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ORIGIN OF THE LYME DOME AND IMPLICATIONS FOR THE TIMING
OF MULTIPLE ALLEGHANIAN DEFORMATIONAL AND INTRUSIVE
EVENTS IN SOUTHERN CONNECTICUT

GREGORY J. WALSH*', JOHN N. ALEINIKOFF#*, and ROBERT P. WINTSCH*#**

ABSTRACT. Geologic mapping, structural analysis, and geochronology in the area
of the Lyme dome, southern Connecticut provides constraints on the origin of the
rocks in the core of the dome, the absolute timing of the principal deformational and
thermal events attributed to Alleghanian orogenesis, and the processes that generated
the dome. Detrital zircon geochronology in combination with ages on intrusive rocks
brackets the deposition of quartzite in the core of the dome sometime between ca. 925
and 620 Ma. Granite and granodiorite intruded the Neoproteorozic metasedimentary
rocks in the core of the dome at ca. 620 to 610 Ma. Four major early Permian events
associated with the Alleghanian orogeny affected the rocks in the Lyme dome area.
Syn-tectonic migmatization and widespread penetrative deformation (D1, ca. 300 — 290
Ma) included emplacement of alaskite at 290 + 4 Ma during regional foliation
development and aluminosilicate-orthoclase metamorphic conditions. Rocks of the
Avalon terrane may have wedged between Gander cover rocks and Gander basement in
the core of the Lyme during D1. Limited structural evidence for diapiric uplift of the
Lyme dome indicates that diapirism started late in D1 and was completed by D2 (ca.
290 — 280 Ma) when horizontal WNW contractional stresses dominated over vertical
stresses. Second sillimanite metamorphism continued and syn-tectonic D2 granite
pegmatite (288 = 4 Ma) and the Joshua Rock Granite Gniess (284 £ 3 Ma) intruded at
this time. North-northwest extension during D3 (ca. 280 — 275 Ma) led to granitic
pegmatite intrusion along S3 cleavage planes and in extensional zones in boudin necks
during hydraulic failure and decompression melting. Intrusion of a Westerly Granite
dike at 275 * 4 Ma suggests that D3 extension was active, and perhaps concluding, by
ca. 275 Ma. Late randomly oriented but gently dipping pegmatite dikes record a final
stage of intrusion during D4 (ca. 275 — 260 Ma), and a switch from NNW extension to
vertical unloading and exhumation. Monazite and metamorphic zircon rim ages record
this event at ca. 259 Ma. The evolution of the Lyme dome involved D1 mylonitization,
intrusion, and migmatization during north-directed contraction, limited late D1 dia-
pirism, D2 migmatization during WNW contraction with associated flexural flow and
fold interference, D3 NNW horizontal extension and decompression melting, and final
D4 vertical extension and rapid exhumation. Late regional uplift, extension, and
normal faulting at higher crustal levels may have been caused by diapiric rise of the
lower crust, below the structural level of the Lyme dome. The rocks record no evidence
of Acadian metamorphism or deformation, suggesting that the Gander zone here was
not tectonically juxtaposed with Avalon until the Alleghanian orogeny.

INTRODUCTION

In coastal Connecticut, new Pb and Nd isotopic data has identified crust of the
Gander terrane in the core of the Lyme dome in an area long considered part of the
Avalon terrane (figs. 1, 2; Wintsch and others, 2005a; Aleinikoff and others, 2007).
Although the basement rocks in the Gander and Avalon terranes have overlapping
Neoproterozoic ages (van Staal, 2005), their different sources for their igneous rocks
leads to significant differences in isotope geochemistry. Felsic igneous rocks in the
Gander terrane generally have negative initial €4 and relatively high 207ph, /201ph
ratios as compared to similar rocks in the Avalon terrane which have positive initial €4
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Fig. 1. Generalized tectonic map of the northern Appalachians in New England and Canada showing
the location of the Lyme dome (adapted from Rankin and others, 2007).

and relatively low 2°’Pb/2**Pb due to a greater component of a more primitive source
(Barr and Hegner, 1992; Kerr, 1993; Whalen and others, 1994; van Staal and others,
1996; Aleinikoff and others, 2007). This discovery of Gander zone rocks in the Lyme
dome is critical to testing the continuity of terranes and the timing of terrane accretion
throughout the northern Appalachians. In Maritime Canada, the arrival of the Gander
zone is thought to be responsible for the Silurian Salinic Orogeny, whereas accretion
of the Avalon block supposedly caused the Acadian Orogeny by further shortening of
Gander against Laurentia (for example, van Staal, 2005). In contrast, evidence from
rocks of southern New England suggests that the Avalon terrane was not juxtaposed
against the Gander and Laurentian terranes until the Carboniferous to Permian,
during the late Paleozoic Alleghanian Orogeny (Gromet, 1989; Getty and Gromet,
1992; Wintsch and others, 1992, 2003, 2005b).

Early work by Dixon and Lundgren (1968) recognized that the tectonic history of
eastern and southeastern Connecticut involved isoclinal folding associated with myloniti-
zation and thrust faulting, high-grade metamorphism, doming, and later extensional
faulting and intrusion. Lundgren and Ebblin (1972) noted that the time of formation
of the Lyme dome post-dated mylonitization in the Honey Hill — Lake Char fault, a
major tectonic boundary at the top of the Avalon terrane (fig. 2). Dixon and Lundgren
(1968) also recognized that the timing of the major phases of tectonic activity were not
well constrained. Lundgren (1966a, 1967) identified syn-tectonic peak metamorphic
events associated with sillimanite-orthoclase and sillimanite-muscovite assemblages
and migmatization and subsequent post-tectonic garnet replacement in the core of the
Lyme dome. He interpreted these events as Permian or older, but pointed out the
difficulty in distinguishing the age relationships between tectonic, metamorphic, and
intrusive events.

Later work (Goldsmith, 1985a; Zartman and Hermes, 1987; Zartman and others,
1988) advanced our knowledge of the timing of tectonic and intrusive events in
southern Connecticut by showing that the Joshua Rock Granite Gneiss was Late
Pennsylvanian to Permian (not Neoproterozoic), that it was deformed during doming,
and that Permian Westerly Granite dikes and Narragansett Pier Granite post-dated
older deformational fabrics. O’Hara and Gromet (1983) showed Permian ages for
retrograde greenschist facies metamorphism in the Honey Hill —-Lake Char fault zone.
Goldsmith (198b5a, 1988), however, acknowledged that the timing of older, pre-dome
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Fig. 2. Generalized tectonic map of eastern Connecticut showing the distribution of terranes and major
Alleghanian domes and basins (modified after Rodgers, 1985; and Goldmith, 1985a). Sample locality
PEC-702 in the Joshua Rock Granite Gneiss is from Zartman and others (1988). Upper left inset map shows
the distribution of the Gander and Avalon terranes. Abbreviations: LCF - Lake Char fault, CNF -
Clinton-Newbury fault, HHF — Honey Hill fault, WD - Willimantic dome, HB — Hopyard basin, HBS - Hunts
Brook slice, SCD — Stony Creek dome, CD — Clinton dome, SNB — Selden Neck block, MA — Mystic antiform,
MB - Mystic basin, SF — Stonington fold, PHD — Potter Hill dome, VD - Voluntown dome, JR — Joshua Rock,
and Ms — muscovite and Kfs — potassium feldspar along the second sillimanite isograd.

stage deformation, including isoclinal folding and foliation development, was not
clear, but that younger deformation of the rocks of the New London anticlinorium
(fig. 2) included rapid uplift and tilting in the Permian.

In this study we present new geochronology and structural data for Neoprotero-
zoic and late Paleozoic rocks from southern Connecticut to derive a tectonic model for
the evolution of the Lyme dome. This study presents comprehensive evidence that
links the absolute and relative timing of Alleghanian deformational and thermal events
including anatexis, dome formation, and widespread decompression melting.

GEOLOGIC SETTING

The Lyme dome of southern Connecticut exposes migmatitic Neoproterozoic and
Pennsylvanian-Permian gneiss and granite in a sequence of thrust nappes (for example,
Wintsch and others, 1990, 1992). Neoproterozoic rocks of the Avalon terrane are
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separated from overlying rocks by the Honey Hill-Lake Char fault system (fig. 2). Rocks
of the Avalon terrane are restricted to the Selden Neck block, Montville dome, Potter
Hill dome, Mystic basin, Stonington fold, and Voluntown dome (fig. 2). Regionally, the
Selden Neck block, Montville dome, and Potter Hill dome form the New London
anticlinorium (Goldsmith, 1985a). Rocks of the Avalon terrane are structurally over-
lain by the Silurian and older rocks of the Putnam-Nashoba terrane, and capped by the
Merrimack and Central Maine terranes (fig. 2). Lead and Nd isotopic data now
indicate that rocks in the Lyme dome are part of the Gander terrane (Wintsch and
others, 2005a; Aleinikoff and others, 2007). They are separated from the structurally
overlying Avalonian rocks by a tectonic belt including Merrimack terrane rocks in the
Hunts Brook slice (fig. 2). Lundgren (1967) and Rodgers (1985) used the term Hunts
Brook syncline for the structure between the Lyme dome and the Selden Neck block
(fig. 2) based on inferred stratigraphic symmetry. With the recognition of distinct
Avalon and Gander terranes, that stratigraphic symmetry no longer exists, and we use
the term Hunts Brook slice because the Merrimack terrane rocks are either entirely
fault-bounded, or they may have been deposited on Gander basement and over-ridden
by Avalon.

The Lyme dome is part of an unevenly spaced, non-linear array of gneiss domes
(Yin, 2004) in southern Connecticut (fig. 2). Only the northern end of the Lyme dome
is exposed; the southern end is buried beneath glacial deposits (Stone and others,
2005) and submerged beneath Long Island Sound (fig. 2). Aeromagnetic data suggest
that rocks in the Lyme dome continue offshore about half way across the sound, and
may be contiguous with rocks in the Clinton dome (Zeitz and others, 1974, 1980;
Daniels and Snyder, 2004). Neoproterozoic gneisses in the southern Connecticut
gneiss dome belt are subdivided into layered paragneisses and plutonic orthogneisses.
Permian plutonic rocks occur as deformed or post-tectonic intrusive bodies through-
out the Neoproterozoic gneisses (fig. 2). Most of the Permian plutonic rocks intrude
the Neoproterozoic gneisses south and east of the Lake Char — Honey Hill fault system
(fig. 2) (Lundgren and others, 1958; Lundgren, 1963; Dixon and Lundgren, 1968;
Lundgren and Ebblin, 1972; Losh and Bradbury, 1984; Rodgers, 1985; Gromet, 1989;
Goldstein, 1992, 1994, 1998). Many workers recognized that the high-grade gneissic
rocks south and east of the Lake Char — Honey Hill fault system were metamorphosed
only in the late Paleozoic Alleghanian orogeny (Lundgren, 1966a; Dixon and Lund-
gren, 1968; Dallmeyer, 1982; Goldsmith, 1985a; Wintsch and Aleinikoff, 1987; Zartman
and Hermes, 1987; Gromet, 1989; Wintsch and others, 1992, 1993, 2003; Gromet and
others, 1998). In southern Connecticut, metamorphic temperatures exceeded 650° to
700° C, and migmatites formed during partial melting of metasedimentary rocks
initiated in part by early muscovite-out reactions at the exposed structural level and
biotite-out reactions at depth (Lundgren, 1966a; McLellan and Stockman, 1985;
McLellan and others, 1993; Wintsch and others, 2003). Locally, metamorphic condi-
tions reached 730° C and 6.5 kbar (McLellan and others, 1993). Thus, the late
Paleozoic Alleghanian orogenic event is considered to have been responsible for the
majority of deformation, dome formation, metamorphism, and intrusion in this area.
Geologic questions that remain include (1) the origin of the protoliths of the gneisses
in the core of the Lyme dome, (2) the absolute timing of the principal deformational
and thermal events attributed to Alleghanian orogenesis, and (3) the processes that
generated the Lyme dome.

