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“0Ar/3*Ar AND LA-ICP-MS U-Pb GEOCHRONOLOGY FOR THE NEW
ENGLAND PORTION OF THE EARLY CRETACEOUS NEW ENGLAND-
QUEBEC IGNEOUS PROVINCE: IMPLICATIONS FOR THE POSTRIFT

EVOLUTION OF THE EASTERN NORTH AMERICAN MARGIN
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ABSTRACT. The Early Cretaceous New England-Quebec igneous province is a
classic example of postrift magmatism along the eastern North American passive
margin. Although a suite of 40Ar/ $9Ar ages has been available for the Monteregian
Hills lobe in the Quebec portion of the New England-Quebec igneous province for
many years, only a single high accuracy radiometric age has been published for the
Burlington lobe and none for the Taconic lobe in the New England portion of the
province. As a result, the timing of and driving mechanisms behind the magmatism
have remained unresolved, and a hotspot origin for the entire province persists in
the literature. We have dated four dikes and one pluton in the Burlington and
Taconic lobes using *’Ar/?*’Ar and U-Pb geochronology to improve understanding
of the age of magmatism in the New England portion of the province. In the
Burlington lobe, *°Ar/*?Ar plateau ages include a 137.55 + 1.80 Ma biotite age and a
136.9 = 4.2 Ma amphibole age for a lamprophyre dike from Charlotte, Vermont, and
a 133.6 = 2.2 Ma biotite age for a lamprophyre dike from Colchester, Vermont. In
the Taconic lobe, ages include an *’Ar/*°Ar plateau amphibole age of 107.09 + 1.32
Ma for a lamprophyre dike from Castleton, Vermont, a 122 Ma minimum *’Ar/*?Ar
biotite age for a lamprophyre dike from Poultney, Vermont, and a 103.13 £ 0.53 Ma
LA-ICP-MS U-Pb zircon age from the quartz syenite of the Cuttingsville
complex. These results show that magmatism spanned at least 35 Ma, from ~138 to
103 Ma, which is broadly consistent with the span of magmatism suggested by workers
in the 1970s and 1980s based on K-Ar and Rb-Sr ages. This extended span of magma-
tism for the Burlington and Taconic lobes is in contrast to the brief 1 to 2 Ma episode
of magmatism at ~124 Ma inferred for the Monteregian Hills lobe. The New England-
Quebec igneous province has traditionally been attributed to passage of the Great
Meteor hotspot. However, given the close proximity of the Burlington and Taconic
lobes, the magmatism in these lobes should span only a few Ma if the product of a hot-
spot. The age data are also difficult to reconcile with a more complex expression of
hotspot magmatism in continental lithosphere related to either plume head magma-
tism or long-distance migration of plume material. Instead, the extended duration of
Early Cretaceous New England-Quebec igneous province magmatism in New England
may represent an expression of edge-driven convection, a process known to occur
along passive margins and inferred to be operating beneath the eastern North
American margin today.

Key words: passive margin, postrift magmatism, eastern North American margin,
New England-Quebec igneous province, Great Meteor hotspot

INTRODUCTION

Passive margin development is a complex and long-lived process that continues
well beyond rifting and the initial establishment of a passive margin setting (Praeg
and others, 2005; Mazza and others, 2014, 2017; Amidon and others, 2016). Following
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Fig. 1. Location map of the White Mountain Magma Series (WMMS) (plutons in gray), including the
western limit of the NEQ (dark dashed line) (McHone, 1984), and New England seamounts. MHL—
Monteregian Hills lobe; BL—Burlington lobe; TL—Taconic lobe. *’Ar/*’Ar ages for the seamounts (white
dots) (Duncan, 1984; Merle and others, 2019) are reported in Ma. The white dashed line indicates the
Great Meteor hotspot track based on ages of the NEQ and Early Cretaceous WMMS plutons, New
England seamounts, and kimberlites in the interior of the continent (Heaman and Kjarsgaard, 2000).
Diamonds—New York kimberlites; dashed box—VA/WV postrift magmatism. DEM from NOAA NCEIL

early Mesozoic rifting of Pangea, the eastern North American margin experienced
multiple episodes of magmatism including the Jurassic and Early Cretaceous White
Mountain Magma Series (WMMS) of northern New England and Quebec (Philpotts,
1970; Foland and Faul, 1977; McHone, 1978; McHone and Butler, 1984; Eby, 1984a,
1984b, 1985a, 1985b, 1985¢, 1987; Eby and others, 1992; Roulleau and others, 2012;
Roulleau and Stevenson, 2013), Jurassic and Early Cretaceous New York kimberlites
(Bailey and Lupulescu, 2015), Jurassic and Eocene intrusions and volcanics of
Virginia and West Virginia (Dennison and Johnson, 1971; Mazza and others, 2014,
2017), and the Cretaceous New England seamounts (Duncan, 1984; Merle and others,
2019). Although this postrift magmatism was widespread, particularly in the northern
New England portion of the eastern North American margin, the timing and driving
mechanisms are generally poorly understood.

