic, intrusions (Table 2.3; Zartman, 1977; Hermes and Zartman, 

1992; Dillon et al., 1993; Hepburn et al., 1993; Thompson et al., 1996, 2007, 2010a, b, 2014; 

Acaster and Bickford, 1999; Thompson and Ramezani, 2008; Walsh et al., 2009). Late-Devonian 
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to early-Permian metasedimentary, metaconglomerate, metavolcanic, and coal-bearing units of 

the Narragansett and Norfolk basins (Fig. 1.1) were deposited within extensional basins on 

Avalonian basement that formed as a result of large scale strike-slip motion between Laurentian 

and Gondwana, during and after the formation of Pangaea (Mosher, 1983; Cazier, 1987; Wagner 

and Lyons, 1997; Thompson and Hermes, 2003). The Narragansett basin is intruded by the ~260 

Ma (Zartman and Hermes, 1987) Narragansett Pier Granite. The peak metamorphic grade in the 

Avalon terrane and basins increases from greenschist facies in the NE to amphibolite facies in 

the SW (Dallmeyer, 1982; Skehan et al., 1986; Cazier, 1987; Hepburn et al., 1987). 

In Massachusetts, Acadian metamorphism in the Avalon terrane is largely overprinted by 

Alleghanian age metamorphism (Zartman et al., 1970; Mosher, 1983; Cazier, 1987; Hepburn et 

al., 1987; Dallmeyer and Takasu, 1991; Wintsch et al., 1992, 2001; Moecher, 1999; Walsh et al., 

2007). The Narragansett and Norfolk basins present the best evidence for Alleghanian 

deformation in the Avalon terrane in eastern Massachusetts (Mosher, 1983; Cazier, 1987) as they 

are too young to show any of the older deformation.  

Four generations of Alleghanian deformation in the Narragansett basin that decrease in 

intensity towards the NE, and three generations of deformation in the Norfolk basin (Mosher, 

1983; Cazier, 1987), define a general weakening of deformation towards the north. The first two 

deformation generations are characterized by compressional tectonics and closure of the basins, 

and include the formation of isoclinal to open, WNW-verging, NNE-trending upright folds, and 

an associated axial planar cleavage (Mosher, 1987; Cazier, 1987). The second compressional  

event is marked by an early axial planar cleavage folded by tight to open, NNW- to NNE-

trending and E-verging folds, and horizontal, NE-trending folds. The early axial planar cleavage 

is locally crenulated by a second cleavage that strikes NNE (Mosher, 1983; Cazier, 1987). The 
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Table 2.3- Most recent published ages of units in the Avalon terrane. Units are ordered with increasing youngest 

detrital zircon or crystallization age, even though the ages of deposition of the metasedimentary units may be 

younger than their youngest detrital zircon ages. All dates were deterimed by U-Pb zircon analysis unless otherwise 

noted. Chemical Abrasion-Isotope Dilution Thermal Ionization Mass Spectrometry (CA-TIMS); Laser Ablation-

Inductively Couple Plasma-Mass Spectrometry (LA-ICP-MS); Isotope Dilution-Thermal Ionization Mass 

Spectrometry (ID-TIMS); Secondary Ion Mass Spectrometry (SIMS). 

 

Avalon terrane 

 
Stratified Rocks Igneous Rocks 

  

Notes Unit Age (Ma) Age (Ma) Unit Reference Method 

   

~260 (average 
of 4 reported 

206Pb/238U 

dates) 

Narragansett Pier 

Granite 

Zartman and 

Hermes (1987) 
TIMS 

Narragansett 
and Norfolk 

basins 

Dighton Conglomerate 

373-295 

  

1Thompson and 

Hermes (2003); 
2Wagner and 
Lyons (1997) 

CA-
TIMS1; 

fossil2 

Rhode Island Fm. 
  

Wamsutta Fm. 
  

Pondville Conglomerate 
  

   
373 ±4 Gabbro-diorite 

Hepburn et al. 

(1993)  

   
378.08 ±0.15 Peabody Granite 

Thompson and 
Ramezani (2008) 

CA-TIMS 

   
392 ±4 Gabbro pegmatite 

Acaster and 

Bickford (1999) 
ID-TIMS 

   
398 ±10 Wenham Monzonite Zartman (1977) ID-TIMS 

   
417 ±6 Franklin Pluton 

Hermes and 

Zartman (1992) 
ID-TIMS 

   
425.97 ±0.11 Cape Ann Granite 

Thompson and 

Ramezani (2008) 
CA-TIMS 

   
427 ±1.5 Lexington Pluton 

personal 

communication of 
G.R. Dunning in 

Brady et al. (2014) 

ID-TIMS 

   

488.48 ±0.79; 

488.53 ±0.81; 

489.03 ± 0.82; 

490.19 ±0.90 

Nahant Gabbro (4 

locations) 

Thompson et al. 

(2010b) 
CA-TIMS 

   

584.19 ±0.70; 

585.37 ±0.70 

Brighton Igneous Suite 

(2 locations) 

Thompson et al. 

(2014) 
CA-TIMS 

   
589 ±2 Westwood quartz diorite 

Thompson et al. 
(1996) 

ID-TIMS 

   
595.8 ±1.2 Lynn Volcanic Complex 

Thompson et al. 

(2007) 
ID-TIMS 

   
593.2 ±0.7 

Mattapan Volcanic 

Complex 

Thompson et al 

(2014) 
CA-TIMS 

   
595 ±5 Dartmouth Pluton 

Hermes and 

Zartman (1992) 
ID-TIMS 

Boston basin 
Roxbury Conglomerate (3 

locations) 

595.14 

±0.90; 

596.39 

±0.79; 

598.87 

±0.79 

  

Thompson et al. 

(2014) 

CA-TIMS, 

LA-ICP-

MS 

   
599 ±1 Westwood Granite 

Thompson et al. 
(1996) 

ID-TIMS 
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Table 2.3- Continued 

Avalon terrane 

 Stratified Rocks Igneous Rocks   

Notes Unit Age (Ma) Age (Ma) Unit Reference Method 

   
599 ±2 Esmond Granite 

Thompson et al. 

(2010a) 
CA-TIMS 

   
599 ±2 Cohasset Granite 

Dillon et al. 

(1993) 
ID-TIMS 

   
604.4 ±1.2 Fall River Granite 

Thompson et al. 
(2010a) 

CA-TIMS 

   
606 ±5 Hope Valley Alaskite 

Walsh et al. 

(2009) 
SIMS 

   
607 ±5 Northbridge Gneiss 

Walsh et al. 
(2009) 

SIMS 

   
612 ±5 Ponagansett Gneiss 

Walsh et al. 

(2009) 
SIMS 

   
606 ±1.2 Milford Granite 

Thompson et al. 
(2010a) 

CA-TIMS 

   

608.9 ±1.2; 

609.1 ±1.1; 

609.5 ±1.1 

Dedham Granite 
Thompson et al. 

(2010a) 
CA-TIMS 

 
Westboro Fm. 

912.23 
±0.70   

Thompson et al. 
(2012) 

CA-TIMS, 

LA-ICP-

MS 

 

third deformation event in the Narragansett basin, and the last deformation event in the Norfolk 

basin, record re-expansion of the basins, and include the formation of local NNE-trending, 

subvertical, sinistral shear zones, and vertical, NE- to ENE-trending folds with local east-side-up 

reverse faults that are parallel to the axial planes of these folds (Mosher, 1983; Cazier, 1987).  

The last deformation event, recorded in the Narragansett basin only, records further re-expansion 

of the southeastern Narragansett basin, and is marked by NE- to ENE-trending dextral shear 

zones (Mosher, 1983). 
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CHAPTER 3 

METHODS 

Detailed structural mapping was carried out in the Pin Hill, Vaughn Hill, and Wachusett 

Reservoir areas (Fig. 2.1). Structural data was plotted using Stereonet 8.0.0 (Allmendinger et al., 

2012). All structural data is given in dip/dip-direction (00°/000°) for planes, and trend/plunge 

(000°/00°) for lines, in degrees. Map figures were created in ArcGIS 10.1 and edited in Adobe 

Illustrator. 

Geochronology samples were taken at the Pin Hill (Harvard Conglomerate and Ayer 

Granodiorite) and Vaughn Hill (Vaughn Hill Formation and Vaughn Hill Conglomerate) areas 

(Fig. 2.1). Mineral separations from ~30kg of rock for each sample were carried out at Boston 

College and the Colorado School of Mines. Methods included standard crushing, grinding, and 

sieving through a 250µm mesh screen. Crushed and sieved samples were processed using a 

Wilfley
TM

 wet-shaking table, heavy liquids, and a Frantz
TM

 Barrier magnetic separator. Zircon 

grains from the three metasedimentary samples were randomly picked under a stereomicroscope 

at the Colorado School of Mines and mounted in epoxy. They were imaged using 

cathodoluminescence (CL) and secondary electron imaging (SEI) at the USGS Denver 

Microbeam Facility in Lakewood, CO, and analyzed using U-Pb Laser Ablation-Inductively 

Coupled Plasma-Mass Spectrometry (LA-ICP-MS) at the University of Kansas Geochronology 

Lab, operated by Andreas Möller. Metamict zones in zircon were not targeted for analysis. LA-

ICP-MS ages were corrected for common Pb using the method outlined by Anderson (2002). 

Zircon from the Ayer Granodiorite was hand-picked based on clarity and crystal morphology and 

analyzed using U-Pb Chemical Abrasion-Thermal Ionization Mass spectrometry (CA-TIMS; 
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after Mattinson; 2005), at the Massachusetts Institute of Technology (MIT) geochronology lab 

by Robert Buchwaldt. Zircon from the Ayer Granite was not imaged because the grains were 

expected to have a simple internal structure.  

All ages as determined in this study are given with Ñ2ů internal and external uncertainty. 

LA-ICP-MS analyses that were Ó5% discordant, had a date error of  Ó10% of the date, and/or 

had a 
206

Pb/
238

U and/or 
207

Pb/
325
U isotopic error of  Ó20% of the corresponding ratio, were not 

used to determine maximum depositional age or provenance. For the Ayer Granodiorite, a 

206
Pb/

238
U weighted average age of a tight cluster of grains Ò0.10% discordant was used to 

determine zircon crystallization age. Concordia diagrams, weighted average ages, and 

probability plots were produced in Microsoft Excel using Isoplot4.15 (Ludwig, 2012) and edited 

in Adobe Illustrator. 

To provide high precision estimates of maximum depositional ages, the two youngest 

zircon grains from the Harvard Conglomerate, and the three youngest zircon grains from the 

Vaughn Hill Conglomerate, were also analyzed using U-Pb CA-TIMS methods at MIT.   

Based on the older CA-TIMS dates of all detrital zircon grains that were analyzed by CA-

TIMS and LA-ICP-MS, the LA-ICP-MS analyses were affected by Pb-loss. Therefore, the LA-

ICP-MS dates of the five grains analyzed by both CA-TIMS and LA-ICP-MS are not considered 

to be the youngest single grains. The dates determined by CA-TIMS for detrital suites were not 

used in provenance analysis, because the very low uncertainty compared to the higher 

uncertainty generated from LA-ICP-MS analysis greatly skewed probability density plots.  

The maximum depositional age of the Harvard Conglomerate, Vaughn Hill 

Conglomerate, and Vaughn Hill Formation were calculated two different ways. The first method, 

outlined by Dickinson and Gehrels (2009), requires a cluster of three or more analyses with dates 
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overlapping at the Ñ2ů level, to be statistically relevant. The second method assumes the age of 

the youngest single grain to be the maximum depositional age (Brown and Gehrels, 2007; 

Dickinson and Gehrels, 2009; Rainbird et al., 2001; Stewart et al., 2001; Surpless et al., 2006). 

Both methods assume no Pb-loss. In this thesis the weighted average of 
206

Pb/
238

U ages of the 

youngest cluster of zircon grains using the first method are used to report the maximum 

depositional ages for the Harvard Conglomerate, Vaughn Hill Conglomerate, and Vaughn Hill 

Formation because it utilizes a statistically robust and reproducible method compared to the 

youngest single grain age (Dickinson and Gehrels, 2009). However, the youngest single grain is 

also reported for comparison and completeness. 
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CHAPTER 4 

RESULTS 

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

Pb zircon geochronology results of the Harvard Conglomerate and Ayer Granodiorite at Pin Hill, 

and of the Vaughn Hill Conglomerate and Vaughn Hill Formation at Vaughn Hill, are presented. 

These are integrated with published rock descriptions at Pin Hill and Vaughn Hill, and published 

structure observations in the Worcester and Oakdale formations at the Wachusett Reservoir. 

 

4.1 Rock Descriptions 

 In the following four sections, outcrop to hand-sample scale field relations are presented 

to address the nature of the contact between the Harvard Conglomerate and Ayer Granodiorite at 

Pin Hill, and to determine the relationship between the conglomerate at Pin Hill with that at 

Vaughn Hill. The Vaughn Hill Formation at Vaughn Hill was a subject of this study as it 

appeared in gradational contact with the Vaughn Hill Conglomerate, and is therefore also 

described below. 

 

4.1.1 The Harvard Conglomerate 

The non-fossiliferous Harvard Conglomerate (Burbank, 1876; Emerson, 1917; Hansen, 

1956; Thompson and Robinson, 1976) consists of ~cm-1m thick beds of pebble-supported 

polymict metaconglomerate, which upwards in section is increasingly interbedded with ~cm-

50cm thick layers of dark-green, gray and dark gray slate (Fig. 4.1). Polymict conglomerate 

layers are composed of 0.5cm-30cm in diameter (long-axis), tabular and sub-angular to fully 

rounded clasts in a brown or gray to dark-gray, fine-grained argillic and/or fine- to coarse-
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grained quartz matrix. Clast types in polymict conglomerate layers include, in decreasing 

abundance: white, gray, reddish, and greenish quartzite, gray to green slate, granite to 

granodiorite, and opaque to translucent white quartz fragments. Two clasts of vesicular basalt 

were also observed. Slate clasts are occasionally disarticulated by foliation. All clast types are 

commonly bent and stretched towards parallelism with foliation. 

Locally underlying the NNW portion of the Harvard Conglomerate is a 0-10m thick layer 

of massive, coarse-grained, non-arkosic, locally derived metasedimentary rock (Figs. 2.1 and 

4.1). This layer is composed of white to gray quartz nodules that are ~mm-5cm in diameter in a 

fine-grained quartz and sericite matrix. Its top contact is only with polymict conglomerate layers 

of the Harvard Conglomerate, and forms a sharp contact that may represent an erosional surface 

(Fig. 4.1). Both the Harvard Conglomerate and the local metasedimentary rock contain chlorite 

and chloritoid and have interpreted to have been metamorphosed at lower greenschist facies 

condition.  

Although the Harvard Conglomerate and Ayer Granodiorite are exposed within 1-30m of 

each other on all sides of Pin Hill (Fig. 2.1), the contact between the Harvard Conglomerate and 

adjacent Ayer Granodiorite was not directly observed. However, there is no evidence that the 

Harvard Conglomerate is fault bounded with (see Zen et al., 1983), or intruded by (see Hansen, 

1956) the Ayer Granodiorite. In addition, Thompson and Robinson (1976) report an outcrop of 

chemically weathered and seriticized Ayer Granodiorite, with competent aplitic dikes, being 

truncated by polymict conglomerate. Therefore, the Harvard Conglomerate is interpreted to be 

lying unconformably on top of Ayer Granodiorite.
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Figure 4.1- Photos and sketches of lithology and structure at Pin Hill. A. The Harvard Conglomerate (Ph), the 

underlying metasedimentary unit (lms), non-porphyritic weathered Ayer Granodiorite (Sacgr), and porphyritic Ayer 

Granodiorite, with distance from the Ph/lms contact. Pervasive S2 is show with dip labeled, strike is displayed by 

compass quadrant direction. S2 is subparallel across contacts and not present in porphyritic Sacgr. B. Schematic 

stratigraphic section of Pin Hill . U-Pb geochronology ages are show with location relative to contact. C- Field 

photograph and sketch of typical clasts in polymict conglomerate layers of the Harvard Conglomerate. Clasts are up 

to 30cm across. D. Field sketch of the nonconformity between the Harvard Conglomerate and Ayer Granodiorite. 

Aplitic dykes are cut by, and present as clasts in, the conglomerate. Modified from Thompson and Robinson (1976). 

E. Field photograph of folded Ph/lms contact. 
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4.1.2 The Ayer Granodiorite 

Around 100m WNW of the Harvard Conglomerate at Pin Hill, Ayer Granodiorite that 

contains feldspar phenocrysts up to 5cm across is present, and does not contain a tectonic 

foliation. Within 0-100m of the local metasedimentary rock and the Harvard Conglomerate, a 

foliated igneous unit is present that Thompson and Robinson (1976) considered a seriticized and 

chemically weathered zone of Ayer Granodiorite (Fig. 2.1). This weathered zone of Ayer 

Granodiorite has also undergone heavy retrograde chloritization and lacks visible feldspar closer 

to the Harvard Conglomerate and local metasedimentary rock. The contact between weathered 

Ayer Granodiorite and porphyritic Ayer Granodiorite was not observed. 

 

4.1.3 The Vaughn Hill Conglomerate 

The non-fossiliferous Vaughn Hill Conglomerate (herein unofficially named) occurs on the 

northern of the two Vaughn Hills, near Bolton, MA (Fig. 2.1). The Vaughn Hill Conglomerate 

consists of ~mm-50cm thick beds of matrix-supported oligomict metaconglomerate and 

interbedded clast-absent argillaceous layers. Although the Vaughn Hill Conglomerate is matrix-

supported, individual layers have a high degree of clast density variance. Conglomerate layers 

are comprised of opaque to semi-translucent white quartz fragments and lesser amounts of light-

gray to dark-gray quartzite clasts in a gray to dark-gray, and gray-greenish, fine-grained argillic 

and/or fine- to medium-grained quartzose matrix (Fig. 4.2). Quartz fragments and quartzite 

pebbles are rounded to angular, usually sub-equidimensional, and are up to 10cm in diameter, 

but 1-5cm fragments are more common. Quartz clasts typically display small strain shadows 

parallel to foliation. The presence of chlorite as the highest-grade metamorphic mineral indicates 

the conglomerate was metamorphosed at greenschist facies. 
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Figure 4.2- Field photographs of the: A. and B. Vaughn Hill Conglomerate and the; C. and D. Vaughn Hill 

Formation from the Vaughn Hill area, and of the; E. Worcester Formation from the SE shore of the Wachusett 

Reservoir, showing structure and lithology. 
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4.1.4 Vaughn Hill Formation  

At the southern hill of Vaughn Hill, the Vaughn Hill Formation consists of deformed, 

~mm-50cm thick beds of interbedded fine- to coarse-grained quartzite and phyllite. Coarse-

grained layers locally contain ~2mm-sized quartz grains similar to the smaller quartz fragments 

of the Vaughn Hill Conglomerate. At the saddle between north and south Vaughn Hill an 

unexposed fault is mapped (Hansen 1956) that separates the Vaughn Hill Conglomerate from the 

Vaughn Hill Formation. The contact relationship between the two units was not observed.  

 

4.2 Structural G eology 

 The structure in the Worcester and Oakdale formations along the SSW and SSE shore of 

the Wachusett Reservoir is relatively well-exposed and well-described (Robinson, 1978, 1981; 

Robinson and Goldsmith, 1991; Goldstein, 1994; Kopera and Walsh, 2014; Kuiper et al., 2014). 

We investigated structure in the Worcester and Oakdale formations to increase our structural 

database of the eastern Merrimack belt, to compare to previously published structural data, and 

to act as a control for any comparative structures at Pin Hill and Vaughn Hill.  

 

4.2.1 Structural geology of the Pin Hill area 

Structures in the Harvard Conglomerate and underlying metasedimentary rock are 

characterized by one fold generation and an associated axial planar cleavage. In addition, the 

Harvard Conglomerate displays intersection lineations of the axial planar cleavage with bedding, 

and a second generation of local folds, while the underlying weathered Ayer Granodiorite 

displays one prominent foliation. The porphyritic Ayer Granodiorite does not contain a tectonic 

foliation at the outcrop scale.  The ~300m long contact between the polymict conglomerate and 

underlying local metasedimentary rock preserves the best example of folded bedding (S0) in the 
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Harvard Conglomerate. Additionally, local exposures exist of polymict conglomerate in contact 

with slate that defines S0.  

Fold and cleavage generations in the greater eastern Merrimack belt, specifically the 

Worcester and Oakdale formations, are displayed in Table 4.1. Deformation at Pin Hill and 

Vaughn Hill are assigned subscripts based on comparison to deformation generations in the 

eastern Merrimack belt, and used here. S0 in the Harvard Conglomerate is folded by close to tight 

m-scale asymmetric folds (F2) and associated cm-scale parasitic folds (Fig. 4.1) that are 

moderately to steeply NW-dipping and shallowly to moderately SW-plunging (Fig. 4.3 and 4.4). 

A pervasive axial planar cleavage (S2) developed in these folds dips steeply NW and has an 

average orientation of (51°/325°) in the Harvard Conglomerate and (61°/314°) in the local 

metasedimentary rock. The underlying weathered zone of Ayer Granodiorite also contains a 

distinct foliation that decreases in prominence away from its contact with the local 

metasedimentary rock and the Harvard Conglomerate. It is not associated with any visible folds, 

but dips moderately NW and has an average orientation of (44°/328°). This orientation is similar 

to the axial planar cleavage in the local metasedimentary rock and the Harvard Conglomerate 

(Fig. 4.3). The average of the S2 axial planar cleavage from all three units is (52°/322°). S2 on the 

NW side of Pin Hill has an average dip of 72° NW while S2 on the SE side of Pin Hill has an 

average dip of 47° NW, creating a girdle-like pattern on a stereonet, but no regional refolded 

folds or associated foliation were observed, and the orientations of local folds (see below) do not 

explain the girdle orientation. 

