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SHRIMP U-Pb EVIDENCE FOR A LATE SILURIAN AGE OF
METASEDIMENTARY ROCKS IN THE MERRIMACK AND
PUTNAM-NASHOBA TERRANES, EASTERN NEW ENGLAND

R. P. WINTSCH¥, J. N. ALEINIKOFF**, G. ]. WALSH***, W. A. BOTHNER###*,
A. M. HUSSEY, IT*, and C. M. FANNINGS®

ABSTRACT. U-Pb ages of detrital, metamorphic, and magmatic zircon and metamor-
phic monazite and titanite provide evidence for the ages of deposition and metamor-
phism of metasedimentary rocks from the Merrimack and Putnam-Nashoba terranes
of eastern New England. Rocks from these terranes are interpreted here as having
been deposited in the middle Paleozoic above Neoproterozoic basement of the
Gander terrane and juxtaposed by Late Paleozoic thrusting in thin, fault-bounded
slices.

The correlative Hebron and Berwick formations (Merrimack terrane) and Tatnic
Hill Formation (Putnam-Nashoba terrane), contain detrital zircons with Mesoprotero-
zoic, Ordovician, and Silurian age populations. On the basis of the age of the youngest
detrital zircon population (~425 Ma), the Hebron, Berwick and Tatnic Hill formations
are no older than Late Silurian (Wenlockian). The minimum deposition ages of the
Hebron and Berwick are constrained by ages of cross-cutting plutons (414 * 3 and
418 = 2 Ma, respectively). The Tatnic Hill Formation must be older than the oldest
metamorphic monazite and zircon (~407 Ma). Thus, all three of these units were
deposited between ~425 and 418 Ma, probably in the Ludlovian. Age populations of
detrital zircons suggest Laurentian and Ordovician arc provenance to the west. High
grade metamorphism of the Tatnic Hill Formation soon after deposition probably
requires that sedimentation and burial occurred in a fore-arc environment, whereas
time-equivalent calcareous sediments of the Hebron and Berwick formations probably
originated in a back-arc setting.

In contrast to age data from the Berwick Formation, the Kittery Formation
contains primarily Mesoproterozoic detrital zircons; only 2 younger grains were
identified. The absence of a significant Ordovician population, in addition to paleo-
current directions from the east and structural data indicating thrusting, suggest that
the Kittery was derived from peri-Gondwanan sources and deposited in the Frederic-
ton Sea. Thus, the Kittery should not be considered part of the Laurentian-derived
Merrimack terrane; it more likely correlates with the early Silurian Fredericton terrane
of northeastern New England and Maritime Canada.

INTRODUCTION

The evolution of an orogenic belt cannot be understood without knowledge of
both the age and the distribution of its component parts, and the history of assembly of
these parts. Progress in understanding the Paleozoic tectonic evolution of eastern New
England has been stymied by the lack of firm evidence of the ages of deposition and
metamorphism of rocks in its major metasedimentary belts. Fossil control of deposi-
tional ages is lacking due to deformation and metamorphism, and geochronology has
not produced enough reliable prograde metamorphic ages of these rocks to constrain
their time(s) of metamorphism.

Two persistently enigmatic belts in the eastern New England Appalachians are the
Merrimack and Putnam-Nashoba terranes. These belts are located between the Cen-
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tral Maine terrane to the west, and the Avalon terrane to the east (fig. 1), and are
interpreted on a regional scale to be members of the peri-Gondwanan belts of Hibbard
and others (2006). However, the relationships of Merrimack and Putnam-Nashoba
terranes to the Avalon and the Central Maine terranes, and even to each other, have
been and remain contested. Outstanding questions involve the depositional ages of the
protoliths of metasedimentary units, and the tectonic significance of the belts, as either
lithotectonic terranes, as (meta)sedimentary troughs, or as groups of formations. For
example, both the Putnam-Nashoba and Merrimack terranes have been interpreted to
be Late Proterozoic, Ordovician, or Silurian, based on variably tenuous stratigraphic
correlations, contact relationships with adjacent rocks, and apparent ages of intrusive
rocks (Rodgers, 1981; Zen and others, 1983; Bothner and others, 1984; Rodgers, 1985;
Barosh and Moore, 1988; Pease, 1989; Robinson and Goldsmith, 1991; Bothner and
others, 1994; Robinson and others, 1998; Hussey and others, 1999). Stratigraphic
assignment is further complicated by significant strike-parallel faulting that juxtaposes
rocks of the Central Maine, Merrimack, Putnam-Nashoba, and Avalon terranes with
alternating grades of metamorphism. Tremblay and Pinet (2005) include Merrimack
terrane rocks with rocks of the Central Maine terrane and believe that they correlate in
age and tectonic environment with the Connecticut Valley - Gaspé terrane (fig. 1),
having formed synchronously but in two separate depositional basins. However,
without more information on provenance, the times of deposition, and the times of
metamorphism of these rocks, a refined understanding of the early Paleozoic evolu-
tion of the New England Appalachians is not possible.

This study has been undertaken to establish the age and provenance of the rocks
of the Merrimack and Putnam-Nashoba terranes. We approach the problem by dating
detrital zircons, and metamorphic monazite, titanite, and zircon rims in metasedimen-
tary rocks, and magmatic zircon from cross-cutting plutonic rocks. These results are
then applied to stratigraphic and tectonic issues.

GEOLOGIC SETTING

The tectonic settings of the Avalon and Central Maine terranes are well estab-
lished, but the roles of the Merrimack and Putnam-Nashoba terranes sandwiched
between them (fig. 1) remain much debated. Each terrane is a sliver of rock separated
from adjacent blocks by ductile to brittle faults that obliquely cut stratigraphic units,
and commonly juxtapose rocks with differing times and grades of metamorphism
(Wintsch and others, 1993). Final assembly of these terranes probably was not
completed until the Permian. The Avalon terrane is composed primarily of Neoprotero-
zoic intrusive and extrusive rocks, unconformably overlain by Paleozoic sediments, and
intruded by Paleozoic igneous rocks (see for example, Skehan and Rast, 1990; Zartman
and Marvin, 1991). At the latitude of our study, the Central Maine terrane contains
primarily Silurian and Devonian metasedimentary rocks that have been metamor-
phosed to moderate and high grades, and intruded by a suite of mid-Paleozoic
intrusive rocks (see for example, Zartman and Naylor, 1984; Bradley and others, 2000;
Moench and Aleinikoff, 2003).

Merrimack Terrane

The Merrimack terrane is a fault-bounded slice of rocks extending from south-
central Connecticut to the Gulf of Maine (fig. 1), with protoliths of variably calcareous,
sandy, silty, and muddy sediments, and intruded mafic and felsic plutonic rocks.
Toward the northwest the Merrimack terrane is structurally overlain by amphibolite
facies rocks of the Central Maine terrane and orthogneisses of the Massabesic gneiss
complex. Toward the southeast, it is in fault contact with, and probably overlies
amphibolite facies rocks of the Putnam-Nashoba terrane in Connecticut (fig. 2) and
Massachusetts (fig. 1), and with the Rye complex in New Hampshire (fig. 3). Within
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Fig. 2. Geologic map of most of eastern Connecticut (adapted from Rodgers, 1985) showing the
Merrimack (NW rule and medium gray) and Putnam-Nashoba terrane rocks (NE rule and dark gray) relative
to surrounding rocks of the Avalon (large dots) and Central Maine (calcareous sand) terranes, and other
Ordovician intrusive (random =) and Devonian (+, > patterns) rocks. Locations of samples analyzed in this
study shown with an open circle. Abbr.: GC, Glastonbury gneiss complex; KC, Killingworth Complex; PG,
Preston gabbro.

the Merrimack terrane in Connecticut, garnet-grade metamorphism increases to
sillimanite grade to the west and south (Snyder, 1964). In New Hampshire and
Massachusetts, the grade of metamorphism increases from greenschist facies in the
east to amphibolite facies in the west (Zen and others, 1983; Lyons and others, 1997).

Map units of the Merrimack terrane in Connecticut include the Hebron Forma-
tion, Scotland Schist, and smaller unnamed units (for example, Snyder, 1964); these
are shown in figure 2 following Rodgers (1985). Subsequent proposals by Pease (1989)
to subdivide the Hebron Formation, and by Wintsch and others (1993) to include map
units from the structurally lower Tatnic Hill Formation in the Merrimack terrane are
not adopted here.