Regional metamorphic studies have created a framework for the timing of
Alleghanian tectono-thermal events. Structural and isotopic studies around the Willi-
mantic dome (Wintsch, 1979; Getty and Gromet, 1992; Wintsch and others, 1992)
indicate that the tectonic cover rocks experienced Acadian metamorphism at ca. 405
to 403 Ma, whereas Avalonian core rocks in the dome only experienced Pennsylvanian
through Permian thermal events. Getty and Gromet (1992) and Wintsch and others
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(1993) proposed that the Avalonian rocks were thrust under the cover rocks during
convergence around 305 to 290 Ma, experienced melting at 285 to 270 Ma, and later
extensional faulting at 280 to 265 Ma. More recent isotopic work and conventional
U-Pb geochronology from zircon, monazite, and sphene led Gromet and others (1998)
to apply the model of Getty and Gromet (1992) to southeastern New England. This
general model includes early high-grade ductile deformation at ca. 305 to 290 Ma,
felsic magmatism during partial melting at ca. 280 to 270 Ma, and finally extensional
collapse at ca. 280 to 260 Ma. Wintsch and others (2003) reported new constraints on
the timing of peak Alleghanian metamorphism in the Bronson Hill terrane of
Connecticut from U-Pb ages from metamorphic sphene and *’Ar/*’Ar ages from
amphibole and muscovite. The new ages indicate peak temperatures in northern
Connecticut occurred at ca. 305 to 294 Ma (Pennsylvanian to Early Permian) whereas
to the south, peak metamorphism occurred in the Late Permian. Wintsch and others
(2003) concluded that the Avalon and Bronson Hill terranes achieved thermal
equilibrium by the early Permian, major motion between the two terranes had ended
by the middle Permian, and thermal effects lasted into the late Permian.

RESULTS

Geologic mapping, structural analysis, and geochronology were conducted in the
area of the Lyme dome. Recent mapping in the Old Lyme quadrangle in Connecticut
(fig. 3; Walsh and others, 2006) has redefined the structure and distribution of the
Neoproterozoic to Silurian metasedimentary paragneiss and Neoproterozoic to Per-
mian intrusive rocks, updating earlier work by Lundgren (1967). From oldest to
youngest, the metamorphic and igneous rocks in the Old Lyme quadrangle are (1)
Neoproterozoic metasedimentary and metaigneous rocks of the Gander terrane, (2)
Neoproterozoic rocks of the Avalon terrane, (3) Silurian and Devonian metasedimen-
tary rocks, and (4) Pennsylvanian-Permian igneous rocks. This paper focuses on the
Neoproterozoic basement gneisses of the Gander terrane in the core of the Lyme
dome and the Permian intrusive rocks in the area. U-Pb ages were determined by
analysis using the USGS/Stanford sensitive high resolution ion microprobe-reverse
geometry (SHRIMP-RG) at Stanford University, Palo Alto, California. Ages of units
described below are the weighted average of selected **°Pb/***U ages. Geochronology
data are provided in tables 1 and 2, and summarized in figure 4. See the Appendix for a
complete description of the geochronology procedures.

Neoproterozoic Rocks

The Gander terrane Neoproterozoic rocks in the Lyme dome include metasedi-
mentary rocks of the Old Lyme Gneiss, and granodiorite and granite orthogneisses
found on Becket Hill, Johnnycake Hill, and Lord Hill in the Old Lyme quadrangle (fig.
3; Walsh and others, 2006). Because previous names for metasedimentary rocks within
the core of the Lyme dome are based on correlations with rocks that have type
localities in the Avalon terrane in eastern and southeastern Connecticut, we use
informal local names. Previous names for metasedimentary rocks in the Old Lyme
quadrangle by Lundgren (1967) and Rodgers (1985) include the Plainfield Forma-
tion, the Mamacoke Formation, and the New London Gneiss. All of these rocks are
now mapped as lithodemic units of the Old Lyme Gneiss (Walsh and others, 2006).

Old Lyme Gneiss

The Old Lyme Gneiss (new name) is applied to metasedimentary rocks with
minor mafic metavolcanic rocks exposed in the core of the Lyme dome. Walsh and
others (2006) mapped six different units within the dome, including biotite gneiss,
garnetiferous biotite gneiss, sillimanite schist, quartzite, layered quartzite and schist,
and amphibolite. Lundgren (1967) and Rodgers (1985) considered the sequence of
Plainfield Formation, Mamacoke Formation, and New London Gneiss as metasedimen-
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Fig. 3. Simplified geologic map of the Old Lyme quadrangle showing sample localities and axial trace of
the Lyme dome; modified after Walsh and others (2006). Abbreviations: SNB — Selden Neck block, HBS —
Hunts Brook slice, FPF — Ferry Point fault, BH — Becket Hill, JH — Johnnycake Hill, QH — Quarry Hill, OLS —
Old Lyme Shores, and PW — Point O’Woods.

tary and metavolcanic rocks representing a continuous stratigraphic succession from
oldest to youngest, despite the high degree of metamorphic and igneous overprinting
experienced by the rocks. Our mapping agrees with the rock types identified by
Lundgren (1967), but shows a different distribution for these rocks. Because sedimen-
tary topping criteria are lacking in these rocks, and the contacts between the forma-
tions are occupied by meta-igneous rocks, the true stratigraphic succession cannot be
determined from field observations. Type localities for all three formations occur
outside the Lyme dome in the Avalon terrane, and these formation names are
discontinued for use in the Lyme dome block. To assess the age, provenance, and
metamorphic history of the metasedimentary and metavolcanic rocks in the Old Lyme
Gneiss, we sampled a quartzite and an amphibolite from the Lyme dome.
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Fig. 4. Summary diagram (A) and table (B) of U-Pb SHRIMP ages for rocks in the Lyme dome area,
Connecticut. Sample PEC-702 is from Zartman and others (1988).

Quartzite (sample OL096) was collected from a 2-m-thick layer on the west flank
of the Lyme dome (fig. 3). The rock consists of approximately 90 percent quartz, 8
percent interstitial K-feldspar and plagioclase, 2 percent biotite, and trace amounts of
muscovite, clinozoisite, sphene, and zircon. The sampled quartzite is interlayered
within the biotite gneiss unit and was traced for over 800 meters. Mapping indicates
that the biotite gneiss unit is intruded by granodiorite gneiss in the core of the Lyme
dome (fig. 3).

Detrital zircons are rounded, pitted, and frosted. As shown by CL, oscillatory
zoning is truncated because the zircon grains were mechanically abraded during
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sedimentation (fig. 5A). The zircons range in age from ca. 2127 to 925 Ma (table 1);
seven discordant analyses (fig. 5B) are excluded from the Relative Probability plot (fig.
5C). The largest age group is ca. 1250 to 1130 Ma; subsidiary groups are ca. 1060 to
935, 1500 to 1300, 1900 to 1700, and 2125 to 2000 Ma. Similar age distributions for
detrital zircons were found by Barr and others (2003) in Neoproterozoic metasedimen-
tary rocks of peri-Gondwanan terranes in New Brunswick and Nova Scotia, Canada.
The age of the quartzite is bracketed by the youngest detrital zircons at ca. 925 Ma and
the oldest intrusive rocks that cut the Old Lyme Gneiss rocks at ca. 620 Ma.

Amphibolite (sample OL295) was collected from a 3- to 4-m-thick biotite-quartz-
plagioclase hornblende gneiss that occurs as a disarticulated boudin within the biotite
gneiss on the east flank of the Lyme dome (fig. 3). The amphibolite is interpreted as a
metamorphosed basaltic rock (Walsh and others, 2006).

Zircons from sample OL295 are equant, discoidal, and colorless. In CL, they show
faint oscillatory zoning, patchwork zoning, or are unzoned. Many grains have visible
(in CL) cores and thin overgrowths (fig. 5D). These characteristics are typical of
zircons of metamorphic origin (Hoskin and Schaltegger, 2003; Aleinikoff and others,
2006). These zircons formed during high grade metamorphism of the basalt protolith,
when Zr was released from igneous pyroxene during reaction to form amphibole.

SHRIMP analyses of these zircons indicate that they have very low U contents (4-15
ppm) and verylow Th/U (0.01 - 0.16, mostly <0.05) (table 2); the low Th/U values are
typical of formation during high grade metamorphism. **°Pb/***U ages for 17 analyses
range from ca. 294 to 260 Ma. Because these grains contain such low concentrations of
U, the uncertainties of the individual ages are rather large (see overlapping error
ellipses in fig. 5E). The weighted average of 17 analyses yields an age of 284 = 7 Ma.
However, the ages can be subdivided on the basis of shade of gray (in CL) of the
analyzed area as follows: (1) light gray to white, showing patchy zoning, or unzoned (in
some cores and all overgrowths), and (2) dark gray, showing patchy or oscillatory
zoning, or unzoned (in cores). Surprisingly, the lighter areas are higher in U than the
darker areas, the opposite of the usual expression of CL zoning. Grouping of age data
by CL shading results in ages of 285 = 6 and 270 * 7 Ma. Although the uncertainties of
these two ages are high, they reflect two distinct periods of growth of zircon that are
correlative with episodic regional activity (discussed below). Three analyses from cores
of two other zircons yield discordant older ages suggesting that these grains are
XEeNnocrysts.

Intrusive rocks

Two informally named intrusive orthogneisses, granite gneiss at Becket Hill, and
granodiorite gneiss at Johnnycake Hill comprise the dated Neoproterozoic meta-
igneous rocks dated in the Lyme dome.

Granite Gneiss at Becket Hill.—On the Connecticut State geologic map (Rodgers,
1985), the granite gneiss at Becket Hill (Zgb) was assigned to the Potter Hill Granite
Gneiss of the Neoproterozoic Sterling Plutonic Suite as defined by Hermes and
Zartman (1985) from the name Sterling Plutonic Group (Rodgers, 1985). The type
locality for the Potter Hill Granite Gneiss is located in the Avalon terrane in Rhode
Island (Feininger, 1965), so Walsh and others (2006) use the informal name, granite
gneiss at Becket Hill, because isotopically it has characteristics of the Gander terrane
(Aleinikoff and others, 2007). The granite gneiss at Becket Hill intrudes the Old Lyme
Gneiss. The mapped extent of the granite gneiss at Becket Hill generally corresponds
to Lundgren’s (1967) “sgb” biotite granite gneiss unit of his Sterling Plutonic Group.

Granite gneiss (sample OL290) was collected from an outcrop on the east side of
Quarry Hill (fig. 3) from the vicinity of sample PEC-707 (Potter Hill Granite Gneiss of
Zartman and others, 1988). The sampled rock is a pink to light-gray, coarse-grained,
moderately foliated biotite-quartz-K-feldspar-plagioclase granite gneiss with accessory
magnetite. Conventional thermal ionization mass spectrometry (TIMS) U-Pb data of
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multi-grain fractions (Zartman and others, 1988) plot on or near a reference chord
between 275 and 625 Ma, but are discordant and not colinear.

Zircons from sample OL290 are colorless to light brown, euhedral, and prismatic
(length-to-width ratio (1/w) of 3-6). Many of the zircons are pervasively cracked, mostly
parallel to the c-axes of the crystals. CL imaging shows that most grains have concentric
oscillatory-zoned cores and dark, unzoned overgrowths. The character of the over-
growths varies from a thin, enveloping shell surrounding the grain (sometimes
invading the core) to extensive tips (at least 50% of the grain by volume) formed on
partially resorbed cores (fig. 6A). Zircon cores have moderate U contents (mostly
about 200 — 500 ppm) and Th/U of about 0.5 to 1.2, typical of igneous origin. Two
analyses of dark (in CL) overgrowths have high U and low Th/U, indicative of
metamorphic origin (table 2).