On the east side of Pin Hill S0 and S2 are locally folded by easterly-trending, 5cm- 20cm-

scale, close to open folds (Fig. 4.3- Flocal). Because of the paucity of data, the local nature of 

these folds and the general variation in their orientations, the folds may not be relevant to the  
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Table 4.1- Table of deformation style and structure orientation from this study at Pin Hill, Vaughn Hill, and in the 

Worcester Formation along the SE shore of the Wachusett Reservoir, compared to the three comparative generations 

(D1-3) of recognized deformation in the eastern Merrimack belt (Robinson, 1978, 1981; Goldstein, 1992, 1994; 

Walsh and Clark, 1999; Kopera, 2005; Walsh et al., 2013a, b; Kopera and Walsh, 2014; Kuiper et al., 2015). 

Worcester Formation (DSw); local metasediment below Ph (lms); Harvard Conglomerate (Ph); Vaughn Hill 

Conglomerate (Ph*); Ayer Granodiorite- Clinton facies (Sacgr); Vaughn Hill Formation (SOvh). Planes are in 

dip/dip direction, lines are in trend/plunge, all are average orientations in degrees (°).  

 

 

 

broader region. However, their fold hinge lines plot in a cluster towards the SW, similar to 

intersection lineations. 

S0/S2 intersection lineations (L2) are best developed in fine-grained slate layers of the 

Harvard Conglomerate. Intersection lineations generally plunge shallowly to moderately towards 
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the SW, with a minor, shallowly-NE plunging component, parallel to the trend of F2 folds (Fig. 

4.3).  

 

4.2.2 Structural geology of the Vaughn Hill area 

The Vaughn Hill Conglomerate and Vaughn Hill Formation show similar structures, 

characterized by two generations of folds, three generations of cleavage development, and one or 

more intersection lineations. Bedding (S0) is folded by cm-scale, isoclinal to occasionally tight F1 

folds (Fig. 4.2) that dip along a loosely defined NW-SE girdle (Fig. 4.3 and 4.4), and plunge 

shallowly to steeply towards the SW and moderately towards the NE. Occasionally, F1 folds 

have slightly non-cylindrical hinges. An associated axial planar cleavage (S1) is subparallel to S0 

except in F1 hinge areas. 

S0/S1 is crosscut by a pervasive foliation (S2) that dips moderately to steeply towards the 

NW, with an average orientation of (59°/326°) (Fig. 4.3). No F2 folds were observed in either 

unit associated with this pervasive foliation, but poles to S0/S1 plot along a well-defined NW-SE 

girdle (Fig. 4.3), suggesting they were folded. 

S0/S1, F1, and S2 are locally folded by open to close, rounded to rarely chevron, cm- to m-scale, 

subhorizontal to recumbent F3 folds (Fig. 4.2) that are shallowly SE and NW-dipping, and trend 

towards the NE and SW (Figs.4.3). No associated axial planar cleavage was observed with any 

confidence in the Vaughn Hill Conglomerate. In the Vaughn Hill Formation such an axial planar 

cleavage (S3) is faint but subhorizontal. Intersection lineations (L2) of S2 with S0/S1, and possibly 

of S3 with S2, generally plunge shallowly to steeply towards the NE, with a minor, shallowly-SW 

plunging component (Fig. 4.3). 
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Figure 4.3- Equal-area lower-hemisphere projections of structural data for: A. the Harvard Conglomerate (Ph), the 

underlying metasedimentary unit (lms), and the Ayer Granodiorite-Clinton facies (Sacgr) at Pin Hill, MA; B. the 

Vaughn Hill Conglomerate (Ph*) and the Vaughn Hill Formation (SOvh) at Vaughn Hill, MA; C. the Worcester and 

Oakdale formations along the SSE and SSW shore of the Wachusett Reservoir, MA (Fig. 2.1). Average orientation 

of S2 at Pin Hill and Vaughn Hill shown in dip/dip-direction. The great-circle in A. is the average orientation of S2 at 

Pin Hill. 
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Figure 4.4- Equal-area lower-hemisphere projections of structural data for: A. the Harvard Conglomerate, 

underlying metasedimentary unit, and Ayer Granodiorite, at Pin Hill, MA; B. the Vaughn Hill Conglomerate and 

Formation at Vaughn Hill, MA, and; C. the Worcester Formation along the SE shore of the Wachusett Reservoir, 

MA. Data is contoured using Kamb contours (Kamb, 1959). 
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4.2.3 Structural geology of the Worcester and Oakdale formations 

The structure of the Worcester and Oakdale formations, of the Merrimack belt, was 

investigated along the SE, S, and SW shores of the Wachusett Reservoir (Fig. 2.1). At the 

Wachusett Reservoir the Worcester and Oakdale formations are well exposed and present well-

documented structures that are correlated to other units in the eastern Merrimack belt (Robinson, 

1978, 1981; Robinson and Goldsmith, 1991; Goldstein, 1994; Kopera and Walsh, 2014; Kuiper 

et al., 2014). Any comparative structures between the Harvard Conglomerate, Vaughn Hill 

Conglomerate, and Vaughn Hill Formation with the Worcester and Oakdale formations may be 

extrapolated to a broader Merrimack belt region than around the Vaughn Hill and/or Pin Hill 

areas. Because the structural geology of the Worcester and Oakdale formations were not 

investigated in as much detail as the units at Vaughn Hills and at Pin Hill,  observed structures 

are compared with, and described in the context of, known deformation events from Robinson 

(1978, 1981), Goldstein (1994), and Kopera and Walsh (2014), and Kuiper et al. (2014).  

Results from this study indicate that S0 dips shallowly to steeply towards the W in the 

Worcester Formation, and shallowly to moderately towards the N in the Oakdale Formation, 

along the southeastern shore of the Wachusett Reservoir. S0 is folded by ~10m-scale F2 folds in 

the Worcester and Oakdale formations (Kopera and Walsh, 2014), however, measurements were 

made in only one limb of these large folds so poles to S0 do not plot along a girdle in Figure 4.3. 

In the Worcester Formation, S0 and S0-parallel quartz veins are folded by cm- to 5cm-scale, 

isoclinal folds with non-cylindrical hinges that dip steeply towards the W and plunge shallowly 

to moderately towards the NNW (Figs. 4.3). An associated axial planar cleavage is subparallel to 

S0 (Goldstein, 1994). This fold and cleavage generation corresponds to the D1 fabrics, F1 and S1, 

respectively, of Robinson (1981) and Kopera and Walsh (2014). Locally, sandy layers of the 
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Oakdale Formation are isoclinally folded by cm- to 20cm-scale folds with highly non-cylindrical 

fold hinges. S1 in the Worcester Formation along the southern shores of the Wachusett Reservoir 

is broadly folded about an outcrop-scale synformal structure (F2) that verges to the SE, and F1 

folds are rotated into parallelism with an F2 axial planar cleavage (S2) that dips towards the NW 

(Kopera and Walsh, 2014). 

S0/S1 and isoclinal F1 folds are locally folded by cm- to 10cm-scale, tight to close, 

recumbent to shallowly NNE-dipping, horizontal to moderately NNE- plunging, chevron to 

slightly rounded folds (Figs. 4.2 and 4.3). S0 near the outer arc of these folds can be more 

rounded, while S0 near the inner arc of these folds is almost always chevron in style. This fold 

generation corresponds with D2 of (Robinson, 1978; 1981) and D3 of Kopera and Walsh (2014), 

which are characterized by N-trending, shallowly NE-dipping recumbent chevron folds. F3 

recumbent folds vary in shape based on S0 thickness and lithology, and m-scale recumbent folds 

can be observed nearby in thicker, bedded sandstone layers of the Worcester Formation (Kopera 

and Walsh, 2014). Lineations of garnet strain shadows in the Oakdale Formation, and a foliation 

with unknown structural significance trend towards the W (Fig. 4.3). 

 

4.3 U-Pb Zircon Geochronology Results 

 U-Pb detrital zircon geochronology analysis was completed for the Harvard 

Conglomerate, Vaughn Hill Conglomerate, and Vaughn Hill Formation to determine their 

maximum depositional ages and provenance characteristics. U-Pb magmatic zircon analysis was 

completed for the Ayer Granodiorite at Pin Hill to help clarify if the Ayer Granodiorite is older 

and unconformably below the Harvard Conglomerate, or not, and to compare to previously 

published magmatic zircon dates from the Ayer Granite elsewhere (Walsh et al., 2013a, b). 
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4.3.1 The Harvard Conglomerate 

The Harvard Conglomerate was sampled at the northeastern crest of Pin Hill at Harvard, 

MA (Fig. 2; lat/long: 71Á35ô4.164òW/42Á30ô40.715òN). The Harvard Conglomerate here 

consists of gray to dark gray-weathered polymict conglomerate layers with <0.5-20cm pebbles of 

quartzite and smaller quartz pebbles in an argillic matrix, interbedded with matrix-supported 

conglomerate and thin argillaceous layers. An even mix of all layers was sampled, so that the 

data represent a compilation of all possible provenance sources. 

Zircon grains of the Harvard Conglomerate range from ~60µm to 450µm along their long axis 

(Fig. 4.5). Grains longer than 250µm slipped through the 250µm sieve mesh because of their 

<250µm short axes. Over 50% of the grains have an aspect ratio of 1.5 to 3. 20% of the sample 

consists of grains with aspect ratios of <1.5 or >3. The remainder of the grains are fragments. 

Grains are commonly euhedral, anhedral, and elliptical (Fig. 4.5). In plane polarized light grains 

are clear, cloudy, or cloudy-brown. Elliptical grains are always cloudy to cloudy-brown. Most 

grains contain fractures parallel to the long axis and clear, black, and/or red-brown inclusions. 

Grains are rarely completely absent of visible inclusions and fractures. CL images show grains 

with fine and/or broad concentric zoning, sector zoning, patchy zones, and occasionally 

truncated cores (Fig. 4.5). Zircon does not appear to contain significant metamorphic textures.  

LA-ICP-MS analysis was carried out on 145 locations on 136 zircon grains. After 

discarding analyses due to excess error, 123 grains were used to calculate maximum depositional 

age and to determine provenance. Analyses for all the grains can be found in Appendices A and 

B. The largest cluster of grains (42% of the sample) occurs at ~480-400 Ma with a narrow, high 

peak at ~430 Ma (Fig. 4.6). A sub-dominant cluster (26% of the sample) occurs at ~815-550 Ma. 
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Figure 4.5- Representative detrital zircon of the: A. Harvard Conglomerate; B. Vaughn Hill Conglomerate; C. 

Vaughn Hill Formation, and; D. the Ayer Granodiorite. D. is transmitted light of zircon in a petri dish. Laser 

ablation spots are visible in transmitted light images of detrital zircon. Cathodoluminescence (CL). 
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A broad spread of analyses (29% of the sample) occurs at ~1550-950 Ma, with one peak at 

~1220 Ma. Four grains are older than ~1900 Ma and form a cluster at ~2000 Ma. 

Nine core-rim pairs were analyzed to investigate whether multiple age domains exist in a 

single grain. Four grains had core-rim ages within error of each other, three grains had rim ages 

~5-18 Ma older than core ages, and two grains had core ages ~5-20 Ma older than rim ages. 

Cores that are younger than rims are interpreted to have undergone Pb-loss. Because three grains 

had cores ages younger than rims ages, and four grains had core-rim ages within error of each 

other, further investigation into multiple age domains in zircon was not merited. For grains with 

multiple analyses, rim data was used in maximum depositional age calculations and provenance 

analysis so as not to skew data by using two dates from one grain or by using just the younger of 

the two dates from each grain. 

The two youngest zircon grains (grains 18.125-157 and -69) have 
206

Pb/
238

U ages of 

371.5 ± 7.4 Ma and 347.7 ± 4.7 Ma using LA-ICP-MS. These grains were Ò5% discordant but 

did not define a cluster. However, they were re-analyzed by CA-TIMS methods to improve 

precision, and yielded 
206

Pb/
238

U ages of 427.1 ± 0.3 Ma and 420.1 ± 1.2 Ma, respectively (Fig. 

4.7). The younger LA-ICP-MS dates are interpreted to reflect Pb-loss. The chemical annealing 

process removes zircon zones that have lost Pb, resulting in an older date. Because the very 

young LA-ICP-MS dates are affected by Pb-loss, they are not considered to represent the 

youngest single grain ages. Grain 18.125-4 has a 
206

Pb/
238

U date of 408.8 ± 5.4 Ma and is the 

youngest grain of a cluster of 13 zircon grains, providing a more reliable youngest single grain 

age of ~409 Ma. The youngest cluster of three or more grains that overlap at the 2ů level include 

13 grains with a 
206

Pb/
238

U weighted average age of 414.6 ± 2.1 Ma (Table 4.2). Thus, the 

maximum depositional age of the Harvard Conglomerate is interpreted to be ~415 Ma.  
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4.3.2 The Vaughn Hill Conglomerate 

The Vaughn Hill Conglomerate was sampled on the top of the northern Vaughn Hill at 

Bolton, Ma (Fig. 2.1; lat/long: 71Á36ô59.585òW/42Á27ô43.967òN). The black weathered, 

pavement style outcrop is on the top of North Vaughn Hill and consisted of mm-5cm quartz 

fragment clasts in a fine-grained sandy and phyllitic matrix. 

 Zircon grains of the Vaughn Hill Conglomerate range from ~60µm to 250µm. 55% of the 

grains have an aspect ratio from 1.5 to 3, <1% of the grains have an aspect ratio >3, and around 

12% of the grains have an aspect ratio from 1 to 1.4. Most grains are euhedral to anhedral; ~25% 

are ellipsoidal to round (Fig. 4.5). In plane polarized light grains are clear or cloudy with 

occasional clear, brown, brown-red, and/or black inclusions. Grains appear both CL-bright and 

CL-dark, obscuring features, while other grains have visible, very well-developed thin and/or 

broad concentric zones and rims (Fig. 4.5). Zircon grains do not appear to contain significant 

metamorphic textures. U-Pb LA-ICP-MS analysis was carried out on 140 spots on 139 zircon 

grains. After discarding analyses due to excess error, 109 grains were used to calculate maximum 

depositional age and to determine provenance. Analyses for all the grains can be found in 

Appendices A and B. The largest cluster of grains (47% of the sample) occurs at ~480-400 Ma 

with a thin, high peak at ~431 Ma (Fig. 4.6). A sub-dominant cluster (35% of the sample) occurs 

at ~680-500 Ma with one thin, relatively high peak at ~590 Ma. Grains older than ~800 Ma 

represent 18% of the sample, and form small clusters at ~1000 Ma, ~1500 Ma, and ~2500 Ma. 

  Only one grain was double-analyzed for core-rim dates and resulted in 
206

Pb/
238

U ages of 

448.4 ± 6.8 Ma for the core and 422.1 ± 6.0 Ma for the rim. Only the rim age was used for 

further analysis to remain consistent with what was used for core-rim pair dates for the Harvard 

Conglomerate. 
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Figure 4.6- Wetherill concordia diagrams of the: A. Harvard Conglomerate; D. Vaughn Hill Conglomerate, and; G. 

Vaughn Hill Formation. Inset Wetherill concordia diagrams of the: B. Harvard Conglomerate; E. Vaughn Hill 

Conglomerate, and; H. Vaughn Hill Formation, show youngest cluster of zircon that define the maximum 

depositional age (overlap at the 2ů level) and associated 
206

Pb/
238

U weighted average age in bold. Probability density 

plots for the: C. Harvard Conglomerate; F. Vaughn Hill Conglomerate, and; I. Vaughn Hill Formation display all 

concordant grains; prominent peak ages are labeled (Ma). 
206

Pb/
238

U dates were used for grains <800 Ma, and 
207

Pb/
206
Pb dates were used for grains Ó800 Ma. 40 histogram bins used for C., F., and I. All data includes 2ů 

uncertainty. Data in these plots correspond to blue and white rows in Appendices A and B. 
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Three zircon grains (18.128-24, -157, and -194) have 
206

Pb/
238

U LA-ICP-MS ages of 

335.5 ± 5.3 Ma, 293.6 ± 70 Ma, and 336.5 ± 71 Ma. All three were re-dated by CA-TIMS 

methods to improve precision. CA-TIMS analysis yielded 
206

Pb/
238

U ages of 419.9 ± 0.2 Ma, 

403.5 ± 0.4 Ma, and 410.6 ± 0.5 Ma, respectively (Fig. 4.7). The younger LA-ICP-MS dates are 

interpreted to reflect Pb-loss. The chemical annealing process removes zircon zones that have 

lost Pb, resulting in an older date. Because the very young LA-ICP-MS dates are affected by Pb-

loss, they are not considered to represent the youngest single grain ages. However, the CA-TIMS 

date of 403.5 ± 0.4 Ma is younger than any LA-ICP-MS date and does not record Pb-loss, thus 

the youngest single grain age of the Vaughn Hill Conglomerate is interpreted to be 403.5 ± 0.4 

Ma. The youngest cluster of three or more grains that overlap at the 2ů level include five grains 

with a 
206

Pb/
238

U weighted average age of 415.7 ± 2.5 Ma (Table 4.2). The maximum 

depositional age of the Vaughn Hill Conglomerate is interpreted to be ~416 Ma. Grain 18.128-

187, with a 
206

Pb/
238

U age of 405.0 ±25 Ma (Appendix B), was not included in the maximum 

depositional age calculation because its error is 1-5 times greater than the next five grains that 

overlap at the 2ů level. 

 

4.3.3 The Vaughn Hill Formation 

The Vaughn Hill Formation was sampled just off the top on the southeastern side of the 

southern Vaughn Hill at Bolton, Ma (Fig. 2.1; lat/long: 71°37ô11.066òW/42Á27ô27.724òN). The 

outcrop here consists of interbedded quartzite and subordinate phyllite. 

Zircon grains of the Vaughn Hill Formation are <60µm to ~200µm along their long axis. 

All of the grains are either anhedral, highly abraded, or fragments, except for one euhedral grain 

(Fig. 4.4). 16% of the grains have an aspect ratio from 1 to 1.4, 45% of the grains have an aspect 
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Table 4.2- Summary of U-Pb zircon ages for the Harvard and Vaughn Hill conglomerates, the Vaughn Hill 

Formation, and the Ayer Granodiorite- Clinton facies. Bold dates are considered the maximum depositional age for 

the Harvard and Vaughn Hill conglomerate and Vaugh Hill Formation, and the crystallization age for the Ayer 

Granodiorite. All ages are 
206

Pb/
238
U dates. Errors are Ñ2ů. Laser Ablation-Inductively Coupled Plasma-Mass 

Spectrometry (LA-ICP-MS); Chemical Abrasion-Thermal Ionization Mass Spectrometry (CA-TIMS). 

Summary of ages of units analyzed in this study 

  
Harvard 

Conglomerate 

Vaughn Hill 

Conglomerate 

Vaughn Hill 

Formation 

Ayer 

Granodiorite 

(Clinton facies) 

 
LA-ICP-MS CA-TIMS  

Maximum depositional age-

weighted average age of the 

youngest cluster of three or 

more grains that overlap at 

the 2ů level 

414.6 ± 2.1 Ma   
(MSWD= 1.70;  

n= 13) 

415.7 ± 2.5 Ma   
(MSWD= 0.35;  

n= 5) 

463.0 ± 28.0 Ma 
(MSWD= 2.00;  

n= 3) 

- 

Youngest single grain 408.8 ± 5.4 Ma 
403.5 ± 0.4 Ma 

(CA-TIMS) 
450.6 ± 16 Ma - 

Crystallization age- 

weighted average age of 

Ò0.10% discordant 

magmatic zircon 

- - - 
420.1 ± 0.1 Ma 
(MSWD= 0.77; 

N= 5) 

 

ratio from 1.5 to 3, 2% of the grains have and aspect ratio >3, the rest are fragments. In plane 

polarized light grains are generally cloudy to cloudy-brown, some are clear, and a few are very 

dark. Clear, brown-red, and black inclusions are common. Grains tend to be too small, too CL-

bright, or too CL-dark to see zone and core structures, and metamorphic overgrowths. However, 

a select few do show thin to broad zonation structures with irregular boundaries that are sharp to 

diffuse (Fig. 4.4).   

U-Pb LA-ICP-MS analysis was carried out on 133 zircon grains. No core and rim 

analyses on the same grain were carried out due to the lack of distinct core-rim pairs. After 

discarding grains due to excess error, 97 grains were used to calculate maximum depositional 

age and determine provenance. Analyses for all the grains can be found in Appendix A. A small, 

young cluster of grains (4% of the sample) occurs at ~500-450 Ma with a well-defined peak at 

~470 Ma (Fig. 4.6). The largest cluster of grains (45% of the sample) occurs at ~745-525 Ma 
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with two high peaks at ~560 Ma and 645 Ma. High but non-dominant peaks occur at 610 Ma, 

665 Ma, and 700 Ma. Many smaller peaks occur within this dominant cluster. A broad spread of 

grains (29% of the sample) occur at ~1500-850 Ma. A large gap in zircon input (~350Ma) 

separates the ~1500-850 Ma population from another broad cluster (17% of the sample) at 

~2225-1750 Ma. Another gap in the zircon record (~230 Ma) separates the previous cluster from 

the oldest cluster of grains (5% of the sample) at ~2760-2460 Ma. 

The youngest single grain has a 
206

Pb/
238

U age of 450.6 ±16 Ma. The youngest cluster of 

three or more grains that overlap at the 2ů level include three grains with a 
206

Pb/
238

U weighted 

average age of 463.0 ±28 Ma (Table 4.2). The maximum depositional age of the Vaughn Hill 

Formation is interpreted to be ~463 Ma. 