The Great Meteor hotspot has persisted as a leading hypothesis for the origin of
the Early Cretaceous portion of the WMMS and the Cretaceous New England sea-
mounts (fig. 1) (Morgan, 1972; Sleep, 1990; Heaman and Kjarsgaard, 2000; Rondenay
and others, 2000). Morgan (1972) was the first to note an apparent age progression
between the Early Cretaceous WMMS and the younger New England seamount chain.
Crough (1981) attributed apatite fission track evidence for Early Cretaceous uplift in
New England to passage of the hotspot. Duncan (1984) established an age progres-
sion for the New England seamounts based on *’Ar/?Ar ages for dredged seamount
samples. More recently, Heaman and Kjarsgaard (2000) interpreted kimberlites
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within the Canadian Shield as belonging to the hotspot track, extending the track
northwest to Rankin Inlet on the northwest shore of Hudson Bay.

Other workers have concluded an alternative mechanism is necessary to explain
Early Cretaceous WMMS magmatism for the New England and Quebec region.
McHone (1978) suggested the Early Cretaceous mafic dikes within New England are
associated with long-term tectonically reactivated fractures. Eby (1984a) argued for a
similar mechanism of magma generation and noted the span of continental magma-
tism is inconsistent with a hotspot track. Faure and others (1996) suggested the Early
Cretaceous magmatism of Quebec resulted from northward propagation of the
Atlantic Ocean under stress conditions that were favorable for local extension and
lithospheric thinning. In a review of northeastern North American Mesozoic magma-
tism, McHone (1996) evaluated and refuted the Great Meteor hotspot hypothesis by
arguing that the postrift intrusions are too widespread for a hotspot track and that the
published geochronology does not support a consistent age progression. Roulleau and
Stevenson (2013) concluded that the Early Cretaceous magmatism of Quebec was
linked to rifting and reactivation of structurally weakened lithosphere while Bailey and
others (2017) reached a similar conclusion for the Early Cretaceous magmatism of east-
ernmost New York state. Merle and others (2019) concluded that the New England sea-
mount chain, the least-contested portion of the hotspot track, does not display a clear
age progression and that a different mechanism is required to explain the magmatism.

Here we present new *’Ar/*Ar and U-Pb ages to address the timing of magma-
tism and evaluate the hotspot model of magmatism for the New England portion of
the New England-Quebec igneous province (NEQ), a subdivision of the WMMS. The
geochronological evidence presented indicates an extended episode of magmatism
that cannot be explained by a hotspot and emphasizes the importance of high accu-
racy geochronology in assessing potential driving mechanisms for intraplate magma-
tism. Recognition of postrift magmatism in New England that is not attributable to a
hotspot is critical to evaluating the role of processes such as edge-driven convection
that may be inherent to passive margin evolution.

GEOLOGIC BACKGROUND

The eastern North American margin is a passive margin established by rifting of
Pangea and formation of the Atlantic Ocean. Rifting, which generally occurred along
zones of preexisting weakness associated with Mesoproterozoic and Paleozoic collisional
orogenesis, began in the Late Triassic (Withjack and others, 2012). Rift-basin sedimen-
tary fill indicates rifting within the New England region continued into the Early Jurassic
while rifting to the north continued into the Early Cretaceous (Withjack and others,
2012). Tholeiitic flood basalts of the Central Atlantic Magmatic Province (CAMP)
occurred at 201 Ma (Blackburn and others, 2013) and are interbedded with the Jurassic
sedimentary deposits of the rift basins. The Hartford-Deerfield and Pomperaug basins,
prominent half-graben structures within southern New England, represent the crustal
expression of this youngest major tectonic event within New England.