SHRIMP isotopic data of 10 analyses form a coherent group, with a weighted
average age of 611 = 8 Ma (fig. 6B), interpreted as the time of magmatic crystallization.
This age is in agreement with the interpretation of TIMS data (Zartman and others,
1988) that this rock is Neoproterozoic in age. Seven analyses of cores yielded younger
Neoproterozoic ages (ca. 590 Ma, and 515 — 540 Ma; fig. 6B); two analyses of
overgrowths are late Paleozoic (ca. 285 and 300 Ma). The seven analyses of Neoprotero-
zoic age were made on oscillatory-zoned areas that are identical in appearance to zones
that yielded the 611 Ma crystallization age. In addition, these analyses have U content
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and Th/U that are similar to data from the older analyses. It is possible that there was
either a second crystallization event at ca. 590 Ma as found in other samples regionally
(Aleinikoff, unpublished data), or that the younger Neoproterozoic ages are due to Pb
loss through pervasive cracks and do not represent younger events. The late Paleozoic
ages of the overgrowths indicate the approximate time (s) of metamorphism.

Granodiorite gneiss at_Johnnycake Hill—The granodiorite gneiss at Johnnycake Hill
is a biotite-K-feldspar-quartz-plagioclase rock exposed in the core of the Lyme dome.
This orthogneiss is interpreted as a pluton because of its massive texture, because it
truncates units in the Old Lyme Gneiss, and it contains xenoliths of amphibolite. This
rock was not mapped by Lundgren (1967), but was briefly described (1967, p. 28) as,
“quartz-dioritic and granodioritic in composition, whether volcanic or intrusive” in the
lower part of his Plainfield Formation. Rodgers (1985) reinterpreted Lundgren’s
(1967) map and identified the rocks in the core of the Lyme dome as a mixture of
Plainfield Formation (now Old Lyme Gneiss), Potter Hill Granite Gneiss, and Narragan-
sett Pier Granite (Rodgers’ unit “Zp+Zsph+Pn?”). While there are a number of dikes
and irregular intrusions of migmatite and granite pegmatite similar to Narragansett
Pier Granite in the core of the dome, Walsh and others (2006) mapped no rocks like
the Potter Hill Granite Gneiss (now called granite gneiss at Becket Hill) in this area.

Granodiorite gneiss (sample OL293) was collected from the west side of the core
of the Lyme dome (fig. 3). The rock is a moderately foliated K-feldspar-biotite-quartz-
plagioclase granodiorite gneiss with trace amounts of magnetite, apatite, zircon,
chlorite, and muscovite. The distribution of biotite defines a characteristic flaser
texture in the gneiss. Chemically, the rock is a peraluminous calc-alkaline granodiorite
(Walsh and others, 2006).

Zircons from sample OL293 are colorless to very light brown, euhedral, and
prismatic (1/w = 2-4). Most grains display fine, concentric oscillatory zoning, and small
overgrowths on tips (fig. 6C). Zircon cores have moderate U contents (mostly about
100 — 400 ppm) and relatively high Th/U of 0.6 to 0.9. Four analyses of overgrowths
have low Th/U of 0.3 to 0.13 (table 2).

Sixteen analyses of cores yield a weighted average age of 619 * 7 Ma (fig. 6D); one
core analysis was slightly older and excluded from the age calculation. This age is
interpreted as the time of crystallization of the protolith of the granodiorite gneiss.
Four analyses of overgrowths yield ages of ca. 340 to 295 Ma, indicating that metamor-
phism occurred in the late Paleozoic.

Permian Intrusive Rocks

Permian intrusive rocks in southern New England have been known for some
time. The detailed structural relationships, however, between the Permian intrusive
rocks and related Alleghanian deformational events, particularly doming, have eluded
earlier workers largely because of the lack of reliable modern geochronology and
identification of multiple deformational fabrics, including three phases of ductile
deformation in the core of the dome.

Intrusive Rocks

The three types of Permian intrusive rocks in the Lyme dome include foliated
alaskite gneiss, granite pegmatite, and Westerly Granite dikes. It is necessary, however,
to also review information and geochronology of a fourth unit, the Joshua Rock
Granite Gneiss, which occurs east and north of the Lyme dome in the Avalon terrane
(fig. 2). In this study, we re-examined the Joshua Rock Granite Gneiss at the sample
locality of Zartman and others (1988) because of uncertainties regarding their zircon
TIMS age.

Alaskite and Granite Gneiss.—Alaskite and granite gneiss occur as large sills and
irregular intrusive bodies in the Lyme dome (fig. 3). The rock generally exhibits a
well-developed foliation, but locally it is coarse-grained and poorly foliated. The
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foliation developed within the gneiss has the same relative age as the dominant
foliation within the host metasedimentary rocks of the Old Lyme Gneiss, and it is
mapped as S1. Lundgren (1967) mapped similar rocks as units “sga”, “sgba”, and “sgm”
of the Sterling Plutonic Group (or Suite). On the Connecticut state geologic map,
Rodgers (1985) agreed with Lundgren and further subdivided Lundgren’s units as
Neoproterozoic Potter Hill Granite Gneiss and others as Neoproterozoic Hope Valley
Alaskite Gneiss. Walsh and others (2006) suggest a compositional similarity with some
of the rocks of the Neoproterozoic Sterling Plutonic Suite, but the geochronology
results reported here indicate that this rock is Permian, not Neoproterozoic. Walsh
and others (2006), therefore, abandoned the use of the names Sterling Plutonic Suite,
Potter Hill Granite Gneiss, and Hope Valley Alaskite Gneiss for the alaskite and granite
gneiss units, and instead mapped them as unnamed Permian intrusive rocks.

Alaskite gneiss (sample OL291) was collected from a belt of alaskite and granite
gneiss along the west flank of the Lyme dome (fig. 3). The rock is a coarse-grained,
light pink, rusty weathering quartz-plagioclase-K-feldspar gneiss with trace amounts of
biotite and magnetite. At the sample site, the rock contains several thin (<10 cm)
foliation-parallel screens of dark gray quartz-biotite-plagioclase gneiss that resemble
the metasedimentary host rock; these screens are interpreted as deformed xenoliths.
In other places in the Old Lyme quadrangle, xenoliths of paragneiss and amphibolite
are present in the alaskite and granite gneiss unit and cross-cutting relationships show
that the alaskite and granite gneiss cuts the host paragneiss.

Zircons from sample OL291 occur in three color varieties. Most of the zircons are
dark brown, anhedral to subhedral, and equant (I/w=1). Medium brown grains
(about 10% of the total zircon population) are euhedral and prismatic (1/w=3-4).
Rare colorless or light brown grains are euhedral and prismatic (1/w=2-4). CL images
of the medium brown grains show: (1) small, remnant cores, (2) broad, dark,
patchy-zoned mantles, and (3) narrow, dark, mostly unzoned overgrowths (fig. 7A).
Colorless grains show fine oscillatory zoning. Although medium brown grains are a
small proportion of the total population, they were chosen for analysis because of the
greater likelihood that they would yield undisturbed isotopic systematics. A few
colorless grains were selected for comparison.

SHRIMP data indicate that the medium brown grains have very high U contents
(about 2300 — 6000 ppm) and low Th/U of about 0.05 to 0.08 (table 2), both indicative
of metamorphic origin, suggesting that this rock formed by anatexis. These grains have
apparent 2°°Pb/#**U ages of ca. 300 to 278 Ma. However, Williams and Hergt (2000)
showed that high-U zircon can yield spuriously old SHRIMP **°Pb/***U ages due to
instrumental bias of metamict zones. In zircons from sample OL291, it appears that
zones containing greater than about 4500 ppm U yield 206py, /238y ages that are too old
(fig. 7C). Thus, to process these data, analyses were subdivided on the basis of two
factors: (1) location of analysis (core or rim), and (2) U content. For analyses
containing greater than about 4500 ppm U, we use 2°’Pb/2°Pb ages (which are not
affected by instrument bias). Analyses containing less than 4500 ppm U appear to have
reasonable 2°°Pb/?**U ages (fig. 7C). Colorless grains have lower U (about 600 — 1700
ppm) and higher Th/U (about 0.3 - 0.6).

Three analyses of colorless grains have Neoproterozoic ages and are interpreted as
xenocrysts (fig. 7B). These data suggest that the alaskite granite gneiss was derived
from Neoproterozoic basement. Analyses from all medium brown grains (cores and
overgowths) plot in a limited data array with overlapping late Paleozoic ages (fig. 7B).
When the data are subdivided into groups for cores and overgrowths (fig. 7C), the ages
are resolved to 290 * 4 Ma for the time of anatectic crystallization of the protolith and
279 * 4 Ma as the time of overgrowth probably in response to subsequent high grade
metamorphism.
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Granite pegmatite—Granite pegmatite occurs throughout the Lyme dome and was
mapped separately where it occupied the majority of the exposed rock (Walsh and
others, 2006); it occurs at virtually every outcrop. Lundgren (1967, p. 21) mapped 15
pegmatite bodies on the east flank of the Lyme dome as informally named “Black Hall
type” granite pegmatite. He reported that the pegmatite, although largely unmapped,
occupied 25 percent of the core of the Lyme dome, and we generally agree with this
estimate. Rodgers (1985) assigned the pegmatite in the core of the Lyme dome to the
Narragansett Pier Granite (“Pn” on the State map) after usage in Rhode Island
(Nichols, 1956; Feininger, 1968). Walsh and others (2006) mapped the rocks as
unnamed granite pegmatite because they are not contiguous with mapped Narragan-
sett Pier Granite in southeastern Connecticut and Rhode Island.

The granite pegmatite occurs as late straight-walled tabular dikes and older
non-foliated to weakly foliated irregular intrusive migmatite bodies in the Lyme dome
(fig. 8). In general, the irregular intrusive bodies are sills that intruded sub-parallel to
the dominant foliation (S1) in the country rocks or irregular masses that post-date the
development of S1. The younger, tabular dikes are generally steeply dipping, but some
shallowly dipping dikes were also observed (fig. 8; Walsh and others, 2006). The dikes
in the Old Lyme quadrangle have a preferred east-west orientation (fig. 8, Walsh and
others, 2006). Hozik (1988) notes a similar E-W trend for most of the Narragansett Pier
Granite dikes and the largest Westerly Granite dikes in Rhode Island.

Pegmatite (sample OL294B) was collected from a medium- to coarse-grained,
weakly foliated, light-pink to pink and white discordant sill at Point O’"Woods on Long
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Fig. 8. Photographs of Permian intrusive rocks in the Old Lyme quadrangle. (A) Westerly Granite dike
in the Old Lyme Gneiss at Point O’'Woods (sample site for OL294A shown by X). Inset figure is a rose
diagram showing the strike of 8 dikes. (B) Medium- to coarse-grained Permian granite pegmatite in the Old
Lyme Gneiss at Point O’Woods (sample site for OL294B shown by X). The pegmatite is finer grained to the
east (left). The black dashed line shows the trace of weakly developed S2 cleavage in the pegmatite and Old
Lyme Gneiss. White inset rectangle shows the location of photograph in fig. 4C. (C) Close-up view of the S2
foliation in the pegmatite and the truncation of S1 in the Old Lyme Gneiss. (D) Dikes of Permian granite
pegmatite in the Old Lyme Gneiss; circle shows hammer. The gently dipping dikes post-date the steeply
dipping dikes in this photo (see arrows). Inset figure is a rose diagram showing the principal east-west strike
of 36 steeply dipping dikes seen in the area. Rock unit abbreviations: Neoproterozoic Old Lyme Gneiss
sillimanite schist (Zos) and biotite gneiss (Zo), and Permian granite pegmatite (Pp). The trace of the
dominant foliation in all photos is S1 and is shown by a white dashed line. Rose diagrams and stereonets in
this and subsequent figures compiled with Structural Data Integrated System Analyzer software (DAISY) by
Salvini (2004).