 

4.3.4 The Ayer Granodiorite 

Non-porphyritic, chemically weathered Ayer Granodiorite (Clinton facies) was sampled 

on the north side of Pin Hill, Bolton, MA, where the slope of the hill starts to flatten out, 120m 

NE of where the Harvard Conglomerate was sampled and 10-20m from the local 

metasedimentary rock (Fig. 2.1; lat/long: 71Á37ô11.066òW/42Á27ô27.724òN.).  

All the zircon grains from this location are euhedral and prismatic with clear crystal 

faces. Some are stubby. The grains do not appear to have been affected by the weathering event. 

Some grains have clear and prismatic inclusions. In total 11 zircons (Appendix B) were analyzed 

by U-Pb CA-TIMS methods to constrain the maximum depositional age of the Harvard 

Conglomerate, which lies nonconformably on top of the granodiorite. Five grains are Ò0.10% 

discordant and define a tight cluster with a 
206

Pb/
238

U weighted average age of 420.1 ± 0.1 Ma 
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(Table 4.2; Fig. 4.7). The other six grains are >0.10% discordant and older. These grains may 

record older inherited core ages. 

 

Figure 4.7- Wetherill concordia diagrams of the: A. Harvard Conglomerate, and; B. and C. Vaughn Hill 

Conglomerate, showing the comparison between the three youngest grains as analyzed by LA-ICP-MS and their 

CA-TIMS analysis. Arrows show the same grain as analyzed by the two methods. D. Chemically weathered Clinton 

facies Ayer Granodiorite at Pin Hill, MA, analyzed by CA-TIMS. D. Includes the 
206

Pb/
238

U weighted average age 

of zircon that are Ò0.01% discordant and form a tight cluster. All data includes 2ů uncertainty. Dashed concordia 

lines represent error of the 
238

U and 
235

U decay constants. 
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CHAPTER 5 

DISCUSSION 

Below, we discuss (1) the relationship of the Pennsylvanian Coal Mine Brook Formation 

with the Harvard and Vaughn Hill conglomerates, (2) the structural characteristics of the Harvard 

and Vaughn Hill conglomerate, Vaughn Hill Formation, Worcester Formation, and their 

relationship to the eastern Merrimack belt, (3) the potential ages and provenance of the Harvard 

and Vaughn Hill conglomerates and the Vaughn Hill Formation, (4) and the tectonic significance 

of new detrital and structural data, in conjunction with published data. 

 

5.1 Conglomerates in the Merrimack belt 

 The Coal Mine Brook Formation, Harvard Conglomerate, and Vaughn Hill 

Conglomerates are the only conglomerates recognized in the Merrimack belt (Fig. 2.1; Emerson, 

1917; Currier and Jahns, 1952, Hansen, 1956; Grew, 1973; Robinson and Goldsmith, 1991; this 

study). The Harvard Conglomerate has been correlated to the Coal Mine Brook Formation 

(Grew, 1973). Based on that correlation the Harvard Conglomerate has been used to suggest that 

at least two generations of extensive deformation occurred in the eastern Merrimack belt 

(Goldstein, 1994). The following three subsections summarize all available research on the Coal 

Mine Brook Formation, discuss the relationship of the Harvard Conglomerate with the Vaughn 

Hill Conglomerate, and with adjacent Ayer Granodiorite, and discuss the relationship of the Coal 

Mine Brook Formation with the Harvard and Vaughn Hill conglomerates. 
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5.1.1 Summary of the Coal Mine Brook Formation 

The Coal Mine Brook Formation was described in detail by Grew (1973). It consists of 

Unit F and Unit G of Grew (1973) and is considered to have been deposited in a non-marine 

environment as coarse clastic rocks in an area of low relief known as the Worcester Basin, near 

an area of high relief (Fig. 2.1; Grew, 1973; Robinson and Goldsmith, 1991). The 

nonfossiliferous Unit F is comprised of interbedded dark gray conglomerate, polymict 

conglomerate, arkose, and phyllite (Grew, 1973). The dark gray conglomerate contains clasts up 

to 13cm in diameter of schist, granulite, and vein quartz. The polymict conglomerate is 

characterized by a quartz and feldspar matrix containing clasts up to 13cm in diameter, 

consisting, in order of decreasing abundance, of phyllite, quartzite, granite, and vein quartz. The 

arkose layer is comprised of white feldspar and quartz grains, and the phyllite is gray to black 

and carbonaceous. Unit G consists of interbedded gray to black slate and phyllite with lenses of 

impure, fossiliferous meta-anthracite (Grew, 1973). The stratigraphic sequence of Unit F and G 

is uncertain, as they are not in contact with each other (Grew, 1973). Clasts of granite interpreted 

to be from the granite at Millstone Hill in Unit F have been dated at 372 ±7.0 Ma and 365 ±15 

Ma (U-Pb ID-TIMS zircon geochronology; Zartman and Marvin, 1991), and therefore Unit F is 

younger than 365 ±15 Ma. Unit F is interpreted to be Pennsylvanian in age based on field 

relations, radiometric ages, and regional considerations (Grew, 1973). Unit G is interpreted to be 

mid- to late-Pennsylvanian based on plant fossils (Grew, 1973; Lyons et al., 1976). The basal 

contact of Unit F with surrounding Merrimack belt rocks is not exposed. However, because Unit 

F is younger than the Late Devonian two-mica granite at Millstone Hill (Zen et al., 1983) and 

Silurian metapelitic rocks and quartzite, and because Millstone Hill granite clasts are present in 

Unit F, an unconformity is believed to exist at the base of Unit F (Grew, 1973). Sometime during 
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or after the Pennsylvanian, the Coal Mine Brook Formation was metamorphosed up to garnet 

grade and contains one cleavage (Grew, 1973). 

 

5.1.2 The Harvard and Vaughn Hill conglomerates, and Ayer Granodiorite at Pin Hill 

The Harvard and Vaughn Hill conglomerates were initially considered to be the same 

unit (Emerson, 1917; Currier and Jahns, 1952; Hansen, 1956; Grew, 1973; Thompson and 

Robinson, 1976). However, this was questioned by Robinson and Goldsmith (1991). The clast 

diversity (variety of quartzite, slate, granite, quartz), large clast size (up to 30cm), and high clast 

density in the clast-supported Harvard Conglomerate are in contrast with the low-clast variety 

(quartz and quartzite), small clast size (up to 10cm, 5cm average) and low clast density of the 

matrix supported Vaughn Hill Conglomerate. In addition, the Harvard Conglomerate is 

interbedded and overlain by slate, whereas the Vaughn Hill Conglomerate is not. The fine-

grained, predominantly argillic matrix is similar in both units. The maximum depositional ages 

of the two units are within uncertainty of each other at ~415-416 Ma and, and the detrital zircon 

age distributions are similar for both units. Based on differences in clast type, size, and density, 

and the lack of interbedded slate layers in the Vaughn Hill Conglomerate, and similarities in U-

Pb detrital zircon geochronology results, the Harvard and Vaughn Hill conglomerates are 

interpreted here as having similar age and provenance, but different depositional environments. 

Therefore, they should be considered as separate units, or as separate members of the same unit.  

Based on the Vaughn Hill Conglomerates lower average clast size, smaller clast variety, 

and lower density of clasts compared to the Harvard Conglomerate, the Vaughn Hill 

Conglomerate may have been deposited more distally from a common source compared to the 

Harvard Conglomerate, in a low-energy (i.e. flood plain, curtain of an alluvial fan) environment. 
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Based on the Harvard Conglomerates larger clast size, higher clast-type variety, and thicker 

conglomerate layers, compared to the Vaughn Hill Conglomerate, the Harvard Conglomerate 

was likely deposited close to an area of high relief, possibly near a sediment source, in a high 

energy (i.e. fluvial channel, apex of an alluvial fan) environment. However, slate beds of the 

Harvard Conglomerate also increases in thickness and presence up in section (Fig. 4.1), 

indicating its depositional environment became more distal from a source and/or decreased in 

energy through time. Based on the decreasing depositional energy and/or increasing distance 

from a common source towards the south, and the same maximum depositional age and 

provenance, a north to south sediment-transport direction during deposition of the Harvard and 

Vaughn Hill conglomerates is possible, consistent with prior interpretations of a quartzite clast 

origin to the NNW and NNE (Emerson, 1917; Hansen, 1956). 

The contact between the Harvard Conglomerate and the underlying ~420 Ma Ayer 

Granodiorite may be interpreted as a nonconformity or a fault contact. Because there is no 

evidence for a shearing or brittle deformation along the contact, a fault contact is unlikely. 

Between the Harvard Conglomerate and the Ayer Granodiorite a local quartz+sericite 

metasedimentary unit is locally exposed (Figs. 2.1 and 4.1), which has not been identified 

previously. It is in sharp contact with overlying Harvard Conglomerate (Fig. 4.1), suggesting the 

contact is a disconformity as opposed to a gradational contact reflecting continuous deposition. 

Based on its composition of quartz nodules in a quartz+sericite matrix (Fig. 4.1), and the local 

nature of the unit, the local metasediment is interpreted as detritus from a seriticized and 

weathered zone of Ayer Granodiorite. If true, it represents a time between ~420 Ma (age of the 

Ayer Granodiorite) and the age of deposition of the Harvard Conglomerate, which could be as 

early as ~415 Ma, when porphyritic Ayer Granodiorite was at or near the surface and underwent 
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weathering and erosion. Where the Harvard Conglomerate is in contact with the weathered Ayer 

Granodiorite, it crosscuts competent aplite dykes in the granodiorite (Fig. 4.1; Thompson and 

Robinson, 1976). Furthermore, clasts of the dykes exist in the overlying Harvard Conglomerate. 

Thus, based on the presence of a weathering horizon and local metasedimentary rock below the 

Harvard Conglomerate, crosscutting relationships, and clast compositions, we interpret the base 

of the Harvard Conglomerate as an unconformity. 

The Vaughn Hill Conglomerate is mapped as being in fault contact with adjacent Vaughn 

Hill Formation, but based on the maximum depositional age difference between the two units 

(~463 Ma for the Vaughn Hill Formation and ~416 Ma for the Vaughn Hill Conglomerate), may 

be in disconformable contact with it. The unexposed contact between the Vaughn Hill 

Conglomerate and adjacent Devens Gneiss Complex, a gneissic and equigranular quartz 

monzonite to quartz diorite complex (Gore, 1976), appears planar (Fig. 2.1) and may represent a 

nonconformity or an intrusive contact. 

The porphyritic, Clinton facies Ayer Granodiorite is described as containing weathered 

zones near boundary areas (Zen et al., 1983), and Thompson and Robinson (1976) observed 

bedded polymict conglomerate bedding in contact with seriticized and weathered Ayer 

Granodiorite at Pin Hill. The observations from this thesis are consistent with Thompson and 

Robinsonôs (1976) observation that the Ayer Granodiorite is seriticized and weathered near its 

contact with the Harvard Conglomerate. Weathered Ayer Granodiorite lacks visible feldspar, 

contains nodules of weathering-resistant quartz, and is present in its porphyritic variety ~100m to 

the NW of the Harvard Conglomerate (Fig. 2.1 and 4.1), which is consistent with the Clinton 

facies and distinguishes it from the Devens-Long Pond facies. The contact between the 

weathered and non-weathered zone is covered, but may be gradational. 
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5.1.3 The Worcester basin 

Grew (1973) proposed that the Coal Mine Brook Formation and Harvard Conglomerate 

at Pin Hill represent the base of a sequence of rocks that were deeply buried, and thus much 

thicker and presumably more extensive, in the Pennsylvanian than they are today. He suggested 

they may be the erosional remnants of a larger basin (the Worcester basin), which was at least 

33km long, extending from Harvard, MA to the SSW (Fig. 2.1). The Coal Mine Brook 

Formation, which defines the present southern extent of the basin, and the Harvard and Vaughn 

Hill Conglomerates, are undeniably unique in that they are along strike, topographically high 

conglomerates that lie unconformably on older units of the Merrimack belt. Based on the ~415-

416 Ma maximum depositional age of the Harvard and Vaughn Hill conglomerates and the 

Pennsylvanian age of the Coal Mine Brook Formation, and based on lithological differences 

between the Harvard and Vaughn Hill conglomerates with the Coal Min Brook Formation, the 

Harvard and Vaughn Hill conglomerates may represent a similar-aged, or older, stratigraphically 

lower section of the basin. Alternatively it may be a separate earlier (earliest Devonian?) basin.  

If the Harvard and Vaughn Hill conglomerates are as old as earliest Devonian and not 

correlative with the Pennsylvanian Coal Mine Brook Formation, deformation in the two 

conglomerates is not necessarily Pennsylvanian or related to the Alleghanian orogeny, as 

interpreted by Goldstein (1994). Because the Harvard and Vaughn Hill conglomerates did not 

incorporate zircon from the nearby and extensive ~375-372 Ma Chelmsford Granite, ~379 Ma 

Eastford Granite, and ~386 Ma granite at Prospect Hill (Table 2.1), and are not associated with 

any fossiliferous units as the Coal Mine Brook Formation is, it is unlikely that the conglomerates 

are much younger than their ~415-416 Ma youngest detrital zircon populations. However, it is 

possible that the lack of 386-372 Ma zircon and the lack of fossiliferous bedding in the Harvard 
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and Vaughn Hill conglomerates is a result of paleotopography and paleogeomorphology 

differences between the northern and southern eastern Merrimack belt, and that the two 

conglomerates are Pennsylvanian. Therefore, the true depositional ages of the two conglomerates 

remains uncertain. 

 

5.2 Structural Geology 

At the Wachusett Reservoir, the Worcester Formation is well exposed and presents well-

documented structures that are correlated to other units in the eastern Merrimack belt (Peck, 

1975; Robinson, 1978; 1981; Goldstein, 1992; 1994; Walsh and Clark, 1999; Kopera, 2006; 

Attenoukon, 2009; Walsh et al., 2013a, b; Kopera and Walsh, 2014; Kuiper et al., 2014). Any 

comparative structures between the Harvard Conglomerate, Vaughn Hill Conglomerate, and 

Vaughn Hill Formation with the extensive Worcester Formation may be extrapolated to a 

broader Merrimack belt region than around the Vaughn Hill and/or Pin Hill areas. The structural 

interpretations of the Pin Hill and Vaughn Hill areas may be combined with new and published 

geochronology data, and with published data on the timing of deformation in the Merrimack belt 

(Attenoukon, 2009), to help constrain the timing of deformation in the eastern Merrimack belt. 

 

5.2.1 Synthesis of deformation in the Worcester Formation along the SE Wachusett 

Reservoir 

The deformation history of the Worcester Formation of the southeastern Merrimack belt 

has been studied (Peck, 1975; Robinson, 1978; 1981; Goldstein, 1992; 1994; Walsh and Clark, 

1999; Kopera, 2005; Walsh et al., 2013a, b; Kopera and Walsh, 2014; Kuiper et al., 2014). It is 

characterized by a D1 event defined by early isoclinal cm-km-scale folds (F1) and associated 

bedding-subparallel axial planar cleavage (S0/S1). Bedding-subparallel quartz veins are folded by 
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F1 folds (Table 4.1). Cm-scale F1 folds are locally non-cylindrical (Kopera and Walsh, 2014). 

Along the SSW shore of the Wachusett reservoir, in Zone I of Goldstein (1994), D2 consists of 

tight to isoclinal m- to km-scale, N- to NE-trending upright to sub-vertical folds (F2), overturned 

to the E or SE, with an associated steeply dipping axial planar cleavage (S2). Several outcrop-

scale F2 folds verge to the SE. West of the Worcester Formation at the Wachusett Reservoir, in 

Zone II of Goldstein (1994), F2 dips steeply SE and plunges shallowly SW while associated S2 

dips steeply SE. D3 (D2 of Robinson, 1978; 1981) is represented by cm- to m-scale recumbent to 

shallowly NE-dipping, N-trending chevron folds (F3) with an associated axial planar cleavage 

(S3) in Zone I of Goldstein (1994). Subhorizontal F3 folds are ubiquitous in steeply dipping beds 

in the eastern Merrimack belt (Peck, 1975; Robinson, 1978; Goldstein, 1994). The size and shape 

of F3 folds vary based on bed thickness and lithology, and can be m-scale in bedded sandstone 

layers of the Worcester Formation (Kopera and Walsh, 2014). West of the Worcester Formation 

at the Wachusett Reservoir, in Zone II of Goldstein (1994), S3 is horizontal to shallowly NE-

dipping. 

 

5.2.2 Deformation at Pin Hill and Vaughn Hill in the context of deformation in 

selected units of the Merrimack belt 

A pervasive foliation in the Harvard Conglomerate, underlying local metasedimentary 

rock, and weathered Ayer Granodiorite at Pin Hill are subparallel to each other (Fig. 4.3) and 

likely formed during the same deformation event. The average orientation of the three foliations 

at Pin Hill is shown in Figures 4.3 and 4.4, and in Table 4.1. The average orientation of the three 

foliations will be used when discussing this foliation at Pin Hill. A pervasive foliation in the 

Vaughn Hill Conglomerate and Formation and the pervasive foliation at Pin Hill are subparallel 

to each other and both are likely the same as S2 in the eastern Merrimack belt (Table 4.1; Fig. 
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4.4). At Pin Hill S2 is axial planar to m-scale, moderately to steeply NW-dipping, shallowly to 

moderately SW-plunging, F2 folds (Fig. 2.2). In the Vaughn Hill Formation and Conglomerate 

no folds are associated with S2. The lack of observed F2 in the Vaughn Hill Conglomerate and 

Vaughn Hill Formation may be an artifact of exposure. At Pin Hill these folds are exposed on 

WNW-ESE cliff faces, perpendicular to the strike of S0, that are over several meters wide and a 

meter high, while at Vaughn Hill no S0-perpendicular cliff exposures exist. The average 

orientation of fold axial planes from folded S0/S1 at Vaughn Hill is (73°/317°), and from folded 

S0 at Pin Hill it is  (56°/307°) (Table 4.1; Fig. 4.4). Calculated axial planes from Vaughn Hill and 

Pin Hill are subparallel to each other, and both are subparallel to parallel to S2 at Pin Hill and S2 

at Vaughn Hill. Calculated fold hinge lines are subhorizontal and plunge NE at Vaughn Hill and 

SW at Pin Hill, and are parallel to intersection lineations at their respective locations. In addition, 

a calculated fold hinge line at Pin Hill is parallel to observed fold hinges of F2. Measured F1 axial 

planar cleavage of isoclinal folds in the Vaughn Hill Conglomerate and Formation do not show a 

preferred orientation (Fig. 4.4). However, they plot on a broad NW-SE girdle that cannot be 

explained by F3 folds, and instead correspond to the NE-SW-trending F2 folds observed at Pin 

Hill. For these reasons, we interpret F2 at Pin Hill and F2 at Vaughn Hill (and S2 at both 

locations) to have formed during the same event. 

Figure 2.2 shows cross-sections of a-aô and b-bô (see Fig. 2.1) for Pin Hill and Vaughn 

Hill, respectively. Isoclinal folds at Vaughn Hill look similar in style and size to the F1 folds in 

the Worcester Formation (Table 4.1), but do not have the same axial plane orientation because 

they are folded along a NW-SE girdle defined by NE-SW trending F2 folds, while those observed 

during this study in the Worcester Formation are from one F2 limb. Isoclinal folds at Vaughn Hill 

contain bedding-parallel axial planar cleavage, the same as F1 axial planar cleavage in the 
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Worcester Formation. Furthermore, F2 or F3 folds in the Worcester Formation are not consistent 

with the orientation or style of isoclinal folds at Vaughn Hill  (Table 4.1). Thus, it is interpreted 

that early isoclinal folds and associated bedding-parallel cleavage in the Vaughn Hill 

Conglomerate and Formation at Vaughn Hill to be equivalent to F1 and S0/S1 in the Worcester 

Formation, and likely a result of D1 in the Merrimack belt (Table 4.1). The lack of early isoclinal 

folds in the Harvard Conglomerate may be because the Harvard Conglomerate is too young to 

have experienced D1 deformation. However, because the Vaughn Hill Conglomerate does 

contain early isoclinal folds and both units share the same maximum depositional age and 

provenance, it is probable that the Harvard Conglomerate was present during D1 deformation. 

The lack of isoclinal folds in the Harvard Conglomerate may be a result of its competent nature 

(cemented matrix, quartzite clasts) and/or large clast size having prevented the formation of 

isoclinal folds. Additionally, the Ayer Granodiorite is present along three sides of the Harvard 

Conglomerate and is more uniformly competent than the Harvard Conglomerate. It is possible 

the Ayer Granodiorite acted as a solid block during deformation, preventing isoclinal folds from 

forming in the Harvard Conglomerate.  

Based on the style, size, and orientation of m-scale, NW-dipping folds and associated 

axial planar cleavage at Pin Hill (Fig. 2.2), and because the axial planar cleavage of these folds 

crosscut S0/S1 and is crosscut by a later subhorizontal foliation at Vaughn Hill, these folds are 

likely the same as, or related to F2 and S2 in the Worcester Formation (Table 4.1). F2 in the 

Harvard Conglomerate, and S2 in the Harvard and Vaughn Hill conglomerates, and Vaughn Hill 

Formation, is thus likely a result of D2 in the Merrimack belt (Table 4.1). This is supported by 

the orientation of calculated axial planes from folded S0 at Pin Hill and folded S0/S1 at Vaughn 

Hill, and is consistent with the orientation of steeply NW-dipping F2 axial planar foliation at both 
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locations (Fig. 2.2) and in the eastern Merrimack belt. Furthermore, the orientations of folded S0 

at Pin Hill and of folded S0/S1 at Vaughn Hill is not consistent with the orientation of F1 or F3 in 

the Worcester Formation, and thus is not likely a result of D1 or D3 events. F2 plunges shallowly 

to moderately SW at Pin Hill and shallowly to moderately NE at Vaughn Hill, based on observed 

plunge of F2 at Pin Hill, the orientation of intersection lineations (L2) at both locations, and the 

orientation of calculated hinge lines at both locations (Table 4.1; Fig. 4.4), in agreement with the 

orientation of F2 in Zone I of Goldstein (1994).   