In New Hampshire and southern Maine, three major units are mapped in the
Merrimack terrane: the Berwick, Eliot, and Kittery formations. These, together with
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Fig. 3. Geologic map of coastal New Hampshire and southern Maine showing Silurian metasedimentary
rocks in fault contact with the Rye complex and the Central Maine terrane. The Early Silurian Eliot and
Kittery formations are faulted over the Late Silurian Berwick Formation, and all are intruded by the latest
Silurian Newburyport complex and the early Devonian Exeter Diorite. Locations of samples described in the

text are indicated by the open circles. Adapted from Lyons and others (1997) and Bothner and others
(2004).

several thinner pelitic units, make up the ‘Merrimack Group’ of Lyons and others
(1989; fig. 3). The Berwick and Eliot are composed of alternating 1 to 5 cm thick layers
of variably calcareous sandy and less calcareous muddy protoliths. The Kittery Forma-
tion contains largely calcareous metasiltstones and metasandstones, with a few coarser
grained beds. The stratigraphic order of these units has been contested in the
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literature, but it is now accepted that in New Hampshire and southwestern Maine the
Eliot and overlying Kittery formations structurally overlie the Berwick (Lyons and
others, 1997). Furthermore, we now believe that the faults that everywhere separate the
Eliot and Kittery formations from the Berwick Formation are thrusts that placed the
latter two older formations upon the younger Berwick prior to the intrusion of several
plutons (fig. 3; see Tectonic Speculations; Bothner and others, 2004.).

Putnam-Nashoba Terrane

The Putnam-Nashoba terrane (fig. 1) contains a mixed assemblage of medium to
high grade paragneisses and orthogneisses (Hepburn and others, 1995). To the west
and northwest it is separated from the structurally overlying Merrimack terrane by the
Clinton-Newbury fault system (CNF, fig. 1; Goldsmith, 1991a) and its southern
extension (Wintsch and others, 1992). To the east and southeast it is separated from
the underlying Avalon terrane by the Honey Hill-Lake Char-Bloody Bluff fault system
(BBF, fig. 1; fig. 2) which has a complicated history of reactivation (Goldstein, 1989;
Goldsmith, 1991a; Wintsch and others, 1992).

In Connecticut, intermediate to mafic metaigneous rocks of the Quinebaug
Formation are structurally overlain by pelitic schists of the Tatnic Hill Formation
(Dixon, 1964; Rodgers, 1985; fig. 2). The Tatnic (thrust) fault separates these two units
(fig. 2) and obscures any stratigraphic relationships between them. In Massachusetts,
this lithologic and structural package is roughly repeated, with mafic amphibole schists
and gneisses of the Marlboro Formation overlain by pelitic schists of the Nashoba
Formation (Goldsmith, 1991b). The age of these paragneisses must be older than early
Paleozoic mafic and felsic intrusive rocks (Zartman and Naylor, 1984; Acaster and
Bickford, 1999), and may be as old as Late Cambrian, based on a U-Pb igneous zircon
date of ~500 Ma in associated metavolcanics (Hepburn and others, 1995). However,
all metasedimentary and metavolcanic rocks and most intrusive rocks are metamor-
phosed to middle or upper amphibolite facies, making detailed stratigraphic correla-
tions difficult.

METHODS

Strategy

Due to its refractory character, igneous zircon can remain intact through high-
grade metamorphism and even anatexis. U-Pb geochronologic studies conducted over
the past 50 years have documented inheritance of older zircon as inclusions within
younger magmatic zircon. In fact, zircon commonly resists dissolution and reaction,
developing only rims of newly crystallized material during metamorphism. The closure
temperature of the U-Pb system in zircon is > 800°C (Cherniak and Watson, 2001),
higher than the temperatures attained by most geologic processes, so that Pb-loss by
diffusional processes is rarely documented, and overgrowths record the time of their
own crystallization. To decipher the history of zircons composed of multiple age zones,
itis necessary to use in situ microanalysis of small, homogeneous domains.

During high-grade metamorphism of the metasedimentary rocks of the Merri-
mack and Putnam-Nashoba terranes of Connecticut, many zircons developed over-
growths. These detrital zircon grains thus preserve evidence of both provenance (age
range of cores) and subsequent metamorphisms (ages of overgrowths). The age of
deposition is constrained to be younger than the youngest population of detrital zircon
cores and older than the oldest group of metamorphic overgrowths. However, detrital
grains can also contain metamorphic overgrowths formed prior to sedimentary deposi-
tion, so a possible (although rare) complicating factor is distinguishing between pre-
and post-depositional metamorphic rims.

To understand age distributions, the origin of dated zones must be correctly
interpreted. Magmatic zircon usually displays concentric oscillatory zoning in cathodolu-
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minescence (CL) imaging, whereas metamorphic zircon is commonly either unzoned
or shows broad irregular patchwork zoning in CL (see for example, Corfu and others,
2003). Another distinguishing characteristic is that magmatic zircon usually has Th/U
of about 0.3 to 0.8, whereas metamorphic zircon typically has very low Th/U of <0.1
(Hoskin and Schaltegger, 2003; see Age of Deposition).

Analytical Procedures

Zircon and monazite were extracted from ~5 to 10 kg rock samples by routine
mineral separation processes, including crushing, pulverizing, Wilfley table concentra-
tion of heavy minerals, and purification of mineral fractions using magnetic separation
and methylene iodide. Detrital zircons were sprinkled onto double-stick tape to obtain
relatively unbiased samples. Individual grains of monazite and titanite were hand-
picked under a binocular microscope. All samples were mounted in epoxy, ground to
nearly half-thickness, and polished using 6 wm and 1 pm diamond suspension. All
grains were digitally imaged in both transmitted and reflected light to identify areas
free from inclusions, cracks, and other imperfections. Using the scanning electron
microscope, zircons were imaged by cathodoluminescence (CL) to distinguish cores
and overgrowths; monazites and titanites were imaged by back-scattered electrons
(BSE).

U-Pb ages of zircon and monazite were determined using the USGS/Stanford
sensitive high resolution ion microprobe-reverse geometry (SHRIMP-RG) at Stanford
University, following the methods described in Williams (1998); titanite was analyzed
on SHRIMP II at the Research School of Earth Sciences, Australian National Univer-
sity. The area excavated by the primary oxygen ion beam was about 25 to 30 wm in
diameter for zircon and titanite, and about 15 to 20 pm for monazite. 206p, /2381y ages
were corrected for instrument fractionation using zircon standard R33 (419 = 1 Ma;
Black and others, 2004), monazite standard 44069 (424 = 1 Ma; Aleinikoff and others,
2006) or titanite standard BLR-1 (1047 = 1 Ma, Aleinikoff and others, 2007). Uranium
concentrations are believed to be accurate to = 20 percent. Raw data were reduced
using Squid 1 (Ludwig, 2001) and plotted using Isoplot 3 (Ludwig, 2003). For detrital
zircons from metasedimentary rocks, U-Pb data are plotted on Tera-Wasserburg
concordia diagrams to display degree of discordance. Analyses of detrital zircons that
are less than 10 percent discordant (table 1) are used to construct relative probability
age plots. S7peciﬁcally, we use the 2*°Pb/?**U age for zircons younger than about 1200
Ma, and **"Pb/*°°Pb ages older than about 1200 Ma. A well-known phenomenon first
documented by Williams and Hergt (2000) is that SHRIMP analyses of zircons
containing >~2500 ppm uranium can result in **°Pb/***U ages that are too old,
presumably due to a change in instrument fractionation (that is, a calibration shift).
Data from such high-U concentration, reversely discordant metamorphic zircons with
206p, /238 ages older than about 405 Ma have been excluded from the relative
probability plots below. U-Pb data from magmatic zircons and metamorphic monazite
are plotted on Tera-Wasserburg concordia plots to visually determine coherent ages
groups. Weighted averages of individual *’°Pb/***U ages are calculated to obtain an
age for each sample. For titanite, lower intercept concordia ages are calculated
through data that are uncorrected for common Pb, using the Isoplot 3-D linear
regression (Ludwig, 2003). In this study we follow the time scale of Gradstein and
others (2004).

RESULTS

A total of about 400 zircon grains from nine samples were analyzed for this study:
samples of five metasedimentary rocks and two igneous rocks from the Merrimack
terrane, and two samples of metasedimentary rocks of the Tatnic Hill Formation from
the Putnam-Nashoba terrane (tables 1 and 2). In addition, 37 grains of titanite from
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three samples and 20 grains of monazite from a fourth sample were analyzed to
establish the times of metamorphism, and thus to constrain the minimum age of
deposition of Merrimack terrane sediments. Locations of samples are given below, and
in tables 1 and 2.

Merrimack Terrane

Of the five samples of metasedimentary rocks collected from the Merrimack
terrane, three are from units included by Rodgers (1985) within the Hebron Forma-
tion of Connecticut. The northern sample (sample H-N, fig. 2) is from an area where
the grade of overprinting metamorphism is relatively low but sufficient to reset the
*Ar/?Ar age of amphibole (~310 Ma, Wintsch and others, 1993). Samples from the
central and southern parts of our study area (H-C and H-S, respectively; fig. 2) are
higher in metamorphic grade (Wintsch and others, 2003) and were collected to
support mapping by the U.S. Geological Survey in the Essex and Old Lyme 7.5-minute
quadrangles (Walsh and others, 2007). Samples of Kittery (K-1) and Berwick (B-1)
formations from southern Maine (fig. 3) were collected to test regional correlations
within the Merrimack terrane.