Island Sound (figs. 3 and 8). The rock is a K-feldspar-plagioclase-quartz-biotite pegma-
tite with trace amounts of chlorite replacing biotite, and muscovite replacing K-
feldspar. The sample is weakly deformed and contains the regional S2 dome-stage
foliation as a weakly developed cleavage (fig. 8). The pegmatite clearly post-dates the
regional S1 foliation in the host rocks (fig. 8). Chemical analysis of sample OL294B
shows that it is peraluminous calc-alkaline granite (Walsh and others, 2006).

Zircons from sample OL294B are medium to dark brown, euhedral, and prismatic
(1/w=3-6, and some acicular grains with 1/w=8-10). In CL, the grains show concentric
oscillatory zoning, with small, unzoned overgrowths (fig. 9A). Some grains contain
partially resorbed cores. Zoned regions have variable U (about 375 — 1670 ppm) and
low Th/U (0.07 — 0.18) (table 2). Monazite is yellow to orange, anhedral to subhedral,
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and equant (I/w=1). In backscattered electrons imaging (BSE), monazite shows a
variety of zoning patterns, including euhedral oscillatory, spotty, and patchwork; some
grains are unzoned.

Eleven analyses of zircon yield a coherent group with a weighted average age of
288 * 4 Ma (fig. 9B). One analysis is slightly younger at ca. 273 Ma. Seven analyses of
monazite cores yield an age of 287 * 2 Ma. Ten additional analyses of monazite yield
younger ages, suggesting subsequent monazite growth also at ca. 273 and 260 Ma.

Westerly Granite dikes.—The Westerly Granite occurs as straight-walled, unde-
formed tabular dikes that intrude all units in the Lyme dome (fig. 8). We correlate
these dikes with the Westerly Granite of Gregory (1906) and Feininger (1963).
Westerly Granite dikes were observed at eight locations in the Old Lyme quadrangle
(Walsh and others, 2006). The dikes are generally steeply dipping (47° — 82°) with
variable strikes (fig. 8). The dikes range in thickness from 0.1 to 2 meters. Lundgren
(1967) noted that the dikes exposed at Point O’Woods have a generally east-northeast
trend. Goldsmith (1988) and Zartman and Hermes (1987) noted that Westerly Granite
dikes in southeastern Connecticut and southern Rhode Island also have variable
strikes, but locally have generally east-west trends with dips that are moderate to gentle
to the south-southeast — gentler than observed in the Old Lyme area. Goldsmith
(1988) also noted that large dikes observed in quarries generally have irregular
contacts, and are not straight-walled tabular features like those seen in smaller
outcrops. Mapping by Goldsmith (1967a, 1967b, 1967c, 1985b) identified many
map-scale Westerly Granite dikes, up to several kilometers long and tens of meters
thick, in southeastern Connecticut. In the immediate area of Old Lyme, the map-scale
dikes are limited to the coastal area along Long Island Sound (Rodgers, 1985; Zartman
and Hermes, 1987; Goldsmith, 1988) (fig. 2). East of the Old Lyme quadrangle, larger
intrusions occur farther north and into Rhode Island where Hermes and others (1994)
assigned them to the fine-grained granite of the Narragansett Pier Plutonic Suite.

Field evidence shows that the Westerly Granite dikes post-date most of the granite
pegmatite and all ductile structures in the deformed rocks (fig. 8). Locally, the margins
of the Westerly Granite dikes are characterized by large megacrysts of K-feldspar up to
15 cm long. These dikes have gradational margins with the granite pegmatites, and
their similar chemistry, similar age, and the local gradational margins between the two
suggest that the Westerly is closely related to some of the granite pegmatite. Earlier
workers linked the Westerly Granite with the Narragansett Pier Granite based on
similar ages and chemistry (Lundgren, 1967; Buma and others, 1971; Zartman and
Hermes, 1987; Goldsmith, 1988; Skehan and Rast, 1990; Hermes and others, 1994).

Granite (sample OL294A) was collected from a 0.8-m-thick dike at Point O’'Woods
on Long Island Sound (figs. 3 and 8). The dike is a light-pink, fine-grained, equigranu-
lar K-feldspar-plagioclase-quartz-biotite granite with accessory muscovite after K-
feldspar, chlorite replacing biotite, and opaque minerals including magnetite. Con-
tacts with the host rock (granite pegmatite and Old Lyme Gneiss) are straight-walled
and sharp (fig. 8). The dike strikes 276° and dips at 59°. Chemical analysis of the dike
shows that it is a peraluminous calc-alkaline granite (Walsh and others, 2006).

Sample OL294A yielded a small amount of zircon and abundant monazite.
Zircons are quite variable in appearance; they are colorless to medium brown,
euhedral, and stubby to elongate (1/w=1-6). In CL, the grains show concentric
oscillatory zoning (fig. 9C). Many grains have significant dark (in CL) overgrowths.
The heterogeneous zircon population suggests that this Westerly Granite dike contains
xenocrystic zircons, assimilated during derivation and/or intrusion. Monazite is pale
yellow to light orange, anhedral to subhedral, and equant (1/w=1). Zircon cores and
tips interpreted as igneous in origin have variable U content (about 100 — 1200 ppm)
and Th/U (0.19-1.13) (table 2).
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Zircons with a variety of morphologies were prepared for SHRIMP analysis
because of the very low yield from our Westerly Granite dike sample. Interpretation of
the results is difficult because the data do not conform to the normal relationships of
zoning, spot location, age, and Th/U. For example, some dark overgrowths, of
presumed metamorphic origin, have uncharacteristically high Th/U and the same age
as oscillatory-zoned cores. Some oscillatory-zoned cores have uncharacteristically very
low Th/U. Thus, lacking objective textural criteria to define groups, we somewhat
subjectively subdivide the data set based entirely on ages. Nine analyses form an
apparent coherent group with a weighted average age of 275 * 4 Ma (fig. 9D). Two
analyses yielded slightly older ages of ca. 288 and 295 Ma. Four younger rim-ages are
grouped with an age of 259 *+ 4 Ma. One rounded core has a 2’Pb/2"°Pb age of 1401
Ma (table 2). Monazite ages provide support for our zircon data, although these data
also are grouped primarily by age. Analyses of three cores and one rim yield an age of
271 £ 3 Ma, whereas ten analyses (4 cores, 6 rims) result in an age of 259 = 2 Ma. We
suggest that the Westerly Granite dike was emplaced at ca. 275 Ma and reheated at ca.
259 Ma. TIMS data from multi-grain fractions of zircon from Westerly Granite in
Graniteville, Connecticut (about 10 km northeast of sample OL294A) indicate a lower
intercept (crystallization) age of 276 = 7 Ma, plus inheritance from Proterozoic or
Archean sources (Zartman and Hermes, 1987). See discussion about the significance
of the old ages in the Extension section of the Tectonic Model below.

Joshua Rock Granite Gneiss.—The Joshua Rock Granite Gneiss is an aegerine-augite
granite that occurs entirely within the Avalon terrane (fig. 2). Since we believe it is
involved in the same structures that occur within the Lyme dome, we have chosen to
include a discussion of the age and intrusive history here. The type locality is at a quarry
at Joshua Rock (fig. 2) on the Connecticut River in the Deep River quadrangle
(Lundgren, 1963), but we have chosen to re-analyze a sample from the location which
Zartman took his sample (Zartman and others, 1988).

The Joshua Rock Granite Gneiss was originally mapped as an interlayered mem-
ber of the New London Gneiss (Lundgren, 1963, 1966b; Goldsmith, 1967a, 1967b,
1967c). The State map (Rodgers, 1985) shows five map units of Joshua Rock Granite
Gneiss as an interlayered member of the Waterford Group, with occurrences north
and east of the Lyme dome in the Avalon terrane (fig. 2). Synder (1964) described a
similar rock at a small, single locality within alaskite gneiss in the northern part of
Montville, east of Gardner Lake, in the Fitchville quadrangle, but this locality was not
included as Joshua Rock on the State map by Rodgers (1985). The Joshua Rock
Granite Gneiss was considered Neoproterozoic by Rodgers, but Ordovician or younger
by Goldsmith (1967b, 1967c). When he mapped it, Goldsmith suggested that the
Joshua Rock may be younger than the Neoproterozoic New London Gneiss. Zartman
and others (1988) suggest that Rodgers (1985) mapped it as a member of the New
London Gneiss because the two units apparently contained the same structural fabrics.

The granite (sample PEC-702) is from the collection of Zartman and others
(1988) (fig. 2). The mildly peralkaline granite, is medium-grained, and composed of
K-feldspar-plagioclase-quartz with accessory pyroxene, allanite, opaque minerals, sphene,
and fluorite (Zartman and others, 1988). The sample was collected from a roadcut at
the Crystal Mall shopping center on Route 85 (Zartman and others, 1988) in the
southern part of the Montville quadrangle (Goldsmith, 1967c). Zircons were re-
analyzed by SHRIMP in this study because of uncertainties regarding the TIMS zircon
age by Zartman and others (1988). The Joshua Rock Granite Gneiss at the sample
location intrudes the New London Gneiss, and contains a planar foliation that is
“parallel to the structural trend of the Alleghanian orogeny” (Zartman and others,
1988, p. 392). Goldsmith (1961) interpreted this belt of rock as a phacolith. At the
sampled roadcut, the granite contains a very weak, wispy foliation that is generally
parallel to the dominant fabric in the amphibolite country rock (local S1). The
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dominant fabric appears to be partially to totally annealed or resorbed in places,
leaving remnant schlieren of biotite and hornblende as selvages. The amphibolite at
the contact with the granite gneiss contains abundant granitic leucosomes and thin,
foliation-parallel to slightly discordant intrusive sills suggesting that host rock was
injected during, or very late in the development of S1. Zartman and others (p. 398,
1988) stated that, “it is ambiguous whether the rock exhibits well preserved igneous
texture or if the rock has been completely annealed and is nearly strain free due to
high temperature recrystallization.” Second generation folds (local F2) and weak
foliation (local S2) deform the Joshua Rock Granite Gneiss, and several S-shaped and
Z-shaped folds are present at the roadcut and are outcrop-scale examples of the large
“S” fold on the Connecticut State geologic map (Rodgers, 1985) (fig. 2). The local
orientations of the F2 folds and S2 foliation generally strike east-west, dip steeply, and
differ from the orientations seen in the Old Lyme quadrangle where they dip steeply
but strike northeast (see section on D2 below).

Most of the zircons from sample PEC-702 are anhedral and appear to be
amalgamations of many small grains. In CL, these grains have a framboidal texture
(fig. 9E). Less than one percent of the zircon population is composed of blocky
(I/w=1), colorless, euhedral grains that have concentric oscillatory zoning in CL. The
co-existence of these very different zircon morphologies is related to magma composi-
tion. Zircons from peralkaline rocks commonly are anhedral (Aleinikoff and Stoeser,
1989, and references therein) because they form late in the melt crystallization
sequence due to the high solubility of zircon in peralkaline magma (Watson, 1979;
Watson and Harrison, 1983). In metaluminous rocks, zircons crystallize early, due to
low zircon saturation of the melt, and therefore usually are euhedral. It is possible that
the few euhedral zircons from this sample formed in limited pockets of melt that had
locally evolved to metaluminous composition, whereas the majority of zircon (of
framboidal morphology) formed late in the peralkaline melt crystallization history.
Despite being only a tiny percentage of the total zircon population, the colorless,
euhedral grains were chosen for SHRIMP analysis because they are less complicated
and more typical of igneous zircons than the framboidal zircons.