The style of recumbent to subhorizontal, cm- to m-scale, rounded to rarely chevron folds 

and associated axial planar cleavage in the Vaughn Hill Conglomerate and Vaughn Hill 

Formation (Fig. 2.2) are consistent with the style of subhorizontal F3 folds and S3 axial planar 

cleavage of in the eastern Merrimack belt (Table 4.1). Thus, F3 and S3 in the Vaughn Hill 

Conglomerate and Formation may be a result of D3 in the Merrimack belt (Table 4.1). At 

Vaughn Hill, F3 folds are cm- to m-scale, commonly rounded and rarely chevron, while in the 

Worcester Formation F3 folds are commonly cm-scale and chevron. The difference in shape of 

these folds may be a result of thicker bedding at Vaughn Hill compared to the finely-laminated 

bedding of Worcester Formation along the SE shore of the Wachusett Reservoir. F3 folds at 

Vaughn Hill dip towards the NW and SE and plunge towards the NE and SW, while in the 

Worcester Formation F3 folds dip and plunge NNE. 

 

5.3 U-Pb Geochronology 

The Harvard Conglomerate, Vaughn Hill Conglomerate, and Vaughn Hill Formation are 

compared to published detrital zircon data from the Merrimack belt, the Nashoba terrane, the 

composite Laurentian margin, Ganderia, Avalon, and the Tower Hill Formation (Cawood and 
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Nemchin, 2001; Barr et al., 2003; 2012; Murphy et al., 2004; Pollock et al., 2007; 2009; Wintsch 

et al., 2007; Fyffe et al., 2009; Satkoski et al., 2010; Loan, 2011; Sorota, 2013) in Figure 5.1. All 

are exposed to varying degrees in the southeastern New England Appalachians. Figure 5.1-(1) 

shows the age of major, primary zircon-forming geologic events in the eastern Laurentian craton 

(Cawood et al., 2001) and the Amazonian craton of supercontinent Gondwana (Sadowski and 

Betencourt 1996; Tassinari and Macambria, 1999; Santos et al., 2000) as compiled by Nance et 

al. (2008). Figure 5.1-(2-3) show the age of primary zircon-forming geologic events due to arc 

volcanism in Ganderia (Fyffe et al., 2009), along the southeastern New England Appalachian 

Laurentian margin (Karabinos et al., 2015; Valley et al., 2015), and due to intruding plutons in 

the Merrimack belt and Nashoba terrane (Tables 2.1 and 2.2). Below we discuss which 

cratons/terranes/units could (not) have provided material to the Harvard Conglomerate, Vaughn 

Hill Conglomerate, and Vaughn Hill Formation, based on detrital zircon signatures, the ages of 

primary sources, and the proximity of cratons/terranes/units to the rocks analyzed in this study. 

Detrital zircon for the Avalon terrane is included for completeness, but is not considered as a 

source of zircon for the Harvard or Vaughn Hill conglomerates because the Nashoba terrane was 

between the Avalon terrane and the Merrimack belt during the maximum depositional age of the 

conglomerates. Additionally, the Avalon terrane is not considered a source of zircon for the 

Vaughn Hill Formation because it was separated from the Avalon terrane by the Nashoba terrane 

and Iapetus Ocean plate during the maximum depositional age (van Staal, et al., 2012) of the 

Vaughn Hill Formation. 
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Figure 5.1- Age of primary zircon sources for (1) the eastern Laurentian craton (Cawood et al., 2001) and the 

Amazonian craton (Sadowski and Betencourt 1996; Tassinari and Macambria, 1999; Santos et al., 2000), (2) early 

and late Ganderia arc volcanism (Fyffe et al., 2009), and  (3) Shelburne Falls and Bronson Hill arcs (Karabinos et 

al., 2015; Valley et al., 2015), and MB- and NT-intruding plutons (Tables 2 and 3). Detrital zircon frequency plots 

for the (4) Harvard and Vaughn Hill conglomerates (this study), (5) Vaughn Hill Formation (this study), (6) Tower 

Hill Formation (Sorota, 2013), (7) Merrimack belt (Wintsch et al., 2007; Sorota, 2013), (8) Nashoba terrane (Loan, 

2011), (9) composite Laurentian margin (Cawood and Nemchin, 2001; Pollock et al., 2007), (10) Ganderia (Barr et 

al., 2003; Fyffe et al., 2009; Pollock et al., 2007), and (11) Avalonian (Barr et al., 2003, 2012; Murphy et al., 2004; 

Pollock et al., 2009; Satkoski et al., 2010). Age range boxes for (3) are extended over detrital zircon plots for 

comparison of major r zircon populations that are relatively young. Uncertainty is 2ů for plots 4 and 5 (1ů for all 

others). For plots (4-5) 
206

Pb/
238

U ages are used for grains <800 Ma and 
207

Pb/
235
U ages used for grains Ó800 Ma. 

The ages of peaks are given in Ma. Merrimack belt (MB); Nashoba terrane (NT). 
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5.3.1 Zircon sources in the SE New England Appalachians  

In the discussion below, we use the following definitions. First-order zircon is detrital 

zircon received directly from the igneous or metamorphic units it crystallized in. Recycled zircon 

is detrital zircon derived from a source that received that zircon from a first-order or another 

recycled source. A primary source is the igneous or metamorphic rock or terrane/craton that a 

zircon first crystallized in, irrespective if the detrital zircon is first-order or recycled.   

Figure 5.1 shows the ages of major orogenic, plutonic, and arc volcanic events in the 

eastern Laurentian craton (Cawood et al., 2001). Plutonism, arc volcanism, and orogenesis 

between ~3000 and ~2500 Ma, at ~1850 Ma, and between ~1500 and ~950 Ma, are recorded in 

the composite Laurentian margin detrital signature. The composite Laurentian margin detrital 

suite is inferred to have been sourced from metasedimentary rocks in the Canadian Appalachians 

(Cawood and Nemchin, 2001; Pollock et al., 2007). The large peak at ~475 Ma in the composite 

Laurentian margin detrital suite corresponds to a primary source of Laurentian margin volcanic 

arc(s), and first-order (recycled later?) zircon input at ~475 Ma in the Canadian Appalachians 

(Pollock et al., 2007). In the southeastern New England Appalachians the ~475-470 Ma 

Shelburne Falls arc (Karabinos et al., 2015) and the ~475-440 Ma Bronson Hill arc (Valley et al., 

2015) formed along the Laurentian margin and acted as primary zircon sources. The Shelburne 

Falls arc and the Bronson Hill arc may have formed on Ganderian crust (Dorias et al., 2012; 

MacDonald et al., 2014; Karabinos et a., 2015; Valley et al.,2015), and both are considered to 

have formed during a long lived arc system along the Laurentian Margin (Valley et al., 2015).  

The age of major plutonism, arc volcanism, and orogenesis of the Amazonian craton, a 

craton of the supercontinent Gondwana, partially overlaps with that of the eastern Laurentia 

craton, especially between ~2000 and ~1000 Ma (Fig. 5.1). Major zircon-forming events are 
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noticeably absent at ~2500-2100 Ma, and noticeably present at ~900-650 Ma, compared to the 

eastern Laurentian craton zircon-forming events.  

Ganderia formed on the margin of Amazonia (Nance et al., 2008; Fyffe et al., 2009; van 

Staal et al., 2009, 2011) and underwent arc volcanism on its margin at ~629-611 Ma and ~553-

535 Ma (Fyffe et al., 2009). Portions of Ganderia did not experience arc volcanism on its margin, 

and record a single phase of ~553-528 Ma arc volcanism that occurred more inboard from the 

Amazonian margin, on Ganderian crust (Fyffe et al., 2009). Ganderia rifted from Amazonia by 

~500 Ma (Fyffe et al., 2009; van Staal et al., 2011). Ganderian and peri-Ganderian Nashoba 

terrane detrital zircon (Figure 5.1) have primary sources from the Amazonian craton and from 

~553-528 Ma and ~629-611 Ma arcs. The Nashoba terrane does not contain zircon from 

Laurentian sources (Loan, 2011). Amazonian primary source material in the Ganderian and 

Nashoba terrane detrital suites may be first-order and/or recycled, while volcanic arc-derived 

zircon was first-order originally, but may have been recycled during later erosion and deposition 

events. The Nashoba terrane does not record the ~629-611 Ma arc volcanism pulse, but does 

record the uniquely Ganderian (Fyffe et al., 2009) ~553-528 Ma arc volcanism pulse, similar to 

more inboard portions of Ganderia in the Canadian Maritime Appalachians (Loan, 2011).  

The Merrimack belt contains zircon from Laurentian and Ganderian sources, and its 

maximum depositional age, as a basin, is ~436-426 Ma (Table 2.1; Sorota, 2013). The ~424-420 

Ma Ayer Granodiorite (Walsh et al., 2013a; Section 4.3.4) is the oldest intrusive unit in the 

Merrimack belt, indicating sediment deposition into the Merrimack belt had ceased by ~424 Ma 

at the latest. The young ~460 Ma zircon population in the Merrimack belt may be first-order 

and/or recycled input from the ~475-440 Ma Shelburne Fall and/or Bronson Hill arcs. 

Additionally or alternatively, the ~460 Ma Merrimack belt zircon may be from recycled ~475 
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Ma composite Laurentian margin detrital zircon, which are derived from Laurentian margin arcs 

in the Canadian Appalachians (Pollock et al., 2007) similar in age to the Shelburne Falls and 

Bronson Hill arcs. In the Merrimack belt, ~630-530 Ma zircon is peri-Ganderian (Sorota, 2013), 

with a primary source of Ganderian volcanic arcs (no other primary source of this age). These 

zircon grains may be recycled peri-Ganderian Nashoba terrane and/or Ganderian zircon, and/or 

first-order zircon from Ganderian volcanic arcs. Zircon at ~2500-950 Ma in the Merrimack belt 

are likely from eastern Laurentian and/or Amazonian cratonic primary sources. 

 

5.3.2 The Vaughn Hill and Tower Hill formations  

The Vaughn Hill Formation of the Merrimack belt is interpreted be gradational with the 

Tadmuck Brook Schist of the Nashoba terrane, and lie at the base of the Merrimack belt (Bell 

and Alvord, 1976; Peck, 1976). The Tower Hill Formation of the Merrimack belt may be related 

to the Vaughn Hill Formation at the base of the Merrimack belt or may lie above it (Zen et al., 

1983; Robinson and Goldsmith, 1991). The maximum depositional age for the Vaughn Hill 

Formation is 463 ± 28 Ma (Table 4.2), and for the Tower Hill Formation it is interpreted as 513 

± 15 Ma (Sorota, 2013), with one zircon grain as young as 463 ± 9 Ma. Sorota (2013) concluded 

that the sources for the Tower Hill Formation were unclear, based on comparison with the 

Ganderian and composite Laurentian margin detrital suites of Figure 5.1 (Sorota, 2013).  

The Vaughn Hill Formation detrital suite closely resembles that of the Tower Hill 

Formation (Fig. 5.1). The differences in peak size and shape between the two units is possibly a 

result of the lower uncertainties on the zircon ages of the Vaughn Hill Formation (18 Ma 

average; Ñ2ů) compared to those of the Tower Hill Formation (48 Ma average; Ñ2ů). However, 

the units show the following similarities: (1) a young ~500-450 Ma population with a ~470 peak 
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Ma for the Vaughn Hill Formation, and a young ~500-460 Ma population with a ~465 Ma peak 

for the Tower Hill Formation; (2) a dominant  ~745-525 Ma population with high peaks at ~645 

Ma and ~560 Ma for the Vaughn Hill Formation, and a ~723-500 Ma population with a high 

peak at ~630 Ma and a peak at ~530 Ma for the Tower Hill Formation; (3) an older ~1500-800 

Ma population with a relatively high peak at ~800 Ma for the Vaughn Hill Formation, and at 

~1750-761 Ma population with a relatively high but broad peak at ~790 Ma for the Tower Hill 

Formation. Zircon older than ~1750 Ma are sparse in the Tower Hill Formation compared to the 

Vaughn Hill Formation. The similarities in detrital zircon signature between the Vaughn Hill and 

Tower Hill formations indicate that they may have been deposited from the same and/or similar 

sources, at the base of the Merrimack belt. 

 

5.3.3 Provenance of the Vaughn Hill Formation 

 The detrital zircon data from the Vaughn Hill Formation yield a small ~500-450 Ma 

population with a ~470 Ma peak, a dominant ~745-525 Ma population with high peaks at ~645 

Ma and ~560 Ma, and lower peaks throughout, sub-dominant but broad populations at ~1500-

800 Ma and at ~2225-1750 Ma, and a small ~2760-2460 Ma population. 

 The young, ~500-450 Ma zircon population in the Vaughn Hill Formation corresponds to 

the ~475-440 Ma Shelburne Falls and Bronson Hill arcs and the ~475 Ma peak in the composite 

Laurentian margin detrital suite (Fig. 5.1). The ~460 Ma peak in the Merrimack belt detrital suite 

is not a viable source of Vaughn Hill Formation zircon because the Vaughn Hill Formation lies 

at the base of the Merrimack belt and has an older maximum deposition age compared to the 

Merrimack belt, and therefore is likely older (applies throughout rest of discussion). Thus, the 

~500-450 Ma zircon in the Vaughn Hill Formation represent first-order zircon input from ~470 
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Ma sources such as the Shelburne Falls and Bronson Hill arcs, or recycled zircon from ~470 Ma 

arc-derived sediment no longer present. 

 The dominant zircon age population at ~745-525 Ma with peaks at ~645 Ma and ~560 

Ma in the Vaughn Hill Formation corresponds to the dominant ~540 Ma population in the 

Nashoba terrane and the ~630-540 Ma population in the Ganderian detrital suite. The Nashoba 

terrane displays a minor population at ~645-630 Ma (Loan, 2011), while the Ganderian detrital 

suite displays a peak at ~630 Ma. Thus, the younger, ~560 Ma peak in the Vaughn Hill 

Formation is likely a result of recycled Nashoba terrane and/or Ganderian zircon, while the ~645 

Ma peak is likely a result of recycled Ganderian and/or possibly Nashoba terrane zircon. If the 

~645 Ma peak is from Nashoba terrane zircon, those sources are no longer extensively present. 

 The ~950-800 Ma zircon population in the Vaughn Hill Formation do not correspond to 

any detrital suite, but does correspond to the similarly aged arc volcanism event in the 

Amazonian craton (Fig. 5.1). These zircon grains may reflect first-order input into the Vaughn 

Hill Formation, or from recycled sediments no longer present or not recognized in the 

southeastern New England Appalachians. 

 The ~1500-950 Ma zircon spread in the Vaughn Hill Formation corresponds to zircon 

populations from the composite Laurentian margin, the eastern Laurentian and Amazonian 

cratons, and partially to the Nashoba terrane and Ganderia. There are no unique peaks in the 

~1500-950 Ma Vaughn Hill Formation population and a more specific correlation cannot 

therefore be made. 

The ~2225-1750 Ma zircon population in the Vaughn Hill Formation corresponds to the 

Nashoba terrane and Ganderian, and partially the composite Laurentian margin detrital suites 

(Fig. 5.1). The ~2225-1750 Ma population more closely resembles the age range and the 
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multiple peaks of sub-equivalent heights of the Ganderian detrital suite, and is centered with a 

population in the Nashoba terrane, although the Nashoba terrane population is smaller in age 

range and contains one peak. The Laurentian population contains a large and unique peak at 

~1850 Ma with very little zircon at ~2000 Ma, whereas the Vaughn Hill Formation does not have 

a unique peak at ~1850 Ma and does display relatively significant input at ~2000 Ma. Thus, the 

~2250-1750 Ma population is more likely to be recycled Ganderian and/or Nashoba terrane 

zircon. 

The ~2760-2460 Ma zircon population in the Vaughn Hill Formation corresponds to the 

composite Laurentian margin, Nashoba terrane, and Ganderian detrital suites (Fig. 5.1). This 

population is most aligned with the Nashoba terrane and Ganderian detrital suite populations, but 

reflects the higher peak heights as displayed in the composite Laurentian margin detrital suite. 

Therefore, zircon grains in this population may be from any of the above sources. 

 The detrital signature of the Vaughn Hill Formation cannot be explained by a single 

source, and instead is a result of, in decreasing amount, recycled zircon input from the Nashoba 

terrane and/or Ganderia, first-order zircon input from a ~470 Ma source such as the ~475-440 

Ma Shelburne Falls and Bronson Hill arcs, and possibly recycled peri-Laurentian zircon (Table 

5.1). A significant recycled Nashoba terrane and/or Ganderian zircon source is supported by the 

interpretation that the Vaughn Hill Formation is gradational with the Tadmuck Brook Schist of 

the Nashoba terrane and lies at the base of the Merrimack belt (Bell and Alvord, 1976; Peck, 

1976). Interpretation of new U-Pb detrital zircon data from this study indicates the Vaughn Hill 

Formation may have been deposited close in age and proximity to the top of the Nashoba terrane. 

The primary sources of zircon grains in the Vaughn Hill Formation are, in decreasing amount, 

Ganderian arcs, the eastern Laurentian and Amazonian cratons, and Laurentian margin arcs. 
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Table 5.1- Summary of detrital zircon provenance for the Vaughn Hill Formation and Harvard and Vaughn Hill conglomerates. Age populations  are in Ma. Bold 

text represents the preferred provenance interpretation for each population. Composite Laurentian margin (CLM); Ganderia (G); Merrimack belt (MB); Nashoba 

terrane (NT); Vaughn Hill Formation (VHF). 
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5.3.4 Provenance of the Harvard and Vaughn Hill conglomerates  

The Harvard and Vaughn Hill conglomerates have similar detrital zircon signatures. Both 

units have distinct 480-400 Ma populations, with a dominant peak at ~430 Ma for the Harvard 

Conglomerate and ~431 Ma for the Vaughn Hill Conglomerate (Fig. 4.6). Both units have a 

maximum depositional age within uncertainty of each other at ~415-416 Ma (Table 4.2). Distinct 

but smaller zircon age populations occur between 815-550 Ma for the Harvard Conglomerate 

and 680-500 Ma for the Vaughn Hill Conglomerate. A broad cluster of 1550-950 Ma zircon ages 

in the Harvard Conglomerate is not well documented in the Vaughn Hill Conglomerate. Both 

units have very little grains older than 1900 Ma. Based on the similar detrital zircon signatures 

and maximum depositional ages, the Harvard and Vaughn Hill conglomerates are interpreted as 

having the same sources. Therefore, they are discussed together below. 

The combined detrital zircon data from the Harvard and Vaughn Hill conglomerates yield 

a dominant population at 480-400 Ma with a ~430 Ma peak, a sub-dominant population at 700-

500 Ma with multiple peaks similar in height, a small population at 820-750 Ma, a sub-dominant 

population at 1700-950 Ma with many low peaks, and very small populations at 2170-1970 Ma 

and at 2700-2500 (Fig. 5.1).  

Zircon from ~415 Ma (the maximum depositional age of the conglomerates) to ~424 Ma 

(the oldest Merrimack belt intruding body; Walsh et al., 2013a) in the conglomerates is younger 

than any other populations or peak in other detrital suites used for comparison (Fig. 5.1). 

However there are multiple Merrimack belt and Nashoba terrane granitic to dioritic intrusions of 

this age (Tables 2.1 and 2.2). Additionally, the sizes of igneous clasts (up to 30cm in diameter) in 

the Harvard Conglomerate, suggest a nearby igneous sediment source such as the Ayer 

Granodiorite, although matrix zircon may have been derived from farther away. Since the only 
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source of ~424-415 Ma zircon in central Massachusetts are plutons that intruded the Merrimack 

belt- and Nashoba terrane, these grains are interpreted as first-order zircon from nearby plutonic 

primary sources (i.e., directly from the Ayer Granodiorite and/or other plutons). Zircon older 

than ~424 Ma, but younger than ~440 Ma, may be first-order plutonic sourced zircon, similar to 

above, or recycled Merrimack belt zircon, similar to below. 

In the conglomerates, the ~480-440 Ma zircon age population corresponds to the ~460 

Ma Merrimack belt population, the ~475-440 Ma Shelburne Falls and Bronson Hill arcs, and the 

~475 Ma composite Laurentian margin detrital population. Zircon grains from this population 

are likely recycled from the Merrimack belt, and not first-order input from arcs or recycled 

composite Laurentian margin zircon, because the conglomerates are in contact with the 

Merrimack belt, but not in contact with Laurentian margin arcs or its old margin. A recycled, or 

at least partially recycled, Merrimack belt source is supported by the interpreted origin of 

quartzite clasts in the Harvard Conglomerate to be from the nearby Oakdale Formation 

(Emerson, 1917).  

The ~700-500 Ma zircon population in the conglomerates correspond to ~700-500 Ma 

populations in the Vaughn Hill Formation (and Tower Hill Formation), the Nashoba terrane, and 

the Ganderian detrital suites (Fig. 5.1). The Merrimack belt also displays tail on its dominant 

population between ~700-500 Ma that is peri-Ganderian (Sorota, 2013). The ~700-500 Ma 

population in the conglomerates are more likely to be recycled Vaughn Hill Formation zircon 

grains based on (1) the close proximity of the Vaughn Hill Formation to the conglomerates (Fig. 