The White Mountain Magma Series (WMMS) is a broadly defined igneous prov-
ince that includes Mesozoic plutons and sheet intrusions of northern New England
and the Montreal region of Quebec (Foland and Faul, 1977). The WMMS includes
the Jurassic (200-160 Ma) plutonic complexes and geographically overlapping Early
Cretaceous (130-110 Ma) plutons of the White Mountains and Maine (Foland and
Faul, 1977; McHone and Butler, 1984; Eby, 1987, Eby and others, 1992) and the post-
rift NEQ (McHone and Butler, 1984) (fig. 1).

The Early Cretaceous NEQ consists of plutonic complexes and sheet intrusions
that are concentrated toward the western limit of the province and distributed into
three east-west trending lobes: the Monteregian Hills lobe (north of ~45°N),
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Fig. 2. Map summarizing previously published geochronological data (black crosses) and the results
of this investigation (red stars) for NEQ (dashed blue line—province boundary). NEQ plutons (blue) and
sheet intrusions are distributed within three lobes (north to south): the Monteregian Hills lobe (45°-46°
N), Burlington lobe (44°-45° N), and Taconic lobe (43°-44°N). Dikes not shown. In cases where multiple
ages are available for a pluton or sheet intrusion, only the high accuracy (*°Ar/*Ar or U-Pb) date is
reported. The **Ar/?Ar ages for the Monteregian Hills lobe are the published interpretation of multiple
analyses reported by Foland and others (1986) and Gilbert and Foland (1986). All K-Ar ages have been
updated using the decay constant of Renne and others (2010) except for the age of the Gassetts dike, the
southernmost age reported on the map. The 126 Ma Rb-Sr age in the Burlington lobe (McHone and
Corneille, 1980) has been updated using the decay constant of Nebel and others (2011), and the location
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Burlington lobe (between ~44°N and ~45°N), and Taconic lobe (between ~43°N
and ~44°N) (McHone, 1978) (figs. 1 and 2). The Monteregian Hills lobe of southern
Quebec is characterized by a linear belt of ten plutonic complexes (Philpotts, 1970;
Eby, 1984a). In contrast, the Burlington and Taconic lobes to the south each contain
two small plutonic complexes and are dominated by dikes with a few hundred dikes
mapped in the immediate study area of this investigation (McHone, 1978, 1984; Eby,
1985c¢; Ratcliffe and others, 2011). Many of the dikes are limited in exposure to single
outcrops and are typically less than a meter in width while some of the larger dikes are
more extensive and wide enough to be traceable for distances up to 5 km. Mafic to in-
termediate lamprophyres make up the majority of NEQ dikes along with some tra-
chytes (McHone, 1978; Eby, 1985¢). The plutons of the Burlington and Taconic lobes
are predominantly syenite (Laurent and Pierson, 1973) while the plutons of the
Monteregian Hills lobe are more diverse in composition (Eby, 1984b, 1985a).

The plutons and dikes of the NEQ coincide with the Northern Appalachian
Anomaly (NAA). The NAA is a shallow mantle low velocity anomaly and the strongest
of three anomalies beneath the Appalachians (Shen and Ritzwoller, 2016). Recent
high-resolution seismic imaging suggests the NAA is due to modern upwelling
beneath the region as a result of edge-driven convection (Menke and others, 2016,
2018; Dong and Menke, 2017; Levin and others, 2018).

Published ages for the New England portion of the NEQ range from 138 Ma to
98 Ma (Appendix tables Al and A2), but this age range is poorly constrained because
it is based mainly on K-Ar and Rb-Sr analyses (Zartman and others, 1967; Armstrong
and Stump, 1971; Zen, 1972; Wanless and others, 1973; Foland and Faul, 1977;
McHone, 1978, 1984; McHone and Corneille, 1980; Eby, 1984a, 1985c; McEnroe,
1996; Bailey and others, 2017). The K-Ar ages, which in some cases are based on
whole-rock analysis or partially altered minerals, are potentially impacted by argon
loss or the presence of excess argon. The sole Rb-Sr age has a large uncertainty of *
5 Ma. The previously published ages reported here have been updated, where data
are available, using the decay constants of Renne and others (2010) and Nebel and
others (2011). The ages and their sources are listed in Appendix table Al, and recal-
culated ages, along with originally published ages, are reported in Appendix table A2.
The only high accuracy published age for the New England portion of the NEQ is an
LA-ICP-MS U-Pb age for a sill at Cannon Point on the New York shore of Lake
Champlain (Bailey and others, 2017).