Fourteen analyses (from 13 euhedral grains and one framboidal grain, for
comparison) form a coherent group with an age of 284 = 3 Ma (fig. 9F). One analysis is
somewhat older (ca. 310 Ma) and one analysis is slightly younger (ca. 270 Ma).
Zartman and others (1988) analyzed one multi-grain fraction composed entirely of
colorless euhedral grains and obtained slightly discordant data with a 207Pb/ 206p, age
of 280 Ma. Three other fractions yielded slightly older ages (326 — 297 Ma; Zartman
and others, 1988). We conclude that the Joshua Rock Granite Gneiss crystallized at
284 = 3 Ma.

Structural Geology of Ductile Fabrics

Three generations of planar and linear ductile fabrics, from oldest to youngest, D1
to D3, are recorded in rocks of the Lyme dome. A fourth deformation event, D4, is
recognized by late, randomly oriented tabular cross-cutting dikes of pegmatite. No
ductile fabrics are associated with D4.

DI

The oldest ductile deformational event (D1) is characterized by a penetrative
gneissosity (S1) that is the dominant planar foliation in most rocks, and is the
dominant foliation that is deformed by the Lyme dome (fig. 10). Locally SI is axial
planar to rootless, outcrop-scale isoclinal folds (F1) that deform a now relict gneissic
compositional layering (SO) that is parallel to bedding in the metasedimentary rocks
and some amphibolites (fig. 11). The relict gneissic layering (S0) is absent in the
intrusive rocks. The S1 gneissosity pre-dates emplacement of the Westerly Granite and
Permian granite pegmatite but post-dates the Silurian metasedimentary rocks in the
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Fig. 10. Map of D1 structures in the Old Lyme quadrangle showing S1 foliation, L1 mineral lineations,
F1 fold axes, and axial trace of the Lyme dome. Inset diagram (A) shows a lower hemisphere equal area
projection of contoured poles to S1, L1 and F1 linear elements, pi pole to folded S1, and the great circle of
best fit to folded SI1. Contour interval is 2 percent. Inset map (B) shows a summary diagram with the
generally radial trends of F1 and L1 in domains across the Lyme dome.

Hunts Brook slice (Wintsch and others, 2007) between the Lyme dome and the Selden
Neck block. The S1 gneissosity is folded by the Lyme dome, and poles to S1 define a
great circle whose 7 pole plunges moderately to the north (fig. 10). F1 fold axes
generally plunge down the dip of the foliation. The bearing and plunge of F1 fold axes



timing of multiple Alleghanian deformational and intrusive events in southern Connecticut 195

Fig. 11. Photographs of deformational fabrics in the Lyme dome. (A) F1 fold of SO compositional
layering showing axial planar S1 foliation. Pegmatite leucosomes form parallel to both S1 and S0O. (B)
Down-dip L1 mineral lineations in Old Lyme Gneiss. (C) Upright F2 folds with S2 foliation deform S1
gneissosity in the Old Lyme Gneiss. Migmatitic leucosomes and granitic gneiss are parallel to S1. (D)
Permian granite pegmatite intruded parallel to S3. (E and F) Boudinage, or pinch and swell structure
parallel to S3 in Old Lyme Gneiss deforms S1 (photo F by J. R. Stone).

varies across the map, and shows a somewhat radial pattern around the Lyme dome
(fig. 10). Most observed F1 folds are isoclinal with an indeterminate asymmetry, but
some F1 folds with clockwise rotations are seen on the east flank of the dome (fig. 10).
Elongation and mineral cluster lineations in the plane of SI1 (L1) consist of quartz,
plagioclase, K-feldspar, hornblende, and rare sillimanite, and, like the F1 fold axes,
generally trend steeply down the dip of SI and show a radial trend around the dome
(figs. 10 and 11). Rare L1 sillimanite occurs as quartz-sillimanite, or quartz-fibrolite,
grain cluster lineations.
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D2

The second deformational event (D2) is characterized by a variably developed
cleavage and schistosity. This foliation, called S2, is well developed in the schistose
rocks and poorly developed to not present in the more competent quartzo-feldspathic
gneissic or pegmatitic rocks. Where S2 is present in the gneissic or post-S1 pegmatitic
rocks, it is a spaced cleavage (fig. 8). The S2 foliation pre-dates intrusion of the
Westerly Granite and most exposures of the granite pegmatite. Where the granite
pegmatite is finer grained, it is locally deformed and contains the S2 foliation as a
weakly developed cleavage (fig. 8). Locally S2 is axial planar to outcrop-scale, upright,
tight to open folds (F2) that deform the dominant gneissic fabric (S1) and older F1
folds. The F2 folds are not apparent in post-S1 intrusive rocks because there is no older
planar fabric (SI1) to show the folding. These folds are axial planar to the Lyme dome
(figs. 11 and 12). The average strike and dip of the S2 foliation is 8°, 85° (fig. 12). The
average bearing and plunge of F2 fold axes and S1/S2 intersection lineations is 16°,
26°, and matches the orientation of the w pole (8°, 34°) to the great circle of deformed
S1 gneissoisty (figs. 10 and 12). The F2 fold axes generally plunge to the north, but
southward plunges occur locally, especially in the southeastern part of the Old Lyme
quadrangle along the coast. Locally asymmetric F2 folds are seen with both clockwise
and counter-clockwise rotation senses (fig. 12). Most clockwise folds occur on the west
flank of the dome, and most counter-clockwise folds occur on the east flank of the
dome, consistent with a model of parasitic folds developed by flexural flow (flanks of
the dome moved up relative to the core) in a buckle anticline (Dixon, 1987; Burg and
others, 2004). Elongation and mineral lineations in the plane of S2 (L2) consist of
quartz, sillimanite, biotite, and/or K-feldspar and are generally parallel to the F2 fold
axes, and also generally plunge to the north (fig. 12). Sillimanite L2 lineations
commonly occur as aggregates of needles.

D3

The third deformational event (D3) is characterized by boudinage and weak
folding with associated spaced cleavage development (fig. 11). The foliation, called S3,
is well developed in the layered schistose and gneissic rocks and poorly developed to
not present in the more massive gneissic rocks and young granites and pegmatites.
Layered gneiss and amphibolite typically display parting along S3 (fig. 11). The S3
foliation was not observed in the Westerly Granite and the Permian granite pegmatite
because the cleavage is not penetrative. Pegmatite dikes, however, locally intrude
parallel to the S3 cleavage in boudin necks suggesting that some of the dikes utilized
the cleavage during intrusion (fig. 11). Locally S3 is axial planar to upright, broad to
open folds (F3) that are associated with boudinage or pinch-and swell structure (fig.
11). The S3 cleavage and F3 folds generally deform the dominant gneissic fabric (S1),
but terminate within the granitic and pegmatitic layers within the metasedimentary
rocks. The average strike and dip of the S3 cleavage is 259°, 87° (fig. 13), or slightly
south of due west and is virtually the same trend observed for the strike of the steeply
dipping granite pegmatite dikes (fig. 8D). The average bearing and plunge of F3 fold
axes and intersection lineations is 51°, 40°, but these linear elements show some
variability due to the pre-existing orientation of S1 (fig. 13).

DISCUSSION

In this section we integrate mapping, structural analysis, and geochronology with
the metamorphic history of the rocks by modeling the pressure-temperature time path.
We also present a tectonic model that explains the Neoproterozoic deposition and
intrusion of the rocks in the core of the Lyme dome, and the major late Paloeozoic
events of Alleghanian orogenesis. Finally, we present the mechanisms of dome
formation and their relationship to the crustal evolution of southern Connecticut.
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Fig. 12. Map of D2 structures in the Old Lyme quadrangle showing S2 foliation, L2 mineral lineations,
F2 fold axes, and axial trace of the Lyme dome. Inset diagram (A) shows a lower hemisphere equal area
projection of contoured poles to S2, L2 and F2 linear elements, S2 plane of best fit, and mean F2 axis and L2
lineation. Contour interval is 2 percent.

Pressure-Temperature-Time-Deformation Path
The new U-Pb crystallization ages of zircon and monazite reported above, provide
the absolute times of deformation in this area. These can be reconciled with the overall
metamorphic history of these rocks by applying the P-T-t (pressure-temperature-time)
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Fig. 13. Map of D3 structures in the Old Lyme quadrangle showing S3 foliation, F3 fold axes, and axial
trace of the Lyme dome. Inset diagram (A) shows a lower hemisphere equal area projection of contoured
poles to S3, F3 fold axes, S3 plane of best fit, and mean F3 axis. Contour interval is 2 percent.

paths calculated by Wintsch and others (2003). These one-dimensional thermal
calculations were constrained by the cooling rates in rocks of the Bronson Hill terrane
in the Essex quadrangle to the west. Values for heat capacity, thermal conductivity,
radioactive heat generation and mantle heat flux were taken from the literature.
Uniform rates of loading and unloading from four positions in a north-south traverse
along this terrane from northern to southern Connecticut were found to satisfy the
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geochronolo(gic data all along the traverse. Times and rates of cooling were con-
strained by *’Ar/*Ar thermochronology, U-Pb geochronology, and by metamorphic
P-T conditions from the literature. Multiple iterations with trial times and rates of
loading and unloading and residence times identified particle paths that satisfied the
data. The modeled metamorphic history identifies the particle (crustal) path of the
present erosion surface, and predicts the paths for rocks structurally above (and now
eroded from) the present erosion surface, and of those still below the present erosion
surface.

The results of the modeled P-T-t path of Wintsch and others (2003) are summa-
rized with temperature-time lines and loading and exhumation time lines (figs. 14 and
15), and with the derived pressure-temperature-time lines (PTt) calibrated here for
absolute time (fig. 15). The model PTt paths cross the following critical reaction
boundaries shown in figures 14 and 15 (compiled from Holdaway and Mukhopadhyay,
1993; Spear and others, 1999; and Vielzeuf and Schmidt, 2001):

Ab + Kfs + Qtz + V = liquid (1)

Ms + Pl + Qtz = Kfs + As + liquid (2)
Bt + As + Pl + Qtz = Grt + Kfs + liquid (3)
Bt + P1 + Qtz = Opx + Kfs + liquid (4)
Bt + As(+ Pl + Qtz) = Grt + Crd + liquid (5)
Kyanite = Sillimanite (6)

The modeling results most relevant to this study lie between the 15 km (dotted line)
and 20 km (dashed line) isopleths (fig. 14). The model ignores the heat advected by
the Westerly and Joshua Rock granitic rocks that intruded directly into the rocks
studied. Their volume and thermal mass is small, however, and their temperatures
would have been close to the ambient anatectic temperatures of their host rocks, and
so their effect on the model would be minimal, especially in view of the divariance of
the reactions (for example, Spear and others, 1999).

The earliest stage of deformation (D1) identified in this study produced a
penetrative foliation (S1) and layer-parallel migmatite. This occurred at ca. 290 Ma, at
metamorphic conditions consistent with the beginning of melting, and generally
consistent with the mineralogy of the DI structures (fig. 14A). These conditions are
predicted to have occurred in the kyanite zone, and Lundgren (1967, p. 14) reported
relict kyanite as a “rare accessory mineral” in two samples of his pelitic “biotite-
sillimanite schist and gneiss” map unit. In fact, modeling shows that much of the early
partial melting occurred in the kyanite zone (fig. 15).