2.1), (2) the presence of Vaughn Hill Formation clasts in the Vaughn Hill Conglomerate (Currier 

and Jahns, 1952), (3) the absence of a peak in the Merrimack belt and the presence of a peak in 
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the Vaughn Hill Formation at this age, (4) and the closeness in symmetry of this population to 

that in the Vaughn Hill Formation.  

The ~820-750 Ma zircon population in the conglomerates correspond to a peak and 

relatively large population in the Vaughn Hill Formation (and Tower Hill Formation), and to a 

small population in Ganderia. In the Merrimack belt and composite Laurentian margin detrital 

suite this population is only represented to a minor degree (Fig. 5.1). Based on the presence of a 

peak and population in the Vaughn Hill Formation detrital suite at ~820-750 Ma, and the 

presence of Vaughn Hill Formation clasts in the Vaughn Hill Conglomerate (Currier and Jahns, 

1952), it is probable that ~820-750 Ma zircon in the conglomerates are recycled Vaughn Hill 

Formation zircon rather than younger recycled units of the Merrimack belt.  

The ~1700-950 zircon population in the conglomerates correspond to peaks and 

populations in the Vaughn Hill Formation (and Tower Hill Formation) and Merrimack belt 

detrital suites, and to the zircon forming geologic events of the eastern Laurentian and 

Amazonian cratons. Overall, the age range of the ~1700-950 Ma population is nearly identical to 

a population of the same age in the Merrimack belt detrital suite, but lacks outstanding peaks at 

~1020 Ma and ~1450 Ma as displayed in the Merrimack belt. Since younger populations of the 

conglomerates are recycled Merrimack belt and recycled Vaughn Hill Formation, it is difficult to 

establish if the ~1700-950 Ma conglomerate population is recycled Merrimack belt, recycled 

Vaughn Hill Formation, or both. 

The ~2170-1970 Ma zircon population in the conglomerates correspond to detrital 

populations in the Vaughn Hill Formation, the Nashoba terrane, the composite Laurentia margin, 

and Ganderia, and to zircon forming events in the eastern Laurentian and Amazonian cratons 

(Fig. 5.1). However, the best overlap of this population is with the Vaughn Hill Formation and 
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Ganderia. Based on the location of the conglomerates adjacent to the Vaughn Hill Formation 

(Fig. 2.1) and previous interpretations of zircon input from the Vaughn Hill Formation, it is more 

likely that this zircon population is from recycled Vaughn Hill Formation sediment. 

The small ~2700-2500 Ma zircon population in the conglomerates correspond to a 

population in the Vaughn Hill Formation, small populations in the Merrimack belt, Nashoba 

terrane, and Ganderia, and to a large population in the composite Laurentian margin detrital 

suites. Because multiple detrital suites overlap and comparison detrital data is sparse at this age 

(except for the composite Laurentian margin suite), and because of the paucity of zircon at this 

age in the conglomerates, it is difficult to determine conclusively from which of the above 

source(s) these zircon are recycled from. 

The detrital signature of the conglomerates cannot be explained by just one source, and 

instead is a result of, in decreasing amount, first-order zircon input from young, Merrimack belt- 

and/or Nashoba terrane-intruding igneous bodies, recycled zircon input from the Vaughn Hill 

Formation, and recycled zircon input from the Merrimack belt (Table 5.1). A recycled Nashoba 

terrane sediment source is not as likely, because there are no high-grade Nashoba terrane clasts 

in the conglomerates, although matrix zircon may be partially Nashoba terrane-sourced. Multiple 

detrital zircon source areas are supported by the various clasts types (metasedimentary and 

igneous) in the Harvard Conglomerate, which cannot be from just recycled metasedimentary 

rock and must also be from igneous bodies. The primary source of zircon for the conglomerates 

is, in decreasing amount, Merrimack belt- and/or Nashoba terrane-intruding igneous bodies, 

Laurentian margin arcs and Ganderian arcs (sub-equal), and the eastern Laurentian and 

Amazonian cratons (sub-equal; Table 5.1). 
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CHAPTER 6 

GEOLOGIC AND TECTONIC IMPLICATIONS OF THE MERRIMACK BELT FROM NEW 

AND PUBLISHED DETRITAL AND STRUCTURAL DATA 

Based on the primarily Ganderian/Nashoba terrane signature of the Vaughn Hill and 

Tower Hill formation and the location of the current-day Merrimack belt between the Nashoba 

terrane and the Laurentian craton, the early Merrimack belt (~463 Ma) is interpreted to have 

been between an oncoming Ganderia/Nashoba terrane and the composite Laurentian margin, but 

was too far from the Laurentian margin to receive significant sediment input from it (Fig. 6.1). 

Alternatively or additionally, Laurentian margin sediment input into the early Merrimack belt 

was blocked by interstitial arcs (Fig 6.1). The Vaughn Hill and Tower Hill formations do record 

input from ~470 Ma sources such as the Shelburne Falls and Bronson Hill arcs, indicating that 

some composite Laurentia margin sediment was reaching the early Merrimack belt.  

Zircon sources for the Tower Hill Formation are unclear (Sorota, 2013). However, the 

results of this study indicate the Tower Hill Formation has the same and/or similar detrital zircon 

sources as the Vaughn Hill Formation (recycled per-Ganderian Nashoba terrane and/or 

Ganderian). The maximum depositional age of the Vaughn Hill Formation is ~463 Ma, which is 

the same as that of the Tadmuck Brook Schist and other units of the Nashoba terrane (Loan, 

2011). Based on the significant ~540-530 Ma peri-Ganderian zircon signature of the Vaughn Hill 

Formation and the similarity in maximum depositional age of the Vaughn Hill Formation with 

the Tadmuck Brook Schist (Tables 2.1 and 2.2), the interpretation by Bell and Alvord (1976) and 

Peck (1976) that the Vaughn Hill Formation is related to the Tadmuck Brook Schist is likely 

correct. Thus, we interpret that the earliest Merrimack belt units (Vaughn Hill and Tower Hill 
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formations) were derived from the Ganderian microcontinent and/or the Nashoba terrane to the 

east, and deposited in a westerly direction towards the Laurentian margin in a marine and/or 

margin type environment. It is possible that the Vaughn Hill Formation represents a continuous 

transition in time and space from the Nashoba terrane to the Merrimack belt. This transitional 

boundary was subsequently sheared along the Clinton-Newbury fault zone. 

If the Vaughn Hill Formation is truly derived from the Nashoba terrane and/or Ganderian 

rocks to the east, it must be explained why the Vaughn Hill Formation has a significant ~645-

630 Ma detrital zircon population, while the Nashoba terrane does not. The scarcity of ~645-630 

Ma zircon in the Nashoba terrane may be because the Nashoba terrane formed more inboard 

from the Gondwanan margin, on future Ganderian crust, and did not experience the early 

Ganderian  arc volcanism phase that occurred in other Ganderian rocks closer to the Gondwanan 

margin (Fyffe et al., 2009; Loan, 2011). Two explanations exist for the presence of a significant 

~645-630 Ma zircon population in the Vaughn Hill Formation and lack thereof in the Nashoba 

terrane. First, ~645-630 Ma zircon may have travelled from the Canadian Appalachians in an 

interconnected basin (Fig. 6.1a), in which case the Merrimack belt may have been connected to 

the Tetagouche-Exploits basin or a similar basin in Maritime Canada (Sorota, 2013). Second, a 

~645-630 Ma arc and/or arc derived sediment was present in the southeastern New England 

Appalachians and eroded into the early Merrimack belt basin, but did not deposit on the 

topographically higher Nashoba terrane (Fig. 6.1b). If true, then these arcs (and/or arc-derived 

sediment) may have been in a leading edge configuration, similar to the leading edge Ganderian 

Popelogan-Victorian arc and Tetagouche-Exploits back arc basin in the Canadian Appalachians 

(van Staal et al., 2009, 2011), and are now buried and/or subducted (Fig. 6.1).  
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Sorota (2013) analyzed the Berwick, Eliot, Kittery, Oakdale, Paxton, and Worcester 

formations of the Merrimack belt (Table 2.1) using U-Pb detrital zircon geochronology to 

determine their provenance and maximum depositional ages. The eastern Merrimack belt 

contains the three youngest units with an average maximum depositional age of ~426 Ma (Table 

2.1). The western Merrimack belt contains the three oldest units with an average maximum 

depositional age of ~436 Ma. All the units analyzed by Sorota (2013) contain zircon derived 

from Laurentia and Ganderia. Units with younger maximum depositional ages have relatively 

less peri-Ganderian zircon compared to units with older maximum depositional ages, indicating 

Ganderian input decreased in the Merrimack belt through time (Sorota, 2013). The Vaughn Hill 

Formation has a maximum depositional age of ~463 Ma and is primarily comprised of recycled 

peri-Ganderian Nashoba terrane and/or Ganderian zircon, while the Harvard and Vaughn Hill 

conglomerates, with a maximum deposition age of ~415-416 Ma, are primarily composed of  

young igneous intrusion-derived zircon, recycled peri-Ganderian Vaughn Hill Formation zircon, 

and recycled Merrimack belt zircon. The results from this study are in agreement with Sorotaôs 

(2013) data and interpretation that relative Ganderian input decreases with decreasing maximum 

depositional age, in the Merrimack belt. As the Merrimack belt developed it received more input 

from the Laurentian margin based on younger Merrimack belt units with relatively more peri-

Laurentian zircon compared to older Merrimack belt units (Sorota, 2013). This may be because 

the distance between the Merrimack belt and the Laurentian margin decreased through time, 

allowing more zircon grains from the Laurentian margin to enter the Merrimack belt (Fig. 6.1). If 

there was a Ganderian leading edge arc, it was buried and/or subducted.  Based on the primarily 

local sediment input of the Harvard and Vaughn Hill conglomerates, the very late Merrimack 

belt experienced local erosion and deposition from nearby recycled and first-order sources and  
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Figure 6.1- Plan view tectonic models of the Merrimack belt during the: A. and B. Mid-Ordovician and; C. during 

the Silurian to Early-Devonian, based on new and published detrital and structural data. A. Significant ~645-630 Ma 

zircon input into the early Merrimack Belt from Ganderian arcs in the Canadian Appalachians via an interconnected 

waterway. B. Significant ~645-630 Ma zircon input into the early Merrimack belt from eroded arcs that were in a 

leading edge configuration, now buried/subducted. C. Deposition of the early to late Merrimack belt, with 

decreasing Ganderian input through time. Deposition of the Harvard and Vaughn Hill conglomerates in the late 

Merrimack belt from local sources. D1 in the Merrimack belt occurred after ~415 Ma (the maximum depositional 

age of the conglomerates), because the Vaughn Hill Conglomerate records F1 and S1. D2 in the Merrimack belt 

occurred later, possibly during the Alleghanian orogeny (Attenoukon, 2009). D3 occurred later, possibly at the end 

of the Alleghanian orogeny. Bronson Hill arc (BH), leading edge arc (LE), Merrimack belt (MB), Nashoba terrane 

(NT). Arrows show detrital zircon input. 
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was deposited unconformably on top of older (meta)sedimentary Merrimack belt and intrusive 

units. Additionally, based on differences in lithology between the Harvard and Vaughn Hill 

conglomerates with the Coal Mine Brook Formation, the ~415-416 Ma maximum depositional 

age of the Harvard and Vaughn Hill conglomerates, and the presence of at least three generations 

of deformation in the Harvard and Vaughn Hill conglomerates (one in the Coal Mine Brook 

Formation), the Harvard and Vaughn Hill conglomerates are probably not as young as the 

Pennsylvanian Coal Mine Brook Formation. If that is true then the Harvard and Vaughn Hill 

conglomerates record an early basin, while the Coal Mine Brook Formation records a later basin. 

  Muscovite in the Worcester Formation that defines an S1 cleavage (Goldstein, 1994) was 

dated using Ar/Ar geochronology by Attenoukon (2009), and has a 
40

Ar/
39

Ar cooling age at ~370 

Ma, representing cooling after the Acadian orogeny or after the Neoacadian orogeny (M1 of 

Attenoukon, 2009). Thus, early isoclinal F1 folds and associated S1 cleavage in the Vaughn Hill 

Conglomerate and Vaughn Hill Formation (D1 in the Merrimack belt; Table 4.1) likely formed 

after ~415 Ma (maximum depositional age of the Vaughn Hill Conglomerate) and before ~370 

Ma, during the late-Acadian and/or Neoacadian orogeny. 

  Muscovite that defines an S1-overprinting, upright, greenschist-facies cleavage in the 

Worcester Formation has 
40

Ar/
39

Ar crystallization ages of ~305-293 Ma, and is supported by 

40
Ar/

39
Ar crystallization ages of white mica (including sericite) from the same cleavage at 316-

294 Ma (M2 of Attenoukon, 2009). The upright cleavage analyzed by 
40

Ar/
39

Ar geochronology 

by Attenoukon (2009) is texturally similar to pervasive S2 cleavage in the Worcester Formation 

of the eastern Merrimack belt (Goldstein, 1994; Attenoukon, 2009; Kopera and Walsh, 2014). 

Thus, upright F2 folds and associated steeply-dipping S2 cleavage in the Harvard Conglomerate, 
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Vaughn Hill Conglomerate and Vaughn Hill Formation may be interpreted as having formed 

after the Acadian orogeny, possibly during the Alleghanian orogeny. 

  F3 and S3 are similarly orientated regionally in the Merrimack belt (Goldstein, 1994). The 

absolute timing of D3 has not been established previously and is not further constrained by U-Pb 

zircon geochronology in this study.  

  Vaughn Hill and Pin Hill are located along the very easternmost boundary of the 

Merrimack belt (Fig. 2.1). Deformation at Vaughn Hill and Pin Hill are correlated to deformation 

events in the broader eastern Merrimack belt (Table 4.1), indicating that D1-D3 affected a large 

area from just west of the Clinton-Newbury fault zone (Fig. 2.1) to west of the Worcester 

Formation in Zone I of Goldstein (1994). This deformation is widespread and partially post-

Acadian. D1 may be related to the late Acadian and/or early Neoacadian orogenies, while D2-3 is 

likely post-Acadian and possibly related to the Alleghanian orogeny.
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CHAPTER 7 

CONCLUSIONS 

  The Vaughn Hill Formation has a maximum depositional age of ~463 Ma and thus 

represents the oldest unit in the Merrimack belt based on U-Pb zircon geochronology, in 

agreement with the conclusion of Bell and Alvord (1976) and Peck (1975) that it lies at the base 

of the Merrimack belt. In addition, based on similarities in detrital provenance of the Tower Hill 

Formation with the Vaughn Hill Formation, and its anomalously old maximum depositional age, 

the Tower Hill Formation was likely deposited at the same or at a similar time from the same or 

similar sources as the Vaughn Hill Formation. 

  The Vaughn Hill Formation contains a significant ~540-530 Ma zircon population, likely 

derived from peri-Ganderian arc-derived sediment recycled from the peri-Ganderian Nashoba 

terrane. Based on this dominant Ganderian and Nashoba terrane detrital zircon signature, the 

similarities in maximum depositional age of the Vaughn Hill Formation and Tadmuck Brook 

Schist at ~463 Ma, the presence of alternating quartzite/phyllite bedding, the presence of 

turbidite sequences (Currier and Jahns, 1952; Robinson and Goldsmith, 1991), and its location at 

the base of the Merrimack belt, the Vaughn Hill Formation may represent a time when sediment 

was shedding off the Nashoba terrane and/or Ganderian crust towards the Laurentian margin in a 

marine or margin-type environment. It may represent a continuous transition from the Nashoba 

terrane to the Merrimack belt even if the two are now separated by the Clinton-Newbury fault 

zone. 

  The presence of a dominant ~645-630 Ma zircon population in the peri-Ganderian and/or 

peri-Nashoba terrane Vaughn Hill Formation, and lack thereof in the Nashoba terrane, indicates 
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that (1) the Vaughn Hill Formation received ~645-630 Ma sediment from arc(s) of that age from 

the Canadian Appalachians via an interconnected waterway, and/or (2) the ~645-630 Ma 

population in the Vaughn Hill Formation may be a result of sediment input from local, 

southeastern New England Appalachian sources that are now buried and/or subducted. If (1) is 

true the Merrimack belt may represent a southern extension of the Tetagouche-Exploits basin in 

the Canadian Appalachians, in agreement with Sorota (2013). If (2) is true then the older phase 

of Ganderian arc volcanism may have occurred in the southeastern New England Appalachians, 

but is now buried and/or subducted. 

  The <463 Ma Vaughn Hill Formation is dominated by Ganderian and/or Nashoba terrane 

zircon, while the <415 Ma Harvard and Vaughn Hill conglomerates are not. This is in agreement 

with Sorota (2013) that Ganderian input into the Merrimack belt decreases with increasing 

maximum depositional age.  

  The Harvard and Vaughn Hill conglomerates have a maximum depositional age of ~415-

416 Ma, are dominantly locally derived from metasedimentary and igneous sources, and are 

unconformably on top of the Merrimack belt, thus they represent a time of increased erosion and 

deposition in the late Merrimack belt from nearby tectonic highs. Based on differences in 

lithology and deformation of the Harvard and Vaughn Hill conglomerates with the 

Pennsylvanian Coal Mine Brook Formation, and the ~415 Ma maximum depositional age of the 

Harvard and Vaughn Hill Conglomerates compared to the Pennsylvanian age of the Coal Mine 

Brook Formation, the conglomerates at Pin Hill and Vaughn Hill should not be considered the 

same as the Pennsylvanian Coal Mine Brook Formation, but are likely the next youngest units in 

the Merrimack belt after the Coal Mine Brook Formation.  
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  Based on differences in clast type, clast density, clast size, and the lack of slate layers 

between the Harvard Conglomerate and the Vaughn Hill Conglomerate, the conglomerates were 

deposited in different depositional settings. Based on the similarity of detrital zircon provenance 

and maximum depositional ages of the Harvard and Vaughn Hill conglomerate the two units 

were deposited at the same time from the same or similar sources. Thus they should be 

considered separate units deposited at the same tie and derived from similar sources, or separate 

members of the same unit. 

  The Ayer Granodiorite at Pin Hill is ~420 Ma and is of the Clinton facies variety based 

on the presence of porphyritic Ayer Granodiorite and nearby non-porphyritic and weathered 

Ayer Granodiorite. The presence of a locally igneous derived metasedimentary units above the 

weathered Ayer Granodiorite and below the ~415 Ma Harvard Conglomerate indicates that the 

Ayer Granodiorite underwent weathering at or near the surface after is cooled at ~420 Ma, but 

before deposition of the Harvard Conglomerate, possibly as early as ~415 Ma. 

  Isoclinal folds and bedding-parallel axial planar cleavage in the ~416 Ma Vaughn Hill 

Conglomerate is similar to D1 fabrics in the in greater eastern Merrimack belt. D1 axial planar 

cleavage has a ~370 Ma 
40

Ar/
39

Ar muscovite cooling age (Attenoukon, 2009). Thus D1 likely 

occurred after ~415 Ma but before ~370 Ma, and was widespread. M-scale, steeply NW-dipping 

and shallowly SW-plunging folds, and an associated steeply NW-dipping axial planar foliation at 

Vaughn Hill and Pin Hill is similar to D2 fabrics of the greater eastern Merrimack belt. The D2 

foliation contains ~316-293 Ma 
40

Ar/
39

Ar mica crystallization ages in the Worcester Formation 

along the Wachusset Reservoir (Attenoukon, 2009). D2 in the Merrimack belt is likely post-

Acadian, and may be related to the Alleghanian orogeny. Subhorizontal rounded to chevron folds 

at Vaughn Hill are similar to D3 fabrics of the greater eastern Merrimack belt. Thus, D3 was 
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widespread in the Merrimack belt, a result of a post-Acadian orogenic event, and may be related 

to the Alleghanian orogeny. 



83 

REFERENCES CITED 

Acaster, M., and Bickford, M. E., 1999, Geochronology and geochemistry of Putnam-Nashoba Terrane 

metavolcanic and plutonic rocks, eastern Massachusetts; constraints on the early Paleozoic evolution of 

eastern North America: Geological Society of America Bulletin, v. 111, p. 240ï253. 

Allmendinger, R. W., Cardozo, N. C., and Fisher, D., 2012, Structural Geology Algorithms: Vectors Tensors: 

Cambridge, England, Cambridge University Press, 289 p. 

Andersen, T., 2002, Correction of common lead in U-Pb analyses that do not report 
204

Pb: Chemical Geology, v. 

192, p. 59-79. 

Attenoukon, M.B., 2009, Ages and origins of metamorphic fabrics and the tectonics of southeastern New England 

[Ph.D dissertation]: Bloomington, Indiana, Indiana University, 298 p. 

Barr, S. M., Davis, D. W., Kamo, S., and White, C. E., 2003, Significance of U-Pb detrital zircon ages in quartzite 

from peri-Gondwanan terranes, New Brunswick and Nova Scotia, Canada: Precambrian Research, v. 126, 

p. 123-145. 

Barr, S.M., Hamilton, M.A., Samson, S.D., Satkoski, A.M., and White, C.E., 2012, Provenance variations in the 

northern Appalachians Avalonia based on detrital zircon age patterns in Edicaran and Cambrian 

sedimentary rocks, New Brunswick and Nova Scotia, Canada: Canadian Journal of Science, v. 49, p. 533-

546. 

Bell, K.G. and Alvord, D.C., 1976,Pre-Silurian stratigraphy of northeastern Massachusetts, in Page, L.R., ed., 

Contributions to the Stratigraphy of New England: Geological Society of America, Memoir 148, p. 179-

216. 

Bothner, W.A., Gaudette, H.E., Fargo, T.G., Bowring, S.A., and Isachsen, C.E., 1993, Zircon and sphene U/Pb ages 

of the Exeter pluton: Constraints on the Merrimack Group and part of the Avalon composite terrane: 

Geological Society of America Abstracts with Programs, v. 25, n. 6, p. 485. 