Evaluation of the hotspot model for magmatism in the New England portion of
the NEQ is not possible using the previously published data. Prior to publication of
the 40A1r/ 39Ar data for the Monteregian Hills lobe, Rb-Sr and fission track ages were
interpreted as suggesting magmatism of the Monteregian Hills plutons spanned
greater than 30 Ma (Eby, 1984a). This age range is similar to the age range suggested
by the K-Ar and Rb-Sr data for the New England portion of the NEQ. In the
Monteregian Hills lobe, 1OAr/PAr data, however, have established that the magma-
tism was a short 1 to 2 Ma duration event around 124 Ma (Foland and others, 1986;
Gilbert and Foland, 1986). With limited high accuracy geochronology available for
the New England NEQ magmatism, the possibility has remained that all NEQ

Fig. 2. continued

is approximate. The original published ages and updated ages are provided in the Appendix tables.
WMMS (gray) and NEQ plutons from McHone (1984) and Hibbard and others (2006). NEQ boundary
from McHone (1984). Data sources for geochronological data are Zartman and others (1967),
Shafiqullah and others (1970), Armstrong and Stump (1971), Zen (1972), Wanless and others (1973),
Foland and Faul (1977), McHone (1978, 1984), McHone and Corneille (1980), Eby (1984a, 1985c¢),
Foland and others (1986), Gilbert and Foland (1986), McEnroe (1996), Chen and Simonetti (2014), and
Bailey and others (2017). Hillshade map produced from SRTM data.
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Fig. 3. Summary of age data for plutons and dikes of the Monteregian Hills lobe. Light gray diamonds
with black border—*’Ar/*Ar ages, black diamonds—Rb-Sr ages, and dark gray diamonds—K-Ar ages.
The gray bar represents the interpreted span of magmatism for the Monteregian Hills lobe (Foland and
others, 1986). 1“Ar/*Ar ages from Foland and others (1986) and Gilbert and Foland (1986). Rb—Sr ages
from Eby (1984a, 1985c¢). K-Ar ages from Wanless and others (1973) and McHone (1984). K-Ar ages
have been updated using the decay constant of Renne and others (2010) and are reported in Appendix
tables Al and A2.

magmatism occurred as a brief event around 124 Ma. This unanswered question has
prevented progress on understanding the timing and origin of NEQ magmatism.

Previous Work on NEQ Pluton Geochronology

The Burlington lobe plutons include the Barber Hill stock in Charlotte,
Vermont, and the sills of Cannon Point, New York (fig. 2). Bailey and others (2017)
obtained an LA-ICP-MS U-Pb date of 131.1 = 1.7 Ma for the upper trachyte sill at
Cannon Point. A partially chloritized biotite from the Barber Hill stock was dated by
K-Ar to 112 * 2 Ma (Armstrong and Stump, 1971), but this age is suspected to be too
young because of alteration and argon loss (McHone and Corneille, 1980). The
Barber Hill example illustrates the difficulties associated with relying on the existing
K-Ar ages to constrain the timing of magmatism in the New England portion of the
NEQ.

QThe Taconic lobe plutons, the Cuttingsville complex and the Mount Ascutney
complex, have both been dated by K-Ar geochronology (fig. 2). No high accuracy
geochronology has been published, however, to confirm the pluton ages. Armstrong
and Stump (1971) reported two K—Ar ages for the Cuttingsville complex, a biotite age
of 98 * 2 Ma for a biotite syenite unit and a biotite age of 101 £ 2 Ma for essexite.
Foland and Faul (1977) reported six K-Ar ages for the different units underlying
Mount Ascutney, including granite, syenite, diorite, and gabbro. The ages, which are
between 120 = 2 Ma and 124 = 3 Ma, suggest a brief period of magma emplacement
for the plutonic complex.

Ei§ht of the Monteregian Hills lobe plutonic complexes have been dated by
*Ar/*Ar geochronology, and the results have been interpreted to support a short 1
to 2 Ma duration event around 124 Ma (Foland and others, 1986; Gilbert and Foland,
1986) (figs. 2 and 3). The Yamaska and Mount Royal plutons have not been dated
using 40Ar/ AL geochronology.
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Despite the well-established brief period of magmatism interpreted for the
Monteregian Hills plutons, some questions remain regarding the overall timing of
magmatism within this region. Recent LA-ICP-MS U-Pb apatite and perovskite ages
for the Oka complex, a carbonatite complex just west of the ten silicate plutons of the
Monteregian Hills, support magmatism spanning from 135 to 114 Ma (Chen and
Simonetti, 2014). The time span of magmatism for the Oka complex is distinct from
the brief episode of Monteregian Hills magmatism. The Oka complex timing is also
similar to the published Rb—Sr and apatite fission track ages for the Monteregian Hills
plutons which are bimodal and cluster around 118 Ma and greater than 130 Ma (Eby,
1984a).