The second deformation (D2) was folding associated with the dome, and develop-
ment of overprinting S2 fabrics. These fabrics are only moderately well preserved in
granitic pegmatites, one of which is dated at ca. 288 Ma (see Results section on granite
pegmatite above). The same folding event deforms the Joshua Rock Granite Gneiss
(fig. 2) dated at ca. 284 Ma, showing that this deformation outlasted the intrusion.
Moreover, the magmas must have intruded from deeper sources, so that the P-T
conditions of the melting were higher than those near the 15 km isopleths of figures 14
and 15. The elongate ellipses with the black arrows (figs. 14 and 15) show the possible
source conditions of these magmas. To the extent that some of these magmas did
intrude from below, this event probably advected heat to these rocks. Crystallization of
metamorphic zircons in the amphibolite (see Results section on Old Lyme Gneiss,
sample OL295) may have occurred during this event. Petrography indicates that
idioblastic to poikiloblastic garnet grew during or subsequent to the D2 event, and
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Fig. 14. Model thermal history (A) and loading and exhumation history (B) for coastal Connecticut,
constrained by regional geochronology and local thermochronology (Wintsch and others, 2003). Amphi-
bole (Am), muscovite (Ms), and Kfeldspar (Kfs) *’Ar/*’Ar cooling ages are plotted at their closure
temperatures (T.) with blue vertical bars on the temperature-time (T-t) line representing the present
erosion surface (starting depth: 15 km). Modeling results most relevant to the structural levels of this study
lie between the 15 km (dotted line) and 20 km (dashed line) T-t curves. Numbered melting reactions in
figure A are given in the text, and shaded areas correlate with melt regions in figure 15. White circles and
arrowed ellipses in (A) represent melting and deformation events D1 — D4, and are superimposed on these
T-t curves at the times dated by zircons in this study; these data are not used to constrain the positions of
these curves. Ellipses indicate that melts sampled as dikes and dated at the present erosion level were
generated at deeper structural levels. Two double arrows in the late Permian show that while D4 deformation
was still operating at upper amphibolite facies metamorphic conditions in the structurally relatively deep
Lyme dome, deformation at higher structural levels of the Honey Hill — Lake Char fault system (fig. 3) would
occur at lower amphibolite to greenschist facies.

definitely after the D1 event as rare garnets contain inclusion trails of the SI foliation
(fig. 16).

The next event, D3, was one of intrusion of Westerly-type granites. These dikes are
straight-walled, and undeformed (fig. 8A), and were thus emplaced from a deeper
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Fig. 15. P-T-t paths for rocks of coastal Connecticut (from Wintsch and others, 2003) showing the P-T
conditions of melting and deformation events D1 — D4, using thermal modeling results from figure 14. Melt
reactions and sources are described in the text. The validity of the modeled P-T-t paths is supported by their
successful prediction of (1) partial melting events D1 through D4, (2) the occurrence of relict kyanite
(Lundgren, 1967), and the lack of cordierite (produced below reaction curve 5), and (3) the intersection of
the P-T point of Dipple and others (1990).

level at ca. 275 Ma. This is indicated schematically by arrowed ellipses in figures 14 and
15. The drop in (confining) pressure of ca. 200 Mpa is consistent with the fracturing of
the host gneisses to produce the cross-cutting dike structures. It is probable that heat
was advected into these rocks by the ascent of these magmas, as shown by ages of
crystallization of monazite in some rocks, and overgrowth ages on some zircons.

The youngest event in these rocks, D4, was marked by the pervasive intrusion of
the youngest pegmatites in these rocks (for example fig. 4D). This event is probably
recorded by the crystallization of monazite in both D2 pegmatites and D3 Westerly-like
granites (see table 2). This ca. 265 Ma event plots at or near peak temperature
conditions of the thermal event of figure 14A, but significantly shows a dramatic drop
in pressure to about 700 Mpa. This considerable lowering of confining pressure
together with the high fluid (magmatic) pressure undoubtedly contributed to the
lowering of rock strength that led to the apparent brittle behavior of the rocks.

Tectonic Model

The results presented here, including U-Pb geochronology on zircon and mona-
zite coupled with structural analysis of rocks in the area of the Lyme dome, lead to a
refined, multi-stage model for the Alleghanian orogeny in southern New England (fig.
17). This model identifies the age of intrusive rocks along with age constraints and
possible source of metasedimentary rocks in the core of the dome and links the
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Fig. 16. Photomicrograph of garnet poikiloblast in the Old Lyme Gneiss. Garnet contains S1 inclusion
trails (dashed line) and overgrowths in the plane of S2 (solid line) suggesting it grew during or subsequent to
D2 deformation. Abbreviations: Gt — garnet, Bt — biotite, QPK — intergrown quartz, plagioclase, and
K-feldspar. Photographed in plane light at 2.5 X.

absolute and relative timing of deformational and thermal events of the Alleghanian
orogeny including anatexis, dome formation, and widespread decompression melting.

Neoproterozoic Events

Detrital zircon geochronology suggests that the deposition of the metasedimen-
tary rocks in the core of the Lyme dome took place after ca. 925 Ma but before
intrusion of the granite and granodiorite at ca. 620 Ma. Zircon age populations of ca.
1060 to 925, 1250 to 1130, 1500 to 1300, 1900 to 1700, and 2125 to 2000 Ma broadly
correlate with ages from either Laurentian, Amazonian, or Baltic crust, so by them-
selves are not uniquely indicative of provenance. Archean detrital zircons are distinctly
lacking from our data set, which does not fit a purely Amazonian or Baltic source (Van
Staal and others, 1996; Thompson and Bowring, 2000; Barr and others, 2003). Van
Staal and others (1996) noted that Gander basement rocks in New Brunswick and
Newfoundland best fit a western Amazonian provenance, and that the existence of
Grenvillian ages there did not necessarily mean a Laurentian provenance because
similar ages occur in Amazonia. Furthermore, Pb and Nd isotopic data from Neopro-
terozoic igneous rocks in the Clinton and Lyme domes (Aleinikoff and others, 2007)
are distinct from Laurentian crustal signatures and are more similar to Ganderian
signatures, thus providing evidence that the Old Lyme Gneiss was not derived from
Laurentia.

U-Pb zircon ages from granite and granodiorite gneiss in the core of the Lyme
dome support a significant intrusive event at ca. 620 to 611 Ma (fig. 17A). These
intrusive rocks post-date a relict layer-parallel foliation in the metasedimentary and
metavolcanic rocks that is interpreted as bedding (S0). The intrusions may have
originated as large sills or sheet-like bodies, but due to subsequent intense Paleozoic
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Fig. 17. Block diagrams showing a multi-stage model for the evolution of the Lyme dome. In all diagrams,
the locations of U/Pb zircon ages are shown by stars. Depth estimates on the right side of each block are from
thermal modeling results (figs. 14 and 15). (A) Neoproterozoic granodiorite and granite intrude protolith
sedimentary rocks of the Neoproterozoic Old Lyme Gneiss. The intrusive rocks will later become the orthogneis-
ses at Johnnycake Hill, Lord Hill, and Becket Hill. (B) Regionally penetrative D1 deformation produces mylonitic
fabrics, S1 gneissosity, down plunge F1 fold axes, and L1 mineral lineations at aluminosilicate-orthoclase
metamorphic conditions. Approximate principal stress direction is north-south contraction (black arrows).
Migmatite, alaskite, and granite gneiss intrude in the plane of SI during partial melting. These conditions may
have developed as the Avalon terrane in the Selden Neck block tectonically wedged Gander cover from Gander
basement (inset diagram). Regional tilting of the foliation occurred prior to dome-stage folding, or at the very
onset of doming. (C) Incipient dome-stage deformation late in D1 or early in D2 deformed S1 and produced
radial F1/L1 lineations, with rare F1 fold axes showing core-up fold rotation senses during diapiric ascent (CC,
clockwise, CW — counterclockwise). The principal stress direction is vertical diapiric ascent. (D) Continued
dome-stage deformation produced S2 foliation axial planar to the dome with NNE plunging F2 fold axes, and L.2
mineral lineations. The S2 foliation cuts migmatitic pegmatites and the Joshua Rock Granite Gneiss (JR) that
were continually produced during partial melting at second sillimanite conditions. Dome-stage deformation
mechanisms switch from diapirism to horizontal contraction. (E) Boudinage and S3 foliation form during D3 as a
result of regional crustal uplift, extension, and exhumation. Decompression melts fill the voids created during
extensional deformation. Some Westerly Granite and granite pegmatite dikes preferentially intrude along the
plane of S3. Inset diagram shows detail of intrusion in boudin necks. (F) Post-tectonic, tabular, gently dipping
cross-cutting dikes of granite pegmatite intrude during D4 rapid exhumation and vertical failure of the crust.
Zircon and monazite record uplift of the crust to below closure temperatures by ca. 260 Ma. Finally, locally
preserved, static retrograde mineral assemblages form at greenschist facies during continued cooling.
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deformation, it is difficult to unequivocally state what the original shapes of the
intrusions may have been.

Paleozoic Events

Igneous and metamorphic zircon and monazite geochronology, geologic map-
ping, and structural analysis suggest a link between at least three major Early Permian
deformational events associated with Alleghanian orogeny in the Lyme dome area.
The events include DI syn-tectonic migmatization and anatexis during regional
foliation development at ca. 290 Ma, dome-stage deformation and uplift from late D1
to D2 at ca. 288 to 280 Ma, and extension and intrusion during D3 at ca. 275 to 270 Ma.
Brittle tectonic and thermal activity associated with late granitic dikes continued to at
least 259 Ma. These events are summarized in figure 17 and generally involved
contraction from D1 to D2, extension during D3, and late tectonic intrusion during
exhumation.

Syn-tectonic migmatization and partial melting.—Initial development of the regionally
dominant foliation (S1) took place during sillimanite-(or kyanite)-orthoclase metamor-
phic conditions. Modeling shows that the relic kyanite identified by Lundgren (1967)
was probably pervasive at this time (fig. 15). Deformation (D1) produced gneissic
fabric and L1 mineral lineations consisting of upper amphibolite facies mineral
assemblages. Partial melting accompanied this early high-grade metamorphism prob-
ably during Hy0-saturated minimum melting (reaction 1) and by muscovite dehydra-
tion reactions (reaction 2; Lundgren, 1966a). Regionally, muscovite-poor lithologies
may have experienced limited anatexis (McLellan and others, 1993). At this time, early
stromatic migmatite developed in metasedimentary rocks from anatectic melts predomi-
nantly in the plane of S1 (perhaps by filter pressing, McLellan and others, 1993), and
locally as leucocratic segregations along older compositional layering (fig. 11A).
Subsequently foliated alaskite and granite gneiss intruded at ca. 290 Ma (sample
OL291) associated with syn-tectonic migmatitization in the plane of S1 (fig. 17B).

Sub-parallel down-dip F1 fold axes and L1 mineral lineations suggest high strain
in a roughly orthogonal environment. Although deformed, the general trend of L1
and F1 suggests an overall relative north-south transport direction. Regionally, this
transport direction has been interpreted as the earliest phase of Alleghanian deforma-
tion. Wintsch and others (1990, 1992, 1993, 1998, 2001, 2003) attributed this transport
and deformation to thrust-nappe tectonics, but this timing is a bit later than predicted
by our modeling. Coleman and others (1997) and Wintsch and others (1998) reported
top to SSW at ca. 307 to 305 Ma for this period of thrust motion and related it to local
D1 structures in the Bronson Hill terrane, northwest of the Lyme dome. This timing
fits the modeling perfectly (fig. 14). Lundgren (1966a) associated this early metamor-
phism with crustal heating, and Wintsch and others (2003) suggested that this early
heating was due to thrust loading which eventually contributed to melt-weakening and
faulting in and around the Lyme dome (Wintsch and others, 2005c).

During D1, major faults were active between the Selden Neck block and Lyme
dome block. Rocks of the Merrimack terrane are preserved in the Hunts Brook slice
which represents a major crustal boundary between the Avalon and Gander terranes.
Losh and Bradbury (1984) proposed underthrusting of Avalon along the Honey Hill —
Lake Char fault system during this early deformation. Wintsch and others (1990)
suggest that the rocks in the Lyme dome moved WNW under the Selden Neck block
along a detachment called the Hunts Brook fault zone, and that final emplacement of
the thrust slices deformed the mylonites in the fault zone and led to formation of the
Lyme dome. Wintsch and others (2005a, 2005¢) updated their model stating that the
position of the Gander zone rocks in the Lyme dome, structurally beneath the Avalon
zone rocks in the Selden Neck block, required that Avalon acted as a wedge, separating
Gander metasedimentary cover rocks from the basement on which they had been
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deposited. In the wedge model, rocks in the Lyme dome are Gander basement and
rocks of the Merrimack terrane are Gander metasedimentary cover (fig. 17B inset).