Bothner, W.A., 1974, Gravity study of the Exeter pluton, southeastern New Hampshire: Geological Society of 

America Bulletin, v. 85, p. 51-56. 

Brown, E.R., Gehrels, G.E., 2007. Detrital zircon constraints on terrane ages and affinities and timing of orogenic 

events in the San Juan Islands and North Cascades, Washington. Can. J. Earth Sci. 44, 1375ï1396. 

Buchanan J.W., II., Kuiper, Y.D., Buchwaldt, R., 2014, Constraining the timing of deformation in the Nashoba 

Formation, eastern Massachusetts: a structural and geochronological study: Geological Society of America 

Abstract with Programs, v. 46, n. 2, p. 122. 

Burbank, L.S., 1876, On the conglomerate of Harvard Massachusetts: Boston Society of Natural History 

Proceedings, v. 18, p. 224-225. 

Cawood, P. A., McCausland, P. J. A., and Dunning, G. R., 2001, Opening Iapetus; constraints from the Laurentian 

margin in Newfoundland: Geological Society of America Bulletin, v. 113, p. 443ï453. 

Cawood, P.A., and Nemchin, A.A., 2001, Paleographic development of the east Laurentian margin: Constraints 

from U-Pb dating of detrital zircons in the New England Appalachians: GSA Bulletin, v. 113, p. 1234-

1246.  

Cazier, E.C., 1987, Late Paleozoic tectonic evaluation of the Norfolk basin, southeastern Massachusetts, The Journal 

of Geology, v. 95, n. 1, p. 55-73. 



84 

Currier, L.W., and Jahns, R.H., 1952, Geology of the ñChelmsford Graniteò area; Guidebook for field trips in new 

England, Nov. 10-12: New York, Geological Society of America, p. 105-117. 

Dabrowski, D., 2014, Implications of Silurian granite genesis to the tectonic history of the Nashoba terrane, eastern 

Massachusetts [M.S. thesis]: Chestnut Hill, Massachusetts, Boston College, 119 p. 

Dallmeyer, R.D., and Takasu, A., 1991, 
40

Ar/
39

Ar ages of detrital muscovite and whole-rock slate/phyllite, 

Narragansett basin, RI-MA, USA: implications for rejuvenation during very low-grade metamorphism: 

Contributions to Mineralogy and Petrology, v. 110, p. 515-527. 

Dallmeyer, R.D., Blackwood, R.F., and Oden, A.L., 1982, 
40

Ar/
39

Ar ages from the Narragansett basin and southern 

Rhode Island basement terrane: their bearing on the extent and timing of Alleghanian tectonothermal 

events in New England: Geological Society of America Bulletin, v. 93, p. 1118-1130. 

Dickinson, W.R., and Gehrels, G.E., 2009, Use of U-Pb ages of detrital zircons to infer maximum depositional ages 

of strata: a test against the Colorado Plateau Mesozoic database: Earth and Planetary Science Letters, v. 

288, p. 115-125. 

Dillon, P.M., Dunning, G., and Hon, R., 1993, Geochemical and geochronological evidence for two distinct late 

Avalonian magmatic suites, eastern Massachusetts: Geological Society of America Abstracts with 

Programs, v. 248, p. 95-99. 

Dorias, M.J., Atkinson, M., Kim, J., West, D.P., Kirby, G.A., 2012, Where is the Iapetus suture in northern New 

England? A study of the Ammonoosuc volcanics, Bronson Hill terrane, New Hampshire: Candian Journal 

of Earth Sciences, v. 49(1), p. 189-205. 

Emerson, B.K., 1917, Geology of Massachusetts and Rhode Island: U.S. Geological Survey Bulletin v. 597, no. 289. 

Fargo, T. and Bothner, W.A., 1995, Polydeformation in the Merrimack Group, southeastern New Hampshire and 

southwestern Maine: Annual meeting - New England Intercollegiate Geological Conference, v. 87, p. 15-

28. 

Fyffe, L.R., Barr, S.M., Johnson, S.C., McLeod, M.J., McNicoll, V.J., Valverde-Vaquero, P., van Staal, C.R., and 

White, C.E., 2009, Detrital zircon ages from Neoproterozoic and Early Paleozoic conglomerate and 

sandstone units of New Brunswick and coastal Maine: implications for the tectonic evolution of Ganderia: 

Atlantic Geology v. 45, p. 110ï144 . 

Goldsmith, R., Grew, E.S., Hepburn, J.C., and Robinson, G.R., 1982, Formation names in the Worcester area, 

Massachusetts: U.S. Geological Survey Bulletin 1529-H, p. 43-56. 

Goldsmith, R., 1991, Stratigraphy of the Nashoba Zone, eastern Massachusetts: an enigmatic terrane, in Hatch, N.L., 

Jr., ed., The Bedrock Geology of Massachusetts: United States Geological Survey, Professional Paper 1366 

E-J, p. F1-F22. 

Goldstein, A.G., 1992, Multiple deformation in the Merrimack trough and motion in the Clinton-Newbury fault: 

products of the Alleghanian orogeny in New England Intercollegiate Geological Conference, 84
th
 Annual 

Meeting, Amherst, MA: Guidebook for Field Trips in the Connecticut Valley Region of Massachusetts and 

Adjacent States, University of Massachusetts Contributions 66-1, p. 119-131. 

Goldstein, A.G., 1994, A shear zone origin for Alleghanian (Permian) multiple deformation in eastern 

Massachusetts: Tectonics, v. 13, n. 1, p. 62-77. 

Gore, R.Z., 1976, Ayer crystallization complex of Ayer, Harvard, and Clinton, Massachusetts, in Lyons, P.C., and 

Brownlow, A.H., eds., Studies in New England geology: Geological Society of America Memoir 146, p. 

103-124. 



85 

Grew, E.S, 1973, Stratigrahy of the Pennsylvanian and pre-Pennsylvanian  rocks of the Worcester area, 

Massachusetts: American Journal of Science, v. 273, p. 113-129. 

Hansen, W.R., 1956, Geology and mineral resources of the Hudson and Maynard quadrangles, Massachusetts: U.S. 

Geological Survey Bulletin 1038, 104 p. 

Hatcher, R.D., Jr., 2010, The Appalachian orogen: A brief summary, in Tollo, R.P. Bartholomew, M.J., Hibbard, 

J.P., and Karabinos, P.M., eds., From Rodinia to Pangea: The Lithotectonic Record of the Appalachian 

Region: Geological Society of America, Memoir 206, p. 1ï19. 

Hepburn, J.C., 1976a, Lower Paleozoic rocks west of the Clinton-Newbury fault zone, Worcester Area, 

Massachusetts, in New England Intercollegiate Geological Conference, 68th Annual Meeting, Boston, 

MA., Oct. 8-10, 1976, Geology of southeastern New England; a guidebook for field trips to the Boston area 

and vicinity: Princeton, N.J., Science Press, p. 352-365.  

Hepburn, J.C., 1976b, Preliminary geologic map of the Sterling quadrangle, Worcester County, MA; Unpublished 

map submitted to the USGS. 3 sheets. 1:24,000 scale. 

Hepburn, J.C., 1976c, Preliminary geologic map of the Worcester North quadrangle, Worcester County, MA; 

Unpublished map submitted to the USGS. 3 sheets. 1:24,000 scale. 

Hepburn, J.C., Hill., M., and Hon, R., 1987, The Avalonian and Nashoba terranes, eastern Massachusetts, USA: an 

overview: Maritime Sediments and Atlantic Geology, v. 23, p. 1-12. 

Hepburn, J.C., Hon, R., Dunning, G.R., Bailey, R.H., and Galli, K., 1993, The Avalon and Nashoba terranes (eastern 

margin of the Appalachian orogen in southeastern New England), in Cheney, J.T., and Hepburn, J.C., eds., 

Field trip guidebook for the Northeastern United States: Boulder, Colorado, Geological Society of 

America, Annual Meeting, Boston, v. 2, p. X1ïX31. 

Hepburn, J.C., Dunning, G.R., and Hon, R., 1995, Geochronology and regional tectonic implications of Silurian 

deformation in the Nashoba Terrane, southeastern New England, U.S.A.: Special paper - Geological 

Association of Canada, v. 41, p. 349-365. 

Hermes, O.D., and Zartman, R.E., 1992, Late Proterozoic and Silurian alkaline plutons within the southeastern New 

England Avalon zone: Journal of Geology, v. 100, p. 477-486. 

Hibbard, J.P., van Staal., C.R., Rankin, D.W., 2007, A comparative analysis of pre-Silurian crustal building blocks 

of the northern and the southern Appalachian orogen: American Journal of Science, v. 307, p. 23-45. 

Hiess, J., Condon, D.J., McLean, N., and Noble, S.R., 2012, 
238

U/
235

U systematics in terrestrial uranium-bearing 

minerals, Science, v. 335, n. 6076, p. 1610-1614. 

Hon, R., Hepburn, J. C., and Laird, J., 2007, Silurian-Devonian igneous rocks of the easternmost three terranes in 

southeastern New England: Examples from NE Massachusetts and SE New Hampshire: Northeast 

Geologic Society of America Field Trip guide, 2007, p 23-43. 

Hussey, A. M., II, and Bothner, W, A., 1995, Geology of the Coastal Lithotectonic Belt SW Maine and SE New 

Hampshire, in Hussey, A.M., II, and Johnson, R.A., eds., Guidebook to Field Trips in Southern Maine and 

adjacent New Hampshire, New England Intercollegiate Geological Conference, 87th Annual Meeting, 

Brunswick, Maine, p. 211-228. 

Hussey, A. M., II, Bothner, W.A., and Aleinikoff, J., 2010, The tectono-stratigraphic framework and evolution of 

southwestern Maine and southeastern New Hampshire: Geological Society of America, Memoir 206, p. 

205-230.  



86 

Jaffey, A.H., Flynn, K.F., Glendenin, L.E., Bentley, W.C., and Essling, A.M., 1971, Precision measurements of half-

lives and specific activities of 
235

U and
238

U, Nuclear Physics, v. 4(5). 

Kamb, W. B., 1959, Ice petrofabric observations from Blue Glacier, Washington in relation to theory and 

experiment: Journal of Geophysical Research, v. 64, p. 1891-1909. 

Karabinos, P., Crowley, J.L.,  2015, Was the early Ordovician Shelburne Falls arc built on Gondwanan crust close to 

Laurentia?: Geological Society of America Abstracts with Programs, v. 47, n. 3, p. 81. 

Kay, A., Hepburn, J.C., and Kuiper, Y.D., 2011, Trace Element and Sm-Nd isotopic geochemical characteristics of 

the Nashoba terrane, eastern Massachusetts: Geological Society of America, Abstracts with Programs, v. 

43, n. 1, p. 150. 

Kopera J.P, 2005, Preliminary bedrock geologic map of the Hudson quadrangle: Massachusetts Geologic Survey, 1 

sheet, 1:24,000 scale. 

Kopera, J.P., 2006, Preliminary bedrock geologic map of the Ayer quadrangle, Massachusetts: Office of the 

Massachusetts State Geologist Open-File Report 06-02. 1 sheet and digital product: Adobe PDF and ESRIC 

ArcGIS database. 1:24,000 scale. 

Kopera, J.P., 2012, Digital conversion of Peck, J.H., 1975, Preliminary bedrock geologic map of the Clinton 

quadrangle, Worcester County, Mass.: U.S. Geological Survey Open-File Report 75-658, 30 p. and 3 

sheets, 1:24000 scale. Massachusetts Geological Survey: University of Massachusetts, Amherst. Scale 

1:24,000. 1 sheet and digital product: Adobe PDF and ESRI ArcGIS database. 

 Kopera, J.P., and Walsh, G.J., 2014 The eastern Merrimack terrane in Massachusetts: revisiting metamorphism, 

deformation and plutonism, in Thompson, M.D., ed., Guidebook to Field Trips in Southeastern New 

England (MA-NH-RI), 106
th
 Annual New England Intercollegiate Geological Conference, Oct., 10-12, 

Wellesley College, Mass. 

Kuiper, Y.D., Buchanan, J.W., II., Charnock, R.D., Hepburn, J.C., and Kopera, J.P., 2014, Structural history of the 

Nashoba terrane ï Merrimack belt boundary zone, eastern Massachusetts, in Thompson, M.D., ed., 

Guidebook to Field Trips in Southeastern New England (MA-NH-RI), 106
th
 Annual New England 

Intercollegiate Geological Conference, Oct., 10-12, Wellesley College, Mass. 

Loan, M.E., 2011, New Constraints on the Age of Deposition and Provenance on the Metasedimentary Rocks in the 

Nashoba Terrane, SE New England [M.S. thesis]: Chestnut Hill, Massachusetts, Boston College, 115 p. 

Ludwig, K.R., 2012, Userôs manual for Isoplot3.75, a geochronological toolkit for Microsoft Excel: Berkeley 

Geochronology Center Special Publication No. 5. 

Lyons, P.C., Tiffney, Bruce, and Cameron, Barry, 1976, Early Pennsylvanian age of the Norfolk basin, southeastern 

Massachusetts, based on plant megafossils, in Lyons, P.C., and Brownlow, A.H., eds., Studies in New 

England geology: Geological Society of America Memoir 146, p. 181-200. 

Lyons, J.B., Bothner, W.A., Moench, R.H., and Thompson, J.B., Jr., 1997, Bedrock geologic map of New 

Hampshire: U.S. Geological Survey State Map Series, scales 1:250,000 and 1:500,000. 

MacDonald, F.A., Ryan-Davis, J., Coish, R.A., Crowley, J.L., and Karabinos, P., 2014, A newly identified 

Gondwanan terrane in the northern Appalachian Mountains: implications for the Taconic orogeny and 

closure of the Iapetus Ocean: Geology, v. 42, p. 539-542. 

Markwort, R.J., 2007, Geology of the Shrewsbury Quadrangle, East-Central Massachusetts [M.S. thesis]: Chestnut 

Hill, Massachusetts, Boston College, 208. 



87 

Mattinson, J.M., 2005, Zircon U-Pb chemical abrasion (ñCA-TIMSò) method: Combined annealing and multi-step 

partial dissolution analysis for improved precision and accuracy of zircon ages: Chemical Geology, v. 220, 

p. 47-66. 

Merschat, A.J., and Hatcher, R.D., Jr., 2007, The Cat Square terrane: Possible Siluro-Devonian remnant ocean basin 

in the Inner Piedmont, southern Appalachians, in Hatcher, R.D., Jr., Carlson, M.O., McBride, J.H., and 

Martinez-Catalan, J.R., eds., The 4-D Framework of the Continental Crust: Geological Society of American 

Memoir 200, p. 553-566. 

Moecher, D.P., 1999, The distribution, style, and intensity of Alleghanian metamorphism in south-central New 

England: petrologic evidence from the Pelham and Willimantic domes: The Journal of Geology, v. 107, 

n.4, p. 449-471. 

Mosher, S., 1983, Kinematic history of the Narragansett basin, Massachusetts and Rhode Island: constraints on Late 

Paleozoic plate reconstruction: Tectonics, v. 2, n. 4, p. 327-344. 

Murphy, B. J., Fernandez-Suarez, J., Jeffries, T. E, and Strachan, R. A., 2004, U-Pb (LA-ICP-MS) dating of detrital 

zircons from Cambrian clastic rocks in Avalonia: erosion of a Neoproterozoic arc along the northern 

Gondwanan margin: Journal of the Geological Society, London, v.161, p. 243-254. 

Nance, R. D., Murphy, B.J., Strachan, R.A., Keppie, J.D.,Gutiérrez-Alonso, G., Fernández-Suárez, J., Quesada, C., 

Linnemann, U., D'lemos R., and Pisarevsky, P.A., 2008. Neoproterozoic-early Paleozoic 

tectonostratigraphy and paleogeography of the peri-Gondwanan terranes: Amazonian v. West African 

connections: Geological Society of London, Special Publications, v. 297, p. 345-383. 

Peck, J.H., and Kopera, J.P., 2014, Preliminary bedrock geologic Map of the Clinton quadrangle, Worcester County, 

Mass: Massachusetts Geological Survey, digital conversion of Peck, J.H., 1975, 3 sheets, 1:24,000 scale. 

Peck, J.H., 1975, Preliminary bedrock geologic map of the Clinton quadrangle, Worcester County, Mass.: U.S. 

Geological Survey Open-File Report 75-658, 30 p., 3 sheets, 1:24,000 scale. 

Peck, J.H., 1976, Silurian and Devonian stratigraphy in the Clinton quadrangle, central Massachusetts, in Page, L.R., 

ed., Contributions to stratigraphy of New England: Geological Society of America Memoir 148, p. 241-

252. 

Pe-Piper, G. and Jansa, 1999, Pre-Mesozoic basement rocks offshore Nova Scotia, Canada: new constraints on the 

origin and Paleozoic accretionary history of the Meguma terrane: Bulletin of the Geological Society of 

America, v. 111, p. 1773-1791. 

Pollock, J. C., Wilton, D. H. C., van Staal, C. R., and Morrissey, K. D., 2007, U-Pb zircon geochronological 

constraints on the Late Ordovician-Early Silurian collision of Ganderia and Laurentia along the Dog Bay 

Line: The terminal Iapetan suture in the Newfoundland Appalachians: American Journal of Science, v. 307, 

p. 399ï433. 

Pollock, J.C., Hibbard, J.P., and Sylvester, P.J., 2009, Early Ordovician rifting of Avalonia and birth of the Rheic 

Ocean; U-Pb detrital zircon constraints from Newfoundland: Journal of the Geological Society of London, 

v. 166, no. 3, p. 501-515. 

Rainbird, R.H., Hamilton, M.A., Young, G.M., 2001. Detrital zircon geochronology and provenance of the 

Torridonian, NW Scotland: Journal of Geology, Soc. (Lond.), v. 158, p. 15ï27. 

Rankin, D. W., Coish, R. A., Tucker, R. D., Peng, Z. X., Wilson, S.A., and Rouff, A. A., 2007, Silurian extension in 

the upper Connecticut valley, United States and the origin of Middle Paleozoic basins in the Québec 

Embayment: American Journal of Science, v. 307, p. 216-264. 



88 

Rast, N. and Skehan, J.W., 1993, Mid-Paleozoic orogenesis in the North Atlantic: The Acadian Orogeny, in Roy, 

D.C. and Skehan, J.W., eds., The Acadian Orogeny: Recent Studies in New England, Maritime Canada and 

the Autochthonous Foreland: Geological Society of America, Special Paper 275, p. 1-25. 

Robinson, G.R., Jr., 1978, Bedrock geology of the Pepperell, Shirley, Townsend quadrangles and part of the Ayer 

quadrangle, Massachusetts and New Hampshire: U.S. Geological Survey Miscellaneous Field Studies Map 

MF-957, scale 1:24,000. 

Robinson, G.R., 1981, Bedrock geology of the Nashua River area, Massachusetts and New Hampshire: U.S. 

Geological Survey Open-File Report 81-470, 172 p. 

Robinson, P., and Goldsmith, R., 1991, Stratigraphy of the Merrimack Belt, Central Massachusetts: in Hatch, N. L., 

Jr., ed., The Bedrock Geology of Massachusetts. U.S. Geological Survey Professional Paper 1366 E-J, p. 

G1-G37. 

Sadowski, G.R., and Bettencourt, J S., 1996, Mesoproterozoic tectonic correlations between eastern Laurentia and 

the western border of the Amazon craton: Precambrian Research, v. 76, p.213ï227. 

Santos, J.O.S., Hartmann, L A., Gaudette, H.E., Groves, D.I., McNaughton, N.J., and Fletcher, I.R., 2000, A new 

understanding of the provinces of the Amazon Craton based on integration of field mapping and UïPb and 

SmïNd geochronology: Gondwana Research, v. 3, p. 453ï488. 

Satkoski, A.M., Barr, S.M., and Samson, S.D., 2010, Provenance of Late Neoproterozoic and Cambrian sediments 

in Avalonia: constraints from detrital zircon ages and Sm-Nd isotopic compositions in southern New 

Brunswick, Canada: Journal of Geology, v. 118, p. 187-200. 

Skehan, J.W. and Rast, N., 1983, Relationship between Precambrian and Lower Paleozoic rocks of southeastern 

New England and other North Atlantic Avalonian terranes, in Schenk, P.E., ed., Regional Trends in the 

Geology of the Appalachian-Caledonian-Hercynian-Mauritanide Orogen: NATO Advanced Science 

Institutes Series, D. Reidel Publishing Co., Dordrecht, p. 131-162. 

Skehan, J.W., and Rast, N., 1990, Pre-Mesozoic evolution of Avalon terranes of southern New England, in Socci, 

A.D., Skehan, J.W., and Smith, G.W., eds., Geology of the Composite Avalon Terrane of Southern New 

England: Geological Society of America Special Paper 245, p. 13ï53. 

Skehan, J.W., Rast, N., Mosher, S., 1986. Paleoenvironmental and tectonic controls of sedimentation in coal-

forming basins of southeastern New England. Geological Society of America Special Paper 210, 9ï30. 

Sorota, K.J., 2013, Age and origin of the Merrimack terrane, southeaster New England: a detrital U-Pb 

geochronology study [M.S. Thesis], Chestnut Hill, Massachusetts, Boston College, 217 p. 

Stewart, J.H., Gehrels, G.E., Barth, A.P., Link, P.K., Christie-Blick, N., Wrucke, C.T., 2001. Detrital zircon 

provenance of Mesoproterozoic to Cambrian arenites in the western United States and northwestern 

Mexico. Geol. Soc. Am. Bull., v. 113, p. 1343ï1356. 