Hebron Formation, Connecticut.—The northern Hebron sample (H-N) (Wintsch and
others, 2001, stop 4; fig. 2) is composed of thinly bedded purplish biotite schist and
olive green hornblende granofels interlayered on a cm scale. It is deformed into
isoclinal folds and intruded by unfoliated plagioclase-rich pegmatites. Oscillatory and
sector zoning in cores of detrital zircons separated from this rock are truncated at grain
boundaries (fig. 4A), presumably due to mechanical abrasion during transport. Some
grains have very thin metamorphic overgrowths, too thin for SHRIMP analysis. Fifty
grains were analyzed, 3 of which are discordant and excluded from further analysis.
The data define two major groups of ages: (1) ~420 to 490 Ma, and (2) ~900 to 1200,
and 1300 to 1920 Ma, with a few grains outside these limits. Also present are three
Neoproterozoic grains, and two older grains (2.3 and 2.5 Ga, table 1; fig. 4D). Thin
metamorphic overgrowths were not analyzed.

Titanite from sample H-N was analyzed to determine the time(s) of metamor-
phism of the eastern belt of Hebron Formation. Two varieties of titanite occur: slightly
yellowish brown, and colorless. Both populations have cores and overgrowths as shown
by BSE imaging. Most of the yellow-brown grains contain between 10 and 80 ppm U,
whereas colorless grains have lower U concentrations (mostly between 5 and 25 ppm;
table 1). Both populations have significant concentrations of common Pb, necessitat-
ing calculation of regressions through the data to concordia lower intercept ages using
analyses that are uncorrected for common Pb. Data were grouped according to
location in the grains from both populations, resulting in ages for cores and over-
growths (fig. 4C). The 3-D linear regression (Ludwig, 2003) for cores yields an age of
301 = 5 Ma, whereas overgrowths formed at 290 = 11 Ma (fig. 2C). Although these
ages overlap within uncertainty, the difference in ages may be real given the textural
relationship of cores inside overgrowths.

Sample H-C of the Hebron Formation contains thick (10 — 20 cm) layers of
purplish biotite schists and granofels interbedded with pale green hornblende- and
diopside-bearing granofels layers, both intruded by plagioclase-rich pegmatites, reflect-
ing upper amphibolite facies metamorphism. Subsequent deformation produced
boudins of pegmatites and layers of calcareous granofels, and later deformation
refolded these layers. CL images of zircons from H-C shows them to be very similar to
zircons in sample H-N. Fifty zircon cores were analyzed, of which six discordant
Proterozoic analyses were discarded (table 1; fig. 4E). The data define three major age
clusters: (1) about 425 to 480 Ma, (2) about 980 to 1270 Ma, and (3) about 1480 to
1815 Ma with a few grains outside these limits (table 1).
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Fig. 4. Images and concordia diagrams showing the results of analyses of zircons from the Hebron
Formation of Connecticut (fig. 2). (A) and (B): cathodoluminescent images of zircons from samples H-N
and H-S, showing oscillatory and sector zoning in rounded detrital magmatic grains. (C): Terra-Wasserburg
diagram showing the U-Pb data from cores and overgrowths in titanites from sample H-N. (D), (E), and (F):
concordia diagrams showing the ages and uncertainties of detrital zircons from samples H-N, H-C, and H-S.
The ages of the youngest detrital grains in each sample are indicated in the lower left corner.

The southern Hebron Formation sample (H-S, fig. 2) is composed of decimeter-
thick purplish biotite schists interlayered with greenish hornblende or diopside
granofels, and is intruded by subsequently foliated, sill-like plagioclase-dominated
pegmatites. Both compositional banding and foliation are parallel to the northeast
dipping regional foliation. CL imaging of zircons from this sample shows cores with
oscillatory zoning overgrown by wide rims as much as a third of the diameter of the
cores (fig. 4B). Seventy-six grains were analyzed in two analytical sessions (table 1), of
which 18 were discarded due to excessive discordance (fig. 4F). Five analyses of rims
(low Th/U, table 1) have ages ranging from about 300 to 360 Ma. The remaining 53
grains have ages that define three major age groups: (1) about 430 to 450 Ma, (2)
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Fig. 5. Cathodoluminescent image of typical zircons in the Berwick Formation (sample B-1), and
concordia diagrams showing the results of analyses of zircons from the Berwick and Kittery formations of SW
Maine (fig. 3). (A): oscillatory zoning in rounded detrital magmatic zircons from sample B1. (B) and (C):
concordia diagrams showing the ages and uncertainties of detrital zircons from samples B-1 and K-1. The
ages of the youngest detrital grains in each sample are indicated.

about 800 to 1150 Ma, and (3) about 1290 to 1765 Ma, with a few grains outside these
limits.

Merrimack terrane, Maine.—To test the correlation of rocks assigned to the Merri-
mack terrane in Connecticut (Hebron Formation) with those assigned to the Merri-
mack terrane in Maine and New Hampshire, single samples of the Berwick and Kittery
formations from rocks in the upper and lower greenschist facies, respectively, were
analyzed. CL images of zircons from both samples show grains with oscillatory-zoned
domains; very few overgrowths were detected (fig. 5A), as expected from the low
metamorphic grade of the rocks. Fifty grains were analyzed from each sample. From
the Berwick data, eight discordant analyses were excluded, and two discordant analyses
from the Kittery data were excluded. Ages of zircons from the Berwick Formation form
three major age groups: (1) about 425 to 475 Ma, (2) about 900 to 1435 Ma, and (3)
about 2600 to 2850 Ma (table 1; fig. 5B). Zircons from the Kittery Formation (table 1;
fig. 5C) are mostly between about 925 and 1900 Ma, with a gap between ~1200 and
~1400 Ma. Two younger grains are about 485 and 650 Ma, whereas 3 older grains are
about 2.7 Ga. Although the Berwick and Kittery have similar Proterozoic and Archean
age populations, the absence of a significant Paleozoic population and the occurrence
of one Neoproterozoic grain in the Kittery Formation suggest that the sediments of
these two units had different sources. A transport direction for the Kittery from the east
rather than the west, as indicated by paleo- current directions (Rickerich, 1984; Hussey
and others, 1984) might explain this difference (see Discussion).

Intrusive Rocks, Connecticut.—The Eastford gneiss intrudes the Hebron Formation
in northeastern Connecticut, whereas the Canterbury gneiss intrudes the Hebron in
sill-like fashion from extreme northeastern Connecticut to the southwestern end of the
Honey Hill fault (Rodgers, 1985; fig. 2). Emplacement ages for these granitic gneisses
were determined to constrain the minimum age of deposition of the Hebron Forma-
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tion. The rocks have been previously dated by the Rb-Sr whole-rock method, yielding
ages of 416 + 23 Ma for the Canterbury Gneiss (Pignolet, and others, 1980; Pignolet,
ms, 1981), and 403 + 28 and 395 + 9 Ma for the Canterbury and Eastford gneisses,
respectively (Zartman and Naylor, 1984). Zartman and Naylor (1984) also dated both
gneisses by the conventional multi-grain U-Pb method, but the uncertainties of their
results were too large to allow age discrimination between the two gneisses, and they
reported an aggregate age of 395 + 10 Ma. Because the uncertainty of these analyses
did not adequately constrain the age of intrusion, we reanalyzed zircons using in situ
SHRIMP analysis from samples originally described and dated by Zartman and Naylor
(1984).

Zircons from the Eastford Gneiss (sample 63 of Zartman and Naylor, 1984) display
two morphologies: acicular/prismatic (length-to-width ratio (1/w) of 5-6) and tabular
(I/w of 2-3); grains in both populations contain a few small inclusions (fig. 6A).
Imaging in CL shows concentric oscillatory zoning; thin dark overgrowths are present
on some grains (fig. 6B). Twelve analyses (table 2) yield a coherent age group of 379 =
4 Ma (fig. 6C). This Late Devonian emplacement age is slightly younger than the
results of Zartman and Naylor (1984). One rounded, xenocrystic core is 1192 Ma, four
ages are slightly older (398 — 409 Ma), and two ages are younger (364 and 320 Ma). The
latter ages are from oscillatory-zoned rims and likely record the times of metamorphic
overgrowth.

Zircons from the Canterbury Gneiss (sample 57 of Zartman and Naylor, 1984) are
prismatic (1/w of 3-4) and euhedral; many grains are fractured (fig. 6D). In CL the
grains show concentric oscillatory zoning (fig. 6E). Three tabular grains yield ages of
388 to 403 Ma; another tabular grain is 369 Ma (table 2). One younger analysis (352
Ma) probably is a mixture of core and overgrowth. The other ten grains yield a
coherent age group of 414 = 3 Ma (fig. 6F), interpreted to be the time of magmatic
crystallization.

To establish the age of regional metamorphism that affected both of these granitic
gneisses, we analyzed titanite from both rocks. Grains are subhedral to euhedral,
contain few if any inclusions, and are not strongly zoned in back-scattered electron
imaging (fig. 6H). These titanites contain low concentrations of uranium (0.2 - 178
ppm, mostly between 2 and 90 ppm) and high concentrations of common Pb (9 to
98%; table 2), necessitating calculation of the age by regression through data uncor-
rected for common Pb to a lower concordia intercept (fig. 6I). Seven analyses of
titanite from the Eastford Gneiss yield an age of 307 = 9 Ma; 6 analyses of titanite from
the Canterbury Gneiss yield an age of 307 = 7 Ma. A composite isochron through all 13
data points results in a lower intercept age of 305 * 5 Ma (fig. 6I).