F1 fold axes show a slightly divergent pattern across the Lyme dome suggesting a
somewhat radial pattern (fig. 10). In the core of the dome the fold axes plunge to the
NE. On the western limb, the fold axes plunge to the west. On the north side of the
dome the axes plunge to the NNW, and on the SE limb the axes plunge to the SSE. In
the NE part of the dome the F1 fold axes do not show a consistent radial pattern. D1
mineral lineations show a similar pattern, suggesting somewhat radially divergent
elongation. F1 fold rotation senses (fig. 10), although limited, are consistent with
core-up relative motion (fig. 17C). Fold rotation sense alone is somewhat equivocal,
however, because observed outcrop-scale folds may be, (1) parasitic to larger unseen
folds with opposite rotation senses, or (2) rotation senses on the flanks of domes may
give opposing shear senses due to changing deformation mechanisms (Whitney and
others, 2004; Burg and others, 2004). We, therefore, interpret the rotation senses on
minor F1 folds cautiously. Nonetheless, from our data it is possible to conclude that the
apparent rotation of F1 fold axes, combined with the radial distribution of F1 and L1
linear elements, are indicative of radial flow as a function of late D1 diapiric uplift
(Whitney and others, 2004).

Our data also bear on the issue of whether the Lyme dome formed primarily by
diapirism. The Stony Creek dome to the west may have been formed in part by
diapirism because of gently dipping foliation in the core, progressive change from
L-fabrics to S-fabrics from core to margin, radial lineation patterns, and progressive
change from plane strain to flattening from core to margin (McLellan and Stockman,
1985). In the Lyme dome, planar Sfabrics also become more penetrative away from
the core of the dome towards the faults in the Hunts Brook slice. The dip of Sl
foliation, however, does not show a pattern consistent with flattening in the core as
expected with diapiric uplift (Whitney and others, 2004). Figure 18 shows modeled dip
values and S1 form-lines around the Lyme dome using inverse distance weighting for
both strike and dip values. The strike formlines show that the SI foliation is not simply
folded into a symmetrical dome-like pattern, but rather it contains small-scale folds
due to subsequent deformation during D2. Modeled dip values show that the core
region contains both steep and gentle dips, with gentle dips (< 40°) more common in
the northern part of the dome, and steep dips (< 50°) more common in the southern
core and flanks of the dome. Thus, the dome cannot be explained just by simple
diapirism, but must also involve later folding, as shown by the map pattern.

Dome-stage folding and wplift.—Aluminosilicate-orthoclase metamorphic conditions
that started during D1 continued through D2 as indicated by second sillimanite
mineral assemblages in L2 lineations parallel to F2 fold axes (fig. 12). Granitic
pegmatite intruded across the S1 foliation during D2. Locally, the S2 foliation is found
in the granitic pegmatite, and this pegmatite yields a U-Pb zircon age of 288 = 4 Ma.
Pegmatite magma generation at this stage generally does not appear to have a
preferred orientation, but is widespread throughout the dome. The Joshua Rock
Granite Gneiss is also deformed by D2 fabrics and yielded an age of 284 = 3 Ma,
suggesting that D2 deformation spanned a period from approximately 288 to 280 Ma.
Thus the time lapse during D1 and D2 is less than 10 m.y.

By D2 time (fig. 17D), L2 mineral lineations and F2 fold axes show generally
consistent orientations to the NE, and do not show a radial pattern (fig. 12). Parasitic
F2 folds are consistent with development by flexural flow with flanks of the anticline up
relative to the core; this orientation is the opposite of F1 fold rotation senses. The
radial D1 linear elements and tentative core-up F1 fold rotation senses suggest,
therefore, that diapiric uplift began late in D1 (ca. 290 Ma) but was completed by D2
(>280 Ma) when horizontal stresses, not vertical, dominated in the development of F2
folds and S2 foliation. Thus, uplift and doming started late in D1 and continued into
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Fig. 18. Form-line map of S1 showing modeled strike direction (symbols) and dip value (grayscale
grid). Calculated strike and dip values were interpolated by inverse distance weighting analyses of 698 S1
measurements. The model results indicate that the dome is not a simple antiform, but consists of smaller
parasitic antiforms on the flanks of the main trace of the dome. Steep dip values in the core of the dome
show that the dome is a composite structure involving interference folding during D2, and not just simple
flattening as would be expected by diapirism.

D2, but the apparent dome-forming mechanisms changed from diapirism with vertical
dominated flow to contraction with horizontal dominated flow between 290 and
280 Ma.

Hypidiomorphic textures and miarolitic cavities in the Stony Creek dome, similar
to those in migmatitic leucosomes at Old Lyme Shores (fig. 3) have been interpreted to
indicate rapid decompression during peak metamorphism (McLellan and others,
1993). Similar textures occur throughout the post-S1 leucocratic granitic migmatites in
the Lyme dome. Thus, rapid decompression began sometime after D2 and dome-stage
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deformation, in other words after ca. 280 Ma. The thermal model also predicts that this
exhumation began at ca. 280 Ma (fig. 14).

Extension.—D3 structures, including boudinage, record late horizontal extension
with a preferred NNW direction. Granitic pegmatite intrudes across the grain of S1, S2,
and the Lyme dome in a generally preferred NNE-SSW direction, along the planes of
the S3 cleavage and in extensional zones in boudin necks. More randomly oriented
tabular Westerly Granite dikes post-date D3 fabrics in the Lyme dome area, but
regionally and with dikes of Narragansett Pier Granite, show a preferred E-W trend
(Zartman and Hermes, 1987; Hozik, 1988; Goldsmith, 1988). Emplacement of the
Westerly Granite dike at Point O’'Woods suggests that preferred NNW D3 extension
was active, and perhaps concluded, by ca. 275 Ma.

On the basis of discordias projected through multi-grain fractions of zircon from
two samples of Westerly Granite, (including abraded splits with Paleoproterozoic
ages), Zartman and Hermes (1987) inferred that the Westerly was derived from
Archean crust of the West African shield. They also consider the possibility that the
inheritance was due to incorporation of detrital zircons, themselves derived from
Archean sources. The oldest 2 7Pb/ 206pp, ages of abraded zircon in the Zartman and
Hermes (1987) study are 1.95 and 2.07 Ga; these ages are similar to the oldest detrital
zircons in quartzite from the Old Lyme Gneiss (sample OL096; table 1). We suggest
that the Westerly Granite was locally derived from Neoproterozoic metasedimentary
rocks of Gander basement. We found no evidence for an Archean source.

Exhumation.—Late, randomly oriented but gently dipping pegmatite dikes record
a final stage of intrusion, and a switch from NNW extension to vertical unloading.
Metamorphic monazite and zircon rims record crystallization ages of ca. 259 Ma that
are indistinguishable from amphibole cooling ages of ca. 260 Ma (Wintsch and others,
1992). These ages show that, by the latest Permian, anatectic conditions had ceased
and all rocks had become completely crystallized. Small amounts of lower amphibolite
and greenschist facies static overgrowth retrograde mineral assemblages including
chlorite and muscovite after biotite, garnet, sillimanite, and K-feldspar record crustal
uplift at still lower temperatures, and thus shallower depths.

Extensional fabrics with associated migmatitic infilling and late randomly ori-
ented cross-cutting dikes suggest horizontal failure followed by vertical failure of the
rock mass (Brisbin, 1986). Although McLellan and others (p. M-28, 1993) did not
report the late D3 fabrics in the Stony Creek dome, they did identify boudin necks and
fold hinges as structurally weak zones where younger migmatite developed in small-
scale shear zones whose geometry was “controlled by hydraulic failure.” Melting by
dehydration may have continued to increase the effective pressure and led to rock
failure (Brisbin, 1986; McLellan and others, 1993). Wintsch and others (2005¢) have
suggested that this melt-weakening process started as early as D1, and facilitated early
Avalon-Gander terrane juxtaposition where migmatitic liquids at lithostatic pressure
apparently lowered the effective stress in the fault zones.

Lundgren (1966a) stated that later emplacement of younger Permian granite
such as the Westerly and Narragansett Pier Granites must have been produced from
melts derived from deeper levels of the crust because muscovite had already been
removed from the rocks during early metamorphism and dehydration-related partial
melting. Lundgren recognized that the younger granites post-dated sillimanite-
orthoclase conditions and the regional second sillimanite isograd, and suggested that
the younger melts could have been derived during the regional metamorphism but
from a depth below the isograd. McLellan and others (1993) essentially agreed with
Lundgren (1966a) and reiterated the question as to whether the Permian granite
pegmatite and Westerly Granite may be related to plutonic heating at depth, thus
providing a heat source for younger anatexis at the currently exposed structural level.
Lundgren’s interpretation may be consistent with ideas that crustal thickening and
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heating leads to partial melting of the crust in migmatite gneiss domes (for example,
Vanderhaeghe and others, 1999). An alternative hypothesis is that the melts for the
younger granites were produced not at significantly deeper levels in the crust but from
in situ melting during rapid uplift and decompression, as suggested by our thermal
modeling and for many migmatite dome complexes (Teyssier and Whitney, 2002;
Whitney and others, 2004).

Regionally, fault fabrics associated with the Lake Char — Honey Hill (LCHH) fault
post-date the peak of metamorphism and older mylonites in the fault zone. Lundgren
(1963), Dixon and Lundgren (1968), and Goldstein (1982, 1989, 1994, 1998) show
that LCHH was active during Permian extension producing normal top to the north or
northwest motion as the latest movement phase — this motion post-dates dome
formation. Lundgren (1963) noted that the motion on the Honey Hill fault was the
youngest tectonic event in the area because the latest fault fabrics cut pegmatite
intrusions and were associated with post-peak metamorphic retrogression at lower
amphibolite facies. Pulver and others (1997) also recognized Permian to Triassic NW
extensional fabrics associated with progressive cooling in the Bronson Hill terrane.
Although D3 deformation recorded in the Lyme dome records a similar NNW
direction, this D3 extension must pre-date subsequent extension seen in the LCHH
fault system and at higher levels of the crust because the late extensional melt and
intrusion in the dome occurred at ca. 275 Ma or younger and the Honey Hill fault cuts
these young granites and pegmatites (Lundgren, 1963). Furthermore, definitive
retrograde D3 fabrics with preferred orientations were not recognized in our study,
and instead, trace amounts of retrograde minerals statically overgrew higher grade
assemblages when the core of the Lyme dome was at post-D3 crustal depths. Our
modeling suggests that the D3 extension recorded in the Lyme dome may reflect the
initial onset of the latest regional phase of extensional deformation seen at shallower
crustal levels, and thus lower metamorphic grades, such as the LCHH fault system. In
southern New England, several workers have demonstrated that extension clearly
post-dated early ductile deformation, and supporting isotopic mineral ages for this late
extension range from ca. 280 to 210 Ma (O’Hara and Gromet, 1983; Getty and
Gromet, 1992; Wintsch and others, 1992, 1998).