Stroud, M.M., Markwort, R.J., and Hepburn, J.C., 2009, Refining temporal constraints on metamorphism in the 

Nashoba terrane, southeastern New England, through monazite dating: Lithosphere, v. 1, no. 6, p. 337ï342. 

Surpless, K.D., Graham, S.A., Covault, J.A., Wooden, J.L., 2006. Does the Great Valley Group contain Jurassic 

strata? Reevaluation of the age and early evolution of a classic foreland basin. Geology, v. 34, p. 21ï24. 

Thompson, J.B., Jr., and Robinson, Peter, 1976, Geologic setting of the Harvard Conglomerate, Harvard, 

Massachusetees, in New England Intercollegiate Geological Conference, 68
th
 Annual Meeting, Boston, 

Mass., Oct., 8-10, 1976, Geology of southeastern New England; a guidebook for field trips to the Boston 

area and vicinity: Princeton, N.J., Science Press, p. 345-351. 



89 

Tassinari, C.C.G., and  Macambria, M.J.B., 1999. Geochronological provinces of the Amazon Craton: Episodes, v. 

22, p. 174ï182. 

Thompson, M.D., and Hermes, O.D., 2003, Early rifting of the Narragansett basin, Massachusetts-Rhode Island: 

evidence from Late Devonian bimodal volcanic rocks: Journal of Geology, v. 111, p. 597-604. 

Thompson, M.D., Hermes, O.D., Bowring, S.A., Isachen, C.E., Besancon, J.B., and Kelly, K.L., 1996, 

Tectonostratigraphic implications of Late Proterozoic U-Pb zircon ages in the Avalon zone of southeastern 

New England, in Nance, R.D., and Thompson, M.D., eds., Avalonian and related peri-Gondwanan terranes 

of the circum-North Atlantic: Geological Society of America Special Paper 304, p. 179-191. 

Thompson, M.D., Grunow, A.M., and Ramezani, J., 2007, Late Neoproterozoic paleogeography of the southeastern 

New England Avalon zone: Insights from U=Pb geochronology and paleomagnatism: Geological Society 

of America Bulletin, v. 119, p. 681-696. 

Thompson, M.D., and Ramezani, J., 2008, Refined ages of Paleozoic plutons as constraints on Avalonian accretions 

SE New England: Geological Society of America Abstract with Programs, v. 40, n. 2, p. 14. 

Thompson, M.D., Grunow, A.M., and Ramezani, J., 2010a, Cambro-Ordovician paleography of the southeastern 

New England Avalon zone: implications for Gondwana breakup: Geological Society of America Bulletin 

122. 

Thompson, M.D., Ramezanim J., Barr, S.M., and Hermes, O.D., 2010b, High-precision U-Pb zircon dates for the 

Ediacaran granitoid rocks in SE New England: Revised magmatic chronology and correlation with other 

Avalon terranes, in Tollo, R.P., Bartholomew, M.J., Hibbard, J.P., and Karabinos, P.M., eds., From Rodinia 

to Pangea: The lithotectonic record of the Appalachian Region: Geological Society of America Memoir 

206, p. 231-250. 

Thompson, M.D., Ramezani, J., and Crowley, J.R., 2014, U-Pb zircon geochronology of Roxbury Conglomerate, 

Boston basin, Massachusetts: Tectoni-stratigraphic implications for Avalonia in and beyond New England: 

American Journal of Science, v. 314, p. 1009-1040.  

Valley, P.M., Walsh, G.J., and McAleer, R.J., 2015, New U-Pb zircon ages from the Bronson Hill arc, west-central 

New Hampshire: Geological Society of America Abstract with Programs, v. 47, n. 3, p. 41 

van Staal, C. R., 2005, The Northern Appalachians. In: Selley, R. C., Cocks, L. R. & Plimer, I. R. eds., 

Encyclopedia of Geology, Elsevier, Oxford, v. 4, p. 81ï91. 

van Staal, C. R., Whalen, J. B., Valverde-Vaquero, P., Barr, S., Zagorevski, A. and Rodgers, N., 2009. Pre-

Carboniferous, episodic accretion-related, orogenesis along the Laurentian margin of the northern 

Appalachians: Geological Society, London, Special Publications, v. 327, p. 271-316. 

van Staal, C. R., Barr, S., Fyffe, L.R., Johnson, S.C., Park, A.F., White, C.E., and Wilson, R.A., 2011, The Defining 

Tectonic Elements of Ganderia in New Brunswick: Geological Association of Canada ï Mineralogical 

Association of Canada ï Society of Economic Geologists ï Society for Geology Applied to Mineral 

Deposits Joint Annual Meeting, Ottawa 2011, Guidebook to Field Trip 1B, 30p. 

van Staal, C.R.,  Barr, S.M., and Murphy, B., 2012. Provenance and tectonic evolution of Ganderia: constraints on 

the evolution of the Iapetus and Rhec oceans: Geology, v. 40, n. 11, p. 987-990. 

Wagner, R.H., Lyons, P.C., 1997. A critical analysis of the higher Pennsylvanian megafloras of the Appalachian 

region. Review of Paleobotany and Palynology 95, 255ï283. 



90 

Walsh G.J., Aleinikoff, J.N., and Wintsch, R.P., 2007, Origin of the Lyme Dome and implications for the timing of 

Alleghanian deformation and intrusive events in southern Connecticut: American Journal of Science, v. 

307, . 1, p. 168-215. 

Walsh, G. J., Aleinikoff, J.N., Burruss, R.C., Pierce, H.A., and Degnan, J.R., 2008, Integrated geologic mapping, 

geochronology, borehole geophysics, and ground water isotope chemistry in the Nashua South Quadrangle, 

New Hampshire and Massachusetts, and applications to a methane-yielding water well in crystalline rock: 

Geological Society of America Abstracts with Programs, v. 40, no. 2, p. 73. 

Walsh, G. J., Aleinikoff, John N., and Dorais, Michael J., 2009, Tectonic history of the Avalon and Nashoba 

terranes along the western flank of the Milford Antiform, Massachusetts: Geological Society of America, 

Abstracts with Programs, v. 41, p.98. 

Walsh, G. J., Wintsch, R.P., 2011, Origin of the Quinebaug-Marlboro Belt in Southeastern New England: 

Northeastern (46th Annual) and North-Central (45th Annual) Joint Meeting (20ï22 March 

2011),Geological Society of America Abstracts with Programs, v. 43, no. 1, p. 158.  

Walsh, G.J., Aleinikoff, J.N., Wintsch, R.P., and Ayuso, R.A., 2013a Integrated bedrock mapping and 

geochronology in the terranes of southeastern New England: Geological Society of America, Abstract with 

Programs, v. 45, n. 1, p. 65. 

Walsh, G.J., Jahns, R.H., and Aleinikoff, J.N., 2013b, Bedrock geologic map of the Nashua South quadrangle, 

Hillsborough County, New Hampshire, and Middlesex County, Massachusetts: U.S. Geological Survey 

Scientific Investigations Map 32000, 1 sheet, 1:24,000 scale, 31 p.  

Watts, B. G., Dorais, M. J., and Wintsch, R. P., 2000, Geochemistry of Early Devonian Calc-alkaline Plutons in the 

Merrimack Belt: Implications for Mid-Paleozioc Terrane Relationships in the New England Appalachians: 

Atlantic Geology, v. 36, p. 79-102. 

Williams, H. and Hatcher, R.D., Jr., 1983, Appalachian suspect terranes, in Hatcher, R.D., Jr., Williams, H. and 

Zietz, I., eds., Contributions to the Tectonics and Geophysics of Mountain Chains, Geological Society of 

America, Memoir 158, p. 33-53. 

Wintsch, R.P., Sutter, J.F., Kunk, M.J., Aleinikoff, J.N., and Dorais, M.J. 1992. Contrasting P-T-t paths: 

Thermochronologic evidence for a Late Paleozoic final assembly of the Avalon composite terrane in the 

New England Appalachians. Tectonics, v. 11, p. 672ï689. 

Walsh, G.J., and Clark, S.F., 1999, Bedrock geologic map of Windham quadrangle, Rockingham and Hillsborough 

counties, New Hampshire: U.S. Geological Survey Open-File Report 99-8, 1 sheet, 1:24,000, 18 p. 

Wintsch, R.P., Aleinikoff, J.N., Walsh, G. J., Bothner, W. A., Hussey, A. M., II, and Fanning, C. M., 2007, Shrimp 

U-Pb Evidence for a Late Silurian Age of Metasedimentary Rocks in the Merrimack and Putnam-Nashoba 

Terranes, Eastern New England: American Journal of Science, v. 307, p. 119-167. 

Zartman, R.E., 1977, Geochronology of some alkaline rocs provinces in the eastern and central United States: 

Annual Reviews of Earth and Planetary Sciences, v. 5, p. 257-286. 

Zartman, R.E., Hurley, P.M., Krueger, H.W., and Giletti, B.J., 1970, A Permian disturbance of K-Ar radiometric 

ages in New England-its occurrences and cause: Geological Society of America Bulletin, v. 81, p. 3359-

3373. 

Zartman, R.E., and Hermes, O.D., 1987, Archean inheritance in zircon from late Paleozoic granites from the Avalon 

zone of southeastern New England: An African connection: Earth and Planetary Science Letter, v. 82, p. 

305-315. 



91 

Zartman, R.E. and Marvin, R.F., 1991, Radiometric ages of rocks in Massachusetts: in Hatch, N.L., Jr., ed., The 

Bedrock Geology of Massachusetts. U.S. Geological Survey Prof. Paper 1366 E-J, p. J1-J19. 

Zartman, R.E. and Naylor, 1984, Structural implications of some radiometric ages of igneous rocks in southeastern 

New England: Geological Society of America Bulletin, v. 95, p. 522-539. 

Zen, E-an, ed., Goldsmith, R., Ratcliffe, N.M., Robinson, P. and Stanley, R.S., compilers, 1983, Bedrock geologic 

map of Massachusetts: United States Geological Survey, Reston, Virginia, scale 1:250,000. 

 



92 

APPENDIX A 

A-1- Complete LA-ICP-MS analyses for the Harvard Conglomerate. Gray rows are zircon not used in maximum depositional or provenance analysis due to 

Pb-loss (see Methods sections). Blue rows are zircon used to calculate maximum depositional age. White and blue rows are zircon used to determine 

provenance. Red rows are zircon discard due to excess error (see Methods section). The single youngest grain is highlighted red. 
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69 597.0 13 198.5 2.9 0.33 0.4117 0.0100 0.05543 0.00077 0.81502 0.05353 0.00089 0.01625 0.0023 347.7 4.7 349.8 7.4 395 29 326 46 0.60 

157 618.0 15 211.0 3.5 0.34 0.4310 0.0180 0.05930 0.00120 0.85149 0.05300 0.00130 0.02033 0.0025 371.5 7.4 364.0 13.0 313 55 407 50 -2.06 

4 1017.0 28 230.1 2.4 0.23 0.5035 0.0088 0.06548 0.00088 0.66329 0.05536 0.00040 0.02608 0.0030 408.8 5.4 414.0 5.9 428 17 520 59 1.26 

40 337.0 11 101.9 1.7 0.31 0.4983 0.0068 0.06573 0.00074 0.64236 0.05529 0.00024 0.02316 0.0023 410.3 4.5 410.4 4.6 423 10 463 45 0.02 

31 761.0 32 191.6 5.8 0.25 0.5025 0.0074 0.06601 0.00085 0.62150 0.05532 0.00028 0.02402 0.0022 412.1 5.2 413.3 5.0 424 11 480 44 0.29 

12r 545.0 18 159.8 2.3 0.29 0.5015 0.0074 0.06607 0.00079 0.69500 0.05531 0.00028 0.02373 0.0022 412.4 4.8 412.9 4.9 426 11 474 44 0.12 

8 198.7 5 112.6 4.0 0.58 0.4937 0.0084 0.06616 0.00085 0.60211 0.05458 0.00042 0.02377 0.0024 413.0 5.1 407.2 5.7 392 18 475 48 -1.42 

78 415.0 25 160.0 11.0 0.38 0.4980 0.0100 0.06622 0.00110 0.62070 0.05561 0.00053 0.02455 0.0026 413.3 6.6 412.4 7.6 435 21 490 52 -0.22 

30 386.7 10 128.6 1.2 0.33 0.5115 0.0070 0.06631 0.00072 0.58172 0.05611 0.00029 0.02432 0.0024 413.9 4.3 419.3 4.7 455 11 486 48 1.29 

35c 280.0 13 107.9 3.5 0.39 0.5074 0.0084 0.06640 0.00082 0.64451 0.05541 0.00036 0.02318 0.0022 414.4 5.0 416.5 5.6 427 14 463 43 0.50 

11c 100.7 9 54.6 3.1 0.56 0.4790 0.0170 0.06630 0.00140 0.80999 0.05240 0.00130 0.02080 0.0037 414.8 8.5 396.0 11.0 286 57 416 74 -4.75 

23c 683.8 9 426.3 7.7 0.60 0.5100 0.0160 0.06659 0.00094 0.75694 0.05507 0.00093 0.02382 0.0034 415.5 5.7 417.8 11.0 433 36 476 68 0.55 

16 205.0 10 144.7 5.4 0.70 0.5073 0.0084 0.06687 0.00084 0.63346 0.05534 0.00037 0.02420 0.0024 417.2 5.1 416.4 5.7 424 15 483 48 -0.19 

33 417.0 16 112.4 3.0 0.27 0.5076 0.0071 0.06687 0.00075 0.54552 0.05500 0.00031 0.02410 0.0023 417.3 4.5 416.7 4.8 412 13 481 45 -0.14 

2 392.0 13 87.8 1.6 0.23 0.5081 0.0078 0.06690 0.00080 0.67117 0.05531 0.00034 0.02520 0.0025 417.4 4.8 417.3 5.2 423 14 504 49 -0.02 

27 514.0 39 121.0 11.0 0.23 0.5148 0.0097 0.06704 0.00093 0.77694 0.05612 0.00041 0.02550 0.0026 418.7 5.5 422.1 6.4 457 16 509 50 0.81 

39 692.0 46 302.0 36.0 0.41 0.5182 0.0100 0.06713 0.00110 0.60944 0.05570 0.00052 0.02561 0.0023 418.8 6.4 423.8 6.9 444 22 511 46 1.18 

95 620.0 49 242.0 23.0 0.37 0.5204 0.0086 0.06725 0.00093 0.74339 0.05644 0.00035 0.02042 0.0020 419.5 5.6 425.2 5.7 469 14 408 40 1.34 

89 208.0 12 62.7 5.8 0.26 0.5144 0.0088 0.06754 0.00090 0.66764 0.05531 0.00036 0.02414 0.0023 421.3 5.4 421.1 5.9 423 15 482 45 -0.05 

18c 373.4 5 147.0 3.8 0.38 0.5312 0.0110 0.06759 0.00100 0.68868 0.05703 0.00055 0.02456 0.0030 421.6 6.0 432.4 7.1 491 21 490 60 2.50 

32 470.0 19 132.4 2.7 0.28 0.5254 0.0075 0.06759 0.00079 0.72449 0.05635 0.00023 0.02444 0.0025 421.6 4.8 428.6 5.0 465 9 488 49 1.63 

35r 335.9 9 70.1 1.7 0.21 0.5148 0.0079 0.06759 0.00081 0.58763 0.05597 0.00036 0.02363 0.0023 421.6 4.9 421.5 5.3 450 14 472 45 -0.02 

10 412.0 17 102.5 3.0 0.25 0.5205 0.0074 0.06797 0.00076 0.58699 0.05550 0.00033 0.02463 0.0025 423.9 4.6 425.3 4.9 431 13 492 49 0.33 

11r 196.6 8 50.8 1.3 0.26 0.5198 0.0071 0.06799 0.00077 0.49468 0.05518 0.00035 0.02325 0.0023 424.0 4.7 424.9 4.8 419 15 464 45 0.21 

62 784.0 62 93.5 5.7 0.12 0.5193 0.0068 0.06819 0.00075 0.49652 0.05551 0.00027 0.02406 0.0022 425.2 4.5 424.6 4.6 433 11 480 44 -0.14 

6r 364.0 14 62.4 1.2 0.17 0.5188 0.0077 0.06820 0.00085 0.49684 0.05559 0.00026 0.02405 0.0023 425.3 5.2 424.2 5.1 433 11 480 46 -0.26 

84 731.0 21 253.2 5.1 0.34 0.5225 0.0088 0.06821 0.00094 0.39852 0.05574 0.00041 0.02559 0.0025 425.4 5.7 426.7 5.8 441 16 511 49 0.30 

13 392.0 14 75.3 1.6 0.19 0.5240 0.0072 0.06823 0.00078 0.63270 0.05557 0.00027 0.02455 0.0023 425.5 4.7 427.7 4.8 434 11 490 46 0.51 

98r 602.0 14 172.0 2.1 0.28 0.5233 0.0079 0.06827 0.00085 0.59969 0.05528 0.00029 0.02391 0.0023 425.7 5.1 427.2 5.3 423 12 478 45 0.35 

66 981.0 44 235.8 9.5 0.24 0.5214 0.0072 0.06833 0.00080 0.68892 0.05561 0.00024 0.02429 0.0022 426.0 4.8 426.0 4.8 436 10 485 44 0.00 
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42r 428.0 12 93.0 1.4 0.22 0.5203 0.0074 0.06839 0.00080 0.62120 0.05509 0.00031 0.02445 0.0023 426.4 4.8 425.2 5.0 414 13 488 46 -0.28 

9 381.0 16 75.7 2.7 0.20 0.5192 0.0078 0.06868 0.00080 0.48289 0.05509 0.00029 0.02438 0.0023 428.2 4.8 424.8 5.1 414 12 487 46 -0.80 

98c 338.9 6 73.6 0.8 0.22 0.5266 0.0091 0.06870 0.00099 0.78451 0.05547 0.00039 0.02264 0.0020 428.3 6.0 429.8 6.1 429 16 452 40 0.35 

102 370.0 25 70.5 6.6 0.19 0.5227 0.0086 0.06873 0.00086 0.71205 0.05544 0.00039 0.02428 0.0023 428.5 5.2 426.7 5.7 430 16 486 44 -0.42 

105 457.0 27 88.7 3.1 0.19 0.5259 0.0078 0.06879 0.00083 0.63804 0.05526 0.00027 0.02367 0.0023 428.8 5.0 429.3 5.3 422 11 473 45 0.12 

83 411.0 22 99.1 4.4 0.25 0.5286 0.0076 0.06879 0.00079 0.48818 0.05603 0.00030 0.02485 0.0024 428.9 4.8 430.8 5.0 452 12 496 48 0.44 

88 370.1 5 68.5 1.1 0.19 0.5248 0.0080 0.06905 0.00082 0.49655 0.05529 0.00034 0.02362 0.0023 430.4 4.9 428.2 5.3 423 14 472 44 -0.51 

59 455.5 10 102.4 1.8 0.22 0.5273 0.0072 0.06908 0.00080 0.67801 0.05545 0.00030 0.02425 0.0024 430.6 4.8 429.8 4.8 430 12 484 46 -0.19 

41 416.0 13 101.4 1.5 0.24 0.5271 0.0081 0.06910 0.00085 0.68541 0.05560 0.00035 0.02502 0.0025 431.0 5.2 430.1 5.5 435 14 499 49 -0.21 

21 408.6 5 119.5 1.7 0.29 0.5287 0.0076 0.06917 0.00077 0.62899 0.05542 0.00024 0.02395 0.0021 431.1 4.6 430.8 5.0 429 10 478 42 -0.07 

53 325.0 7 82.4 1.0 0.25 0.5282 0.0080 0.06927 0.00077 0.47217 0.05538 0.00037 0.02436 0.0023 431.8 4.6 430.4 5.3 426 15 486 45 -0.33 

51 490.0 25 113.0 4.8 0.23 0.5309 0.0076 0.06932 0.00084 0.59588 0.05551 0.00032 0.02466 0.0024 432.0 5.1 432.2 5.1 431 13 492 48 0.05 

20 263.5 6 62.3 0.8 0.24 0.5315 0.0078 0.06933 0.00080 0.60734 0.05546 0.00025 0.02375 0.0021 432.1 4.8 432.6 5.2 431 10 474 41 0.12 

52 507.0 16 135.4 2.1 0.27 0.5284 0.0079 0.06934 0.00080 0.48796 0.05537 0.00039 0.02462 0.0025 432.1 4.9 431.0 5.3 425 16 492 49 -0.26 

46c 413.0 25 171.0 12.0 0.40 0.5317 0.0084 0.06951 0.00083 0.61654 0.05556 0.00031 0.02613 0.0024 433.1 5.0 433.1 5.6 433 12 521 48 0.00 

14 333.4 10 68.6 1.6 0.21 0.5277 0.0075 0.06951 0.00076 0.53977 0.05553 0.00027 0.02459 0.0023 433.2 4.6 430.5 4.9 432 11 491 45 -0.63 

29 174.0 18 53.1 6.0 0.30 0.5294 0.0074 0.06953 0.00082 0.56599 0.05540 0.00036 0.02439 0.0023 433.3 5.0 431.2 4.9 428 15 487 45 -0.49 

58 325.0 18 72.4 7.6 0.21 0.5273 0.0098 0.06953 0.00100 0.53934 0.05529 0.00045 0.02521 0.0024 433.3 6.0 429.8 6.5 422 18 503 47 -0.81 

103 291.2 6 103.7 1.5 0.35 0.5335 0.0080 0.06987 0.00081 0.55330 0.05534 0.00031 0.02389 0.0022 435.3 4.9 434.3 5.2 425 12 477 44 -0.23 

6c 156.0 8 62.3 2.1 0.40 0.5377 0.0076 0.06993 0.00083 0.60545 0.05586 0.00037 0.02506 0.0024 435.7 5.0 436.7 5.0 444 15 500 48 0.23 

49 278.0 26 61.8 2.4 0.21 0.5352 0.0092 0.07010 0.00100 0.64987 0.05538 0.00038 0.02510 0.0026 436.7 6.0 435.7 6.2 426 15 503 50 -0.23 

18r 425.0 16 120.3 3.1 0.28 0.5353 0.0069 0.07030 0.00076 0.53539 0.05535 0.00025 0.02489 0.0023 438.2 4.6 435.3 4.6 426 10 497 46 -0.67 

47 593.0 25 148.1 4.9 0.25 0.5360 0.0140 0.07070 0.00120 0.54639 0.05647 0.00099 0.02650 0.0032 440.4 7.4 435.5 9.6 467 39 528 63 -1.13 

42c 211.8 8 65.3 0.6 0.31 0.5382 0.0088 0.07098 0.00084 0.63418 0.05553 0.00044 0.02513 0.0025 442.0 5.1 436.9 5.8 432 18 503 50 -1.17 

5 355.0 13 86.1 2.1 0.24 0.5409 0.0082 0.07124 0.00084 0.54865 0.05534 0.00030 0.02613 0.0025 443.6 5.0 439.3 5.3 425 12 521 49 -0.98 

23r 908.0 40 250.1 4.5 0.28 0.5484 0.0085 0.07136 0.00092 0.73987 0.05565 0.00025 0.02537 0.0025 444.3 5.5 443.8 5.6 438 10 506 49 -0.11 

22 364.0 15 93.6 3.3 0.26 0.5605 0.0075 0.07164 0.00082 0.53389 0.05684 0.00037 0.02538 0.0025 446.0 4.9 451.7 4.9 485 15 506 49 1.26 

136 991.0 29 396.9 8.1 0.40 0.5470 0.0150 0.07180 0.00120 0.74192 0.05557 0.00097 0.02448 0.0028 446.7 7.3 442.9 10.0 439 37 489 56 -0.86 

12c 245.0 13 105.4 6.2 0.41 0.5480 0.0080 0.07185 0.00088 0.66763 0.05543 0.00036 0.02535 0.0023 447.3 5.3 443.5 5.2 430 15 506 46 -0.86 

91 940.0 35 309.4 6.4 0.33 0.5581 0.0084 0.07202 0.00095 0.75646 0.05616 0.00025 0.02550 0.0024 448.3 5.7 450.1 5.5 458 10 510 46 0.40 

46r 248.0 13 57.8 2.7 0.23 0.5519 0.0087 0.07212 0.00088 0.59261 0.05560 0.00037 0.02648 0.0025 448.9 5.3 446.0 5.7 434 15 528 50 -0.65 

77 341.0 12 76.4 1.6 0.22 0.5586 0.0082 0.07338 0.00087 0.47222 0.05563 0.00028 0.02548 0.0024 456.5 5.2 450.5 5.4 439 11 509 47 -1.33 

97 265.0 16 201.0 15.0 0.71 0.5993 0.0110 0.07702 0.00098 0.64968 0.05695 0.00046 0.02734 0.0027 478.3 5.9 476.4 7.1 487 18 545 54 -0.40 

211 108.1 2 105.0 1.0 0.98 0.7234 0.0110 0.08981 0.00110 0.62236 0.05863 0.00040 0.03375 0.0033 554.4 6.6 552.3 6.8 551 15 672 64 -0.38 

85 124.2 3 67.6 1.1 0.54 0.7300 0.0140 0.09014 0.00110 0.61481 0.05849 0.00053 0.03187 0.0028 556.3 6.7 556.2 8.0 546 20 634 56 -0.02 

185 448.0 19 270.3 8.9 0.61 0.7429 0.0110 0.09165 0.00110 0.51754 0.05907 0.00028 0.03480 0.0032 565.2 6.6 563.9 6.3 569 10 691 63 -0.23 

100 461.0 12 165.5 1.9 0.35 0.7560 0.0130 0.09172 0.00120 0.67312 0.05977 0.00052 0.03161 0.0033 565.7 7.3 572.0 7.9 595 19 629 65 1.10 
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Composition Anderson Corrected Isotopic Ratios Anderson Corrected Dates [Ma] 
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18.125- [ppm] [abs.] [ppm] [abs.] 
  

[abs.] 
 

[abs.] [coef.] 
 

[abs.] 
 

[abs.] 
 

[abs.] 
 

[abs.] 
 

[abs.] 
 

[abs.] % 

67 228.0 11 154.2 5.9 0.68 0.7513 0.0110 0.09258 0.00100 0.41630 0.05878 0.00031 0.03268 0.0030 570.8 5.9 568.7 6.6 558 12 650 59 -0.37 

227 184.6 7 187.0 13.0 0.99 0.7578 0.0140 0.09271 0.00110 0.45307 0.05940 0.00040 0.03334 0.0031 571.5 6.7 572.4 7.9 580 15 664 59 0.16 

182 122.8 2 33.6 1.6 0.25 0.7500 0.0150 0.09300 0.00130 0.66583 0.05850 0.00043 0.03420 0.0035 573.2 7.6 567.7 8.6 546 16 679 69 -0.97 

65 149.7 10 74.1 8.6 0.42 0.7600 0.0170 0.09350 0.00140 0.73211 0.05918 0.00043 0.03360 0.0031 576.4 8.5 573.2 9.6 574 16 670 62 -0.56 

86 125.7 5 77.5 1.5 0.61 0.7510 0.0140 0.09358 0.00120 0.38167 0.05791 0.00071 0.03320 0.0033 576.6 6.8 568.4 8.3 526 28 659 64 -1.44 

194 143.1 4 108.7 2.9 0.74 0.7768 0.0130 0.09572 0.00110 0.41531 0.05918 0.00041 0.03365 0.0031 589.3 6.4 583.8 7.5 571 15 669 61 -0.94 

82 92.5 5 87.3 3.8 0.94 0.8288 0.0130 0.10146 0.00120 0.49682 0.05988 0.00046 0.03528 0.0033 622.9 7.1 613.2 7.7 597 17 701 64 -1.58 

220 521.0 13 165.5 2.6 0.31 0.8739 0.0120 0.10379 0.00120 0.73485 0.06112 0.00021 0.03836 0.0035 636.5 7.3 637.5 6.3 643 7 761 68 0.16 

214 421.0 11 292.1 6.2 0.69 0.8825 0.0130 0.10413 0.00130 0.61381 0.06150 0.00033 0.03931 0.0037 638.6 7.5 642.1 7.0 658 12 779 73 0.55 

187 120.8 3 45.2 0.6 0.37 0.8810 0.0340 0.10500 0.00290 0.88354 0.06076 0.00097 0.04860 0.0065 643.0 17.0 642.0 19.0 626 35 958 130 -0.16 

226 169.4 7 143.0 6.1 0.83 0.8793 0.0150 0.10499 0.00120 0.39160 0.06099 0.00033 0.03741 0.0037 643.6 7.3 640.3 8.0 638 12 742 72 -0.52 

193 244.2 7 172.8 5.4 0.70 0.8990 0.0150 0.10645 0.00140 0.59530 0.06130 0.00027 0.03830 0.0037 652.0 8.1 651.1 7.9 649 10 760 71 -0.14 

218 414.0 31 388.0 40.0 0.86 0.8880 0.0210 0.10650 0.00120 0.73071 0.05970 0.00120 0.04240 0.0022 652.0 7.2 644.0 12.0 683 26 842 42 -1.24 

195 346.0 10 197.4 5.0 0.57 0.9029 0.0120 0.10645 0.00120 0.57519 0.06136 0.00028 0.03889 0.0037 652.0 7.0 653.9 6.8 651 10 771 72 0.29 

210 160.0 16 79.0 14.0 0.32 0.9100 0.0170 0.10690 0.00160 0.75864 0.06175 0.00044 0.04430 0.0047 655.4 9.5 656.6 9.0 664 15 875 90 0.18 

80 119.2 4 209.0 17.0 1.56 0.9300 0.0160 0.10936 0.00140 0.57919 0.06172 0.00048 0.03879 0.0040 669.0 8.2 667.2 8.5 658 18 769 78 -0.27 

93 141.9 2 89.6 5.8 0.56 0.9280 0.0130 0.11021 0.00130 0.53655 0.06123 0.00054 0.03526 0.0020 673.9 7.3 666.9 6.9 644 19 700 40 -1.05 

193 288.8 4 134.9 2.3 0.47 0.9260 0.0250 0.11020 0.00170 0.28802 0.06100 0.00110 0.04132 0.0044 674.1 10.0 665.0 13.0 635 39 818 85 -1.37 

199 384.0 14 201.8 9.9 0.53 0.9650 0.0190 0.11160 0.00150 0.62073 0.06216 0.00058 0.04278 0.0045 682.0 8.9 685.0 9.6 676 20 847 87 0.44 

228 82.1 3 34.4 1.7 0.42 0.9400 0.0230 0.11200 0.00150 0.31738 0.06030 0.00100 0.04010 0.0041 684.4 8.9 672.0 12.0 609 39 794 80 -1.85 

208 138.0 8 64.9 1.6 0.48 0.9820 0.0160 0.11474 0.00140 0.44657 0.06214 0.00042 0.04080 0.0039 700.1 8.2 694.7 8.3 674 16 808 76 -0.78 

156 632.0 14 193.0 32.0 0.21 1.1140 0.0200 0.12420 0.00160 0.83232 0.06462 0.00044 0.04300 0.0041 754.3 9.4 759.2 9.8 762 15 851 80 0.65 

212 332.0 12 218.6 7.2 0.67 1.1640 0.0210 0.12920 0.00180 0.56949 0.06547 0.00039 0.04859 0.0048 783.3 10.0 785.3 10.0 784 15 959 92 0.25 

175 154.1 5 33.4 1.8 0.20 1.2180 0.0200 0.13400 0.00180 0.68872 0.06616 0.00036 0.04970 0.0049 810.7 10.0 809.3 9.3 810 11 980 94 -0.09 

179 362.0 18 290.0 20.0 0.77 1.2390 0.0190 0.13613 0.00160 0.50137 0.06606 0.00035 0.05001 0.0048 822.7 8.9 818.0 8.4 807 11 986 91 -1.95 

224 215.0 3 103.2 1.5 0.48 1.2640 0.0210 0.13880 0.00180 0.56310 0.06616 0.00034 0.05091 0.0047 837.5 10.0 830.0 9.5 810 11 1003 91 -3.40 

68 13.8 1 17.6 0.9 1.27 1.2670 0.0340 0.13890 0.00240 0.67070 0.06620 0.00110 0.04250 0.0039 838.0 13.0 830.0 15.0 818 32 840 76 -2.44 

167 91.9 2 48.6 0.8 0.53 1.2770 0.0260 0.14010 0.00200 0.29754 0.06631 0.00060 0.05030 0.0049 845.2 11.0 834.7 12.0 814 20 992 95 -3.83 

184 114.3 3 198.0 12.0 1.53 2.2800 0.2100 0.16310 0.00640 0.91726 0.09460 0.00400 0.07580 0.0098 971.0 35.0 1146.0 53.0 1512 75 1470 180 35.78 

60 52.0 3 11.3 0.4 0.22 1.5980 0.0300 0.16280 0.00220 0.51695 0.07085 0.00070 0.05060 0.0052 972.2 12.0 968.6 12.0 950 20 996 100 -2.34 

81 143.2 7 45.3 1.6 0.32 1.6050 0.0240 0.16370 0.00170 0.46192 0.07147 0.00033 0.05560 0.0056 977.3 9.6 971.8 9.3 970 9 1094 110 -0.75 

223 211.9 9 93.2 1.7 0.44 1.6090 0.0230 0.16472 0.00180 0.55388 0.07090 0.00031 0.05774 0.0052 982.9 10.0 974.0 8.9 954 9 1135 99 -3.04 

70 759.0 19 4.1 0.1 0.01 1.6360 0.0210 0.16609 0.00180 0.62308 0.07196 0.00026 0.06400 0.0130 990.5 10.0 984.0 7.9 984 7 1270 230 -0.62 

15 206.9 9 117.0 4.2 0.56 1.7200 0.0270 0.17030 0.00200 0.55363 0.07317 0.00037 0.06183 0.0060 1013.7 11.0 1015.5 10.0 1018 10 1212 110 0.42 

17 179.1 5 15.8 0.4 0.09 1.7380 0.0230 0.17190 0.00200 0.45846 0.07318 0.00040 0.05810 0.0055 1022.4 11.0 1022.8 8.7 1019 11 1141 110 -0.33 

55 179.8 8 88.3 3.7 0.48 1.6880 0.0270 0.17260 0.00210 0.49844 0.07125 0.00040 0.06054 0.0052 1026.1 12.0 1004.2 10.0 961 13 1188 100 -6.77 

28 179.0 12 43.2 1.4 0.24 1.7910 0.0310 0.17270 0.00230 0.78020 0.07546 0.00046 0.05940 0.0063 1027.0 13.0 1043.0 12.0 1079 12 1166 120 4.82 
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63 869.0 28 107.1 5.6 0.12 1.8670 0.0260 0.17620 0.00200 0.53255 0.07719 0.00041 0.07020 0.0068 1046.8 11.0 1069.9 9.4 1125 11 1371 130 6.95 

54 75.2 1 18.2 0.3 0.24 1.7850 0.0340 0.17710 0.00230 0.52201 0.07298 0.00059 0.05410 0.0051 1050.8 13.0 1039.1 12.0 1015 16 1071 96 -3.53 

216 129.1 7 112.0 4.0 0.87 1.7990 0.0340 0.17860 0.00220 0.28895 0.07312 0.00047 0.06810 0.0067 1059.0 12.0 1044.3 13.0 1011 17 1331 130 -4.75 

206 106.1 5 76.7 2.2 0.71 1.8010 0.0340 0.17910 0.00220 0.56138 0.07281 0.00050 0.06650 0.0070 1062.1 12.0 1044.6 13.0 1002 17 1302 130 -6.00 

92 36.6 1 11.7 0.2 0.31 1.8060 0.0370 0.17990 0.00220 0.45026 0.07260 0.00097 0.05320 0.0051 1066.3 12.0 1047.0 14.0 1000 27 1045 97 -6.63 

101 9.3 0 1.8 0.1 0.19 1.8950 0.0740 0.18100 0.00450 0.89660 0.07620 0.00130 0.06800 0.0300 1072.0 25.0 1075.0 26.0 1095 35 1210 570 2.10 

219 271.7 7 40.9 1.4 0.15 2.1160 0.0500 0.18930 0.00280 0.80681 0.08090 0.00100 0.05675 0.0029 1117.0 15.0 1155.0 16.0 1222 25 1116 56 8.59 

198 63.5 4 30.0 1.6 0.46 1.9420 0.0510 0.18990 0.00290 0.61197 0.07420 0.00110 0.06620 0.0063 1123.0 16.0 1097.0 18.0 1047 32 1295 120 -7.26 

57 130.5 7 52.3 1.4 0.40 2.0710 0.0310 0.19410 0.00230 0.60102 0.07757 0.00037 0.06810 0.0063 1143.2 12.0 1139.4 10.0 1135 10 1332 120 -0.72 

24 397.0 26 6.7 0.4 0.02 2.2060 0.0340 0.20090 0.00260 0.65881 0.07982 0.00067 0.06620 0.0086 1179.8 14.0 1183.4 11.0 1191 16 1280 180 0.94 

72 371.0 20 43.3 1.0 0.11 2.2290 0.0360 0.20250 0.00280 0.76225 0.07987 0.00050 0.06680 0.0065 1188.0 15.0 1190.3 11.0 1193 12 1307 120 0.42 

7 139.4 5 47.8 1.4 0.34 2.2220 0.0320 0.20240 0.00260 0.70450 0.07996 0.00044 0.07150 0.0071 1188.2 14.0 1188.3 10.0 1195 11 1395 130 0.57 

45 305.0 13 52.5 1.5 0.17 2.2250 0.0340 0.20320 0.00250 0.63189 0.07944 0.00046 0.07170 0.0065 1192.5 13.0 1189.9 11.0 1182 12 1400 120 -0.89 

34 143.0 6 52.7 1.6 0.37 2.2810 0.0350 0.20500 0.00230 0.50050 0.08071 0.00053 0.07060 0.0070 1202.1 12.0 1207.1 11.0 1213 13 1378 130 0.90 

87 101.9 2 33.1 0.8 0.32 2.3060 0.0400 0.20510 0.00320 0.56756 0.08149 0.00068 0.06030 0.0065 1203.0 17.0 1213.8 12.0 1233 16 1195 130 2.43 

189 214.0 7 48.4 1.1 0.23 2.2150 0.0290 0.20610 0.00230 0.65013 0.07830 0.00030 0.07020 0.0066 1207.7 12.0 1186.1 9.2 1154 8 1372 120 -4.65 

26 98.7 4 41.8 1.4 0.43 2.3540 0.0430 0.20810 0.00270 0.77102 0.08253 0.00065 0.06910 0.0069 1218.0 15.0 1229.0 13.0 1259 16 1349 130 3.26 

64 202.3 8 76.5 2.3 0.38 2.3200 0.0300 0.20860 0.00220 0.58061 0.08083 0.00028 0.07147 0.0065 1221.4 12.0 1218.1 9.1 1219 7 1395 120 -0.20 

19 61.0 2 40.9 0.8 0.67 2.3320 0.0420 0.20970 0.00250 0.31991 0.08047 0.00065 0.07070 0.0069 1227.2 13.0 1221.9 13.0 1202 19 1381 130 -2.10 

186 83.3 7 40.6 2.5 0.50 2.2720 0.0400 0.21070 0.00270 0.45627 0.07831 0.00066 0.07100 0.0062 1232.1 14.0 1202.5 13.0 1146 19 1386 120 -7.51 

96 107.6 3 51.9 1.2 0.48 2.3630 0.0330 0.21070 0.00230 0.56939 0.08123 0.00034 0.06960 0.0065 1232.3 12.0 1231.7 9.8 1227 8 1360 120 -0.47 

38 129.3 6 29.8 0.9 0.23 2.3560 0.0320 0.21080 0.00240 0.53715 0.08092 0.00033 0.06930 0.0061 1233.2 13.0 1229.6 9.9 1219 8 1353 120 -1.16 

36 100.2 4 66.2 2.0 0.67 2.3530 0.0350 0.21140 0.00240 0.55274 0.08091 0.00048 0.07409 0.0071 1237.0 13.0 1227.8 11.0 1218 12 1444 130 -1.56 

50 130.8 6 44.0 1.4 0.34 2.3960 0.0410 0.21600 0.00280 0.40321 0.08084 0.00068 0.07660 0.0073 1261.0 15.0 1242.0 12.0 1216 17 1492 140 -3.70 

3 33.0 1 24.5 0.6 0.75 2.5060 0.0600 0.21920 0.00290 0.62742 0.08349 0.00095 0.07550 0.0076 1278.0 16.0 1271.0 18.0 1275 23 1473 140 -0.24 

73 72.4 1 31.9 0.3 0.44 2.4710 0.0440 0.22150 0.00230 0.27201 0.08123 0.00051 0.07230 0.0061 1289.7 12.0 1262.7 13.0 1223 14 1410 120 -5.45 

44 84.4 2 34.7 0.4 0.41 2.7420 0.0510 0.23250 0.00290 0.62440 0.08584 0.00072 0.07980 0.0077 1347.0 15.0 1338.8 14.0 1332 16 1552 140 -1.13 

1 214.2 10 56.4 1.3 0.26 2.7980 0.0760 0.23800 0.00450 0.71204 0.08726 0.00097 0.09250 0.0110 1376.0 23.0 1360.0 19.0 1364 22 1786 210 -0.88 

37 147.3 4 53.4 1.2 0.36 3.1850 0.0630 0.25440 0.00370 0.71173 0.09089 0.00071 0.09080 0.0110 1461.0 19.0 1453.0 15.0 1444 15 1757 190 -1.18 

172 344.0 35 26.4 2.5 0.05 4.0400 0.1800 0.26730 0.00780 0.97225 0.11170 0.00180 0.07850 0.0280 1525.0 40.0 1646.0 38.0 1820 31 1210 1500 16.21 

76 90.4 3 48.3 1.3 0.52 3.5380 0.0540 0.27180 0.00320 0.54301 0.09478 0.00048 0.09370 0.0095 1550.0 16.0 1536.0 12.0 1521 10 1810 170 -1.91 

43 231.1 8 64.6 1.8 0.28 3.6200 0.0580 0.27390 0.00340 0.56321 0.09579 0.00080 0.09370 0.0092 1560.0 17.0 1555.5 12.0 1542 16 1809 170 -1.17 

56 426.0 10 171.2 2.6 0.40 3.6450 0.0500 0.27440 0.00300 0.52834 0.09619 0.00051 0.09462 0.0100 1562.9 15.0 1559.0 11.0 1551 10 1827 190 -0.79 

75 120.1 3 44.4 0.5 0.37 3.7120 0.0520 0.28090 0.00310 0.49097 0.09602 0.00038 0.09640 0.0090 1595.5 15.0 1574.0 11.0 1546 8 1860 170 -3.18 

94 138.2 5 41.0 1.7 0.29 4.3440 0.0860 0.28810 0.00360 0.80295 0.11000 0.00074 0.08460 0.0063 1632.0 18.0 1702.4 16.0 1802 12 1640 120 9.43 

110 422.0 21 20.8 1.0 0.05 5.5980 0.0900 0.32860 0.00450 0.83608 0.12397 0.00065 0.09650 0.0080 1831.0 22.0 1916.6 14.0 2015 9 1860 150 9.14 

217 99.0 2 43.6 1.0 0.43 5.7300 0.1800 0.34360 0.00510 0.90862 0.12160 0.00160 0.12020 0.0280 1904.0 25.0 1934.0 27.0 1974 24 2291 500 3.55 