The 414 = 3 Ma crystallization age of the Canterbury Gneiss overlaps with the
Rb-Sr results (Pignolet and others, 1980; Pignolet, ms, 1981) and confirms that the
Eastford and Canterbury gneisses differ in age by about 35 m.y. The composite age of
305 * 5 Ma for titanite from the Eastford and Canterbury gneisses is identical within
error of the age of titanite cores from Hebron sample H-N (301 £ 5 Ma), located about
5 km southwest of the Canterbury Gneiss sample (fig. 2), and is slightly younger that
the cooling age of amphibole (~310 Ma, Wintsch and others, 1993) from the H-N
outcrop. These ages indicate that these rocks shared a common metamorphic history
since at least the mid-Pennsylvanian.

Putnam-Nashoba Terrane

Two samples from the Tatnic Hill Formation of the Putnam-Nashoba terrane were
analyzed to constrain the age of deposition of this unit (fig. 7). A migmatitic schist (T-1;
field number 31903-2) sampled near the mapped stratigraphic top of the lower
member of the formation (Dixon, 1964) yielded zircon grains with patchy or faint
oscillatory zoning in cores and dark (in CL) unzoned overgrowths. Forty cores were
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Fig. 6. Summaries of U-Pb data from the Eastford and Canterbury gneisses. Transmitted light (A) and
CL (B) images, and a concordia diagram with a weighted average plot (C) showing zircons analyzed from the
Eastford Gneiss, sample 63. Transmitted light (D) and CL (E) images, and a concordia diagram with a
weighted average plot (F) showing zircons analyzed from the Canterbury Gneiss. Transmitted light (G) and
back-scattered electron (H) images of titanite from the Canterbury Gneiss. (I): a Terra-Wasserburg diagram
comparing the isotopic compositions of titanite grains from the Canterbury and Eastford gneisses.

analyzed (table 1) of which 6 yielded highly discordant *°°Pb/?**U ages from grains of
probable Mesoproterozic or Neoproterozic age. Of the remaining 34 analyses, 30
define an age range of 383 to 434 Ma with a peak on the relative probability curve
corresponding to ~ 400 Ma (fig. 8), and have very low Th/U ratios typical of a
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Fig. 7. Images and concordia diagrams showing results from the Tatnic Hill Formation. (A): BSE
images of monazites from migmatitic sample T-1 showing multiple overgrowths. (B): summary of age data
and weighted average plots from cores (gray), mantles (white) and rims (black) of monazites from sample
T-1. (C) and (D): CL images of zircons from quartzite sample T-2, showing magmatic oscillatory zoned cores,
and up to 6 metamorphic overgrowths (og). (E): a concordia diagram summarizing the age data from
detrital zircons from sample T-2, with an enlargement.

metamorphic origin. Only one grain (31903 — 2-8.1, 490 Ma) has a Th/U suggestive of
a magmatic origin (table 1), while three other analyses have ages of about 484 to 489
Ma, but also have very low Th/U of 0.08. Co-existing monazite from this sample has a
complicated growth history as revealed by BSE images that show cores with multiple
overgrowths (fig. 7A). Pale yellow and medium yellowish-brown varieties (light, It, and
dark, dk grains, respectively, table 1) were found, and yielded indistinguishable results.
Thirteen analyses of monazite cores of both colors result in an age of 402 * 3 Ma, while
5 analyses of overgrowths yield a younger age of 388 = 5 Ma. Two analyses are younger
at about 370 Ma (fig. 7B). These results from associated monazite make the history of
the zircons in sample T-1 clearer. The peak in the age probability of zircons at ~400 Ma
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coincides with the dominant age of the monazite, together indicating a high grade
event at this time. Despite the very diffuse oscillatory zoning in the cores, these zircon
grains, though typical of neither magmatic nor metamorphic grains (Corfu and others,
2003), are a consequence of high-grade metamorphic growth. Such an interpretation
is consistent with the low Th/U ratios commonly found in zircons of metamorphic
origin.

To obtain information about the provenance and depositional history of the unit,
we collected a second sample, a quartzite (T-2, field number 61504-1) from near the
base of the Tatnic Hill Formation (fig. 2) in the hope that the silica-rich bulk
composition would have limited anatexis, and thus also zircon recrystallization in this
sample. This experiment was apparently successful, because the sample yielded detrital
zircons with well-preserved igneous cores, showing oscillatory zoning patterns in CL
(fig. 7C). Nevertheless, up to six generations of apparently metamorphic overgrowths
are present on some grains (fig. 7D), some with internal oscillatory or sector zoning,
and some dark (in CL) and unzoned, indicating that zircon did recrystallize in these
rocks as well. Thus, the rounded tips and edges of these zircons that are typical of
detrital origin could also be explained by partial dissolution in an anatectic fluid.
Three different internal zones of these zircons as revealed by CL analysis were
analyzed: (1) oscillatory-zoned cores, (2) medium to dark gray (in CL) overgrowths,
and (3) wholly metamorphic grains containing very high-U (black in CL) unzoned
cores and high-U (dark gray in CL) mantles and rims. Because the black cores in some
grains are partially resorbed, it is likely that these metamorphic zircons formed during
at least two separate periods of growth.

A total of 50 grains were analyzed, including 31 analyses of magmatic cores (2
excluded due to unreasonably young ages probably caused by Pb-loss through cracks),
8 analyses of overgrowths (one excluded because the SHRIMP spot overlapped two age
zones, and another excluded due to discordance), and 11 analyses of metamorphic
grains. Ages of cores fall mostly between ~425 and 500 Ma, with 6 Neoproterozoic ages
(about 575 — 900 Ma) and 4 Mesoproterozoic ages (about 1.0 — 1.5 Ga; table 1, fig. 7E).
Ubiquitous overgrowths on igneous cores range in age from about 315 to 390 Ma,
suggesting that this rock was affected by multiple episodes of metamorphic zircon
growth spanning 75 m.y.

DISCUSSION

Correlation of Units

Hebron Formation.—To assess the stratigraphic correlation of metasedimentary
rocks assigned to the Merrimack terrane (see for example, Hibbard and others, 2006),
we compare the distribution of zircon ages on the relative probability plots of figure 8.
The results show that detrital zircon age distributions in three samples from the
Hebron Formation of eastern Connecticut are very similar (figs. 8C, D, and E). All
three samples share a population from ~800 to 1200 Ma, and smaller populations
between 1300 and 1750. They also share large bimodal populations of Ordovician and
Early Silurian magmatic grains (38% in sample H-N), and few or no grains in the range
550 to 800 Ma. Thus, we conclude that these rocks were derived from similar sources.
The combination of similar lithologies, similar detrital zircon age populations, and
stratigraphic continuity along a single strike belt supports the correlation of these
three samples as belonging to a single unit: the Hebron Formation.

Berwick Formation.—Detrital zircons from the Berwick Formation from southern
Maine share most age populations with zircons from the Hebron Formation in
Connecticut (fig. 8B). Berwick zircons have a significant age population between 900
and 1200 Ma, and a smaller population between 1400 and 1500 Ma. Also present is a
large, bimodal Ordovician and Silurian age population (21% of the grains), whereas a
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late Neoproterozoic population is lacking. The strong similarities of age populations
support the correlation of the Berwick and Hebron formations.

Kittery Formation.— Age populations of detrital zircons from the Kittery Formation
differ from other samples of Merrimack terrane rocks (fig. 8A). Similarities include a
large Mesoproterozoic age population with a major peak near 1000 Ma, and a very
small population (a single grain) between 550 to 650 Ma (fig. 8). However, we found
only a single Ordovician grain in the Kittery Formation sample, rather than the major
bimodal Ordovician and Silurian peaks present in the Berwick and Hebron samples
(table 1). We consider the lack of Ordovician/Silurian grains in the Kittery Formation
to be significant because it makes a correlation with the other samples doubtful while
constraining its provenance.

Putnam-Nashoba terrane.—The migmatitic sample of the Tatnic Hill Formation
(T-1) provides only discordant ages not useful for the determination of provenance.
However, the quartzite sample (T-2) does contain detrital zircons with a range of ages.
The provenance of these sediments is dominated by Ordovician and Silurian sources
(48%), with only minor Mesoproterozoic and Neoproterozoic components. These
results are distinct from the other samples in our study, and support the identification
of rocks of the lower member of the Tatnic Hill Formation as distinct from the Hebron
Formation, an interpretation already made on the basis of differences in lithology,
stratigraphy, and metamorphic grade (Dixon, 1964; Snyder, 1964).

Age of Deposition

The maximum age of deposition of a metasedimentary rock is constrained to be
younger than the age of the youngest detrital (magmatic?) zircon population, and
older than the oldest metamorphic overgrowth. To help discriminate between zircons
of magmatic and metamorphic origins, ages of individual zircons from all metasedimen-
tary samples are compared with their Th/U ratios in figure 9. Note that almost all
(magmatic) grains with Th/U > ~0.1 are Silurian or older, while (metamorphic)
grains with Th/U<0.1 are Devonian or younger (Hoskin and Schaltegger, 2003). This
distinction makes the comparison of detrital magmatic and metamorphic grains less
ambiguous.