Previous Work on NEQ Dike Geochronology

Seven K-Ar ages and one Rb-Sr age have been published for dikes of the
Burlington and Taconic lobes (fig. 2). The two published K-Ar ages that are available
for the dikes of the Burlington region include an age of 132 = 6 Ma for a dike in
Cambridge, Vermont (McHone, 1978), and an age of 138 * 7 Ma for a dike on the
western shore of Grand Isle, Vermont (Zartman and others, 1967). Both ages were
determined from mineral separates, the Cambridge dike from hornblende and
Grand Isle dike from biotite. McHone and Corneille (1980) reported a whole-rock
Rb-Sr isochron age of 126 = 5 Ma based on samples collected from eight trachyte
dikes in Shelburne, Vermont, and vicinity. Of the five K-Ar dates that have been pub-
lished for dikes in the Taconic lobe, the oldest is a whole-rock age of 135 = 6 Ma for a
dike in North Hartland, Vermont (McHone, 1984), while the youngest is a whole-rock
age of 99 = 4 Ma for a dike in Sutton, New Hampshire (McHone, 1978). The pub-
lished ages for dikes in the western part of the Taconic lobe cluster more closely to-
gether and include a whole-rock age of 100 = 2 Ma for a dike in Gassetts, Vermont
(McEnroe, 1996), a hornblende mineral separate age of 106 = 4 Ma for a dike along
U.S. Route 4 in West Rutland, Vermont (Zen, 1972), and a whole-rock age of 114 *+ 4
Ma for a dike in Castleton, Vermont (McHone, 1984).

Two published K-Ar ages are available for the dikes of the Monteregian Hills
lobe and include an age of 128 * 1 Ma for a dike in Sherbrooke, Quebec (Wanless
and others, 1973), and an age of 126 = 5 Ma for a dike in western Maine (McHone,
1984) (fig. 2). Fission track data suggest dike emplacement occurred between 139 to
129 Ma, 121 to 117 Ma, and 110 to 107 Ma (Eby, 1985¢), and the more recently pub-
lished ages for the Oka complex (Chen and Simonetti, 2014) support the possibility
of an extended period of dike emplacement within the Monteregian Hills region.

METHODOLOGY

The samples targeted for geochronology and the chosen methodology were
driven by sample mineralogy. *’Ar/*’Ar geochronology was selected for the lampro-
phyre sheet intrusions because of the presence of K-rich mineral phases such as biotite
and amphibole, and analysis was completed at the University of Vermont's Noble Gas
Geochronology Laboratory. The dikes selected for *°Ar/?Ar analysis include repre-
sentative sheet intrusions from both the Burlington and Taconic lobes. LA-ICP-MS
U-Pb dating was selected for the quartz syenite unit of the Cuttingsville complex
because of the abundance of zircon within the sample, and the analysis was completed
at the University of Arizona's LaserChron Center. The Cuttingsville complex was cho-
sen for U-Pb geochronology to assess the validity of the young K-Ar ages reported in
the literature for the complex.

"0 Ar/?? Ar Geochronology
Two lamprophyre dikes from the Burlington lobe and two from the Taconic lobe
were selected for "’Ar/?Ar geochronology (table 1, fig. 2). A petrographic survey of
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TABLE 1

Samples selected for geochronology

Sample ID Location NEQ Lobe Rock Type Minerals Targeted Methodology
CL8 j‘74 3519 97 63 83 5630 > Burlington Lamprophyre dike biotite AP Ar
CL10 5‘74 3227 1881 f 1390(’, Burlington Lamprophyre dike biotite, amphibole DA Ar
TL18 %;36 i ;2‘;%2’ Taconic Lamprophyre dike amphibole DA Ar
TL24 f‘73 3517 73 89 (? 36(;; Taconic Lamprophyre dike biotite AP Ar
TL16 5‘73’2"’*88;]8%; