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ABSTRACT

TheOrdovician to EarlyDevonianmetasedimentary Merrimack belt the southeastern New England
Appalachian Mountainss deformed bynultiple generations dblds thatmay have been a result of the Acadian
(~421-395 Ma) and/or Alleghanian (~31290 Ma) orogeniesThe adjacent Nasba 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
Acadianorogeny. However, existintjAr/**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 thdldghanian orogenyAlong thesouthteastern margin of thiglerrimack beltin
Massachusetts thdarvard Conglomerate isoncomformably on top of the Ay&ranodiorite at Pin Hill, MA. The
Vaughn Hill Conglomerate (previously considered the Harvard Conglomeismtdjacent to the Vaughn Hill
Formation at Vaughn Hill. The Vaughn Hill Formation may lie at the base of the Merrimackéililed structural
mappingwas carried out on the four units and compared with deformation in selected units of the sautheast
Merrimack belt. Detrital zircotJ-Pb LA-ICP-MS geochronology was carried out on the metasedimentary units and
U-PbCA-TIMS zircon geochronology otihe Ayer Granodioritejn order to constrain the ages of the units and the
deformation.

The maximum depsitional ags are~463 Ma for the Vaughn Hill Formation;415 Ma for the Harvard
Conglomerateand~416 Ma for the Vaughn Hill Conglomerafehe Ayer Granodiorite at Pin Hik ~420 MaThe
Vaughn Hill Formatioris interpreted as representing a time aftowied deposition after deposition of the
metasedimentary units of the Nashoba terrand,forms the base of the Merrimack belt. Previously, the
metasedimentary units of the Nashoba tereartethe Merrimack belt were thought to be unrelated as theyoare
separated by the Clintadewbury fault zonewhich 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 nodmaovement along th€linton-Newbury fault zoneThe Vaughn Hill Formation
contains asignificantpopulation 0f~560-530Ma zircon interpreted to have been sourced from-@amderian arc
derived sediment recycled from the Nashoba terrane. The VaugHh¥okitiation also contains a significant

population of ~645%30 zircon from perGanderian arcs not recorded in the figainderian Nashoba terrane. The



Vaughn Hill Formation either received this sediment from ~638 Ma arcs now exposed in the northern New

England Appalachian Mountains via an interconnected basin, or from631®a periGanderian arc sediment

that was present between the Merrimack belt and the Laurentian margin at ~463 Ma, and that is now buried and/or
subductedThe Harvard and Vaughn Hitonglomerates contamsignificantpopulation o~430 Ma zircorgrains
interpreted to be sourcdidm local igneous sources aoftler zircon grains fromecycledMerrimack belt
metasedimentary units, and are the youngest metasedimentary units in tineal®lelrelt, with the exception of the
Pennsylvanian Coal Mine Brook Formati@ased 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 priiAr/**Ar geochronology data, it is likely thaeddingparallel axial planar cleavage

of early isoclinal folds (B is related to the Acadian orogeny. These are overprinted ly km-scale, close to

tight, generally stggy NNW-dipping folds(D,), andsubhorizontal to recumbent chevron to rounded . D,.

s are likely postAcadian and may be a result of the Alleghanian orogeny.
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CHAPTER 1
INTRODUCTION

The formation of the Newiigjland and Canadian Appalachian orogenic\wek a result
of a sequence of collisions of arcs, terranes and a contuiterthe Laurentian margimuring
the Paleozoic. These collisioogused, in order of occurrence, the Taconic (E&olyate
Ordovician), Salinic (Lat®rdovician to eariSilurian), Acadian (Eariyto Mid-Devonian),
Neoacadian (MieDevonian to earhCarboniferous), and Alleghanian (eaiGarboniferous to
earlyPermian) orogenies (Tablell Skeharand Rast, 1990; van Staal, 200%erschat and
Hatcher, 2007; Nance et al., 2008; Naatal.,2008; van Staal et al., 2009; Hatcher, 2010). The
southeasterNew England Applachian orogenic belt is comged of three major geologic
domains that experienced tAeadian, Neoacadian, and Alleghanian orogenies. These domains
are: the Merrimack beli(so called the Merrimack terrane), a stratified Ordovician ttyEar
Devonian metasedimentaryggence; the Nashoba terrane to the Merrimackdealts s out heast ,
heavily deformed Cambria@rdovician arc/backarc compleand; the perGondwanan Avalon
terrangotheNas hoba t er r(Rgs &Dband 1spolbetAbadbn srageny was likely a
result of the ~42:B95 Ma collision of the peiGondwanarAvalon terranewith the composite
Laurentian margin (Skehan and Rast, 1990; Nance et al., 2008; van Sta@d@%l The
Neoacadian orogemay be localized and relateal the collision of Meguma, a pedondwana
terrane exposed in Nova Scotia (Fidl)Lbut extends to the edge of the continental shelf and
south off the eastern coast of Cape Cod, MA (Fify. RePiper and Jansa, 1999; Nance et al.,
2008), and/or multiplper-rGondwana terranes that accreted to the compositeehian margin

from north tosouth at ~395350 Ma(Merschat and Hatcher, 2007; Nance et al., 2009; van Staal



et al., 2009; Hatcher, 2010). Lastly, thel5290 Ma Alleghanian orogerny interpretedo have
resulted from the collision between Gondwana and Laurentia/Ganderia during the assembly

Pangea (Hatcher, 2010).

Table 11- Overview and timing of major orogenic events in the New England and Canadian Appalachians.

. . . Oncoming Resulting Age . .
Composite Laurentian Margin Terrane/Continent/Plate Orogeny (Ma) Geologic Period
late-
LaurentidlapetugGanderia/Avalon/ < Gondwana Alleghanian 315 Carboniferous

Gondwana 290 | (Pennsylvanian)

to earlyPermian

395 Mid-Devonian to
LaurentidlapetugGanderia/Avalon < Meguma and others? Neoacadian early

350 Carboniferous

LaurentidlapetugGanderia < Avalon Acadian 42k Early- to Mid-

395 Devonian
. . . 450 | Late-Ordovician
Laurentialapetus < Ganderia Salinic 425 | to earlySilurian
Laurentia < lapetus Ocean plate and ar¢  Taconic 480 Early- to Late

450 Ordovician

The Nashoba terrane experienced higher grade metamorphism, and shows older cooling
ages than the Merrimack belt, which structurally overlies it. Thghiba 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



Atlantic Ocean

Laurentia

Grenvillian rocks

State/Provence
Boundary and Abbreviation

N Y‘ vr

Peri-Laurenian

Laurentian continental margin rocks
including Taconian clastic wedges and
allochthons

Arcs of Laurentian affinity
including Shelburne Falls arc (SF)

Peri-Laurentian and Peri-Gondwanan

Mesozoic basins

Devonian-Permian
Narragansett Basin (NGB) and Norfolk Basin (NFB)

=
Connecticut Valley Gaspe Merrimack belt (MB)
(CVG) and and Fredericton trough (FT)

Central Maine Belt (CMB)

Gondwanan Fragments

Avalon terrane  Meguma terrame
(AT)

=

Ganderian terrane,
and rocks with Ganderian affinity
including Nashoba terane (NT),
Bronson Hill arc (BH)

(.

Coastal Maine volcanic belt
N
strike slip fault

s e

thrust fault

Figure 11- Geologic provinces and major lithotectodiwisions of the Northern Appalachians wihtline of Figure 1.2BB: Boston Basin. CT: Connecticut,
MA: Massachusetts, ME: Maine, NB: New Brunswick, Ni&w Jersey, NL: Newfoundland, NS: Nova Scotia, NY: New York, ON: Ontario, PA: Pennsylvania,
QC: Quéec, RI: Rhode Island, VMermont. Modfied after Hibbard et al. (200Q7Rankin et al. (2007), and Thompson and Hermes (2003).



Acadian(?) to Alleghanian deformation

Acadian/Neoacadian
deformation

Merrimack belt Ordovician to Early-Devonian metasedimentary sequence of metaturbidites,
metasandstones, and metapelitic rocks with Laurentian and Ganderian
detrital zircon affinities

Nashoba terrane Strongly deformed Cambrian-Ordovician arc/backarc complex composed of
metavolcanic, metasedimentary and volcanogenic metasedimentary rocks with
Ganderian detrital zircon affinity

Avalon terrane Peri-Gondwanan terrane, correlative with type Avalon rocks in Newfoundland,
Canada, composed of early-Cambrian metasedimentary rocks and Proterozoic to
Devonian granitic, dioritic, and gabbroic intrusions

Figure 1.2 Lithotectonic provinces of the southeastern New England Appalachians (see box in Figure 1.1 for
location) with dscriptions of the three easternmost geologic belts in Massachusetts that are discussed in this thesis.
Orogenies that affected belts indicated. BBBZ: Burlington mylonite zondloody Bluff fault. CNFZ: Clinton

Newbury fault zonel ocation ofl: Pin Hill (Harvard Conglomerate and Ayer Granodiorite), 2: Vaughn Hill

(Vaughn Hill Formation and Vaughn Hill Conglomerate)part of theeastern Merrimack belt investigated in this
study,and4: the Coal Mine Brook Formation.

affect the Avalon terrane drMerrimack 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 metamaaptisieformatiom

the Merrimack belt has been interpreted as a result of the Alleghanian o(Ggedstein, 1994;

Attenoukon, 2009 If true, perhaps the crystalline Nashoba tegracted as a rigid block during



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 southellgemmack belt
wasa result ofAcadian, Neoaadian, Alleghanian, or some combination of the tloremgenies
to better constrain the deformation history of the southeastern New England Appalachians by (1)
conducting detailed structural analysis of potentially Pennsylvanian (i.eNposicadian) rocks,
(2) carryng 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 beltto investigate their extent within tiderrimack belt The Harvard Conglomerate
(Figs. 1.2 and 2.}, whichmay be Pennsylvanian in age based on correlation to the
Pennsylvaian Coal Mine Brook Formatioffrigs. 1.2 and 2.1Grew, 1973; Goldstein, 19943,
folded by tight to close NWdipping folds TheVaughn Hill Corglomeratg(Figs. 1.2 and 2.},
previously thought to be equivalent to the Harvard Conglomerate, is folded by late, sub
horizontal, SSWand NNEtrendingclose to opeifiolds. Some of or all of these folds may be a
result of Alleghanian deformation, eitherwlich may be related to the latest folding eg@mt
theMerrimack belt If the Harvard Conglomerate and/or Vaughn Hill Conglomerate are
Pennsylvaran in age and deformation elsewhere inNtegrimack beltcan be related to
deformation in the conglomeratehen at least part of the deformation in the southeastern
Merrimack beltis Alleghanian The Ayer Granodiorite at Pin HilF{gs. 1.2 and 2.1 was
investigatedbecause the Harvard Conglomerate lies unconformably on top of it, and therefore
the age of th granodiorite constrains that of the conglomerate. The Vaughn Hill Formation was

investigated as it appeargdcontact with the/aughn Hill Conglomerate



CHAPTER 2
GEOLOGIC SETTING
This chapter is a brief description of the geologic setiiripe 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

TheMerrimack belt(Figs.1.1and1.2) is an Ordovician to EarlyDevonian
metasedimentary sequence of metaturbidites, metasandstones, and metapelitic rocks (Zen et al.,
1983; Robinson and Goldsmith, 1991; HusseyBwithner, 1995) with Laurentisand
Ganderiardetritalzircon affinities(Wintsch et al., 2007; Sorota, 2013). With decreasing
depositional age of the units within theerrimack belf Ganderian affinity decreases (Sorota,
2013). TheMerrimack beltis intruded by a series of Silurian to Devonian granitic toitito
plutons (Table 4; 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; Wintsagh, &007; Walsh et al., 2008,
2013a, b). ThdMerrimack beltis separated from tHg¢ashoba terran® the southeasty the
NW-dipping ClintorNewbury fault zon€Fig. 1.2)and bounded to the west by the Connecticut
Valley Belt (Watts et al., 2000; Wintseh al., 2007; Hussey et al., 2010). Generally, the
metamorphic grade in thderrimack beltincreases from lowegreenschistaciesin the east to

amphibolitefaciesin the west (Lyons et al., 1997; Watts et al., 2000).



Table 21- Most recent published ag®f 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 wesdrdet! by UPb zircon analysis unless otherwise
noted. Chemical Abrasielsotope Dilution Thermal lonization Mass Spectrometry {CIMS); Laser Ablation
Inductively Couple Plasmilass Spectrometry (LACP-MS); Isotope DilutiorThermal lonization Mass
Spectometry (ID-TIMS); Secondary lon Mass Spectrometry (SIMS).

Merrimack belt
Stratified Rocks Igneous Rocks
Notes Unit Age (Ma) | Age (Ma) Unit Reference Method
Worcester basin Coal Mine Brook Fm. 315303 Grew (1973) fossil
372+7,; . . . Zen et al.
365 +15 granite at Millstone Hill (1983) ID-TIMS
Chelmsford Granite at| Walsh et al.
Sl Deadhorse Hill (2013a) SIMS
q Walsh et al.
3753 Chelmsford Granite (2013b) SIMS
. Wintsch et
379 +4 Eastford Gneiss al. (2007) SIMS
. .| Walsh et al.
386 £3 Granite at Prospect Hill (2013a) SIMS
. Bothner et
406 +1 Exeter Diorite al. (1993) TIMS
Ayer Granodiorite
407+4 |  DevensLong Pond W(""z'gggeg)a" SIMS
facies
~408 Dracut Diorite Bothner TIMS
(1974)
Berwick Fm. (weighted mean 209 +11 Sorota LA-ICP-
of 4 youngest grains) - (2013) MS
eastern Meimack Eliot Fm. (Weighted'mean of 4 409 +19 Sorota LA-ICP-
belt youngest grains) (2013) MS
Kittery Fm. (weighted mean o 213 +12 Sorota ,I\‘/nglgi—_
4 youngest grains) - (2013 TIMS
. Wintsch et
414 +3 Canterbury Gneiss al. (2007) SIMS
Harvard Conglomerate LA-ICP-
(weighted mean of 13 younge 24146 +2.1 this study MS. CA-
grains that o T !
unconformably on top level) TIMS
of western Merrimack| :
belt Vaughn Hill Conglomerate LA-ICP-
(EENE EECRAE | this study | MS, CA
youngest grains that overlap 4 T TIMS
the 20 | eV
Fargo and
418 £1 NeWbL(‘j%Fr’i‘t’g quartz - g othner TIMS
(1995)
Ayer Granodiorite
420.1 Clinton facies :
+0.1 (chemically weathered this study | CA-TIMS
zone)
. Wintsch et
Hebron Fm. (youngest grain)| 423 +9 al. (2007) SIMS
Ayer Granodiorite at Walsh et al.
s Eddy Pond (2013a) SIMS
eastern Merrimack | Eastern Merrimack Belt units| 426 Sorota I&/'IA‘SICIS
belt avg. (Berwick, Eliot, Kittery fms.) (2013) TIMS




Table 21- Continued

Merrimack belt
Stratified Rocks Igneous Rocks
. Age .
Notes Unit Age (Ma) (Ma) Unit Reference Method
Paxton Fm. (weighted mean ¢ Sorota
] 10 youngest grains) G HAJERD (2013) LA-ICP-MS
western Merrimack belt Oakdale Fm. (weighted S
akdale Fm. (weighted meatr| orota P
of 4 youngest grains) CELL (2013) LA-ICP-MS
eastern Mrrimack belt Kittery FTD(}'TOI‘;;‘%W grain by 435 +0.08 (Sz‘gfg;‘ ID-TIMS
western Merrimack belt HHEIEESIET 3, (WelghFed Med 436 +9 Sorota LA-ICP-MS
of 4 youngest grains) (2013)
Western Merrimack belt units
western Merrimack belt avg. (Paxton, Oakdale, Worceste ~436 Sz%rf;a LA'IQI.T,;AMSS’ ID-
fms.) ( )
. . Vaughn Hill Fm. (weighted
-
stratlgraphlc base(?) of mean of 3 youngest grains thf 463 +28 this study LA-ICP-MS
Merrimack belt
overlap at t
Tower Hill Fm. (weidnted Sorota ICP.
average of 3 youngest grains| MY (2013) LA-ICP-MS

The Worcester and Oakdale formations, Harvard Conglomé&fatgghn Hill Conglomerate

Vaughn Hill Formation, and Ayer Granodiorite (Fig. 2.1) are units of the Merrimack belt that
were part of the topiof this thesis and are therefore described in more detail b&lusv.

Worcester Formation s mid-Silurian (Sorota, 2013) carbonaceous slate and phyllite
interbedded with metgraywacke (Robinson and Goldsmit®91), and the Oakdale Fortitan

is a midSilurian (Sorota, 2013) calcareous turbidite sequence (Robinson and Goldsmith, 1991)
The fossilierous Coal Mine Brook FormationasPennsylvanian codlearing unit with
conglomerate layetthat isunconformably on top of olddferrimack bédt rocks (Grew, 1973).