Hebron and Berwick formations.—The youngest zircons in Hebron samples H-N,
H-C, and H-S are 423, 425, and 434 (all = 9 Ma 20), respectively. The minimum age of
zircon found in the Berwick Formation is 426 = 9 Ma (20). Because these four samples
are considered to be correlative on stratigraphic and provenance grounds, it is
reasonable to compare the ages of their detrital grains collectively. Thus, these samples
have a minimum age of ~425 Ma (table 1; fig. 9), which establishes the maximum age
of the original sediments as Wenlockian (fig. 10). In eastern Connecticut, the ~414 Ma
Canterbury Gneiss (see Results) intrudes the Hebron Formation (fig. 2). Thus the
Hebron Formation is Late Silurian to earliest Devonian, probably Ludlovian, and the
overlying Scotland Schist (fig. 2; Snyder, 1964) is slightly younger (fig. 10). In
Massachusetts and southern New Hampshire, the ~418 Ma Newburyport complex
(Fargo and Bothner, 1995) intrudes the Kittery, and by structural inference (see
Provenance below) also the Berwick Formation, thus limiting the age of the Berwick
unit to no younger than Wenlockian to Ludlovian (fig. 10). By correlation, the age of
deposition of both the Hebron and Berwick formations is Late Silurian, and probably
Ludlovian, eliminating the possibility that these rocks might be Ordovician, as pro-
posed by Rodgers (1985) and Lyons and others (1997) in Connecticut and New
Hampshire, respectively.

Kittery Formation.—The age and stratigraphic position of the Kittery and Eliot
formations with respect to the Berwick is still contested in the literature. Relative to the
Berwick Formation, they may be younger (see for example, Lyons and others, 1997), or
they may be older (for example, Robinson and Goldsmith, 1991; fig. 10). The single
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Fig. 9. A comparison of the ages and Th/U ratios of detrital Paleozoic zircon cores and metamorphic
overgrowths analyzed in six of seven samples in this study. Sample T-1, with abundant metamorphic zircons
with ages of ~400 Ma, is omitted for clarity. Magmatic zircons tend to have Th/U ratios > 0.10, while
metamorphic zircons have ratios < 0.1. The minimum age limit of detrital magmatic zircons at ~420 Ma
(dashed gray line), and the age of the intrusive Canterbury Gneiss (414+3 Ma, dashed black line) are
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bands showing the ranges of known ages of Early Ordovician (Shelburne Falls, S.F.) and Late Ordovician
(Bronson Hill, B.H.) arcs lie behind data from most samples, showing the likelihood that these arcs provided
detrital zircons to these samples.

Paleozoic grain identified in the Kittery sample (K-1, ~485 Ma) provides only an
unsurprising Early Ordovician limit to the maximum age of this unit. The ages of
plutons that intrude the Kittery Formation (fig. 3), the Exeter diorite (406 = 1 Ma;
Bothner and others, 1993) and the Newburyport quartz diorite (418 + 1 Ma, Fargo and
Bothner, 1995; fig. 10) that includes Kittery xenoliths within it (Bellini and others,
1982) define the minimum age of the Kittery to be latest Silurian. Thus the time of
deposition is broadly constrained to be between Early Ordovician and Late Silurian.
However, with 48 grains analyzed, there is a 95 percent confidence that no population
>10 percent of the total population was missed (Vermeesch, 2004). Given the typically
>20 percent fraction of Ordovician-Silurian grains in the Hebron and Berwick
samples, the lack of grains found in this age range in the Kittery probably reflects a real
absence. The simplest explanation for the absence of this population is that the Kittery
Formation is older than Late Silurian (see Provenance below).



152 R. P. Wintsch and others—Shrimp U-Pb evidence for a Late Silurian age of meta-

"JX9) 99s uoneUL[dX2 I9(I0 I0] "dWN URIAO[PN'] Ul UONBULIO] YOIMID 3} IDA0 ISILIY)
JI9M SUOIRULIOJ JOI[F] PUB AIONTY[ 93 UIY) 0§ J] "HO0I SUBLID) UOIILIDPAL] YIM IIB[ILI0D ABW SN) PUL URLIN{IS A[IBH 9( 0] PIAdI[DQ
MOU 2T€ SUOIIEWLIOY JOI[F PUE AI9NTY 9Y ], "YSNOI} UOIILIdPAL] 9} JO SIUIWIPIS 93 e} J2SUNOL 9Ie INQ “PIIB[IIIOD 1L JNONIIUUOY)
UI SUBLI) YOPWLLISJN 9} JO D01 PUE SUIRJ\ Ul UONBULIOL YOIMIdY 91 JO sayoemieid snoared(ed A[qeLiea sy, “IXau ay) O} uiseq
UO WO I0 ‘SOLIEPUNO( JUBLID) $SOIIR Jou A[[eradsa ‘pare[ariod AeorydeiSnensoyii] 10u ;g ‘uennfig 9)e a1 ur juspeambo swn aae
SOULLII) [BIIAIS JO siTun depy ‘SOUBLI) SNOLIEA WO SUONBULIO] UBLIN[IS JO saduel orydersSnens Sumors 1reyd uonepiior) *of “Sif

oydiowrjow M 1 1 c
opewsSew @ | | O g
1 [eInap [ ] — — o] v losy
KPS SIY) 01000 93¢ UODIIZ Om
Arepunoq oueln) HE EE — — " X
Kyuoyuooun ANS u u
Jne; # — —
uoinyd (pawwu
1 jo aoimbhwo o:m » Iouron [ 19174%
Keg eO pue o5e @ I swyomn |]] 3 w
Apmus SI) ‘UOne[oLI0d 3 e | —
oydersnens own — — []
- - A- | | uooun s |r
Sromem — : : SIAINBA\ i \/\/\/ 3 c
] uosIppY ey ygnop) Lot
- AmqaaN e, ey _— A
- - - \ﬁ —otner 1 //,%Wm@%& L = |~
= S o
HiuEg @ N IJ V - \3\ - m V
- Spunwpy - x- I'H \— S[ieq s[ews 1— o m <
U0IqOH !
T_ _ _ _ [uogsey = [ |omreL \— I— ” L0ZY
AJSISTT ~ ue
FHodise “ mwwx “ / .WSW “ “ PHPEN “ =
— uon) . 2 —_—
YAON » o
(szp~) | »,m%\ ) I | vesseavsen | | m
— 2 1duwio) — -
! i L N gy N poousoas] b oo || 2510
— ’ — (F1t~) — 10U \ — o M
| (g000) (2o0g) | (s661) uiog Cincrtim | | =
\Atow:u% »Wo:ouo Nm cmmaw qL21un)y (1 Mv%omov Mmﬁo < m
uewipny ISOM (1661 287, Jo3ony
6%@ (#002) | ((z661) <(1002) | [Iusp[on _s{c\:f | {000 veofo_ (8861) > 2
APA] uosYII( SIYI0 SIOUY}0 79 29 UOSUIQOY Apmys < I 2 Ao[peig I SI9U30 29 2
TOIIA -y 29 1S9M 10y0n], woly “pouwr sy I 4pms s woyj "powr 1q1q 00
‘anN 3N 'Ises jsea 3N uinos JN/HN 10 10 JN/HN  HN/VIN/LD
uiseq }@g O|OA auelal aue.lla] YoewlIs|N auela) auelal auellal
sualeosey\ |ejSeo) uojoLepal eqoyseN aulep IH
-weuind |leluad uosuoig



sedimentary rocks in the Merrimack and Putnam-Nashoba terranes, eastern New England 153

Putnam-Nashoba Terrane, Tatnic Hill Formation.—The age of the youngest two
detrital zircons from a quartzite in Tatnic Hill Formation (~426 Ma) constrain the
maximum time of deposition to be Wenlockian or younger (table 1), similar to the
Hebron/Berwick rocks of the Merrimack terrane. The minimum age of deposition of
these rocks is constrained by the oldest ages of metamorphic overgrowths on detrital
zircon. The ages of overgrowths in both migmatitic sample T-1 and in quartzite sample
T-2 are as old as ~408 Ma (Early Devonian). Given that it takes time to establish these
anatectic metamorphic conditions regionally (see Age of Metamorphism below),
deposition of the original Tatnic Hill Formation sediments must have occurred at the
beginning of the ~ 20 m.y. time interval available between 426 and 408 Ma. Thus, the
original sediments were probably deposited shortly after 426 Ma, in late Wenlock or
early Ludlow times. The previous age assignments of Ordovician and Neoproterozoic
(Rodgers, 1985; Goldsmith, 1991b) are superseded by these new isotopic data support-
ing a Late Silurian depositional age.