Mechanisms of Dome Formation

Migmatite gneiss domes, such as the Lyme dome, are widespread in orogenic belts
(Eskola, 1949; Teyssier and Whitney, 2002; Whitney and others, 2004; Yin, 2004).
Mechanisms of dome formation may include diapirism, thrust-duplexing, viscosity
variations, horizontal buckling, polyphase folding, and crustal extension (Yin, 2004;
Whitney and others, 2004; Burg and others, 2004). Natural gneiss domes are com-
monly a product of several mechanisms, making it difficult to unravel the tectonic
history and origin of these features (Yin, 2004; Whitney and others, 2004). Teyssier and
Whitney (2002) pointed out the important link between decompression melting,
deformation, and gneiss dome formation, especially in diapiric models, and contrasted
their model with thermally driven melting as a result of crustal thickening (Vanderhae-
ghe and others, 1999). Whitney and others (2004) outlined the significant differences
between magmatic and migmatitic diapirs. Magmatic diapirs intrude the country rock
and their rise is related to viscosity contrasts with the surrounding rock; the Killing-
worth dome in the Bronson Hill terrane is a local example of a magmatic dome
(Wintsch and others, 2005b; Aleinikoff and others, 2007). Migmatitic diapirs have a
low viscosity contrast with surrounding rocks and they intrude the host rock only to a
limited extent and are deformed with the country rock during ascent (Whitney and
others, 2004). These authors also propose that gneiss domes are common in orogenic
belts because rapid diapiric ascent of partially molten crust quickly cools at shallower
crustal depths, preserving the domal structure and ubiquitous migmatite. The thick
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section of multiply foliated, migmatitic gneisses exposed in the Lyme dome has
allowed us to identify the combination of mechanisms that contributed to producing
this poly-deformed structure.

Our data support a model involving multiple mechanisms of dome formation.
Early widespread penetrative foliation development (D1) and high grade metamor-
phism occurred when the crust was greatly thickened. It is probable that the early
over-thickened crust (Getty and Gromet, 1992; Moecher and Wintsch, 1994) was
produced by crustal wedging as Avalon separated Gander cover from its basement
(Wintsch and others, 2005a). This widespread event led to partial melting and
migmatization (fig. 14). Rare radial linear elements preserved late in D1 provide
limited evidence that suggests that partial melts were funneled into the dome diapiri-
cally, and it began to rise buoyantly, causing decompression melting. Limited migra-
tion of the partial melts, and not total evacuation of the system, is shown by the
preservation of a significant volume of layer-parallel migmatitic leucosomes formed at
this stage (Teyssier and Whitney, 2002). Limited diapirism was interrupted perhaps as
Gander and Avalon were halted against a Laurentian backstop (Wintsch and others,
1992, 2005a), causing a shift to folding during D2 and creation of the primary form of
the Lyme dome as it appears today. Folding by flexural slip would be facilitated and
lubricated on the limbs by continued partial melting at near peak metamorphic
conditions. Subsequent extension and the onset of unloading led to preferred intru-
sion of decompression melts along foliation planes and in boudin necks, and contin-
ued unloading produced random to shallowly dipping dikes during late hydraulic
failure. Goldstein (1982, 1989) suggested that basement diapirism was associated with
late normal faulting and is responsible for warping of the Lake Char — Honey Hill fault
system at the top of the Avalon terrane. In the core of the Lyme dome, however,
structural evidence for diapirism is restricted to late D1 and early D2 time and clearly
pre-dates any late extensional event. Mechanisms for driving the late extension remain
unresolved and include gravitational collapse of an over-thickened crust (Getty and
Gromet, 1992), change in major plate motion from dextral transpression to sinistral
strike slip (Wintsch and LeFort, 1984), NE strike-slip convergence and related NW
extension in a releasing bend along a major plate boundary now represented by the
Lake Char — Honey Hill fault (Goldstein and Hepburn, 1999), or Mesozoic extension
related to early opening of the Atlantic basin (Goldstein, 1998). Our findings show that
major contractional plate motion was over by ca. 280 Ma, preferred NW extension was
concluded by ca. 275 Ma, and vertically-dominated extension of the crust post-dated
the NW extension. Our data support a generally continuous series of Carboniferous to
Permian events for Alleghanian tectonics lasting approximately 40 Ma and, therefore,
do not support significant Mesozoic extension in the area of the Lyme dome. Through
thermal modeling, Fayon and others (2004) concluded that rapid exhumation by
gently dipping normal faults in gneiss dome belts does not provide sufficient changes
in pressure for rapid decompression melting, and that diapiric ascent of the lower
crust may be an alternative mechanism. Once the rocks have risen and cooled
sufficiently, low angle normal faults may develop in the upper crust during final
exhumation (Fayon and others, 2004). We suggest that the model of Fayon and others
(2004) may apply to certain stages in the tectonic evolution of southern Connecticut.
In this model, fabrics indicative of diapiric ascent are preserved at the structural level
of the Lyme dome during late D1 time. By D3 — D4 time, the crust was rapidly rising to
shallower levels, and extensional fabrics dominated over diapiric fabrics at the struc-
tural level of the Lyme dome. By D4 time, diapirism in the lower crust, below the
structural level of the Lyme dome, may have been driving the regional uplift at the
same time extensional normal faulting was taking place along the Lake Char — Honey
Hill fault system.
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CONCLUSIONS

Neoproterozoic Events
Quartzite and paragneiss in the Lyme dome were deposited in the Neoproterozoic
sometime between ca. 925 and 620 Ma. Ages of detrital zircons from quartzite in the
Old Lyme Gneiss are consistent with an Amazonian provenance, with the exception
that Archean zircons were not found in the quartzite nor as xenocrysts in any of the
sampled igneous rocks. Neoproterozoic granite and granodiorite intruded the Neopro-
terozoic metasedimentary rocks in the Lyme dome area at ca. 620 to 610 Ma.

Alleghanian Orogeny
At least four major early Permian deformational events are associated with the
Alleghanian orogeny in the Lyme dome area:

® DI (ca. 290 Ma). Syn-tectonic migmatization and anatexis, including emplace-
ment of alaskite at 290 = 4 Ma, occurred during regional foliation development
and aluminosilicate-orthoclase metamorphic conditions. Detailed structural
analysis reveals that the Lyme dome cannot be explained solely by diapirism, but
must involve later folding. Locally, rocks of the Selden Neck block in the Avalon
terrane may have wedged between Gander terrane cover rocks of the Merri-
mack terrane and Gander basement in the core of the Lyme dome.

® D2 (ca. 290 — 280 Ma). Rare structures indicative of diapiric uplift of the Lyme
dome formed late in D1 and were completed by D2 when horizontal WNW
contractional stresses dominated over vertical stresses. D2 deformation folded
the regional Sl foliation into the current form of the Lyme dome. Upper
amphibolite facies L2 mineral lineations demonstrate that aluminosilicate-
orthoclase metamorphic conditions that began during D1 continued through
D2. Migmatization continued and syn-tectonic D2 granite pegmatite (288 * 4
Ma) and the Joshua Rock Granite Gniess (284 = 3 Ma) intruded at this time.

* D3 (ca. 280 — 275 Ma). North-northwest extension led to granitic pegmatite
intrusion along S3 cleavage planes and in extensional zones in boudin necks
during hydraulic failure. Intrusion of a Westerly Granite dike at 275 = 4 Ma,
suggests that D3 extension was active, and perhaps concluding, by ca. 275 Ma.

® D4 (ca. 275 - 260 Ma). Late-tectonic randomly oriented but gently dipping
pegmatite dikes record a final stage of intrusion, and vertical unloading and
exhumation. Monazite and metamorphic zircon rim ages record this event at
ca. 259 Ma, after which retrograde mineral assemblages record minimal crustal
movement to shallower depths. Diapiric ascent at this time is ruled out at the
structural level of Lyme dome, because any structural evidence for diapirism is
restricted to late D1 and early D2 time and pre-dates any late extensional event.
Ongoing diapirism in the lower crust however, below the level of the Lyme
dome, may explain regional crustal uplift of the entire basement complex and
extensional normal faulting at shallower crustal depths.

Tectonic Model

Our findings generally support, with some revision, the overall timing of Allegha-
nian tectonic activity identified at higher structural levels in southeastern New England
presented by Wintsch and Lefort (1984), Wintsch and Sutter (1986), Getty and
Gromet (1992), and Gromet and others (1998). Alleghanian events involved Late
Carboniferous loading and early Permian high-grade ductile deformation from ca. 305
to 290 Ma, dome-stage folding from ca. 290 to 280, felsic magmatism from ca. 290 to
275 Ma, and extension and exhumation from ca. 275 to 260 Ma. In fact, this work helps
to reconcile apparent conflicting interpretations (thrust faulting or normal faulting)
by demonstrating that prograde loading and thrusting was followed by retrograding
exhumation, in part, by normal faulting of rocks in the hanging wall of the Lake Char —
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Honey Hill fault zone. This sequence of tectonic events evolved throughout the late
Paleozoic. We have found no evidence for Acadian metamorphism or deformation in
these rocks.

Discrete deformational phases of the Alleghanian orogeny, recognized by struc-
tural analysis, mapping, and geochronology support a multi-stage process for the
evolution of the Lyme dome. The evolution of the Lyme dome involved D1 mylonitiza-
tion and migmatization during north-directed contraction, late D1 diapirism, D2
migmatization during WNW contraction with associated flexural flow and fold interfer-
ence, D3 NNW horizontal extension, and final late-tectonic D4 vertical extension and
exhumation.
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APPENDIX

Zircon and monazite were extracted from rock samples collected at outcrops in the Old Lyme and
Montville quadrangles using standard mineral separation techniques including crushing, pulverizing,
Wilfley Table, magnetic separator, and heavy liquids. For igneous rocks, individual grains of each mineral
were handpicked; detrital zircons from a quartzite sample were sprinkled onto double-stick tape. All zircons
were mounted in epoxy, ground to nearly half-thickness using 1500-grit wet-dry sandpaper, and polished
using 6pm and 1pm diamond suspension. All grains were photographed in reflected and transmitted light.
Compositional zoning of zircon was imaged in cathodoluminescence (CL) whereas zoning in monazite is
shown by backscattered electrons imaging (BSE).

Zircon and monazite were analyzed on the USGS/Stanford sensitive high resolution ion microprobe-
reverse geometry (SHRIMP-RG) in Palo Alto, California. The analytical procedures for SHRIMP U-Pb dating
follow methods described in Williams (1998). The primary oxygen ion beam, operated at about 4 to 6 nA for
SHRIMP-RG, excavated an area of about 25 to 30um in diameter to a depth of about 1 wm. The
spectrometer magnet was cycled through the mass stations six times per analysis for igneous zircon and
monazite, and four times for detrital zircons. Elemental fractionation was corrected by analyzing mineral
standards of known age every fourth analysis, including: (1) zircon standard R33 (419 = 1 Ma; Black and
others, 2004), and (2) monazite standard 44069 (425 * 1 Ma; Aleinikoff and others, 2006). Calculated
concentrations of Pb and U are believed to be accurate to about 10 to 20 percent.

U-Pb isotopic data from zircon and monazite were reduced and plotted using the Squid and Isoplot/Ex
programs of Ludwig (2002, 2003). Common Pb in zircon and monazite is corrected using model Pb isotopic
compositions from Stacey and Kramers (1975). Corrected data for zircon are plotted on 2**U/2*°Pb-
207pb,/2°Ph concordia diagrams (Tera and Wasserburg, 1972) to visually assess the degree of discordancy of
each data point. Ages for igneous rocks are determined by calculating the weighted average of **°Ph/***U
ages (for Paleozoic rocks). Nearly all analyses of zircon and monazite have very low common Pb contents
(common ?°°Pb is mostly less than 0.2% of total **°Pb, table 1) so that the individual age of each spot analysis
is quite insensitive to the common Pb correction. Weighted average calculations of 2°°Pb/?**U ages
incorporate both the 2-sigma external spot-to-spot error of the standard and the 2-sigma error of the mean of
the standard (Ludwig, 2003). All errors for weighted average ages are reported at the 95 percent confidence
limit. For detrital zircons, age data that are greater than about 10 percent are excluded from the Relative
Probability plot. To construct the plot, we use °°Pb/?**U ages for grains younger than ca. 1300 Ma and
207ph /206Ph ages for grains older than ca. 1300 Ma.
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