The nonfossiliferous Harvard Conglomerdétdy/pe-locality is at Pin Hill, MA(Burbank, 1876;
Emerson, 191#ansen, 1956Thompson and Robinson, 197Because both the Harvard
Conglomerate and Coal Mine Brook Formation contain kmgrate 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, 1973Yatighn Hill Conglomerate



wasconsidered the Harvard Conglenate by Currier and Jahns (1952) and Hansen (1956), and
by others aftebecause they are both conglomerates that define topographically high hills along
strike with each other and are unconformatgrlying the Merrimack beliThis was questioned
by Robnson and Goldsmith (1991) because of differences in interpreted afgjnsirtzite

clasts. Emerson (1917) considered quartzite clasts of the Harvard Conglomerate at FiA,Hill
to be from quartzite beds of the Oakdale Formation (to the ENE). Harg¥s8) ¢bnsidered
guartzite 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 thettrbe 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 consideledgmdational witlthe

upper portios of the Tadmuck BrooBchist (see Section 2.2 for Tadmuck Brook Schist
description). The Vaughn Hill Formationay represent the stratigraphic base oMleerimack

belt (Bell and Alvord, 1976Peck, 1976¢Goldsmith et al. 1982; Robinson and Goldsmith, 1991).
Turbiditic sequenes have been identified in the Vaughn Hill Formation (Currier and Jahns,
1952; Robinson and Goldsmith, 199The Vaughn Hill Formation is in contact with the

Vaughn Hill ConglomeratéFig. 2.1 and 2.2), but it is unclear if it truly represents the old@st

in the Merrimack beltThe Ayer Granodiorite (also called Ayer Granite; Hansen, 18&8§peen
subdivided intahe Clinton facies and the Devebsng Pond facies (Gore, 1976). TG&nton

facies iscoarse grainegyorphyritic andquartz monzoniteotgranodioritan composition. lis
occasionally chemically weathered near boundary zones (Gore, 1976; Zen et al., 1983). The
DevensLong Pond facies is quartz diorite granodioritein composition, but igneissc and

varies from porphyritic to equigranulen texture(Gore, 1976; Peck, 1975; Zartman and Naylor,



1984; Robinson and Goldsmith, 199Ihe Ayer Granodiorite has been dated 424 Ma and
~407 Ma (UPb zircon geochronology; Walsh et al., 2013a, b). The Tower Hill Formation was
notinvestigated during this study, but is discussed in this thesis. The Tower Hill Foriifragon
2.1) is an interbedded quartzite and phyllite, aray be related to the Vaughn Hill Formation at
the base of th®errimack beltor may lie above it (Zen et.a1983; 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 beltharacterizeét by one or more
generations of sulneter to kilometerscale, generally easterserging, isoclinal to close folds,
including local mn-cylindrical folds (Peck, 1975Hepburn, 1976&; Robinson, 1978, 1981;
Goldstein, 1994; Kopera and Walsh, 2014; Kuigteal., 2014; Peck and Kopera, 2014). These
folds are overprinted by centimetéo meterscale, nortktrending, recumbent, close to tight
chevron folds (Robinson, 1978, 1981; Goldstein, 1994; Kopera and Walsh, 2014; Kuiper et al.,
2014).Deformation and mtamorphism in th&lerrimack beltwas 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 tedated to thé\lleghanianorogeny it is difficult to ascertain
that better developed structural fabrics in older rock types dfldreamack beltare alsaelated
to theAlleghanianorogeny.

Muscovite that forms an early cleavage pSAttenoukon (2009), cooled through its Ar

closure temperature by ~370 Ma, based®m/*°Ar geochronology, suggesting cooling after the
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Figure 21- Plan view location of field areas with structural measurements and geochrosafopgle sites from this
study. Field areanset from Figure 1L, A- Pin Hill area, B- Vaughn Hill area, G.shore of Wachusett Reservoir

area. Note that north in inseti€not towards top of page. Structural measurements show dip/plunge in degrees.
Geochronology sample site ldms correspond to the following units and sample numbewsydr Granodiorite
(Clinton facies), sample 3.025; Rarvard Conglomerate, sample 18.125yYaughn Hill Conglomerate, sample
18.128; 4 Vaughn Hill Formation, sample 18.126. Cre®stions fotransect linesad a#d Br e shown
Figure 2.2 Nearly towns are shown (italicized)he ClintorNewbury fault zone (CNFZ) separates therkimack

belt from the Nashoba terran&/orcester Basin location modified after Grew (1973) and Zen et al3Y198it and

fault locations modified after Gore (19),65rew (1973), Hepburn (18¢); Zen et al. (1983} opera (2005, 2006,
2012); Markwort (2007).
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Acadian orogeny (Attenoukon, 2009)duringthe Neoacadian orogeny. Metamorphic zircon
rims in the nearby Chelmsford Granite ha8'Bb°Pb weighted average age of 377 + 15 Ma
(Walsh et al., 2013b), suggestilogal heating during this timé&vidence for deformation and
metamorphism in th&lerrimackbeltduring the Alleghanian orogeny is bracketed-B95 Ma
“OAr/*°Ar crystallization ages of muscovite that regionally and uniformly overpiinf S
Attenoukon (2009), and €293 Ma*’Ar/*°Ar crystallization age of muscovite replacing
andalusite (Attendwon, 2009). This overprinting cleavage is considergllyS5oldstein (1994).
White mica of the same overprinting cleavage flas*°Ar crystallization agesf ~316-294 Ma
(Attenoukon, 2009). Goldstein (1994) interpreted the widespread deformation and
metmorphism in the southeastévierrimack beltas a result of the Alleghanian orogeny, based

on extensive folding and foliation development in thevded Conglomerate.

2.2  The Nashoba terrane

TheNashoba terran@-ig.12) is a strongly deformed Cambri@rdovician arc/backarc
complex compsed of metavolcanic, metasedimentary and volcanogenic metasedimentary rocks
(Goldsmith, 1991; Hepburn et al., 1995; Kay et al., 2011) with Gandeeiaital zirconaffinity
(Loan, 2011), all of which are cut by youngeaigtic and intermediate composition plutons
(Table2.2, Zartman and Naylor, 1984; Hepburn et al., 1995; Acaster and Bickford, 1999;
Dabrowski,2014). The Nashoh&rranes separated from th&valon terrando the southeast by
the northwestipping Burlington mylonite zone (Hepburn et al., 1995; Stroud et al., 2009) and
overprinting brittle BloodyBluff fault (Fig. 1.2)Zen et al., 1983; Goldsmith, 1991). The terrane
has been metamdrpsed amiddle and upper amphibolite faciesnditions(Goldsmith, 1991).

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

(Nashoba terrane), a schistose unit (Tadmuck IB&ahist), and two gneissic unithe Fish
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Table 22- 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 detritalczin ages. All dates were deterimed byPbl zircon analysis unless otherwise
noted. Chemical Abrasielsotope Dilution Thermal lonization Mass Spectrometry {CIMS); Laser Ablation
Inductively Couple Plasmilass Spectrometry (LACP-MS); Isotope DilutiorThermal lonization Mass

Spectrometry (IBTIMS).

Nashoba terrane
Stratified Rocks Igneous Rocks
Notes Unit Age (Ma) Age (Ma) Unit Reference Method
Indian Head Hill Hepburn et al.
349 +4 Granite (1995) ID-TIMS
Straw Hollow Acaster and
Shei 2l Diorite Bickford (1999) | 'PTIMS
412 +2 . Hepburn et al.
(monazite age) Andover Granite (1995) ID-TIMS
419.43 £+0.52; | Andover Granite Dabrowski CA-
419.65 +0.51 (2 locations) (2014) TIMS
. Dabrowski CA-
420.49 £0.52 Sudbury Granite (2014 TIMS
Sharpner's Pond Zartman and
DS Diorite Naylor (1984) | 'P-TIMS
Nashoba Fm. gneiss LA-ICP-
volcanogenic layer (weighted mean off 461 +19 Loan (2011) MS
3 youngest grains
" h Tadmuck Brook Schist
S;\:itslarg‘t?:lt(;:?apngf (weighted mean of 4 463 +42 Loan (2011) LAl\_/II(S:P
youngest grains)
Shawsheen Gneiss LA-ICP-
volcanogenic (weighted mean of 3 468 +20 Loan (2011) MS
youngest grains)
volcanogenic Fish Brook Gneiss 499 +643 Hep(t;ggnsiet al. ID-TIMS
. Walsh et al.
volcanogert Marlboro Fm. 501-540 (2011) ID-TIMS
. . Walsh et al.
volcanogenic Grafton Gneiss 515 +6 (2011) ID-TIMS

Brook and Shawsheen Gngissompose the stratified units of the Nashoba terrane (Bell and
Alvord, 1976; Hepburn et al., 1995). The Tadmuck Brook S¢Rigt 2.]) is a schistose unihat
is exposed along theorthwestern margin of, and may repredéetstratigraphic top pthe
Nashoba terrane (Bell and Alvord, 1976; Peck, 1976). It has a maximum depositional age of
~463 Ma (Loan, 2011).

TheNashoba terraneecords metamorphic monazite groveth-435400 Maduring
amphibolite faciesnetamorphism (Hepburn et al., 1995; Stroud et al., 2009), that may be related
to heat generated bytype intrusionss a result of subductigni . e .

~430 Ma
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Diorite; Stroud et al., 2009) during the Acadian orogengegondyeneration omonazitedates
at~400-385 Ma isinterpreted to date growtssociated 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 andi®oacadian orogenyh€& Nashoba Formation, a Mild-

to LateOrdovician deformed volcanogenic uragntains zircon wittmetamorphic overgrowths
datedat ~400 MgU-PbLA-ICP-MS geochronologyt.oan, 2011). A thirdgeneration of
metamorphic monazitat 385360 Mais interpretedo date growth duringvidespread high

grade metamorphism and migmatizati®tréud et al., 2009Nalsh et al., 2011, 2043

Buchanan et al., 2014). Tloecurrence of apventat this times supported by metamorphic
zirconin the Nashob&ormationdated at ~36B60 Ma (UPb LA-ICP-MS geochronology;

Loan, 2011). The-385360 Ma event occurred during the timeframe of the Neoacadian orogeny.
Lastly, ahydrothermal signature in shear zones has been recognized\agheba terrane
based on mnazitedated at 360-305 Ma (Stroud et al., 2009), and 3525 Ma“°Ar/*°Ar

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

2.3  The Avalon terrane

In the southeastern New England Appalachians, theGmrdwanarAvalon terrane
(Fig. 12), correlative wih type Avalon rocks in Newfoundland, Canada (Skehan and Rast, 1983;
Williams and Hatcher, 1983; Rast and Skehan, 1B@ppurn et al., 1995), is comged of
earlyCambrian metasedimentary rocks (Thompson et al., 2014) and Proterozoic to Devonian
granitic,dioritic, and gabbroic, intrusions (Talfe3; 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 Raami, 2008; Walsh et al., 200Qate Devonian
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to earlyPermian metasedimentary, metaconglomerate, metavolcanic, adekeoalg units of

the Narragansett and Norfolk basins (Fig) lvere depositedithin extensional basinsn

Avalonian basemerthat formedas a result of large scaleike-slip motion between Laurentian

and Gondwanaluring 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) Naanagett Pier Granite. The peak metamorphic grade in the
Avalon terraneand 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, Acaah metamorphism in th&valon terranas largely overprinted by
Alleghanianagemetamorphism (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 thé\valon terranen eastern Massachusetts (Mosher, 1983; Cazier, 1987) as they
are too young to show any of the older deformation.

Four generations of Allegh&n 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 weakgwof deformation towards theorth The first two
deformationgenerations areharacterizedby compressional tectonics and closure of the basins,
and include the formation of isoclinal to open, WNMfging, NNEtrending upright folds, and
an associated axial planar cleavage (Mosher, 1987; Cazier, 1987). The smupnessional
event is marked by an early axial planar cleavage folded byttigipen, NNWto NNE
trendingand Everging folds, and horizontal, NEending folds. The early axial planar cleavage

is locally crenulated by aesond 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 theiyoungest detrital zircon ages. All dates were deterimed-BY @ircon analysis unless otherwise
noted. Chemical Abrasielsotope Dilution Thermal lonization Mass Spectrometry {UIMS); Laser Ablation
Inductively Couple Plasmilass Spectrometry (LACP-MS); Isotope DilutioAThermal lonization Mass
Spectrometry (IBTIMS); Seconday lon Mass Spectrometry (SIMS).

Avalon terrane

Stratified Rocks Igneous Rocks

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

Zartman and

Hermes (1987) TIMS
Dighton Conglomerate
1-
Narragansett Rhode Island Fm. J:r%n;zsé% gg)d A
and Norfolk 373295 2w ' TIMS?,
basins Wamsutta Fm. agner and fossiP
Lyons (1997)
Pondville @nglomerate
Hepburn et al.
(1993)
Thompson and
Ramezani (2008) CA-TIMS
Acaster and ID-TIMS

Bickford (1999)
Zartman (1977) ID-TIMS
Hermes and

Zartman (1992) ID-TIMS
Thompson and
Ramezani (2008) CA-TIMS
personal
communication of
G.R. Dunningn ID-TIMS
Brady et al. (2014)
Thompson et al.
(2010b) CA-TIMS
Thompson et al.
(2014) CA-TIMS
Thompson et al.
(1996) ID-TIMS
Thompson et al.
(2007) ID-TIMS
Thompson et al
(2014) CA-TIMS
Hermes and
Zartman (1992) ID-TIMS
595.14
+0.90;
Boston basin Roxbury Conglomerate (3§  596.39 Thompson et al. (ii-ﬁgﬂps
locations) +0.79; (2014) MS
598.87
+0.79
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
. Thompson et al.
599 +2 Esnond Granite (2010a) CA-TIMS
. Dillon et al.
599 +2 Cohasset Granite (1993) ID-TIMS
604.4 +1.2 Fall River Granite Thompson etal. | p ryyg
(2010a)
. Walsh et al.
606 +5 Hope Valley Alaskite (2009) SIMS
. . Walsh et al.
607 £5 Northbridge Gneiss (2009) SIMS
. Walsh et al.
612 £5 Ponagansett Gneiss (2009) SIMS
. . Thompson et al.
606 +1.2 Milford Granite (2010a) CA-TIMS
BiELDE, A Thompson et al
609.1 +1.1; Dedham Granite (28103) | CATIMS
609.5 +1.1
CA-TIMS
912.23 Thompson et al. '
Westboro Fm. +0.70 (2012) LA,\-/IIgP-

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

basin, record rexpansion of the basins, and include the formation of local-Nélling,

stbvertical, sinistral shear zones, and vertical; MEENEtrending folds with local eastideup

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

The last deformation event, recorded in the Narragansgtt baly, records further rexpansion

of the southeastern Narragansett basin, and is marked iy ERIE-trending dekal shear

zones (Mosher, 1983).
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CHAPTER 3
METHODS

Detailed structural mapping was carried out in the Pin Hill, Vaughn Hill, and \Batthu
Reservoir areas (Fig-3. Structural data was plottegingStereonet 8.0.0 (Allmendinger et al.,
2012). All structural data is given in dip/diarection (00°/000°) for planes, and trend/plunge
(000°/00°) for lines, in degrees. Map figures weratzd in ArcGIS 10.1 and edited in Adobe
lllustrator.

Geochronology samples were taken at the Pin Hill (Harvard Conglomerate and Ayer
Granodiorit¢ and Vaughn Hill (Vaughn Hill Formation and Vaughn Hill Conglomerate) areas
(Fig. 21). Minerd 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 250um mesh scre€rushed and sieved samples were processied a
Wilfley ™ wetshaking table, heavy liquids, and a FraMtBarrier 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 iragep
cathodoluminescence (CL) and secondary electron imaging (SEI) at the DISGB&

Microbeam Facilityin Lakewood, CO, and analyzed usingPU Laser AblatioAnductively
Coupled Plasmdlass Spectrometry (LACP-MS) at the University of Kansas Geochrtogy
Lab, operated by Andreas Mdller. Metamict zomesirconwere not targeted for analysisA -
ICP-MS ages were corrected for common Pb gisihe method outlined by Anders(2002).
Zircon from the Ayer Granodiorite was hapitked based on clarity amdystal morphology and

analyzed using YPb Chemical Abrasieithermal lonizéion Mass spectrometry (GAIMS;
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after Mattinson2005), at the Massachusetts Institute of Technology (MIT) geochronology lab
by Robert Buchwaldt. Zircon from the Ayer Granite wasimaged because the grains were
expected to have a simple internal structure.

All ages as determined in this study ar

g

LA-ICP-MS analyses hat wer e O5 %daleiesorafQ 1d0a% to, f andhle ad at e,

had &°Pb/®%U and/or®Pbf”U i sot opic error of atioOv@reset of
used to determine maximum depositional age or provenance. For the Ayer Granodiorite, a
20%pp2Y weighted average age of a tight cluster of grainO0 . 1 0% di scor dant
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 lllustrator.

To provide highprecison estimates of maximum depositional agés, two youngest
zircongrains fromthe Harvard Conglomeratand the three youngest zircgrains fromthe
Vaughn Hill Conglomerate, wemsoanalyzed usg U-Pb CATIMS methods at MIT.

Based on the older GAIMS dates of all detrital zircon grains that were analyzed by CA
TIMS and LAICP-MS, the LAICP-MS analyses were affected by-Riss. Therefore, the LA
ICP-MS dates of the five gnas analyzed by both GAIMS and LAICP-MS are not considered
to be the youngest single graii$ie dates determined by €EAMS for detrital suitesvere not
used in provenance analydiecause the very low uncertainty compared to the higher
uncertainty geerated from LAICP-MS analysis greatly skewegmtobability densityplots.

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 Dickirson and Gehrels (2009), requires a cluster of three or more analyses with dates
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overl apping at the N2& Il evel, to be statistic
the youngest single grain to be the maximum depositional age (Brown and G&b0é&ts

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

Both methods assume no-Riss.In thisthesisthe weighted average 8Pbf**U ages of the

youngest cluster of zircon grains using the first metredused 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 &@ehrels, 2009} owever, the youngest single grain is

also reporteddr 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 Harv@ahglomerate and Ayer Granodiorite at Pin Hill,
and of the Vaughn Hill Conglomerate and Vaughn Hill Formation at Vaughpaklipresented.
These are integrated with published rock descriptions at Pin Hill and Vaughn Hill, and published

structure observains in the Worcester and Oakdale formations atWhehusett Reservoir.

4.1  Rock Descriptions

In the following four sections, outcrop to hasample scale field relations are presented
to address the nature of the contact between the Harvard Conglaredader Granodiorite at
Pin Hill, and to determine the relationship between the conglomerate at Pin Hill with that at
Vaughn Hill. The Vaugh Hill Formation at Vaughn Hilvas a subject of this study as it
appeared in gradational contact witlke Yfaughn Hill Conglomerateand is therefore also

described below.