Provenance

Information on the provenances of metasedimentary rocks of this study is impor-
tant because sources and net transport directions have significant implications for
tectonic reconstructions. The ages of detrital zircons presented in table 1 and summa-
rized in figure 8 allow some inferences about provenance. However, the data from
individual samples are not abundant, and some smaller age populations may have been
missed (for example, Vermeesch, 2004). The interpretation of provenance is further
compromised by the possibility of sedimentary recycling (for example, Bream and
others, 2004; Eriksson and others, 2004; Thomas and others, 2004); the implications of
this are discussed below. In our study with ~45 grains analyzed per sample, there is a 95
percent confidence that no fraction constituting greater than ~10 percent of the
population was missed (Vermeesch, 2004). Thus compelling features of the data are
that: (1) Mesoproterozoic and Ordovician-Silurian grains are abundant, and (2)
Neoproterozoic grains are rare. We discuss the Hebron and Berwick formations as a
group because they are likely to have had similar sources and similar ages of deposition
(see above).

Grenuille Province.—All of our samples have major Proterozoic populations, but the
true number of Proterozoic grains is under represented because discordant grains
(table 1) are not included in the relative probability plots (fig. 8). Many Proterozoic
age clusters overlap with well-established events in the Grenville province, including
the Rigolet pulse (980 — 1000 Ma), Ottawan pulse (1020 — 1080 Ma), Shawinigan pulse
(1140 — 1190 Ma), Elzevirian orogenic cycle (1190 — 1290 Ma), Pinwarian orogeny
(1420 — 1510 Ma), and the Labradorian orogenic cycle (1610 — 1670 Ma; see fig. 8;
from Rivers, 1997). Many grains in our samples have ages between 950 and 1200 Ma,
corresponding to the youngest three pulses of the Grenville orogeny, and other grains
overlap with the Pinwarian orogeny and the Labradorian orogenic cycle; only grains of
Elzevirian age are uncommon. Rocks overlapping these ages are common throughout
the Grenville province of Canada including inliers in Long Range Mountain, Newfound-
land (Rivers, 1997), the Adirondacks (for example, Hamilton and others, 2004), and
the northern (for example, Walsh and others, 2004) and southern Appalachians (for
example, Aleinikoff and others, 2004; Tollo and others, 2004). Rocks with ages
between 1400 and 1500 Ma are most common in southern Labrador (Tucker and
Gower, 1994) but are also present in the Georgian Bay area (Rivers, 1997) and
throughout southwestern North America (Nourse and others, 2005). Smaller but
significant populations in the age ranges of 1300 to 1400 and 1700 to 1800 Ma are also
present in some samples. Rocks with ages of 1300 to 1400 Ma (samples H-C and H-S)
are not common in the northern Grenville province but do occur in Connecticut
(Walsh and others, 2004), Vermont, the southern Adirondacks, and southern Quebec
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(Ratcliffe and others, 1991; Rivers, 1997). A few grains between 1700 and 1800 Ma are
present in samples H-C and H-S. The largest source for zircons of this age is the western
U.S., but they also occur to the NW in the Georgian Bay area (Rivers, 1997). Thus, all of
the detrital zircon ages found in our samples, whether eroded from Proterozoic rocks
as first cycle sediments or reworked from eroding early Paleozoic sediments can be
explained by derivation from Laurentian sources: the Grenville province and its inliers.
An eastern (that is, Gondwanan or Amazonian) source for Mesoproterozoic grains has
been proposed for Gander and Avalon terrane rocks (van Staal and others, 1996;
Thompson and Bowring, 2000; Barr and others, 2003; Walsh and others, 2007).
However, these terranes are unlikely sources for the Hebron, Berwick, and Tatnic Hill
formations because these eastern terranes generally lack evidence of magmatic activity
of the Labradorian orogenic cycle in the 1600 to 1700 Ma age range (Tassinari and
Macambira, 1999; Tassinari and others, 2000), a range containing 4 percent of our
grains.

Ordovician Arcs.—The largest age population common to most samples spans the
Ordovician and Silurian (fig. 8). The distribution of ages ranges from ~425 to 490 Ma,
with most samples containing both Ordovician and Silurian grains but with variable
Th/U (fig. 9). Rocks of this age range occur within peri-Laurentian and peri-
Gondwanan arc systems from Maritime Canada to southern New England (see
Hibbard and others, 2006). Peri-Laurentian magmatic rocks with ages in the range
~490 to 435 Ma (summarized in van Staal, 2007) have been found in the Notre Dame
subzone of Newfoundland (for example, Zagorevski and others, 2006, 2007), and in
New England, including the Shelburne Falls arc (fig. 9; for example, Sevigny and
Hanson, 1993; Ratcliffe and others, 1997; Karabinos and others, 1998; Moench and
Aleinikoff, 2003; fig. 9). Magmatic arc rocks of the Gander margin, including the
Victoria arc and the Exploits back-arc basin in Newfoundland range in age more
broadly from ~510 to 455 Ma (for example, McNicoll and others, 2003; Valverde-
Vaquero and others, 2006). In eastern New England they occur in the Middle
Ordovician as volcanic rocks in the Casco Bay Group in coastal Maine (~470 Ma,
Hussey and others, 1993; Tucker and others, 2001; Hussey and Berry, 2002; Hussey and
Marvinney, 2002; West and others, 2004). In southern New England, Gander-derived
arc rocks (Aleinikoff and others, 2007) occur in the Late Ordovician-Silurian 460 to
440 Ma age range as the Bronson Hill and Killingworth arcs and Oliverian plutonic
suite (fig. 9; Tucker and Robinson, 1990; Aleinikoff and others, 2002; Moench and
Aleinikoff, 2003).

Silurian Arcs.—A smaller but significant number of detrital grains are Silurian;
potential source rocks younger than ~440 Ma are not common in possible provenance
areas to the west. Silurian intrusive rocks occur in the Connecticut Valley terrane
(Sevigny and Hanson, 1993), but their intrusive relationships in high-grade metamor-
phic rocks (Walsh and others, 2004) makes it doubtful that they were exposed at the
surface during the Silurian. More likely sources for Silurian detrital zircon are rocks
associated with the Coastal Volcanic Belt of Massachusetts, Maine, and New Brunswick
(figs. 1 and 3), a bimodal suite of intrusive and extrusive rocks (Hogan and Sinha,
1989) ranging in age from Early Silurian to Early Devonian (for example, Shride, 1976;
Miller and Fyffe, 2002; see Moench and Aleinikoff, 2003).

Neoproterozoic Arcs.—Of particular significance in the detrital zircon age popula-
tions of figure 8 is the lack of grains with ages between ~750 and 550 Ma. In fact, only 9
of 316 detrital grains analyzed fall in this age range, four of which are from the
quartzite from the Tatnic Hill Formation (sample T-1). This absence is surprising in
that Late Neoproterozoic riftrelated magmatic rocks commonly occur along the
western margin of the Appalachians (for example, Cawood and others, 2001), between
the Connecticut Valley-Gaspé terrane and the Grenville province. Moreover, blocks of
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Neoproterozoic crustal rocks of the Gander terrane containing abundant 650 to 550
Ma rocks (van Staal and others, 1996; Thompson and Bowring, 2000; Barr and others,
2003) were actively accreting to Laurentia and to each other in the late Silurian (van
Staal, 2007; Aleinikoff and others, 2007), suggesting that they might have been
proximal to the Merrimack depositional basin. Perhaps the simplest explanation for
the lack of Neoproterozoic zircons is that the Gander terrane was being buried by
Ordovician (?) and Silurian sediments and was thus not exposed and could not have
shed sediments.

Summary.—The similarity of detrital zircon ages in most Merrimack terrane
samples, including large Mesoproterozoic and Ordovician age populations, as well as
very few late Neoproterozoic grains, indicates a common provenance for all of these
rocks. The likely provenance area for most grains is from the west (present coordi-
nates), an area that included rocks from the Grenville province (see also Dorais and
Wintsch, 2001), as well as abundant Ordovician volcanic rocks. The Silurian popula-
tion, on the other hand, seems to require an eastern source, probably from the Coastal
Volcanic Belt. Collectively, the data support the interpretation that the rocks of the
Hebron and Berwick formations belong to a single late Silurian depositional regime
(for example, Hibbard and others, 2006), and that the Tatnic Hill Formation of the
Putnam-Nashoba terrane was closely related to this regime in time but was probably
deposited in a separate basin.

Ages of Metamorphism

Hebron Formation.—Our Hebron Formation data set includes analyses of both
newly crystallized metamorphic zircon grains as well as a few overgrowths on magmatic
grains (see table 1). Metamorphic zircons are rare in the Berwick and Kittery
formations because of their low metamorphic grade, and none were analyzed. How-
ever, from the southernmost sample in Connecticut, Carboniferous zircon growth is
confirmed by five analyses, and Early Devonian growth is suggested by one analysis.
The Carboniferous overgrowths, as well as the metamorphic titanite (table 1; fig. 4C),
were probably associated with regional amphibolite facies metamorphism in Connecti-
cut (Wintsch and others, 2003). However, it is possible that the Devonian metamorphic
zircon might have formed by contact metamorphism related to emplacement of the
Canterbury sill or by regional Acadian metamorphism. The limited data set cannot
distinguish between these possible origins.