4.1.1 The Harvard Conglomerate

The nonfossiliferous Harvard Conglomerate (Burbank, 1876; Emerson, Hdn&en,
1956; Thompson and Robinson, 1976) consists of -demthick beds of pebblsupported
polymict metaconglomerate, whicipwards in sectiors increasingly interbedded with ~em
50cm thick layers of dargreen, gray and dark gralate (Fig. 4.1 Polymid conglomerate
layers are comsed of 0.5cnB0cm in diameter (lonrgxis), tabular and suéngular to fully

rounded clasts in a brown or grimydak-gray, finegrained argillic and/ofine- 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, andpaque 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 underlyng the NNW portion of the Harvard Conglomerate isE0én thick layer
of massive, coarsgrained, norarkosic, locdly derived metasedimentary rodkigs. 21 and
4.1). This layer is compsed of white to gray quartz nodules that are ~&om in diametem 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 mayergmaserosional surface
(Fig. 4.7). Boththe Harvard Conglomerate and the locatasedimentary rockontain chlorite
and chloritoid andhaveinterpreted to haveeen metamorphosedlower greenschist facies
condition

Although the Harvard Conglomerate and Ayer Granodiorite are exposed wiB0im Df
each other on all sides of PinlHFig. 2.1), the contact between the Harvard Conglomerate and
adjacent Ayer Granodiorite was not directly observ&alvever there is no evidence that the
Harvard Conglomerate is fault boundeiih (seeZenet al, 1983) or intruded by (see Hansen,
1956) tke Ayer Granodioriteln addition,Thompson and Robinson (197#@portan outcrop of
chemically weathered and seriticized Ayer Granodiorite, with competent aplitic déiag
truncated by polymict conglomerate. Therefdhe Harvard Conglomeratg inteipreted to be

lying unconformaly on top of Ayer Granodiorite.
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Figure 4.1 Photos and sketches of litlgly and structure at Pin Hil\. The Harvard Conglomerate (Ph), the
underlying metasedimentary unit (Ims), Aoorphyritic weathered Ayer Granodiorig8acgr), and porphyritic Ayer
Granodiorite, with distance from the Ph/lms contact. Pervasiieshow with dip labeled, strike is displayed by
compass quadrant direction, iS subparallel across contacts and not prasgmbrphyritic Sacgr. BSchemadt
stratigaphic section of Pinlill. U-Pb geochronology ages are show wdttation relative to contac€- Field
photograph and sketch of typical clasts in polymict conglomerate layers of the Harvard ConglometatareClgs

to 30cm across. DField sketch of the nonconformity between the Harvard Conglomerate and Ayer Granodiorite.
Aplitic dykes are cut by, and present as clasts in, the conglomerate. Modifie@iHmmpson and Robinson (1976).
E. Field photograph dfolded Ph/Ims contact.
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A. Field photographs of Harvard Conglomerate,
underlying Ims, chemically weathered Ayer
Granodiorite, and porphyritic Ayer Granodiorite,
with distance from conglomerate/lms contact

C. Typical size and shape of polymict clasts in fine to
coarse grained matrix in Harvard Conglomerate (Ph)

9

B. Schematic stratigraphic section
of Pin Hill, MA

(Not to scale)
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D. Field sketch from Thompson and
Robinson (1976) showing resistant
aplitic dykes in weathered Ayer
Granodiorite cut by overlying
Harvard Conglomerate, and

clasts of the dykes in the conglomerate

E. Ph/Ims contact folded
by moderately to steeply
NW-dipping, shallowly to

moderately SW-plunging F,
folds. S; is axial planar to F,
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4.1.2 The Ayer Granodiorite
Around 100m WNW of the Harvard Conglomerate at Pin Hill, Ayer Granoditéte
containsfeldspar phenocrysts up to 5cm across is preaedtdoesiot contain a tectonic
foliation. Within 0-100m of thdocal metasedimentary roeid the Harard Conglomerate, a
foliated igneous unit is present that Thompson and Robinson (1976) considered a seriticized and
chemically weathered zone of Ayer Granodiorite (Fi@).ZT'his weathered zone of Ayer
Granodiorite has also undergone heavy retrogradeitthétion and lacks visible feldspar closer
to the Harvard Conglomerate alodal metasedimentary rockhe contact between weathd

Ayer Granodiorite and porphyritic Ayer Granodiorite was not observed.

4.1.3 The Vaughn Hill Conglomerate

The nonfossiliferousVaughn Hill Conglomerate (herein unofficially named) occurs on the
northern of the two Vaughn Hills, near Bolton, MA (Figl)2 The Vaughn Hill Conglomerate
consists of ~mrb0cm thick beds of matrigsupported oligomict metaconglomerated
interbedded estabsent argillaceous layewlthough the Vaughn Hill Conglomerate is matrix
supported, individual layers have a high degree of clast density variance. Conglomerate layers
are comprised of opaque to semsnslucent white quartz fragments and lessergmscof light
gray to darkgray quartzite clasts in a gray to dayptay, and graygreenish, finegrained argillic
and/or fine to mediumgrained quartzose matrix (Fig2l Quartz fragments and quartzite
pebbles are rounded tagular, usually sequidimensional and are upo 10cm in diameter,

but 1-5cm fragments are more common. Quartz clasts typically display small strain shadows
parallel to foliation.The presence ahlorite as the highegjrade metamorphic mineraldicates

the conglomerate was naghorphoseat greenschist facies.
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A. Subhorizontal F; fold
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Figure 42- Field photographs of thé. and B Vaughn Hill Conglomerate and th€. and D Vaughn Hill
Formation from the Vaughn Hill area, and of;teeWorcester Formation from the SE shore of the Wachusett
Reservoir, showing stature and lithology.
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4.1.4 Vaughn Hill Formation

At the southern hill o%/aughn Hill, the Vaughn Hill Formation consists of deformed,
~mm-50cm thick beds of interbedded fite coarsegrained quartzite and phyllite. Coarse
grained layers laly contain ~2mmsized quartz grains similar to the smaller quartz fragments
of the Vaughn Hill Conglomeratét 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 welposed and ell-described Robinson, 1978, 1981,
Robinson and Goldsmith, 1991; Goldstein, 1994; Kopera/éaidh, 2014; Kuiper et al., 2014).
We investigated structure in the Worcester and Oakdale formations to increase our structural
database of the eastern Merrimbelt, 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 ofthe Pin Hill area

Structures in the Harvard Conglomerate and underlying metasednyeockare
characterized by one fold generation améssociated axial planar cleavage. In addition, the
Harvard Conglomerate displays intersection lineatadfrtee axial planar cleavage with bedding,
and a second generation of local folds, wthike 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 bcal metasdimentary roclpreserves the best example of folded beddigpi{She
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Harvard Conglomerate. Additionally, locaposurexist of polymict conglomerate in contact
with slate that definesyS

Fold and cleavage generatsom the greater eastern Merrickabelt,specifically the
Worcester and Oakdalermatiors, are displayeth Table 4.1 Deformationat Pin Hill and
Vaughn Hill are assigneslibscriptdbased on comparison to deformation generations in the
easterrMerrimack beltand used here,$ the Harvard Conglomerate is folded by close to tight
m-scale asymmetric folds £{Fand associated cstale parasitic fold&=ig. 4.1) that are
moderately to steeply NWlipping and shallowly to moderately Spunging (Fig.4.3 and 4.1
A pervasive axial planarleavage (8 developed irthese folds dips steeply NW and has an
average orientation ¢61°/325°)in the HarvardConglomerate and (61°/314°) in the local
metasedimentary rocR he underlying weathered zone of Ayer Granodiorite also contains a
distinct fdiation that decreases in prominence away from its contactetlocal
metasedimentary rocnd the Harvard Conglomerate. It is not associated with any visible folds,
but dips moderately NW and has an average orientation of (44°/32&S)orientations similar
to theaxial planarcleavage irthe local metasedimentary roakd the Harvard Conglomerate
(Fig. 4.3). The average of the; &xial planar cleavage from all three units is (52°/322prithe
NW side of Pin Hill has an average dip of 72° NWilel$, on the SE side of Pin Hill has an
average dip of 47° NW, creating a girdilee pattern on a stereonéiut 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 Hilb&nd $ are locally folded by easterlyending, 5cra20cm:
scale, close to open foldBig. 4.3 Fuca). 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 deformatio 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, conapiiettireecomparativegenerations
(D1.3) of recognized deformation ihé eastern Merrim&doelt (Robinson, 1978, 1981; Goldstein, 1992, 1994;
Walsh and Clark, 1999; Koper2005 Walsh et al., 2013a, b; Kopera and Walsh, 2014; Kuiper et al., .2015)
Worcester Formation (DSw); local metasediment below Ph (Ims); Harvard Conglomerate (Ph); Milughn
Conglomerate (Ph*); Ayer Granodiorit€linton facies (Sacgr); Vaughn Hill Formation (SOvh). Planes are in
dip/dip direction, lines are in trend/plunge, all are average orientations in degrees (°).

Structure data from this study compared to established deformation generations

Pin Hill, MA Vaughn Hill, MA Wachusett Reservoir, MA Seis E 2
E: generations of
Ph, Ims, Sacgr Ph*, SOvh DSw deformation in the eastern

Structure type Average orientation (dip/dip-direction or trend/plunge), unless otherwise noted, and notes Merrimack belt

cm-scale isoclinal and Py < .
A 5 . linal folds with bedd b 11
occasionally tight folds, with 3 @ R
F, fold style bedding subparallel to axial axial planar cleavnlg:, occasional non-cylindrical
inge lines
planar cleavage

Sy only- folded along a broad So/S;- folded along a well-defined 47/273- not folded at this location- in one limb of

S/S; (axial planar to Fy) NW-SE girdle NW-SE girdle larger fold

F- early isoclinal with

s variably orientated along a 67/273- not folded at this location- in one limb of % 2
F, axial plane loosely defined NW-SE girdle larger fold D, beddmg-sul(:gn)mllel fabric
1
hallowly to steeply SW-pl '3
F, fold hinge line - and shallowly to moderately NE- hallowly to mod Iy NNW-pl
does not occur- large, o h
e T e At common to uncommon in Vnng n highlighted by beddi z, Hellquartz
F\ occurrence revented chiscale bodinal Hill Formation, uncommon in = vege
P! fold formation Vaughn Hill Conglomerate
close to tight, m-scale
asymmetric fouds with | under cover(?)- Fy and Fy cannot | m-seale to larger, SE- to E-verging, steeply NW- o
F; fold style folds, moderately fo steeply explain folded Sy/S,, may be ‘W-dipping ly N-pl (G 1994;
NW.-dipping, shallowly to similar in style to F; at Pin Hill Kopera and Walsh, 2014)
Q Iv SW.
- SWrplusging Fz- km-scale N-S- to NE-
S, (axial planar to F) 52/322 59/326 B trending upright folds
usually overturned to the
F&;:‘:;;‘:S(.m 56/307 73/317 - D: east with subvertical
crenulation of spaced axial
F fold hinge (calculated . planar cleavage (S;)
from folded S, or Sy/S:) 88 eze
common throughout, best 2
3 may be ', N0 M- at p to p scale (Kopera
Kz oceartence seenin nl’“"’ld‘:'; on mescale WE | scale W-E striking cliff faces and Walsh, 2014)

F;- subhorizontal chevron
D; folds with associated
cleavage (S;)

shallowly to moderately SW- hallowly SW-plungi ke
Intersection lineations plunging, shallowly NE-

y
to moderately NE-plunging

broader region. However, their fold hinge lines plot in a cluster towards theiBWér to
intersection lineations.
Sy/Syintersection lineations ¢l are best developed in figrained slate layers of the

Harvard Conglomerate. Intersection lineations generally plunge shallowly to moderately towards
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the SW, with a minor, shallowdi}E plunging compoent, parallel to the trend of Folds (Fig.

4.3).

4.2.2 Structural geology of the Vaughn Hill aea

The Vaughn Hill Conglomerate and Vaughn Hill Formation show similar structures,
characterized by two generations of folds, three generations of cledeaagepment, and one or
more intersection lineations. Bedding) % folded by crrscale, isoclinal to occasionally tight F
folds (Fig. 42) that dip along a lo@dy defined NWSE girdle (Fig. 4.3 and 4.4and plunge
shallowly to steeply towards the SWdamoderately towards the NE. Occasionallyfdfds
have slightly norcylindrical hinges. An associated axial planar cleavageigSubparallel to &
except in I hinge areas.

So/S; is crosscut by a pervasive foliationp $hat dips moderately to stdgpowards the
NW, with an average orientation of (59°/32@F)g. 4.3. No F, folds were observed in either
unit associated with this pervasive foliation, but polesyt&; plot along a ell-defined NWSE
girdle (Fig. 4.3, suggesting they were folded.
So/S1, Fi, and S are locally folded by open to close, roundedaieely chevron, cato m-scale,
subhorizontal to recumbent folds (Fig. 42) that are shallowly SE and N\ipping, andrend
towards the NE and SW (Figs.%.8lo associated axial planar cleavage was observed with any
confidence in the Vaughn Hill Conglomerate. In ¥@ughn Hill Formation such an axial planar
cleavage (§ is faint but subhorizontal. Intersection lineationg) @f S, with Sy/S;, andpossibly
of S with S, generally plunge shallowly to steeply towatiks NE, with a minor, shallowigWwW

plunging componer(Fig. 4.3.
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A. Pin Hill, MA 61°/314° B. Vaughn Hill, MA
n=266

44°/328° 59°/326°

51°/325°
Poles to planes and lines

So

So/S1

S0/S1 (Oakdale Fm.)

S2

S2 (Harvard Conglomerate- Ph)

S2 (local metasedimentary unit- Ims)
S2 (chemically weathered Ayer Granodiorite- Sacgr)
S3

intersection lineation
stretching lineation

C. Wachusett Reservoir, MA
n=127

N

Flocal axial plane
Flocal fold hinge line
F1 axial plane

F1 fold hinge line

F3 axial plane

ST N 1al-ar
F3 fold hinge line LTS

lower-hemisphere
projection

XE+$H > oo soe0 e o0

@ Sz in Ph @ S in Sacgr @ S, in Ph*
(

weathered zone) and SOvh

@ S, in Ims @ S2- average of

Ph, Ims, Sacgr

Figure 4.3 Equatlarea lowethemisphere projdions of structuratlata for: A.the Harvard Conglomerate (Ph), the
underlying metasedimentary unit (Ims), and the Ayer GranodiGlitgon facies (Sacgr) at Pin Hill, MA; Bhe
Vaughn Hill Conglomerat¢Ph*) and the Vaughn Hill Formation (SOvh)\éaughn Hill, MA; C.the Worcester and
Oakdale formations along the SSE and SSW shoteedfMachusett Reservoir, MA&iQ. 21). Average orientation
of S; at Pin Hill and Vaughn Hill shown in dip/digirection. The greatircle in A.is the average orientation of &
Pin Hill.
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A. Pin Hill, MA

« data points (poles to
planes and lines)

average orientation
of structure with
dip/dip direction

_calculated F; axial
- plane and fold axis
. from folded So or
£ Sy/S, with dip/dip
: direction

Sz Intersection lineation
n=162 n=33

B. Vaughn Hill, MA Kamb contour-intervals

2-4o

N equal-area
N O lower-hemisphere
So/S1 Intersection lineation projection
n=103 n=60 n=52

C. Wachusett Reservoir, MA (SE shore)

+
no preferred Kamb
* orientation

F; axial plane F, fold hinge F; axial plane F, fold hinge
n=10 n=19 n=11 n=11
g 9,
‘ @
Ss and F; axial plane F; fold hinge F; axial plane F; fold hinge
n=20 n=26 n=18 n=15

Figure 4.4 Equalarea lowethemisphere projections of structural data forthe Harvard Conglomerate,

underlying metasedimentary unit, and Aggranodiorite, at Pin Hill, MA; Bthe Vaughn Hill Conglomerate and
Formation at Vaughn Hill, MA, andC. the Worcester Formation along the SE shore of the Wachusett Reservoir,
MA. Data is contoured using Kamb doars (Kamb, 1959)
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4.2.3 Structural geology of the Worcester and Oakdale formations

The structure of the Worcester and Oakdale formatmfrthe Merrimack belt was
investigated along the SE, S, and SW stofehe Wachusett Reservoir (FiglR 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 @dstemack belt(Robinson,
1978, 1981; Robingsoand Goldsmith, 1991; Goldstein, 1994; Kopera and Walsh,, Xalger
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
extrapoated to a broadévlerrimack beltregion 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, abséemvetures
are compared with, and described in the context of, known deformation events from Robinson
(1978, 1981), Goldstein (1994), and Kopera and Walsh (2014), and Kuipef2€x14).

Results from this study indicate thatdips shallowly to stedp 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 Resery@rfo®led by ~10rrscale | folds in
the Worcester and Oakdale formations (Kope\Malsh, 2014), however, measurements were
made in only one limb of these large folds so poles tioShot plot along a girdleniFigure 4.3
In the Worcester Formationg 8nd $-parallel quartz veins are folded by €ta 5cmscale,
isoclinal folds withnon-cylindrical hinges that dip steeply towards the W and plunge shallowly
to maderately towards the NNW (Figs. 4.2\n associated axial planar cleavage is subparallel to
S (Goldstein, 1994). This fold and cleavage generation corresponds te fillerics, R and S,

respectively, of Robinson (1981) and Kopera and Walsh (2014). Locally, sandy layers of the
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Oakdale Formatioareisoclinally folded by cmto 20cmscale folds with highly nogylindrical
fold hinges. $in the Worcester Formation along theigeern shores of the Wachusett Reservoir
is broadly folded about an outcrspale synformal structure {Rhat verges to the SE, and F
folds are rotated into parallelism with apdkxial planar cleavage {Bthat dips towards the NW
(Kopera and Walsh, 2@).

Sy/S: and isoclinal i-folds are locally folded by cato 10cmscale, tight to close,
recumbent to shallowly NN#ipping, horizontal to moderately NNRlunging, chevron to
slightly rounded folds (Figs..2and 4.3. S near the outer arc of thesedslcan be more
rounded, while gnear the inner arc of these folds is almost always chevron in style. This fold
generation corresponds with Bf (Robinson, 1978; 1981) and; Bf Kopera and Walsh (2014),
which are characterizday N-trending, shallowly NEdipping recumbent chevron folds; F
recumbent folds vary in shape based gthigkness and lithology, and-stale recumbent folds
can be observed nearby in thicker, bedded sandstone layers of the Worcester Formation (Kopera
and Walsh, 2014). Lineations gérnet strain shadows in the Oakdale Formation, and a foliation

with unknown structural significance trend towards théRig. 4.3.

4.3  U-Pb Zircon Geochronology Results

U-Pb detrital zircon geochronology analysis was completed for the Harvard
Conglomeate, Vaughn Hill Conglomerate, and Vaughn Hill Formation to determine their
maximum depositional ages and provenance characteristeb.rdagmatic zircon analysis was
completed for the Ayer Granodiorite at Pin Hill to help clarify if the Ayer Granodigsiblder
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 sam@éthe northeastern crest of Pin Hill at Harvard,
MA (Fig. 2; lat/long: 71A3564.1640W 42A300640.
consists of gray to dark grayeathered polymict conglomerate layers with <P08m pebbles of
guartzite and smaller quarpebbles in an argillic matrix, interbedded with masispported
conglomerate and thiargillaceoudayers. An evemix of all layers was sampled, so that the
data represent a compilation of all possible provenance sources.
Zircon grains of the Harvardabglomerate range from ~60um to 450um along their long axis
(Fig. 4.5. Grains longer than 250um slipped through the 250um sieve mesh because of their
<250um short axes. Over 50% of the grains have an aspect ratio of 1.5 to 3. 20% of the sample
consists ofyrains with aspect ratios of <1.5 or >3. The remainder of the grains are fragments.
Grains are commonly euhedral, anhedsald elliptical (Fig. 4.p In plane polarized light grains
are clear, cloudy, or cloudyrown. Elliptical grains are always cloutty cloudybrown. Most
grains contain fractures parallel to the long axis and clear, black, andforored 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 core@ig. 4.9. Zircon does not appear tontain sigificant metamorphic textures.

LA-ICP-MS analysis was carried out on 1484tions on 136 zircon grains. After
discading analyses due to excess error, 123 gnaere used to calculate maximum depositional
age ando determine provenanc@nalyses for all the grainsan be found in Appendicésand
B. The largest cluster of gres (42% of the sample) occurs at ~4810 Ma with a narrowhigh

peak at ~430 Ma (Figt.6). A subdominant cluster (26% of the sample) occurs at -Z8®Ma.
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A. Harvard Conglomerate B. Vaughn Hill Conglomerate

C. Vaughn Hill Formation

D. Ayer Granodiorite- Clinton facies

Figure 4.5 Representative detritalrzion of the A. Harvard Conglomerat®. Vaughn Hill Conglomerate; C.
Vaughn Hill Formation, andD. the Ayer GranodioriteD. is transmitted light of zircon in a petri didbaser
ablation spots are visible in transmitted light images of detrital zi€athodoluminescend€L).
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A broadspread of analys€29% of the sample) occurs at ~15880 Ma, with one peak at
~1220 Ma Four grains are older than ~1900 Ma and form a cluster at ~2000 Ma.

Nine corerim pairs were analyzed to investigate whether multiple age domains exist in a
single grain. Four grains had ceim ages within error of each other, three grains had rim ages
~5-18 Ma older than core ages, and two grains had core ag¥3 Ma older than rim ages.

Cores that are younger than rims are interpreted to have undergtoss Because three grains

had cores ages younger than rims ages, and four grains hathtages 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 gdwio dates from one grain or by using just the younger of
the two dates from each grain.

The two youngest zircon graifgrains 18.128.57 and-69) have’®Pb/®U ages of
371.5 + 7.4 Ma an847.7 + 4.7 Ma using LACP-MS. These grainwer e O5 % ki scor dar
did not define a cluster. However, they weranalyzedoy CA-TIMS methods to improve
precision and yielded*Pb/*®U ages of 427.1 + 0.3 Ma and 420.1 + 1.2 Ma, respectifdy (

4.7). The younger LACP-MS dates are interpreted to reflectiBbs 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 fRiss, they are not considered to represent the

youngest single grain ages. Grain 18-#28as £°°Pb/*®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 MaTheyoungestluster of three or more graifsat over |l ap at the 2
13 grains with 8°PbF3%U weighted average age of 414.6 + 2.1 Ma (TdbBe 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 VaughrHill Conglomerate was sampled on the top of the northern Vaughn Hill at

Bolton,Ma (Fig.21; | at/ |l ong: 71A36659.5850W/ 42A270643.

pavement style outcrop is on the top of North Vaughn Hill and consisted édanmguartz
fragmentclasts in a fineggrained sandy and phyllitic matrix.

Zircon grainsof the Vaughn Hill Conglomerate range from ~60um to 250um. 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 & an aspect ratio from 1 to 1.4. Most graans euhedral to anhedral; ~25%
are ellipsoidal to round (Fig. 4.9n plane polarized light grains are clear or cloudy with
occasional clear, brown, browed, and/or black inclusion&rains appear both Chright and
CL-dark, obscuring features, while other grains have visible, verydegkloped thin and/or
broad concentric zones and rik$g. 4.9. Zircongrains do not appear taontain significant
metamorphic texturet)-Pb LA-ICP-MS analysis was carried out on 140 spots on 139 zircon
grains. After discarding analyses dueskwess errqrl09 grainsvere used to calculate maximum
depositionabge and to determine provenandmalyses for all thgrainscan be found in
AppendiceA and B The largest cluster of grains (47% of the sample) occurs at48BMa
with a thin, high peak at ~431 Ma (F#§6). A subdominant cluster (35% of the sample) occurs
at ~680500 Ma with or 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 doubknalyzed for corgim dates and resulted fiPb?*®U ages of
448.4 + 68 Ma for the core and 422.1 £+ 6.0 Ma for the rim. Only the rim age was used for
further analysiso remain consistent with what was used for aarepair dates for the Harvard

Conglomerate
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Figure 4.6 Wetherill concordiadiagrams of theA. Harvard Conglomerate; D. Vaughn Hill Conglomeraieq G.

Vaughn Hill FormationinsetWetherill concordia diagrams of thB. Harvard Conglomerate; Eaughn Hill

Conglomerate, andd. Vaughn Hill Formationshow youngest cluster oirgon thatdefine the maximum
depositional age (over |8 % weightadeavetage age énbad. Brobabifityldersisys o ¢ i a |
plots for the C. Harvard Conglomerate; Faughn Hill Conglomerate, andl Vaughn Hill Formation display all

concodant grains; prominent peak ages are labeled ({®b?°%U dates were used for grains <800 Ma, and

pphf%Pph dates were used d6gmmbinsusedfor€F, &8 I0A0 Maa.t a4 G nhcilsutdes 2 ¢
uncertainty Data in these plots correspotablue and white rows in Appendices A and B.
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Three zircon grains (18.1284,-157, and-194) haveé®Pbf*®U LA-ICP-MS ages of
335.5 + 5.3 Ma, 293.6 £ 70 Ma,@B36.5 + 71 MaAll threewere redated by CATIMS
methods to improvprecision CA-TIMS analysis yielded’®Pb/*®U ages of 419.9 + 0.2 Ma,
403.5 + 0.4 Ma, and 410.6 + 0.5 Ma, respectively (&ig). The younger LAICP-MS dates are
interpreted to reflect Rlmss The chemical annealing process removes zircon zones that have
lost Pb, resulting in an older date. Because the very yourlfCPAVIS dates are affected by b
loss, they are not considered to es@ant the youngest single grain ages. HoweveC#£&IMS
date of 403.5 + 0.4 Ma is younger than anyIOP-MS date and does not record-Bbs, thus
the youngest single grain age of the Vaughn Hill Conglomerate is interpreted@8.bet 0.4
Ma.Theyoungest | ust er of three or more grains that o
with a?°Pb/*®U weighted average age of 415.7 + 2.5 (Wable4.2). The maximum
depositional age of the Vaughn Hill Conglomerate is interpreted to be ~41Gria.18.128
187, with a?*®PbF3%U age of 405.0 +25 Ma (AppendiX Bvas not included in the maximum
depositional age calculation because its errb¥Sdimes greater than the next five grains that

overlap at the 20 | evel

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.12lat/long: 71°3d 1 1. 06 6 O W/ 42 A27627 . 7 2
outcrop here consists of interbedded quartzitesathardinate phyllite
Zircon grains of the Vaughn Hill Formation are <60um to ~200um along their long axis.
All of the grains are either anhedral, highly abraded, or fraggnertept 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 olU-Pb zircon ages for the Harvard and Vaughn Hill conglomerates, the Vaughn Hill

Formation, and the Ayer Granodiori€linton facies. Bold dates are considered the maximum depositional age for

the Harvard and Vaughn Hill conglomerate and Vaugh Hill Foonatind the crystallization age for the Ayer

Granodiorite. All ages ar@Pb/®U dates. Error s -nduetivelZdupledPlasailass Abl at i on
Spectrometry (LACP-MS); Chemical AbrasiofThermal lonization Mass Spectrometry (JAMS).

Summary oéges of units analyzed in this study
Harvard Vaughn Hill Vaughn Hill Graﬁgdeii)rite
Conglomerate Conglomerate Formation : )
(Clinton facies)
LA-ICP-MS CATIMS
Maximum depositional age
weighted average age of tH  414.6 + 2.1 Ma 415.7 + 2.5 Ma 463.0 + 28.0 Ma
youngest cluster of three of (MSWD= 1.70; (MSWD= 0.35; (MSWD= 2.00; -
more grans that overlap at n=13) n=>5) n=3)
the 20 | e
. . 403.5 £ 0.4 Ma
Youngest single grain 408.8 £+ 5.4 Ma (CA-TIMS) 450.6 £ 16 Ma -
Crystallization age
weighted a&erage age of 420.1 19'1 M&_I
00.10% di s i i i (MSW_D‘ 0.77;
magmatic zircon 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 argenerally cloudy to cloudiprown, some are clear, and a few are very

dark. Clear, browsted, and black inclusions are common. Grains tend to be too small, too CL
bright, or too Ckdark to see zone and core structures, and metamorphic overgrdattever,

a select few do show thin to broad zonation structures with irregular boundaries that are sharp to
diffuse (Fig. 4.9.

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 todkeflaistinct coreim pairs. After
discarding grains due to excess ey@f grains were used to calculate maximum depositional
age ad determine provenanc&nalyses for all the grains can be found in AppendiAAmall,
young cluster of grains (4% tiie sample) occurs at ~5d80 Ma with a welldefined peak at

~470 Ma(Fig. 4.6) The largest cluster of grains (45% of the sample) occurs at5Z=Ma
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with two high peaks at ~560 Ma and 645 Ma. High butdominant peaks occur at 610 Ma,
665 Ma, and 70 Ma. Many smaller peaks oacwithin this dominant cluster. A broad spread of
grains (29% of the sample) ocatr~1506850 Ma. A large gap in zircon input (~350Ma)
separates the ~15@50 Ma population from another broad cluster (17% of the sample) at
~22251750 Ma. Another gap in the zircon record (~230 Ma) separates the previous cluster from
the oldest cluster of grains (5% of the sample) at ~2Z&D Ma.
The youngest single grain ha8’@b/?*U age of 450.6 +16 Md.heyoungestluster of
threeormmr e grains that overl ap at P8 weighted evel i
average age of 463.0 £28 Ma (Ta#l@). The maximum depositional age of the Vaughn Hill

Formation is interpreted to be ~463 Ma.

4.3.4 The Ayer Granodiorite
Non-porphyitic, 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 ai&dd0fromthe local

metasetnentary rockFig.21; | at /1l ong: 71A37611.0660W/ 42A276¢
All the zircongrainsfrom this location are euhedral and prismatic with clear crystal

faces. Some are stubby. The graioshot appear to have been affected by the weathering event.

Somegrainshaveclear and prismatic inclusionk total 11 zircongAppendix B)were analyzed

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

Conglomerate, which lies nonconforbiaon top of the granodioritdive grains ar® 0 . 1 0 %

discordant and define a tight cluster witfP®b/*% weighted average age of 420.1 + 0.1 Ma
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(Table4.2, Fig.4.7). The other six grains are >0.10% discordant and older. These grains may

record older inherited core ages.

A. LA-ICP-MS vs. CA-TIMS B. LA-ICP-MS vs. CA-TIMS
analyses for the Harvard analyses for the Vaughn Hill
Conglomerate Conglomerate
CA-TIMS il ‘
0.070 analyses A 0.07} LA-ICP-MS
analyses 400_
(n=3) "
0.066 0.06f
> 0.062 C. CA-TIMS
g 0.062 0.05 7300 analyses
" 0058 Y R
200
0.054 o 0.03
’/ analyses
a (n=2) 048 049 050 051 052
0.050 L&
0.36 0.40 0.44 048 052 0.56 0.0 0.2 0.4 0.6 0.8 1.0 1.2
207]]bj‘235U ZDTPb’IZSSU
0.0696
D. Clinton faci oot
. Llinton Tacies
Ayer Granodiorite- 432
0.0692 + chemically weathered
zone 0
s
0.0688
4 0.0684
E_-’: ZOSP}’IZBEU
2 weighted average age
0.0680
0.0676
420.0
s
0.0672 AN —0.01%
, discordant 420,134 0.11 Ma
MSWD =0.77
(n=5) 419.6 S 0
0.0668 . . . . . L . . . " . .

0.506 0.510 0.514 0.518 0.522 0526 0.530 0.534 0.538

207l)b.‘.‘235l_"

Figure 4.7 Wetherill concordia diagramsfehe: A. Harvard Conglomerate, and. and CVaughn Hill
Conglomeratgshowing the comparison between the three youngest grains as analyzed®y-MS and their

CA-TIMS analysis. Arrows show the same grain as analyzed by the tvimdsdDd. Chemically weathered Clinton
facies Ayer Granodiorite at PinilH MA, analyzed by CATIMS. D. Includes thé’®Pb/*®%U weighted average age

of zircon that adferm®tight OustésAlldliag @o ri charntudaes 20 uncert ai
lines represent error of tK&U and***U decay constants.
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CHAPTER 5
DISCUSSION

Below, we discuss (1) threlationsip of thePennsylvaniailCoal MineBrook Formation
with theHarvard 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 etern 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; Rolhind@doldsmith, 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 defornmatiocurred in the eastern Merrimack belt
(Goldstein, 1994). The following thresilsections summarize all available research on the Coal
Mine Brook Formation, discuss the relationship of the Harvard Conglomerate with the Vaughn
Hill Conglomerateand withadjacent Ayer Granodiorite, and discuss the relationship of the Coal

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

The Coal Mine Brook Formation was described in detail by Grew (18 43)nsists of
Unit F and Unit G of Grew (1973) and is considered to have been deposited imamoa
environment as coarse clastic rocks in an area of low relief known as the Worcester Basin, near
an area of high relief (Fig.2 Grew, 1973; Robinsoand 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 sadti granulite, and veiquartz. Theolymict conglomerates
characterized by a quartz and feldspar matrix contaciasgis up to 13cm in diameter,
consisting, in order of decreasiagundanceof phyllite, quarzite, granite, and vein quartEzhe
arkose layer is comprised 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 metanthracite (Grew, 1973). The stratigraphic sequence of Unitl [an
IS uncertain, as they are not in contact with each other (Grew, 1973). Clasts ofigtarpteted
to be from the granite at Millstone Hiit Unit F have been dateat 372 +7.0 Ma and 365 £15
Ma (U-Pb ID-TIMS zircongeochronologyZartman and Marvin,991), and therefore Unit F is
younger than 365 +15 Ma. Unit Firgerpretedo bePennsylvanian in age basedfaid
relations, radiometric &g, and regional consideratigi@ew, 1973). Unit G imterpreted to be
mid- to latePennsylvanian based orapt fossils (Grew, 1973; Lyons et al., 1976). The basal
contact of Unit F with surroundingerrimack beltrocks is not exposed. However, because Unit
F is younger than the Late Devonian tmaca granite at Millstone Hill (Zen et al., 1983) and
Silurian meapelitic 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 metansexphp to garnet

grade anatontains 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; Cuei and Jahns, 1952; Hansen, 1956; Grew, 1973; Thompson and
Robinson, 1976). However, this was questioned by Robinson and Goldsmith [Ie9dast
diversity (variety of quartzite, slate, granite, quartz), large clast size (up to 30cm), and high clast
densty in the clastsupported Harvard Conglomerate are in contrast with theclast 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 Harvarthlomerate 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 argvithin uncertainty of each other a415416Ma and, and the detrital zircon
age distributions are similar for both uniBased 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 zircorgeochronology 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 ofithie same
Based on the Vaughn Hill Conglomeralewer average clast size, smaller clast variety,
and lower density of clasts compared to the Harvard Conglom#ératéaughn Hill
Conglomerate may have been deposited more distally from a common comuzed tothe

Harvard Conglomeratén a low-energy (i.e. flood plain, curtain of an alluvial fan) environment.
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Based on thélarvard Conglomeratdarger clast size, higher clasfpe variety, and thicker
conglomerate layers, comparexdthe Vaughn Hill Conglmerate, he 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) environmdatvever, slate bedsf the

Harvard Conglomerate also inases in thickness and presence up in se(fiign 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 commorsource towards the south, and the same maximum depositional age and
provenance, a north to south sedimgansport direction during deposition of the Harvard and
Vaughn Hill conglomerates is possible, consistent with prior interpretations of a qudaizite c
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 ahearing obrittle deformation along the contaetfault contact is unlikely.

Between the Harvard Conglomerate and the Ayer Granodiorite afoadk-sericite
metasedimentamynit is locally exposed (Figs.Rand 4.}, which has not been identified
previously. tis in sharp contact with overhg Harvard Conglomerate (Fig. 4,5uggesting the
contact is a disconformity as opposed to a gradational contact reflecting continuous deposition.
Based on its compositioof quartz nodules in a quartericite matrix (Rjy. 4.1), and the local

nature of the unithe local metasedimentiisterpreedas detritus from a seriticized and

weathered zone of Ayer Granodie. If true, it represents a time between ~420 Ma (age of the
Ayer Granodiorite) and the age of depositadrthe 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 crosguts competent aplite dykes in the granodioftig.(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 rottkebelow
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 baed on the maximum depositional age difference between the two units
(~463 Ma for tle Vaughn Hill Formation and ~428a for the Vaughn Hill Conglomeratenay
be in disconformable contact with fthe unexposed contact between the Vaughn Hill
Conglomerateand adjacent Devens Gneiss Complex, a gneissic and equigranular quartz
monzonite to gartz diorite complex (Gore, 19Y,Gappears planar (Fig.13 and may represent a
nonconformity or an intrusive contact.

The porphyritic, Clinton facies Ayer Granodiorigedescribed as containing weathered
zones near boundary areas (Zen et al., 1983), and Thompson and Robinson (1976) observed
beddedpolymict conglomerate bedding in contact with seriticized and weathered Ayer
Granodiorite at Pin Hill. The observations froinms thesisare consistent with Thompson and
Robinsonds (1976) observation that the Ayer
contact with the Harvard Conglomerate. Weathered Ayer Granodiorite lacks visible feldspar,
contains nodules of wdaringresistant quartz, and is present in its porphyritic variety ~100m to
the NW of the Harvard Conglomerate (Figl 2nd 4.}, which is consistent with the Clinton
facies and distinguishes it from the Dewvmmsig Pond faciesThe contact between the

weathered and neweathered 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 deeetl; bud 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 SSMQ. 21). 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 unconformaloly older units of th&lerrimack 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 anhughn Hill conglomerates with the Coal Min Brook Formation, the
Harvard and Vaughn Hill conglomerates may represent a siagked, or older, stratigraphically
lower section of the basin. Alternatively it may be a separate earlier (earliest Devoniam?) bas

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 Alleghaniamyoiasy
interpreted by Goldstein (1994). Because the Harvard and Vaughn Hill conglomerates did not
incorporate zircon from the nearby and extensive -375Ma Chelmsford Granite, ~379 Ma
Eastford Granite, and ~386 Ma granite at Prospect Hill (Talh)eghd 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 ~4456 Ma youngest detrital zircon populations. However, it is

possible that the lack of 382 Mazircon and the lack of fossiliferous bedding in the Harvard

52



and Vaughn Hill conglomerates is a result of paleotopography and paleogeomorphology
differences between the northern and southern eaddemnmack belf and that the two
conglomerates are Penhsnian. 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 othes unihe easterMerrimack belt(Peck,
1975; Robinson, 1978; 1981; Goldstein, 1992; 1994lsh and Clark, 1999; Kopera, 2006;
Attenoukon, 2009Walsh et al., 2013a, Kopera andValsh, 2014; Kuiper et al., 20L4Any
comparative structures between thetdad Conglomerate, Vaughn Hill Conglomerate, and
Vaughn Hill Formation with the extensive Worcester Formation may be extrapolated to a
broademMerrimack beltregion than around the Vaughn Hill and/or Pin Hill ardéde structural
interpretations of thei® 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 bel

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

The deformation history of the Worcester Formation of the southeddegrrmack belt
has been studigdPeck, 1975; Robinson, 1978; 1981; Goldstein, 1992; \@4sh and Clark,
1999; Kopera, 20Q8Nalsh et al., 2013a, Kopera andValsh, 2014; Kuiper et al., 20114t is
characterized by B; event defined bgarly isoclinal crikm-scale folds (P and associated

beddingsubparallel axial planar cleavage/(®). Beddingsubparallel quartz veins are folded by
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F; folds (Table 4.1) Cmscale k folds are locally nostylindrical (Kopera and Walsh, 2014).

Along the SSW shore of the Wachusett reservoir, in Zone | of Goldstein (I33%bnsists of

tight to isoclinal mto km-scale, N to NE-trending upright to sulertical folds (F), overturned

to the E or SE, with an associated steeply dipping axial planar cleayageg®ral outcrop

scale F folds verge to the SBVest of theNorcester Formation at the Wachudegiservoir, in

Zone |l of Goldstein (1994),.klips steeply SE and plunges shallowly SW while associated S
dips steeply SE. XD, of Robinson, 1978; 1981) is represented by wm-scale recumbent to
shallowly NEdipping, Ntrending chevron folds @Fwith an associated axial planar cleavage

(S3) in Zone | of Goldstein (1994). Subhorizontglfélds are ubiquitous in steeply dipping beds

in the easterMerrimack belt(Peck, 1975; Robinson, 1978; Goldstein, 1994). The size and shape
of F; folds vary basedn bed thickness and lithology, and can beaale in bedded sandstone
layers of the Worcester Formation (Kopera and Walsh, 2014). West of the Worcester Formation

at the Wachusett Reservoir, in Zone 1l of Goldstein (19945 Borizontal to shHiowly 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, underl{aegl metasedimentary
rock, and weathered Ayer Granodiorite at Pill &re subparallel to each other (Fig. 4.8nd
likely formedduringthe same deformation event. The average orientation of the three foliations
at Pin Hill is shown irFigures 4.3and4.4, and in Table 4.1The 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 the eastern Merrimack bélfable 4.1; Fig.
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4.4). At Pin Hill S; is axial planar to rscale, moderately to steeply Nulpping, shallowly to
moderately S\Wplunging, F folds (Fig. 2.2) In the Vaughn Hill Formation and Conglomerate
no folds are associated with. Fhe lack of observedfn 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 gftBat are over several meters wide and a
meter high, while at Vaughn Hill n&-perpendicular cliff exposures exist. The average
orientation of fold axial planes from folded'S, at Vaughn Hill is (73°/317°), and from folded
S at PinHill it is (56°/307°) (Table 4.1; Fig. 4). Calculated axial planes from Vaughn Hill and
Pin Hill are subparallel to each other, and both are subparallel to paraljet®i@ Hill and $
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 thepectivdocations In addition,
a calculated fold hinge line at Pin Hill is parallel to observed fold hinges ddasured Faxial
planar cleavage of isoclinal folds in the Vaughn Hill Conglomerate and Formation do not show a
preferred orientatio(Fig. 4.4). However, they plot on a broad NBE girdlethatcannot be
explained by Efolds, and instead correspond to the-8¥/-trending F, folds observed at Pin
Hill. For these reasons, we interpreta Pin Hill and E at Vaughn Hill (and Sat both
locations) to hae formed during the same event.

Figure2.2shows crossections ofaa 6 abndéd Hiop 21efor Pin Hill and Vaughn
Hill, respectively. Isoclinal folds at Vaughn Hill look similar in style and size to tHel&s in
the Worcester Forntian (Table 4.}, but do not have the same axial plane orientation because
they are folded along a NASE girdle defined by NESW trending Efolds, while those observed
during this study in the Worcester Formation are from grenb. Isoclinal folds at Aughn Hill

contain beddingparallel axial planar cleavage, the sameaaxial planar cleavage in the
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Worcester Formation. Furthermore,df F; folds in the Worcester Formation are not consistent
with the orientation or style of isoclinal folds at Vaugdtifi (Table 4.). Thus,it is interpreed
that early isoclinal folds and associated bedgiatpllel cleavage in the Vaughn Hill
Conglomerate and Formation at Vaughn Hill to be equivalent &amé& $/S; in the Worcester
Formation, and likely a result &f; in the Merrimack belt (Table 4.1The lack of early isoclinal
folds in the Harvard Conglomerate may be because the Harvard Conglomerate is too young to
have experienced;Rieformation. However, because the Vaughn Hill Conglomerate does
contain early isclinal folds and both units share the same maximum depositional age and
provenance, it is probable that the Harvard Conglomerate was present dudigigiation.
The lack of isoclinal folds in the Harvard Conglomerate may be a result of its compéteat na
(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 Hhanglomerate. 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 esaale, NWdipping folds and associated
axid planar cleavage at Pin Hill (Fi@.2, and because the axial planar cleavage of these folds
crosscut §S; and is crosscut by a later subhorizontal foliation at Vaughn Hill, these folds are
likely the same a®r related to fFand S in the Worcester Fenation(Table 4.). F; in the
Harvard Conglomerate, and i@ the Harvard and Vaughn Hill conglomerates, and Vaughn Hill
Formation, is thus likely a result of,in the Merrimack belt (Table 4.1This is supported by
the orientation of calculated axidbpes from folded &at Pin Hill and folded 8S, at Vaughn

Hill, andis consistent with the orientation of steeply Mipping F, axial planar foliation at both
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locations(Fig. 2.2) and in the eastemerrimack belt Furthermore, the orientations of foldsgl

at Pin Hill and of folded &S; at Vaughn Hill is not consistent with the orientation pbFF;in

the Worcester Formation, and thus is not likely a result;ar; events. Eplunges shallowly

to moderately SW at Pin Hill and shallowly to modelaNE at Vaughn Hill, based on observed
plunge of F; at Pin Hill, the orientation of intersection lineationg)(at both locations, and the
orientation of calculated hinge linasboth locationsTable 4.1 Fig. 4.4, in agreement with the
orientaton of F, in Zone | of Goldstein (1994).

The style of recumbent to subhorizontal,-conm-scale, rounded to rarely chevron folds
and associated axial planar cleavage in the Vaughn Hill Conglomerate and Vaughn Hill
Formation(Fig. 2.9 are consistent witthe style of subhorizontak Folds and $axial planar
cleavage of in the eastelrerrimack belt(Table 4.). Thus, and S in the Vaughn Hill
Conglomerateand Formation may be a resaftD3 in the Merrimack belt (Table 4).1At
Vaughn Hill, ; foldsare cm to m-scale, commonly rounded and rarely chevron, while in the
Worcester Formationgfolds are commonly crscale and chevron. The difference in shape of
these folds may be a result of thicker bedding at Vaughn Hill compared to theldimahated
bedding of Worcester Formation along the SE shore of the Wachusett Resegriabits At
Vaughn Hill dip towards the NW and SE and plunge towards the NE and SW, while in the

Worcester Formationgfolds dip and plunge NNE.

5.3  U-Pb Geochronology
The Hawvard Conglomerate, Vaughn Hill Conglomerate, and Vaughn Hill Formation are
compared to published detrital zircon data fromMerimack belt theNashoba terranehe

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) inF-iguié

are exposed to varying degrees in the southeastern Nglari@nAppalachians. Figugel-(1)

shows the age of major, primaziyconforming geologic events the eastern Laurentian craton
(Cawood et al., 2001) and the Amazonian craton of supercontinent Gondwana (Sadowski and
Betencourt 1996; Tassinand Macambria, 1999; Santos et al., 2000) as compiled by ance

al. (2008). Figures.1-(2-3) show the age of primary zircdarming 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
theMerrimack beltandNashoba terran@ables 21 and2.2). Below we discuss which
cratons/terranes/units could (not) have provided material to the Harvartb@engte, 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 terrang included for completeness, but is not considered as a
source of zircon for the Harvard or Vaughn Hill conglomerates becauba#teba terraneas
between thévalon terraneand theMerrimack beltduring the maximum depositional age of the
conglomerates. Adtdonally, theAvalon terrangs not considered a source of zircon for the
Vaughn Hill Formation because it was separated frorAtladon terrandoy theNashoba terrane

and lapetus Ocean plate durihg maximum depositional age (van Staal, et al., 20f&)e

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
andlate Ganderia arc volcanism (Fyffe et al., 2009), and (3) Shelburne Falls and Bronson Hill arcs (Karabinos et

al., 2015; Valley et al., 2015), and MBnd NT-intruding plutons (Tables 2 and 3). Detrital zircon frequency plots

for the (4) Harvard and VaugHill 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 Ném2001; 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 extever detrital zircon plots for

comparison of major r zircon populations thatare relatli y young. Uncertainty is 20 fo
others). For plots (&) *°°Pb/*®U ages are used for grains <800 Ma &#Eb/**U ages used for grains
The ages of peaks are given in Ma. Merrimack belt (MB); Nashoba terrane (NT).
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5.31 Zircon sources in theSE New England Appalachians

In the discussion below, we use the following definitions. ferder zircon is detrital
zircon received directly from the igneous or metamorphic units it crystallized in. Recycled zircon
is detrital zrcon derived from a source that received that zircon from adidsr 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 fosder or recycled.

Figure5.1shows 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 ~1560%0id/a, are recorded in
the composite Laurentian margin detrital signature. The composite Laurentian margin detrital
suite isinferred to have been sourcedm metasedimentary rocks in the Canadian Appalachians
(Cawood and Nemchin, 2001; Pollock et 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 firsbrder (recycled later?) zircon input at ~475 Ma in the Canadian Appalachians
(Pollock et al, 2007). In the southeastern New England Appalachians the44¥Ba
Shelburne Falls arc (Karabinos et al., 2015) and the-44@3Via Bronson Hill arc (Valley et al.,
2015) formed along the Laurentian margin and acted as primary zircon sources. The8helbu
Falls arcandthe Bronson Hill a may have formed on Ganderian crust (Dorias et al.,;2012
MacDonald et al., 2014€arabinos et a., 2015; Valley et al.,2015), &oth are considered to
have formed during a long lidearc system along the Laurentiaraidin (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 Nt 8-1). Major zircorforming events are
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noticeably absent at ~25@100 Ma, and noticeably present at ~&88D Ma, compared to the
eastern Laurentian craton zircrming events.

Ganderia formed on the margin of Amazonia (Nagtcal, 2008; Fyffe et la, 2009; van
Staal et al., 2009, 2011) and underwent arc volcanism on its margin a6+628a 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 ~8833 Ma arc volcaism 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 anGaederiarNashoba
terranedetrital zircon (Figuré.1) have primary sources from the Amazonian craton and from
~553528 Ma and ~62%11 Ma arcs. Thdlashoba terrangoes not contain zircon from
Laurentian sources (Loan, 2011). Amazonian primary source material in the Ganderian and
Nashoba terrangetrital siites may be firsbrder and/or recycled, while volcanic aterived
zircon was firstorder originally, but may have been recycled during later erosion and deposition
events. ThéNashoba terrangoes not record the ~682.1 Ma arc volcanism pulse, but does
record the uniquely Ganderian (Fyffe et al., 2009) ~533 Ma arc volcanism pulse, similar to
more inboard portions of Ganderia in the Canadian Maritime Appalachians (Loan, 2011).

TheMerrimack beltcontains zircon from Laurentian and Ganderian souesesbjts
maximum depositional age, as a basin, is ~436 Ma (Table 2; Sorota, 2013). The ~424R20
Ma Ayer Granodiorite (Walsh et al., 202&ection 4.3.4js the oldest intrusive unit in the
Merrimack belt indicating sediment deposition into thterrimack belthad ceased by ~424 Ma
at the latest. The young ~460 Ma zircon population inMbBarimack beltmay be firstorder
and/or recycled input from the ~4490 Ma Shelburne Fall and/or Bronson Hill arcs.

Additionally or alternatively, the ~460 Mderrimack beltzircon 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 taMerrimack belf ~630530 Ma zircon is petanderian (Sorota, 2013),

with a primary source of Ganderian volcanic arcs (no other primary source of this age). These
zircon grains may be recycled p&anderiarNashoba terranand/or Ganderian zircon, and/o
first-order zircon from Ganderian volcanic arcs. Zircon at ~Z880 Ma in theMerrimack 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 Formabn of theMerrimack belt is interpretelde gradational witlthe
Tadmuck Brook Schist of tidashoba terran@nd lie at the base of tierrimack beltBell
and Alvord, 1976Peck, 1975 The Tower Hill Formation of thBlerrimack beltmay be related
to the Vaughn Hi Formation at the base of tihderrimack beltor 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 (Tabie2), and for the Tower Hill Formation it is interpretesi %l 3

+ 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 Figu¢8orota, 2013).

The Vaughn Hill Formation detrital suite closely resembles that of the Tower Hill
Formation (Fig5.1). The differences in peak size and shape between the two units is possibly a
result of the lower uncertainties on the zircon ageke@#aughn Hill Formation (18 Ma
average,; N2G) compared to those of Howeer, Tower

the units show the following similarities: (1) a young ~BED Ma population with a ~470 peak
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Ma for the Vaughn Hill Formation, dra young ~50@160 Ma population with a ~465 Ma peak

for the Tower Hill Formation; (2) a dominant ~7835 Ma population with high peaks at ~645

Ma and ~560 Ma for the Vaughn Hill Formation, and a ~3@3 Ma population with a high

peak at ~630 Ma and &ak at ~530 Ma for the Tower Hill Formation; (3) an older ~1500

Ma population with a relatively high peak at ~800 Ma for the Vaughn Hill Formation, and at
~1750761 Ma population with a relatively high but broad peak at ~790 Ma for the Tower Hill
Formaion. 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 frersaime and/or similar

sources, at the base of thlerrimack belt

5.3.3 Provenance of the Vaughn Hill Formation

The detrital zircon data from the Vaughn Hill Formation yield a small ~<£IDMa
population with a ~470 Ma peak, a dominant ~B25 Ma poplation with high peaks at ~645
Ma and ~560 Ma, and lower peaks throughout;dainant but broad populations at ~1500
800 Ma and at ~222%750 Ma, and a small ~27&3160 Ma population.

The young, ~50@50 Ma zircon population in the Vaughn Hill Formatmorresponds to
the ~475440 Ma Shelburne Falls and Bronson Hill arcs and the ~475 Ma peak in the composite
Laurentian margin detrital suite (Fig.1). The ~460 Ma peak in thderrimack beldetrital suite
is not a viable source of Vaughn Hill Formatiarcan because the Vaughn Hill Formation lies
at the base of thiglerrimack beltand has an older maximum deposition age compared to the
Merrimack belt and therefore is likely older (applies throughout rest of discussion). Thus, the

~500450 Ma zircon in te Vaughn Hill Formation represent fistder 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
arcderived sediment no longer present.

The dominant zircoagepopulation at ~74%25 Ma wth peaks at ~645 Ma and ~560
Ma in the Vaughn Hill Formation corresponds to the dominant ~540 Ma population in the
Nashoba terranand the ~63%40 Ma population in the Ganderian detrital suite. Nashoba
terranedisplays a minor population at ~6430 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 recycléthshoba terran@nd/or Ganderian zircon, while the ~645
Ma peak is likely a result aecycled Ganderian and/or possiblgshoba terranarcon. If the
~645 Ma peak is frolashoba terranarcon, those sources are no longer extensively present.

The ~956800 Ma zircon population in the Vaughn Hill Formation do not correspond to
any detriall suite, but does correspond to the similarly aged arc volcanism event in the
Amazonian craton (Figh.1). These zircon grains may reflect famtder input into the Vaughn
Hill Formation, or from recycled sediments no longer present or not recognittexl in
southeastern New England Appalachians.

The ~1500950 Ma zircorspreadn the Vaughn Hill Formation corresponds to zircon
populations from the composite Laurentian margin, the eastern Laurentian and Amazonian
cratons, and partially to tiéashoba terrzeand Ganderia. There are no unique peaks in the
~1503950 Ma Vaughn Hill Formation population and a more specific correlatiamtan
thereforebe made.

The ~22251750 Ma zircon population in the Vaughn Hill Formation corresponds to the
Nashoba terran@d Ganderian, and partially the composite Laurentian margin detrital suites

(Fig.5.1). The ~22251750 Ma population more closely resembles the age range and the
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multiple peaks of sulequivalent heights of the Ganderian detrital suite, and is centered with
population in theNashoba terran@lthough théNashoba terrangopulation 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 VaughrAdiination does not have

a unique peak at ~1850 Ma and does display relatively significant input at ~2000 Ma. Thus, the
~22501750 Ma population is more likely to be recycled Ganderian aiishoba terrane

zircon.

The ~27662460 Ma zircon population in ¢hVaughn Hill Formation corresponds to the
composite Laurentian margiNashoba terranend Ganderian detrital suites (Fsgl). This
population is most aligned with tiNashoba terranend Ganderian detrital suite populations, but
reflects the higher @éd 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 stead is a result of, in decreasing amount, recycled zircon input fradageba
terraneand/or Ganderia, firsdbrder zircon input from a ~470 Ma source such as the-4405
Ma Shelburne Falls and Bronson Hill arcs, and possibly recycled.gerentiarzircon (Table
5.1). A significant recycledNashoba terran@nd/or Ganderian zircon source is supported by the
interpretation that the Vaughn Hill Formatimngradational witlthe Tadmuck Brook Schist of
theNashoba terranand lies at the base of tMerrimack belt(Bell and Alvord, 1976Peck
1976. Interpretation ohew U-Pb detrital zircon data from this stuohylicates the Vaughn Hill
Formation may hae been deposited close in age and proximity to the top dfdkkoba 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 Laurentiaanmcsrgin
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Table5.1- Summary of detrital zircon provenanioe the Vaughn Hill Formation and Harvard and Vaughn Hill conglomerAtgss populations aren Ma.Bold

text represents the preferred provenance int&foa for each populatio@omposite Laurentian margin (CLM); Ganderia (G); Merrimack belt (MB); Naasho
terrane (N7; Vaughn Hill Formation (VHF).

Vaughn Hill Formation
450-500 525-745 800-950 950-1500 1750-2225 2460-2760
Laurentian margin . eastern .
. eastern Laurentian . eastern Laurentian
. arcs (Shelburne Ganderian arc . . Laurentian and .
Primary source K Amazonian craton and Amazonian . and Amazonian
Falls and Bronson volcanism Amazonian
. cratons cratons
Hill arcs) cratons
Laurentian
First-order zircon margin arcs .
from (Shelburne Falls Amazonian craton
and Bronson Hill
arcs)
Recycled zircon .
from CLM NT/G unknown sediment NT/G, CLM NT/G, CLM NT/G, CLM
rom...
Harvard and Vaughn Hill conglomerates
400-440 440-480 500-700 750-820 950-1700 1970-2170 2500-2700
Laurentian margin eastern castern Laurentian eastern
. MB and/NT arcs (Shelburne Falls Ganderian arc . Laurentian and . Laurentian and
Primary source . . . . Amazonian craton . and Amazonian .
intruding plutons and Bronson Hill volcanism Amazonian cratons Amazonian
arcs) cratons cratons
MB and/or NT
First-order zircon | intruding plutons
from... (for ~400-424 Ma
zircon)
MB, NT
Recycled zircon | intruding plutons VHF, G, MB, VHF, MB,
MB, CLM VHF, NT/G, MB VHF, MB VHF, NT, CLM
from... (for ~424-440 Ma CLM NT/G, CLM
zircon)
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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 48800 Ma populations, with a dominant peak at ~430 Ma for #myatd
Conglomerate and ~431 Ma for the Vaughn Hill Conglomerate 4F&y. Both units have a
maximum depositional age within uncertainty of each caihed15416 Ma (Table4.2). Distinct
but smaller zircormgepopulations occubetweer815-550 Ma for tle Harvard Conglomerate
and 686500 Ma for the Vaughn Hill Conglomerate. A broad cluster of 1850 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 Mas&aon 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 Hadrand Vaughn Hill conglomerates yield
a dominant population at 480 Ma with a ~430 Ma peak, a sdbminant population at 760
500 Ma with multiple peaks similar in height, a small population atZ&DMa, a swaominant
population at 170@50 Ma withmany low peaks, and very small populations at 21900 Ma
and at 2702500 (Fig.5.1).

Zircon from ~415 Ma (the maximum depositional age of the conglomerates) to ~424 Ma
(the oldesMerrimack beltintruding body; Walsh et al., 2013a) in the conglomeriatgsunger
than any other populations or peak in other detrital suites used for comparis@&ijFig.
However there are multipMerrimack beliandNashoba terrangranitic to dioritic intrusions of
this age (Tables.2 and 2.2 Additionally, the sizesf 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 ~424115 Ma zircon in entral Massachusetts gititons that intruded the Merrimack
belt- and Nashoba terranthese grains are interpreted as foster zircon from nearby plutonic
primary sources (i.edirectly from the Ayer Granodiorite and/or other plutons). Zircon older
than ~424 Mabut younger than ~440 Ma, may be fisstler plutonic sourced zircon, similar to
above, or recycleMerrimack belizircon, similar to below.

In the conglomerates, the ~4880 Ma zircoragepopulation corresponds to the ~460
Ma Merrimack beltpopulation, the ~47840 Ma Shelburne Falls and Bronson Hill arcs, and the
~475 Ma composite Laurentian margin detrital population. Zigramsfrom this population
are likely recycled from thMerrimack belt and not firstorder input from arcs or reclad
composite Laurentian margin zircon, because the conglomerates are in contact with the
Merrimack belf but not in contact with Laurentian margin arcs or its old margirecscled or
at least partiallyecycled Merrimack beltsource is supported byehnterpreted origin of
guartzite clasts in the Harvard Conglometatbefrom the nearby Oakdale Formation
(Emerson, 1917).

The ~706500 Ma zircon population in the conglomerates correspond to-5000/1a
populations in the Vaughn Hill Formation (andwier Hill Formation), theNashoba terranend
the Ganderian detrital suites (Figl). TheMerrimack beltalso displaysail on its dominant
population betweern700500 Ma that is perGanderian (Sorota, 2013). The ~7200 Ma
population in the conglomes are more likely to be recycled Vaughn Hill Formation zircon
grainsbased 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 M&nemack beltand 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 ~820750 Ma zircon poputeon 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 thMerrimack beltand composite Laurentian margin detrital
suite this populabn is only represented to a minor degree (bifj). Based on the presence of a
peak and population in the Vaughn Hill Formation detrital suite at-¥820Ma, and the
presence of Vaughn Hill Formation clasts in the Vaughn Hill Conglomerate (Curriealans| J
1952), it is probable that ~82Z(b0 Ma zircon in the conglomerates are recycled Vaughn Hill
Formation zircon rather than younger recycled units oMégimack belt

The ~1700950 zircon population in the conglomerates correspond to peaks and
popuhtions in the Vaughn Hill Formation (and Tower Hill Formation) Bfedrimack belt
detrital suites, and to the zircon forming geologic events of the eastern Laurentian and
Amazonian cratons. Overall, the age range of the ~8B00Ma population is nearlyeaatical to
a population of the same age in Merrimack beltdetrital suite, but lacks outstanding peaks at
~1020 Ma and ~1450 Ma as displayed inMerrimack belt Since younger populations of the
conglomerates are recycl&terrimack beltand recycled Yughn Hill Formation, it is difficult to
establish if the ~1700650 Ma conglomerate population is recycMédrrimack belf recycled
Vaughn Hill Formation, or both.

The ~21761970 Ma zircon population in the conglomerates correspond to detrital
populationsn the Vaughn Hill Formation, thidashoba terranehe 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 biith&tion and
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Ganderia. Based on the location of the conglomerates adjacent to the Vaughn Hill Formation
(Fig. 21) and previous interpretations of zircon input from the Vaughn Hill Formation, it is more
likely that this zircon population is from recycleddhn Hill Formation sediment.

The small ~2702500 Ma zircon population in the conglomerates correspond to a
population in the Vaughn Hill Formation, small populations inMleerimack belf Nashoba
terrane and Ganderia, and to a large population inctimaposite 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 conglomees, 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,-&irde zircon input from young\Vlerrimack bek
and/orNashoba terranmtruding igneous bodies, recycled zircon input from the Vaughn Hill
Formation, and recycled zircon input from tlerrimack belt(Table5.1). A recycledNashoba
terranesediment source iohas likely, because there are no hgghdeNashoba terranelasts
in the conglomerates, although matrix zircon may be partidlhoba terransourced. 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 amouriNlerrimack belt and/orNashoba terranmtruding igneous bodies,
Laurentian margin arcs and Ganderian arcs-&ual), and the eastern Laurentian and

Amazonian cratons (stéqual; Tablé.1).

71



CHAPTERG
GEOLOGIC AND TECTONIC IMPLICATIONS OF THE MERRIMACK BELT FROM NEW
AND PUBLISHED DETRITAL AND STRUCTURAL DATA

Based on the primarily Ganderidl@shoba terrangignature of the Vaughn Hill and
Tower Hill formation and the location of the currelsty Merrimack beltbetween thé&ashoba
terraneand the Laurentian craton, the eavlgrrimack belt(~463 M3 is interpreted to have
beenbetweeranoncoming Ganderiélashoba terranand the composite Laurentian margin, but
was too far from the Laurentian margin to receive significadinsent input from it (Fig. 6)1
Alternatively or additionally, Laurentianangin sediment input into the eaMerrimack belt
was blo&ed by interstitial arcs (Fig 6.1The 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 compositeaurentia margin sediment was reaching the eddyrimack 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
soure@s as the Vaughn Hill Formation (recycled-@anderiarNashoba terranand/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 unitsda#heba terran@ oan,
2011). Based on thagnificant ~5468530 MaperiGanderiarzirconsignature of the Vaughn Hill
Formation and the similarity in maximum deposiabage of the Vaughn Hill Formation with
the Tadmuck Brook Schist (Tabled2nd2.2), the interpretatioby 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 earldstrimack beltunits (Vaughn Hill and Tower Hill
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formations) were derived from the Gamhn microcontinent and/or tidashoba terrant 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 intime and space from théashoba terran® theMerrimack belt This transitional
boundary was subsequently sheared along the Ci&wbury fault zone.

If the Vaughn Hill Formation is truly derived from th&shoba terranand/or Ganderian
rocks to the ast, it must be explained why the Vaughn Hill Formation has a significant ~645
630 Ma detrital zircon population, while thashoba terrangoes not. The scarcity of ~6430
Ma zircon in theéNashoba terranmay be because tidashoba terranl®rmed moremboard
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 exigsh®opresence of a significant
~645630 Ma zircon population in the Vaughn Hill Formation and lack thereof iNds@oba
terrane First, ~645630 Ma zircon may have travelled from the Canadian Appalachiars in
interconnected basin (Fig. 6)1&n which ase theéMerrimack beltmay have been connected to
the Tetagouch&xplaits basin or a similar basin in Maritime Cana8arfta, 2013). Second, a
~645630 Ma arc and/or arc derived sediment was present in the southeastern New England
Appalachians and erodeato the earlyMerrimack beltbasin, but did not deposit on the
topographically higher Nashoba terrane (Fig. §.1fttrue, then these arcs (and/or-derived
sediment) may have been in a leading edge configuration, similar to the leading edge Ganderian
PopelogarVictorian arc and Tetagouctexploits back arc basin in the Canadian Appalachians

(van Staal et al., 2009, 2011), and are now buried and/or subdEigef.J).
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Sorota (2013) analyzed the Berwick, Eliot, Kittery, Oakdale, Paxton, and Worcester
formations of theMerrimack belt(Table 21) using UPb detrital zircon geochronology to
determine their provenance and maximum depositional ages. The ddsteamack belt
contains the three youngest units with an average maximum depositional age bfa-@Rfble
2.1). The westerMerrimack beltcontains 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 depasitages have relatively
less perGanderian zircon compared to units with older maximum depositional ages, indicating
Ganderian input decreased in #¥errimack belthrough time (Sorota, 2013). The Vaughn Hill
Formation has a maximum depositional age463 Ma and is primarily comprised of recycled
periGanderiarNashoba terranand/or Ganderian zircon, while the Harvard and Vaughn Hill
conglomerates, with a maximum deposition afje415416 Ma, are primarily comped of
young igneous intrusiederived zircon, recycled pefianderian Vaughn Hill Formation zircon,
and recycledMerrimack belz i r con. The results from this stud
(2013) data and interpretation that relative Ganderian input decreases with decreasing maximum
depositional age, in thMerrimack belt As theMerrimack beltdeveloped it received more input
from the Laurentian margin based on youngerrimack beltnits with relatively more peri
Laurentian zircon compared to oldderrimack beltunits (Sorota, 2013)rhis may be because
thedistance between the Merrimack befidthe Laurentian margidecreased through time,
allowing more zircon grains from the Laurentian margin to enter the Merrimack belt (Figf 6.1
there was a Ganderian leading edge arc, itwaied and/or subductedBased on the primarily
local sediment input of the Harvard and Vaughn Hill conglomerates, the veMdatenack

beltexperienced local erosion and depositiamfmearby recycled and firstder sources and
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Figure 6.1 Planview tectonic models of thilerrimack beltduring the A. and B Mid-Ordovician andC. during

the Silurian to EarhDevonian, based on new and publiskiedrital and structural data. Significant ~645630 Ma
zircon input into the early Merrimack Beloim Ganderian arcs in the Canadian Appalachi@arv interconnected
waterway. B Significant ~645630 Ma zircon input into the early Merrimack belt from eroded arcs that were in a
leading edge configration, now buried/subducted. Beposition of the eaylto 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. h the Merrimack belt occurred after ~415 Ma (the maximum depositional
age ofthe conglomerates), because the Vaughn Hill Conglomerate regaadd 8. D, in the Merrimack belt
occurred later, possibly during the Alleghanian orogeny (Attenoukon, 2098rddrred later, possibly at the end
of the Alleghanian orogeny. Bronson Hilic (BH), leading edge arc (LE), Merrimack belt (MB), Nashoba terrane
(NT). Arrows show detrital zircon input.
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[plan view] THE VERY EARLY MERRIMACK BELT
Deposition of the Vaughn Hill and Tower Hill formations at ~463 Ma towards the Laurentian margin, into the MB.
Dominated by Ganderian and/or peri-Ganderian NT input in a marine and/or margin-type environment.

~645-630 Ma
zircon

interconnected
basin A~

~470 Ma

and/or
A ~645-630 Ma zircon source from Ganderian arcs in A ~645-630 Ma zircon source from local arcs and/or
the present-day Canadian Appalachians, via an inter- volcanogenic arc-sediment that was part of a Gande-
connected basin rian leading edge arc system; now buried and/or
subducted

THE EARLY TO LATE MERRIMACK BELT

Deposition of the early to mid MB <436 Ma. More Ganderian input
than Laurentian input.

Deposition of the mid to late MB at <426 Ma with increasingly less

Harvard and Ganderian input.

Vaughn Hill

conglomerates Granitic to dioritic intrusions in the MB at ~424-400 Ma.

Deposition of the Harvard and Vaughn Hill conglomerates at <415
Ma in the late MB from local sources and recycled MB
rocks.

lapetus Ocean
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was deposited unconformably on top of older (meta)sedimektamymack beltand intrusive

units. Additionally, based on differences in lithgyobetween the Harvard and Vaughn Hill
conglomerates with the Coal Mine Brook Formation, the -4li6Ma maximum depositional

age of the Harvard and Vaughn Hill conglomerates, and the presence of at least three generations
of deformation in the Harvard ahughn 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 @arly basin, while the Coal Mine Brook Formation records a later basin.

Muscovite in the Worcester Formation that defines atléavage (Goldstein, 1994) was
dated using Ar/Ar geochronology by Attenoukon (2009), and A3r&°Ar cooling ageat~370
Ma, representing cooling after the Acadian orogemafterthe Neoacadian orogeny (Mf
Attenoukon, 2009). Thus, early isoclinalfBlds and associated 8leavage in the Vaughn Hill
Conglomerate and Vaughn Hill Formation, (i the Merrimack belt; Tablé.1) likely formed
after ~415 Ma (maximum depositional age of the Vaughn Hill Conglomerate) and before ~370
Ma, during the laté\cadian and/or Neoacadian orogeny.

Muscovite that defines an-®verprinting, upright, greenschikdcies cleavage in the
Worcester Formation h&8Ar/*°Ar crystallization ages 0f305293 Ma, and is supported by
“OAr/*°Ar crystallization ages of white mica (including sericite) from the same cleavage-at 316
294 Ma (M of Attenoukon, 2009). The upright cleavage analyze®?Ay**Ar geochronology
by Attenoukon (2009) is texturally similar to pervasivecleavage in the Worcester Formation
of the easteriMerrimack belt(Goldstein, 1994; Attenoukon, 2009; Kopera and Walsh, 2014).

Thus, upright Ffolds and associated steeqlipping S 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.

Fs and S are similarly orientated regionally in tiMerrimack belt(Goldstein, 1994). The
absolute timing of Bhas not been established previously and is not further constrained®by U
zircongeochronology in this study

Vaughn Hill and Pin Hill are located along the very easternmost boundary of the
Merrimack belt(Fig. 21). Deformation at Vaughn Hill and Pin Hill are correlated to deformation
events inthe broader eastern Merrimack belt (Tablg dridicating that D-D; affected a large
area from just west of the Clintovewbury fault zone (Fig..2) to westof the Worcester
Formation in Zone | of Goldstein (1994). This deformation is widespread and partialy post
Acadian. b may be related to the late Acadian and/or early Neoacadian orogenies, white D

likely postAcadian and possibly reted to the Alleghanian orogeny.

78



CHAPTER7
CONCLUSIONS

The Vaughn Hill Formation has a maximum depositional age of ~463 Ma and thus
represents the oldest unit in thkerrimack beltbased on LPb zircon geochronology, in
agreement with the conclusion of Bell antydrd (1976) and Pdc(1975 that it lies at the base
of theMerrimack 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 HI Formation was likely deposited at the sameabasimilar time from the same or
similar sources as the Vaughn Hill Formation.

The Vaughn Hill Formation contains a significant ~88D Ma zircon population, likely
derived from perGanderian arclerived sediment recycled from the p&anderian Nashoba
terraneBasedon this dominant Ganderian aNéshoba terrangetrital zirconsignaturethe
similarities in maximum depositional age of the Vaughn Hill Formation and Tadmuck Brook
Schist at ~463 Mahe 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 thMerrimack belf the Vaughn Hill Formation may represent a time when s&aim
was shedding off thBlashoba terrangnd/or Ganderian crust towards the Laurentian margin in a
marine or margirtype environment. It may represent a continuous transition froitNaskeoba
terraneto theMerrimack belteven if the two areaow separatelly the ClintoaNewbury fault
zone.

The presence of a dominant ~6830 Ma zircon population in the pgganderian and/or

periNashoba terrangéaughn Hill Formation, and lack thereof in tNeashoba terranéndicates
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that (1) the Vaughn Hill Formation relwed ~645630 Ma sediment from arc(s) of that age from

the Canadian Appalachians via an interconnected waterway, and/or (2) thé3t6KE

population in the Vaughn Hill Formation may be a result of sediment input from local,
southeastern New England Apgehian sources that are now buried and/or subducted. If (1) is
true theMerrimack beltmay represent a southern extension of the Tetagdtxpieits 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 Ganaermand/or Nashoba terrane
zircon, while the 415 Ma Harvard and Vaugltiill conglomerates are not. This is in agreement
with Sorota (2013) that Ganderian input into kherrimack beltdecreases with increasing
maximum depositional age.

The Harvard and Vaughn Hill conglomerates have a maximum depositional age of ~415
416Ma, are dominantly locally derived from metasedimentary and igneous sources, and are
unconformably on top of thiglerrimack belt thus they represent a time of increased erosion and
deposition in the latMerrimack beltfrom nearby tectonic highs. Based offafiences 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 PennsylvaniantageCafal Mine
Brook Formation, the conglomerates at Pin Hill and Vaughn Hill should not be considered the
same as the Pennsylvanian Coal Mine Brook Formgahionare 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 sizéhartack ofslate layers
betweerthe Harvard Conglomeragand thevVaughn Hill Conglomerate, the conglomeratese
deposited in different depositional settings. Based on the simitdratgtrital 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 saraediderived 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 nearbypogphyritic 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 isl @6i420 Ma, but
before deposition of the Harvard Conglomerate, possibly as early as ~415 Ma.

Isoclinal folds and beddingarallel xial planar cleavage in the ~4Ma Vaughn Hill
Conglomerate is similar to;Babrics in the in greater eastévierrimackbelt D, axial planar
cleavage has a ~370 M¥r/**Ar muscovite cooling age (Attenoukon, 2009). Thydikely
occurred after ~415 Ma but before ~370 Ma, and was widespreadald, steeply NWdipping
and shallowly SWplunging folds, anénassociaté steeply NW-dipping axial planar foliation at
Vaughn Hill and Pin Hill is similar to Pfabrics of the greater eastdvterrimack belt TheD,
foliation contains ~31293 Ma*’Ar/**Ar mica crystallization ageis the Worcester Formation
along the Wachusset Bervoir(Attenoukon, 2009). Pin theMerrimack beltis likely post
Acadian, and may be related to the Alleghanian orogeny. Subhorizontal rounded to chevron folds

at Vaughn Hillaresimilar to D; fabrics of the greater eastdvterrimack belt Thus, Bwas
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widespread in th&errimack belf a result of a posAcadian orogenic event, and may be related

to the Alleghanian orogeny.

82



REFERENCES CITED

Acaster, M., and Bickford, M. E., 1999, Geochronology and geochemistry of PIXaahoba Terrane
metavolcanic anglutonic rocks, eastern Massachusetts; constraints on the early Paleozoic evolution of
eastern North America: Geological Society of America Bulletin, v. 111, [§.258)

Allmendinger, R. W., Cardozo, N. C., and Fisher, D., 2012, Structural Geology Algsritfectors Tensors:
Cambridge, England, Caidge University Press, 289 p.

Andersen, T., 2002, Correction of common lead iRluanalyseshat do not repor®Pb: Chemical Geology, v.
192, p. 5979.

Attenoukon, M.B., 2009, Ages and originsroétamorphidabrics and the tectonics of southeastern New England
[Ph.D dissertatign Bloomington,Indiang Indiana University, 298 p.

Barr, S. M., Davis, D. W., Kamo, S., and White, C. E., 2003, SignificanceRl§ Qetrital zircon ages in quartzite
from pertGondwanan terranes, New Brunswick and Nova Scotia, Canada: PrecaRlesaarch, \126,
p. 123145,

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 detritabn 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,Ps®ilurian stratigraphy of northeastern Massachuset®age, 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 the Merrimack Group and part of the Avalon composite terrane:
Geological Society of America Afracts with Programs, v. 25, &, p. 485.

Bothner,W.A., 1974 Gravity study of the Exeter pluton, southeastern IRempshire Geological Society of
AmericaBulletin, v. 85, p. 5156.

Brown, E.R., Gehrels, G.E., 2007. Detrital zircon constraints on terrane ages aitiésd#find timing of orogenic
events in the San Juan Islands and North Cascades, Washington. Can. J. Earth Scii #396.375

Buchanand.W.,1l., Kuiper, Y.D., Buchwaldt, R.2014 Constraining the timing of deformation in the Nashoba
Formation,eastern Massachusettsstauctural 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
Proceedingsv. 18, p. 22425.

Cawood, P. A, McCausland, P. J. A, and Dunning, G. R., 2001, Opening lapetus; constraints from the Laurentian
margin in NewfoundlandGeological Society of America Bulletin, v. 113, p. 4483.

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 Bulletid3y.pl 1234
1246.

Cazier, E.C., 1987, Late Paleozoic tectawaluationof the Norfolk basin, southeastern Massachusetts,Joamal
of Geology, v. 95, n. 1, p. 563.

83



Currier, L.W., and Jahns, R. H., 1 9 5 ook ferdiaditripgirynew f t h e
England, Nov. 1@2: New York, Geological Society of America, p. 1057.

Dabrowski, D., 2014, Implications of Silurian granite genesis to the tectonic history of the Nashoba terrane, eastern
Massachusetts [M.S. thesis]: ChestHill, Massachusetts, Boston College, 119 p.

Dallmeyer R.D.,and TakasuA., 1991, “°Ar/**Ar ages of detrital muscovite and whateck slate/phyllite,
Narragansett basin, RMIA, USA: implications for rejuvenation during very legrade metamorphism:
Contiibutionsto Mineralogy and Petrology, v. 110, p. 5887.

Dallmeyer,R.D., Blackwood, R.F., and Oden, A.1.982 “°Ar/**Ar ages from the Narragansett basin and southern
Rhode Island basement terrane: their bearing on the extent and timing of Alleghatoanthermal
events in New England: Geological Society of America Bulletin, v. 93, p.-1138.

Dickinson W.R.,and Gehrels(.E.,2009 Use of UPb ages of detrital zircons to infer maximum depositional ages
of strata: a test against the Colorado Rlat®lesozoic database: Earth and Planetary Science Letters, v.
288, p. 115125.

Dillon, P.M., Dunning, G., and Hon, RL993 Geochemical and geochronological evidence for two distinct late
Avalonian magmatic suites, eastern Massachusetts: GeologicalySufcheherica Abstracts with
Programs, v. 248, p. 980.

Dorias,M.J., Atkinson, M., Kim, J., West, D.P., Kirby, G.A., 2012, Where is the lapetus suture in northern New
England? A study of the Ammonoosuc volcanics, Bronson Hill terrane, New Hampshireai€aaodinal
of Earth Sciences, v. 49(1), p. 1205.

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, southeasteHahgshire and
southwestern Maine: Annual meetinblew England Intercollegiate Geological Conference, v. 87, . 15
28.

Fyffe, L.R., Barr, S.M., Johnson, S.C., McLeod, M.J., McNicoll, V.J., Valv&fdguero, P., van Staal, C.R., and
White, C.E., 2009, Deital 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. 11044 .

Goldsmith, R., Grew, E.S., Hepburn, J.@nd Robinson, G.R., 1982, Formation names in the Worcester area,
Massachusetts: U.S. Geological Survey Bulletin 152¢. 4356.

Goldsmith, R., 1991, Stratigraphy of the Nashoba Zone, eastern Massachusetts: an enigmatio tdatahe N.L.,
Jr., ed, The Bedrock Geology of Massachusetts: United States Geological Survey, Professional Paper 1366
E-J, p. F1F22.

Goldstein,A.G., 1992 Multiple deformation in the Merrimack trough and motion in the Clift@wbury fault:
products of the Alleghanian orogeim New England Intercollegiate Geological Conference, &dnual
Meeting, Amherst, MAGuidebook for Field Trips in the Connecticut Valley Region of Massachusetts and
Adjacent Stated)niversity of Massachusetts ContributionsB&. 119131.

Goldstein A.G., 1994 A shear zone origin for Alleghanian (Permian) multiple deformation in eastern
Massachusetts: Tectonics, v. 13, n. 1, p782

Gore, R.Z., 1976, Ayer crystallization complex of Ayer, Harvard, and Clinton, Massachuskeytsns, P.C., and

Brownlow, A.H., eds., Studies in New England geology: Geological Society of America Memoir 146, p.
103-124.

84



Grew, E.S, 1973, Stratigrahy of the Pennsylvanian andPprmsylvanian rocks of the Worcester area,
Massachusetts: American Journal of Sciencey$8, B. 113129.

Hansen, W.R., 1956, Geology and mineral resources of the Hudson and Maynard quadrangles, Massachusetts: U.S.
GeologicalSurvey Bulletin 1038, 104 p.

Hatcher, R.D., Jr., 2010, The Appalachian orogen: A brief sumrmafgllo, R.P. Bartholoraw, M.J., Hibbard,
J.P., and Karabinos, P.M., eds., From Rodinigdngea: The Lithotectonic Record of the Appalachian
Region: Geological Society of America, Memoir 206, 14

Hepburn, J.C.1976a,Lower Paleozoic rocks west of the Clintblewbury faul zone, Worcester Area,
Massachusetté ) New England Intercollegiate Geological Conference, 68th Annual Meeting, Boston,
MA., Oct. 810, 1976, Geology of southeastern New England; a guidebook for field trips to the Boston area
and vicinity: PrincetonN.J., Science Press, p. 3885

Hepburn,J.C.,1976h Preliminary geologic map of the Sterling quadrangfercester County, MAUnpublished
map submitted to the USGS. 3 sheets. 1:24,000 scale.

Hepburn,J.C.,1976¢ Preliminary geologic map of the Worcesiorth quadrangle, Worcester County, MA;
Unpublished map submitted to the USGS. 3 sheets. 1:24,000 scale.

Hepburn, J.C., Hill., M., and Hon, RL987, The Avalonian and Nashoba terranes, eastern Massachusetts, USA: an
overview: Maritime Sediments and AtlimGeology, v. 23, p.-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 Englan@heney, 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. X431.

Hepburn, J.C., Dunning, G.R., and Hon, R., 1995, Geochronology and regional tectonic implications of Silurian
defomation in the Nashoba Terrane, southeastern New England, U.S.A.: Special @apkrgical
Association of Canada, v. 41, p. 3365.

Hermes O.D.,and ZartmanR.E.,1992 Late Proterozoic and Silurian alkaline plutons within the southeastern New
EnglandAvalon zone: Journal of Geology, v. 100, p. 486.

Hibbard, J.P., van Staal., C.R., Rankin, D.200Q7, A comparative analysis of p&urian crustal building blocks
of the northern and the southern Appalachian orogen: American Journal of Scien@e jv.2Z8%45.

Hiess,J., Condon, D.J., McLean, N., and Noble, SAR12 ?%®U/**U systematics in terrestrial uranitivearing
minerals, Science, v. 335, n. 6076, p. 1:4604.

Hon, R., Hepburn, J. C., and Laird, J., 2007, Silubevonian igneous rocks tfe easternmost three terranes in
southeastern New England: Examples from NE Massachusetts and SE New Hampshire: Northeast
Geologic Society of America Field Trip guide, 2007, p423

Hussey, A. M., I, and Bothner, W, A., 1995e@ogy of the Coastal Lithotectonic Belt SW Maine and SE New
Hampshirejn Hussey, A.M., I, and Johnson, R.A., eds., Guidebook to Field Trips in Southern Maine and
adjacent New Hampshire, New England Intercollegiate Geological Conference, 87th AnnuagjMeet
Brunswick, Maine, p. 21:228.

Hussey, A. M., Il, Bothner, W.A., and Aleinikoff, J., 2010, The tectstratigraphic framework and evolution of
southwestern Maine and southeastern New Hampshire: Geol8gicigty of America, Memoir 206,
205-230.

85



Jaffey, A.H., Flynn, K.F., Glendenin, L.E., Bentley, W.C., and Essling, AM71, Precisiormeasurementsf half-
lives and specific activities 6f°U and®®U, Nuclear Physics, v. 4(5).

Kamb, W. B., 1959, Ice petrofabric observations from Blue Glacieshifgton in relation to theomgnd
experiment: Journal of Geophysical Research, v. 64, p-1809.

Karabinos, P., Crowley, J.L2015 Was the early Ordovician Shelburne Falls arc built on Gondwanan crust close to
Laurentia?: Geological Society of Ameai Abstracts with Programs, v. 47, n. 3, p. 81.

Kay, A., Hepburn, J.C., and Kuiper, Y.[2011, Trace Element and Sid isotopicgeochemicatharacteristics of
the Nashoba terraneasterrMiassachusetts: Geological Society of America, Abstracts with Amnsgra
43, n. 1, p. 150.

Kopera 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 quadritagisachusettOffice of the
Massachusetts State Geologist Ofdée Report 0602. 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
quadangle, Worcester County, Mass.: U.S. Geological Survey ®perReport 75658, 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 Srdatabase.

Kopera J.P.,and Walsh(G.J.,2014The eastern Merrimack terrane in Massachusetts: revisiting metamorphism,
deformation and plutonisnm Thompson, M.D., ed., Guidebook to Field Trips in Southeastern New
England (MANH-RI), 106" Annual New mgland Intercollegiate Geological Conference, Oct:120
Wellesley College, Mass.

Kuiper, Y.D., Buchanan, J.W., Il., Charnock, R.D., Hepburn, J.C., and Koper&QlLB.Structural history of the
Nashoba terrane Merrimack belt boundary zone, eastétassachusettén Thompson, M.D., ed.,
Guidebook to Field Trips in Southeastern New England {Nt#R1), 106" Annual New England
Intercollegiate Geological Conference, Oct.;11X) Wellesley College, Mass.

Loan, M.E., 2011, New Constraints on the Age op@s&tion 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 User 6s manual for 1 soplot3. 75,l:Berkelgeochronol o
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 megafossilsyons, P.C., and Brownlow, A.H., edStudies in New
England geology: Geological Society of America Memoir 146, p-2&1

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 1025h@ 1:500,000.

MacDonald, F.A., Ryaiavis, J., Coish, R.A., Crowley, J.L., and Karabinos2814 A newly identified
Gondwanan terrane in the northern Appalachian Mountains: implications for the Taconic orogeny and
closure of the lapetus Ocean: Gaplov. 42, p. 53%H42.

Markwort, R.J., 2007, Geology of ti8hrewsburyQuadrangle, Eagtentral Massachusetts [M.S. thesis]: Chestnut
Hill, Massachusetts, Boston College, 208.

86



Mattinson, J.M., 2005, Zircon®b c he mi cal -Td tMSas i ame t (hibaikealing ani mitbtep
partial dissolution analysis for improved precision and accuracy of zircon ages: Chemical Geology, v. 220,
p. 47-66.

Merschat A.J.,and HatcherR.D., Jr.,2007, The Cat Square terrane: Possible S#DBvonian remnant ocean lras
in the Inner Piedmont, southern Appalachiams$jatcher, R.D., Jr., Carlson, M.O., McBride, J.H., and
MartinezCatalan, J.R., eds., TheDtFramework of the Continental Crust: GeologiSaktietyof American
Memoir 200, p. 55%66.

Moecher,D.P.,1999 The distribution, style, and intensity of Alleghanian metamorphism in smritral New
England: petrologic evidence from the Pelham and Willimantic domes: The Journal of Geology, v. 107,
n.4, p. 449471,

Mosher,S.,1983 Kinematic history of the Narragsett basin, Massachusetts and Rhode Island: constraints on Late
Paleozoic plate reconstruction: Tectonics, v. 2, n. 4, p.3327

Murphy, B. J., Fernande3uarez, J., Jeffries, T. E, and Strachan, R. A., 20eEb (LA-ICP-MS) dating of detrital
zircons fom Cambrian clastic rocks in Avalonia: erosion of a Neoproterozoic arc along the northern
Gondwanan margin: Journal of the Geological Society, London, v.161, {2543

Nance, R. D., Murphy, B.J., Strachan, R.A., Keppie, J.D.,Guti&lezso, G., FernatezSuarez, J., Quesada, C.,
Linnemann, U., D'lemos R., and Pisarevsky, P.A., 2008. Neoprotereadid®aleozoic
tectonostratigraphy anshleogeographgf the periGondwanan terranes: Amazonian v. West African
connections: Geological Society of LondopeSial Publications, v. 297, p. 3483.

Peck J.H.,and KoperaJ.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 sca

Peck, J.H., 1975, Preliminary bedrock geolagapof the Clinton quadrangle, Worcester County, Mass.: U.S.
Geological Survey Opehile Report 75658, 30 p., 3 sheets, 1:24,08¢ale

Peck, J.H.1976 Silurian and Devonian stratigraphy in the Clintpradrangle, central Massachusetif?age, L.R.,
ed., Contributions to stratigraphy of New England: Geological Society of America Memoir 148; p. 241
252,

PePiper, G. and Jansa, 1999, Rfesozoic basement rocks offshore Nova Scotia, Canada: new cassbraihe
origin and Paleozoic accretionary history of the Meguma terrane: Bulletin of the Geological Society of
America, v. 111, p. 1773791.

Pollock, J. C., Wilton, D. H. C., van Staal, C. R., and Morrissey, K. D., 20@Ph kircon geochronological
corstraints on the Late Ordovicidbarly Silurian collision of Ganderia and Laurentia along the Dog Bay
Line: The terminal lapetan suture in the Newfoundland Appalachians: American Journal of Science, v. 307,
p. 399 433.

Pollock, J.C., Hibbard, J.P., and Sgbter, P.J., 2009, Early Ordovician rifting of Avalonia and birth of the Rheic
Ocean; UPb detrital zircon constraints from Newfoundland: Journal of the Geological Society of London,
v. 166, no. 3, p. 50515.

Rainbird, R.H., Hamilton, M.A., Young, G.M.0P1. Detrital zircon geochronology apdvenance of the
Torridonian, NW Scotland: Journal of GeologpcS(Lond.) v. 158,p. 15/ 27.

Rankin, D. W., Coish, R. A., Tucker, R. D., Peng, Z. X., Wilson, S.A., and Rouff, A. A., 2007, Silurian extension in

theupper Connecticut valley, United States and the origin of Middle Paleozoic basins in the Québec
Embayment: American Journal of Science, v. 307, p-2846

87



Rast, N. and Skehan, J.W., 1993, NHidleozoic orogenesis in the North Atlantic: The Acadian Oragerioy,
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 27%.p. 1

Robinson, G.R., Jr., 1978, Bedrock geology of the Pefdp&idtley, Townsend quadrangles and part of the Ayer
guadrangle, 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, Massadmgétsy Hampshire: U.S.
Geological Survey Opehile Report 81470, 172 p.

Robinson, P., and Goldsmith, R., 1991, Stratigraphy of the Merrimack Belt, Central Massacinudattsh, N. L.,
Jr., ed., The Bedrock Geology of Massachusetts. U.S. GeologicaySarofessional Paper 1366JEp.
G1-G37.

Sadowski, G.R., and Bettencourt, J S., 1996, Mesoproterozoic tectonic correlations between eastern Laurentia and
the western border of the Amazoraton:Precambrian Research, v. 76, p.2437.

Santos, 10.S, Hartmann, LA., Gaudette, He., Groves, DL., McNaughton, N.J., anéletcher, I.R., 2000A new
understanding of the provinces of the Amazon Craton based on integration of field mappirigParahd
Smi Nd geochronologyGondwana Research, 3, p. 453 488.

Satkoski, A.M., Barr, S.M., and Samson, S.201Q Provenance of Late Neoproterozoic and Cambrian sediments
in Avalonia: constraints from detrital zircon ages andi$anisotopic compositions in southern New
Brunswick,CanadaJournal of Geology, v. 118, #87-200.

Skehan, J.W. and Rast, N., 1983, Relationship between Precambrian and Lower Paleozoic rocks of southeastern
New England and other North Atlantic Avalonian terrame§chenk, P.E., ed., Regional Trends in the
Geology of the Appalachia@aledonia-HercynianMauritanide Orogen: NATO Advanced Science
Institutes Series, D. Reidel Publishing Co., Dordrecht, p:1621

Skehan, J.W., and Rast, N., 1990,-Rresozoic evolution of Avalon terranes of southern New Englan@ipcci,
A.D., Skehan, J.W., an@mith, G.W., eds., Geology of the Composite Avalon Terrane of Southern New
England Geological Society of America Special Paper 245, p533

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 Pap&BR10, 9

SorotaK.J.,2013 Age and origin of thterrimackterrane, southeaster New England: a detrit&lJ
geochronology study [M.S. Thesis], Chestnut Hill, MassaettsisBoston College, 217 p.

Stewart, J.H., Gehrels, G.E., Barth, A.P., Link, P.K., ChriBtiek, N., Wrucke, C.T., 2001. Detrital zircon
provenance of Mesoproterozoic to Cambrian arenites in the western United States and northwestern
Mexico. Geol. SocAm. Bull., v.113,p. 1343 1356.

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, noi 84p. 337

SurplessK.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. Qeddqy. 21i 24.

Thompson, J.B., Jr., and Robinson, Peter, 1&&8logic setting of the Harvard Conglomerate, Harvard,
Massachuseteeis, New England Intercollegiate Geological Conferencd’ A8nual Meeting, Boston,
Mass., Oct., 8.0, 1976, Geology of southeastern New England; a guidebook for field trips to th@ Bosto
area and vicinity: Princeton, N.J., Science Press, p33%45

88



Tassinari, C.G5., and Macambria, M.B., 1999.Geochronologicaprovinces of the Amazon CratoBpisodesy.
22,p. 174 182.

ThompsonM.D., and HermesQ.D., 2003 Early rifting of the Naragansett basin, Massachus&tsode Island:
evidence from Late Devonian bimodal volcanic rocks: Journal of Geology, v. 111,-60897

Thompson, M.D., Hermes, O.D., Bowring, S.A,, Isachen, C.E., Besancon, J.B., and Kelly, K.L., 1996,
Tectonostratigraphignplications of Late Proterozoic-Bb zircon ages in the Avalon zone of southeastern
New Englandin Nance, R.D., and Thompson, M.D., eds., Avalonian and relate@padwanan terranes
of the circumNorth Atlantic: Geological Society of America Specialpger 304, p. 17491.

Thompson, M.D., Grunow, A.M., and Ramezani, J., 2007, Late Neoproterozoic paleogeography of the southeastern
New England Avalorzone Insights from U=Pb geochronology and paleomagnatism: Geological Society
of America Bulletin, v. 119p. 681696.

ThompsonM.D., and Ramezani.,2008 Refined ages of Paleozoic plutons as constraints on Avalonian accretions
SE New EnglandGeologicalSociety of America Abstract with Programs, v. 40, n. 2, p. 14.

ThompsonM.D., Grunow, A.M., and Rameng J.,2010a CambreOrdovician 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, @(p, High-precision UPbzircon dates for the
Ediacaran granitoid rocks in SE New England: Revised magmatic chronology and correlation with other
Avalon terranesin Tollo, R.P., Bartholomew, M.J., Hibbard, J.P., and Karabinos, P.M., eds., From Rodinia
to Pangea: The lithotectoniecord of the Appalachian Region: Geological Society of America Memoir
206, p. 231250.

Thonpson, M.D., Ramezani, J., and Crowley, J.R., 20:Rpbl¥ircon geochronology of Roxbury Conglomerate,
Boston basin, Massachusetts: Tectstnatigraphic implicatins for Avalonia in and beyond New England:
American Journal of Science, v. 314, p. 14@3!0.

Valley, P.M., Walsh, G.J., and McAleer, R2015 New U-Pb zircon ages from the Bronson Hill arc, weshtral
New Hampshire: Geological Society of America &bst 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, pi 81

van Staal, C. R., Whalen, J. B., Valveidaquero, P, Barr, S., Zagorevski, A. and Rodgers, N., 2009: Pre
Carboniferous, episodic accretioglated, orogenesis along the Laurentian margin of the northern
Appalachians: Geological Society, London, Special Publications, v. 327, {31571

van Staal, C. R., &r, 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 Cariuheralogical
Association of CanadaSociety of Economic GeologistsSodety 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 lapetusd Rhec oceans: Geology, v. 40, n. 11, p-9&0.

Wagner, R.H., Lyons, P.C., 1997. A critical analysis of the higher Pennsyivengigafloras of the Appalachian
region. Review of Paleobotany and Palynology 95; 2883.

89



Walsh G.J., Aleinikoff, J.N., and iWsch, 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. 16215.

Walsh, G. J., Aleinikoff, J.N., Burruss, R.C., PiereeA., 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 mgikltieg water well in crysténe 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,dgl@chusetts: Geological Society of America,
Abstracts with Programs, v. 41, p.98.

Walsh, G. J., Wintsch, R.P., 2011, Origin of the Quinebidagboro Belt in Southeastern New England:
Northeastern (46th Annual) and Noi®@tentral (45th Annual) Joint Meetif@0i 22 March
2011),Geological Society of Ameriégbstracts with Programss. 43, no. 1, p. 158.

Walsh, G.J., Aleinikoff, J.N., Wintsch, R.P., and Ayuso, R2813 Integrated bedrock mapping and
geochronology in the terranes of southeastern New Engzemlogical 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, MassachugedtsGeological 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 DevoniaallGdilte Plutons in the
Merrimack Belt: Implications for MiegPaleozioc ‘€rrane Relationships in the New England Appalachians:
Atlantic Geology, v. 36, p. 7202.

Williams, H. and Hatcher, R.D., Jr., 1983, Appalachian suspect teriandstcher, R.D., Jr., Williams, H. and
Zietz, 1., eds., Contributions to the Tectonics amdg@hysics of Mountain Chains, Geological Society of
America, Memoir 158, p. 333.

Wintsch, R.P., Sutter, J.F., Kunk, M.J., Aleinikoff, J.N., and Dorais, M.J. 1992. ContrasTixigp&ths:
Thermochronologic evidence for a Late Paleozoic final assemibhedfvalon composite terrane in the
New England Appalachians. Tectonics, v. 11, p.i6&32.

Walsh, G.J., and Clark, S.F., 1999, Bedrock geologic map of Windham quadrangle, Rockingham and Hillsborough
counties, New Hampshire: U.S. Geological Survey Gpiém Report 9B, 1 sheet, 1:24,000, 18 p.

Wintsch, R.P., Aleinikoff, J.N., Walsh, G. J., Bothner, W. A., Hussey, A. M., Il, and Fanning, C. M., 2007, Shrimp
U-Pb Evidence for a Late Silurian Age of Metasedimentary Rocks in the Merrimack and MNeishoba
Terranes, Eastern New England: American Journal of Science, v. 307,-p6119

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, p2867

Zartman, R.E., Hurley, P.M., Krueger, H.W., and Giletti, BL9.7Q A Permian disturbance of-Kr radiometric
ages in New Englanits occurrences and cause: Geological SocieBneéricaBulletin, v. 81, p. 3359
3373.

Zartman R.E.,and HermesD.D., 1987, Archean inheritance in zircon frolaite Paleozoic granites from the Avalon

zone of southeastern New England: An African connection; Earth and Planetary Science Letter, v. 82, p.
305315.

90



Zartman, R.E. and Marvin, R.F., 1991, Radiometric ages of rocks inddaissettsn Hatch, N.L., Jr., ed., The
Bedrock Geology of Massachusetts. U.S. Geological Survey Prof. Paper-I3¢6 JFJ19.

Zartman, R.E. and Naylor, 1984, Structural implications of some radiometric ages of igneous rocks in southeastern
New Englal: Geological Society of America Bulletin, v. 95, p. 5229.

Zen, Ean, 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,:268€©Q0.

91



APPENDIX A

A-1- Complete LAICP-MS analyses for the Harvard Conglomer&@eayrows are zircon not used maximum depositional or provenance analgsie to
Pb-loss (see Methods sections). Blue rows are zircon usealdolatemaximum deposibnal 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 édyhlighted r

Composition Anderson Corrected Isotopic Ratios Anderson CorrecteBates [Ma]

Grain ID u N2¢& Th N2a Thu | ®PoPU N2@  “PbFu N2@ Error Corr.  *Pb/*Pb N2a  “PbPrh  N2@ | ®PpPu R2@  “PoPU  N2@  “PbP Pb N2a *PbPTh  R2@ | Discordant

18.125 [ppm] [abs.] [ppm] [abs.] [abs.] [abs.] [coef.] [abs.] [abs.] [abs.] [abs.] [abs.] [abs.] %
69 597.0 ik 198.5 29 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 35 0.34 0.4310 0.0180 0.05930 0.00120 0.85149 0.05300 0.00130 0.02033 0.0025 3715 7.4 364.0 13.0 313 55 407 50 -2.06

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 57 469 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 59 423 15 482 45 -0.05
18¢c 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 60 250
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 17 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 13 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 52 424.2 51 433 11 480 46 -0.26
84 731.0 21 253.2 51 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 16 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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Composition

Anderson Corrected Isotopic Ratios

Anderson Corrected Dates [Ma]

Grain ID u N26  Th N26 Thu | ®PoPU N2@  *PbPU N2®@  ErorCor.  *Pb/*Pb N26  *Pofth  N2@ | ®PoPu  N2@ *Ppbu  RN2®@  *PpPPb  N2d *PbfTh  N2@ | Discordant
18.125 [ppm] [abs.] [ppm] [abs.] [abs.] [abs.] [coef.] [abs.] [abs.] [abs.] [abs.] [abs.] [abs.] %

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 27 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 51 414 12 487 46 -0.80
98¢ 338.9 6 73.6 0.8 0.22 0.5266 0.0091 0.068D 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 53 422 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 11 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 15 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 17 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 53 426 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 52 431 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
46¢ 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 0.0553 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 0.001@ 0.53934 0.05529 0.00045 0.02521 0.0024 433.3 6.0 429.8 6.5 422 18 503 a7 -0.81
103 291.2 6 103.7 15 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 21 0.40 0.5377 0.00% 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
a7 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 51 436.9 5.8 432 18 503 50 -1.17
5 355.0 13 86.1 21 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 53 425 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 4443 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 4435 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 55 458 10 510 46 0.40
46r 248.0 13 57.8 27 0.23 0.5519 0.0087 0.07212 0.00088 0.59261 0.055® 0.00037 0.02648 0.0025 448.9 53 446.0 5.7 434 15 528 50 -0.65
7 341.0 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 a7 -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 11 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 19 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]
Grain ID u N2d  Th N2a Thu | ®PoPu N2@  *Ppiu N2@  ErorCor.  *PbFPb N2a  *PpfTh  R2@ | ®Pb/u  R2® *PoPu  N2®  *PoPPb  N2G *PbfTh  RN2% | Discordant
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 59 568.7 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 5715 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 0.72211 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 5 775 15 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 29 0.74 0.7768 0.0130 0.0%72 0.00110 0.41531 0.05918 0.00041 0.03365 0.0031 589.3 6.4 583.8 75 571 15 669 61 -0.94
82 925 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 75 642.1 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 2442 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 6440 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 73 666.9 6.9 644 19 700 40 -1.05
193 288.8 4 134.9 23 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 17 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 16 0.48 0.9820 0.018 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 72 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 18 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 15 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 8452 11.0 834.7 12.0 814 20 992 95 -3.83
I B I e I T =N T
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 17 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 0.020 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
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Composition Anderson Corrected Isotopic Ratios Anderson Corrected Dates [Ma]
Grain ID u N2d  Th N2a Thu | ®PoPu N2@  *Ppiu N2@  ErorCor.  *PbFPb N2a  *PpfTh  R2@ | ®Pb/u  R2® *PoPu  N2®  *PoPPb  N2G *PbfTh  RN2% | Discordant
18.125 [ppm] [abs.] [ppm] [abs.] [abs.] [abs.] [coef.] [abs.] [abs.] [abs.] [abs.] [abs.] [abs.] %
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

130.5 7 52.3 14 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
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
371.0 20 433 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
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
305.0 13 52.5 15 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
143.0 6 52.7 1.6 0.37 2.2810 0.0350 0.20500 0.00230 0.5060 0.08071 0.00053 0.07060 0.0070 1202.1 12.0 1207.1 11.0 1213 13 1378 130 0.90
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 130 243
214.0 7 48.4 11 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
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
202.3 8 76.5 23 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
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
83.3 7 40.6 25 0.50 22720 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
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 12323 12.0 1231.7 9.8 1227 8 1360 120 -0.47
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
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
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
33.0 1 245 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
72.4 1 319 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
84.4 2 34.7 0.4 041 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
214.2 10 56.4 13 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
147.3 4 53.4 12 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
T N T T T T
90.4 3 48.3 13 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
2311 8 64.6 18 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
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
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

500
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