Tatnic Hill Formation.—In contrast to the data from the Hebron Formation,
significant metamorphic zircon crystallized in the Tatnic Hill Formation, where
metamorphic intensity reached anatectic conditions (Snyder, 1959). Most zircons in
the migmatitic sample T-1 crystallized at <408 Ma (that is late Early Devonian, or
Emsian), with only a few older cores preserved (fig. 8G, table 1). These detrital cores
are small and partially resorbed; apparently, detrital zircons dissolved in the migmatitic
melt, and then re-precipitated both as completely new grains and as overgrowths
around the remnant cores. Detrital magmatic grains are better preserved in the
quartzite sample T-2, (figs. 7C and 7D), probably because its bulk composition was too
siliceous for high percentage partial melting. In the quartzite sample, metamorphic
overgrowths record Devonian ages similar to and younger than most grains from the
migmatitic sample; five additional grains give Carboniferous ages (table 1; fig. 9). The
strong concentration of metamorphic ages in the migmatitic Tatnic Hill Formation at
~400 Ma agrees with the ages of monazite recovered from the same sample (fig. 8H),
and with monazite from migmatite in the Nashoba block in eastern Massachusetts
(Hepburn and others, 1995), and the Tatnic Hill Formation around the Willimantic
dome (Getty and Gromet, 1992). We thus infer that this ~400 Ma event is regional in
the upper pelitic parts of the Putnam-Nashoba terrane in both Connecticut and
Massachusetts. Multiple zircon overgrowths in sample T-2 (fig. 7D) with ages through-



156 R. P. Wintsch and others—Shrimp U-Pb evidence for a Late Silurian age of meta-

out the middle Paleozoic probably record high-grade crystallization events driven by
either deformation or decompression melting that occurred during slow, protracted
exhumation of these rocks (Wintsch and others, 1992, 1993). The lack of Devonian
monarzite and zircon overgrowths in the Hebron Formation is significant because it
rules out this high-grade metamorphic event that is so strongly recorded in the
structurally underlying Tatnic Hill Formation.

Relationship Between the “Merrimack” and Fredericton Terranes

Merrimack terrane.—The data and arguments above define the “Merrimack” ter-
rane more narrowly than in previous studies. There is now little doubt that the Hebron
and Berwick formations are correlative Late Silurian sedimentary rocks. They share
similar Mesoproterozoic and Ordovician-Silurian age populations (see Provenance),
and a Ludlovian age of deposition (~425 — 418 Ma). Also, they share common
lithologies and stratigraphic positions for > 200 km along strike (see Geologic
Setting). Rocks that separate the Hebron Formation in Connecticut from the Berwick
Formation along strike in New Hampshire and Maine are the Oakdale and Paxton
formations of Massachusetts (Barosh and Moore, 1988; Pease, 1989; Robinson and
Goldsmith, 1991). These rocks have been correlated both to the north and south on
the basis of similarities in lithology and stratigraphic position (Robinson and Gold-
smith, 1991; Bothner and others, 1994, 2004). Our results are consistent with the
interpretation that all of these rocks constitute a single depositional regime (see for
example, Hibbard and others, 2006), a conclusion that nonetheless should be con-
firmed with more detrital zircon age data from Massachusetts, and from samples
higher and lower in the stratigraphic section. These conclusions also suggest that the
Kittery Formation is not part of the Hebron-Berwick sedimentary package. The Kittery
Formation lacks the major Ordovician and Silurian populations dominant in all other
samples, and it should thus not be assigned to the lithostratigraphic “Merrimack”
terrane. The distribution of units shown on figure 1 needs to be redefined.

Merrimack-Fredericton terrane correlation.—Previously, metasedimentary rocks of the
Merrimack terrane in eastern New England have been correlated with rocks of the
Fredericton trough, New Brunswick and eastern Maine (fig. 1), forming a single
Merrimack-Fredericton, or Merrimack-Harpswell belt (for example, Williams and
Hatcher, 1983; Rankin, 1994; Robinson and others, 1998; Hussey and others, 1999;
Tucker and others, 2001; Hibbard and others, 2006; Rankin and others, 2007). This
correlation has been based solely on lithostratigraphic grounds; direct age data
confirming that these rocks are time-correlative has been lacking. However, the
sediments deposited in the Fredericton trough are Llandoverian (early Silurian; for
example, Tucker and others, 2001) and were already folded and weakly metamor-
phosed by Ludlow time (West and others, 1992, 1995, 2003). Thus the Hebron and
Berwick formations are 10 to 20 million years younger than the sedimentary rocks of
the Fredericton trough (fig. 10). Deposition of sediments during the Late Silurian time
was occurring in the Mascarene basin and the Coastal Volcanic Belt of Maine and
Massachusetts (Shride, 1976; Fyffe and others, 1999; Churchill-Dickson, 2004), and in
basins now occupied by the Central Maine, Connecticut Valley, and Gaspé terranes
(Bradley and others, 2000; Tremblay and Pinet, 2005) but no longer to the east, in the
Fredericton belt. Thus, the bulk of the rocks identified as the “Merrimack terrane” in
figure 1 are not correlative with the rocks of the Fredericton trough.

The Kittery link.—Because rocks of the Fredericton trough are now known not to
correlate with the rocks of the Hebron and Berwick, we consider another possibility:
that they correlate with rocks of the Eliot and Kittery formations. Fredericton rocks,
mapped as the Flume Ridge and Bucksport, and Appleton Ridge and Digdeguash
formations (fig. 10) contain variably calcareous lithic and feldspathic wackes
(granofelses) interbedded with partial Bouma sequences of slate (biotite schist)
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probably deposited as turbidites, with mineralogy varying as a function of metamor-
phic grade (Tucker and others, 2001; Hussey and Marvinney, 2002; Ludman and
Berry, 2003). These rocks are quite similar in lithology to the Kittery and Eliot (see
Geologic Setting), and are now correlated with them by Bothner and others (2004).
Our results do not constrain the age of the Eliot-Kittery to be Early Silurian, but they
are consistent with this age assignment as shown in figure 10. The interpretation that
these units are older than the Berwick, while structurally overlying it, requires that the
Eliot and Kittery formations are allochthonous over the Berwick. This is in fact
consistent with the fault contact along the base of the Eliot (Bothner and others,
2004). If valid, then this faulting would have occurred in the Ludlovian, before the
intrusion of the Newburyport and Exeter plutons (fig. 10; see below). More data on the
ages of detrital zircons in the Eliot and Kittery formations would help resolve this
relationship.

TECTONIC SPECULATIONS

The results presented above concerning provenance of sediments, and ages of
deposition, intrusion, and metamorphism constrain plate tectonic scenarios especially
for the Silurian of eastern New England. We modify the recent models of Moench and
Alienikoff (2003), Tremblay and Pinet (2005), and van Staal (2007) among others to
accommodate our results (figure 11). General agreement exists on the involvement of
three continental blocks: Laurentia, Gander (Medial New England of Robinson and
others, 1998), and Avalon, but the positions, and the polarity of subduction between
these blocks, and even existence of oceanic crust between them is not well resolved (for
example, Bradley and Tucker, 2002; Tremblay and Pinet, 2005; Gerbi and others,
2006; Schoonmaker and Kidd, 2006). Our tectonic model begins at the end of the
Ordovician, and adopts the two opposed subduction zones scenario already proposed
in the literature (for example, Bradley and Tucker, 2002; van Staal, 2007, and many
others).

Late Ordovician

In the Late Ordovician, Gander and Laurentia with their opposing arcs were
converging as the Iapetus Ocean was closing (for example, Fortey and Cocks, 2003;
West and others, 2004; Pollack and others, 2007; Aleinikoff and others, 2007) across
two opposing subduction zones (fig. 11). To the west (present coordinates) Early
Ordovician Laurentian-derived arcs had become extinct (Karabinos and others, 1998),
but the Bronson Hill arc was active, as shown by the ages and isotopic compositions of
the Beardsley and Brookfield plutons in western Connecticut (Sevigny and Hanson,
1993, 1995) and plutonic rocks in northern New Hampshire (Tucker and Robinson,
1990; Moench and Aleinikoff, 2003; Aleinikoff and others, 2007; fig. 11). On the
eastern side of the Iapetus Ocean, late Ordovician ages and Pb and Nd isotopic
compositions show that the Victoria arc in Newfoundland (Valverde-Vaquero and
others, 2006; Zagorevski and others, 2007) and the Killingworth magmatic arc (Aleini-
koff and others, 2007) were actively developing from Gander basement. Tectonic
wedging of Gander crust into Laurentian crust (van der Velden and others, 2004; fig.
12) may have begun. To the east, the Gander block was probably undergoing
extension in the Exploits back arc basin, and farther east, subduction of an intervening
Avalonian oceanic plate was in its early stages (for example, van Staal, 2007).

Late Silurian

By Late Silurian (Ludlovian) times, most magmatic activity within the Bronson
Hill arc had ceased, and sedimentation across a series of broad depositional basins or
troughs, including the Central Maine and Merrimack basins (future terranes), sepa-
rated by horst-like basin highs or ‘hinges’ (fig. 1) was established (Tremblay and Pinet,
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2005; fig. 12). At this time, one of the few Silurian intrusives west of the Bronson Hill
arc in southern New England, the Pumpkin Ground Gneiss (~428 Ma), intruded the
Beardsley pluton (fig. 12). Its high **’Pb/***Pb composition (Sevigny and Hanson,
1993) suggests that this magma was largely derived from Gander crust. Accordingly,
Gander crust is shown in figure 12 to have wedged farther to the west following the
Late Ordovician intrusion of the Beardsley Gneiss. This wedging implies continued
shortening of the crust between the two arcs, and probably led to the delamination of
Laurentian lithospheric mantle. Delamination of Laurentian mantle to the southeast
would explain the general southeastern migration of magma across the Central Maine
terrane of New Hampshire and Maine as compiled by Lyons and others (1997) and
Bradley and others (2000) respectively. Also in the Late Silurian, the Avalon terrane
was approaching from the east, producing the active Coastal Volcanic Belt in Maine.
The basins forming between the extinct Ordovician arcs to the west and the
Coastal volcanic belt to the east were being filled by a blanket of Silurian turbidites and
muds (Bradley and others, 2000; Tremblay and Pinet, 2005), including the Hebron,
Berwick and Tatnic Hill formations discussed in this paper (fig. 8). These sediments all
contain large populations of Mesoproterozoic and Ordovician detrital zircons. If not
recycled, the Mesoproterozoic zircons would have come directly from Grenville crust
from the north and west. Erosion of Proterozoic rocks freshly exposed in the Berk-
shires and Green Mountains during the Taconic or Salinic orogenies (Rodgers, 1970;
Robinson and others, 1998; Karabinos and others, 2004) makes these inliers especially
attractive sources (see Provenance). An alternative source from the Adirondack
highlands is less likely, given that these rocks were probably covered by Cambrian and
Ordovician sediments (Rickard, 1969, 1973). A transport path from the north and west
would have had to cross Laurentian and Gander margin arcs, by this time largely
extinct, but perhaps still exposed as islands, and shedding sediments (hollow arrows,
fig. 12). The merger of Gander and Laurentian crusts, as suggested by the Gander
provenance of the Pumpkin Ground magma in western Connecticut (Aleinikoff and
others, 2007), would have both helped establish relief in the extinct arcs and closed
any lingering subduction related trenches that might have acted as sediment traps.

Coastal Volcanic Belt

The origin of detrital zircons in the Hebron, Berwick, and Tatnic Hill formations
with ages < ~440 Ma is not obvious, with few post-Ordovician volcanic rocks docu-
mented north and west of our samples. The Llandovery through Pridoli ages of
intrusive and volcanic rocks of the Coastal Volcanic Belt in Maine (for example,
Bradley and others, 2000; van Wagoner and Dadd, 2003; McLaughlin and others, 2003;
Churchill-Dickson, 2004) are correlative with Pridoli Newbury volcanics in Massachu-
setts (Shride, 1976), Ludlovian Mascarene basin volcanics (for example, Miller and
Fyffe, 2002), and Llandovery Kingston arc rocks in New Brunswick (for example, Barr
and others, 2002). Westward transport of these volcanics into the Merrimack and
Putnam-Nashoba basins would have provided grains with ages of ~440 to 420 Ma and
could explain the full age range of Silurian detrital zircons identified in this study.
Thus, transport of sediments from both the west and east into the Ludlovian Hebron
and Tatnic Hill basins is implicated.

Putnam-Nashoba Terrane: Tatnic Hill Formation

In figure 12, the Putnam-Nashoba terrane is shown farthest east, in the back-arc of
the Coastal Volcanic arc, a position that accommodates several features of its detrital
zircon populations and metamorphic history. First, the very small population of
Mesoproterozoic zircons in the Tatnic Hill Formation is explained by the relatively
remote position of these rocks relative to exposed Grenville rocks to the west. Second,
the relatively large population of late Silurian zircons is accounted for by its close
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proximity to the Late Silurian Coastal Volcanic Belt. Third, the relatively large
population of Neoproterozoic grains could be explained by the erosion of exposed
Gander basement or by the approaching Avalon terrane from the east. Finally,
proximity to the high heat flow regime expected from the Coastal Volcanic arc and
slab roll-back (fig. 12, van Staal, 2007) explains the rapid rate of attainment of high
grade metamorphism in the Tatnic Hill Formation and the generation of Late Silurian
and Early Devonian magmas into the Hebron and the Putnam-Nashoba terrane.

Recycling of Detrital Zircon Grains

An alternative to these scenarios emerges by the removal of the stipulation that
the zircons were deposited as first cycle sediments. There is considerable uncertainty in
the path by which the detrital zircons reached the metasediments in this study, and
recycling, especially of Mesoproterozoic zircons, is a possibility and even a probability
(Becker and others, 2005). The Taconic orogeny to the west of our samples may have
exposed Cambrian and Ordovician sediments overlying gneisses of the Grenville
province; sediments containing abundant Mesoproterozoic zircons were already well
mixed by early Paleozoic sedimentary processes (for example, Gaudette and others,
1981; McLennan and others, 2001; Eriksson and others, 2004). Reworking of these
Cambro-Ordovician sediments covering Grenville province inliers in western New
England might have provided all of the Mesoproterozoic zircons deposited in the
Hebron and Berwick formations without requiring erosion of Mesoproterozoic base-
ment rocks in the Silurian. The origin of Ordovician and Silurian zircons is more likely
to have been first cycle because of the short amount of time between their igneous
crystallization and Ludlovian time of deposition of the sediments.

The presence in the Kittery Formation of Mesoproterozoic but not Ordovician
zircons suggests different sources than those to the west invoked for the Hebron and
Berwick formations. Using the arguments above, a western source for the Mesoprotero-
zoic zircons would also have provided Ordovician grains to the Kittery. Because the
Kittery lacks Ordovician and Silurian zircons, and because paleocurrent indicators
suggest an eastern provenance (Rickerich, 1984), a western source is difficult to
defend. The likely Early Silurian depositional age of these rocks further explains their
lack of Late Silurian detrital zircons. A source from reworked Ganderian or Avalonian
cover sediments satisfies these data. These rocks are known to contain abundant
Mesoproterozoic zircons with postulated Baltica and west Amazonia source regions
(van Staal and others, 1996; Thompson and Bowring, 2000; Barr and others, 2003; van
Staal and others, 2004). With this limited data set currently available in both the Kittery
Formation and in Gander cover rocks, an eastern provenance for reworked Mesopro-
terozoic zircons is possible (Dorais and others, 2005) and is supported by the lack of
detrital Ordovician grains.

CONCLUSIONS

The results of our study contribute to plausible Silurian tectonic scenarios in
several ways and thus underscore the value of zircon geochronology in sedimentary
and metasedimentary rocks:

(1) The ages of detrital zircons (~425 Ma) and intrusive igneous rocks (~414
and ~418 Ma) in the Hebron Formation of Connecticut and the Berwick
Formation of SW Maine constrain their depositional ages to be Late Silurian
(~Ludlovian). A Late Silurian age for the deposition of the Tatnic Hill
Formation is also indicated by its Wenlockian detrital zircons and Emsian
metamorphic monazites and zircon overgrowths. Thus, Silurian deposition is
extended with confidence from the Central Maine trough south to Long
Island Sound (Hebron Formation) and east to the Putnam-Nashoba terrane
(Tatnic Hill Formation).
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(2) The dominance of zircons with Mesoproterozoic and Ordovician ages in the
Hebron, Berwick, and Tatnic Hill formations suggests a net eastern transport
direction for these Silurian sediments. However, the presence of Wenlockian
detrital grains is most easily explained by an eastern source in the Coastal
Volcanic Belt of Maine and Massachusetts. This interpretation probably
requires the closure of subduction zones between Laurentia and Gander that
would have acted as traps for sediments from the west.

(3) The Kittery Formation in SW Maine is unique in our study, in that it contains
almost exclusively Mesoproterozoic zircons, with only one Ordovician zircon;
it also preserves westerly paleocurrent directions. The lack of Ordovician
grains suggests a relatively eastern site of erosion, while the lack of Late
Silurian grains expected from the Coastal Volcanic Belt in the east is ex-
plained by an early Silurian or older age of deposition. We suggest a
reassignment of the Kittery and Eliot formations from the Merrimack terrane
to the Fredericton terrane. The presence of early Devonian metamorphic
zircons and monazites in the Tatnic Hill Formation but not in Merrimack
terrane metasedimentary rocks suggests that the former was deposited and
rapidly buried in a forearc environment, whereas Merrimack sediments may
have been deposited in a back-arc setting.

(4) We suggest that usage of the term “Merrimack” terrane should be limited to
Late Silurian sediments and should not include the Eliot and Kittery forma-
tions. The bulk of the rocks currently assigned to the “Merrimack” terrane
south of Maine do not correlate with the Early Silurian rocks of the Frederic-
ton trough or terrane.
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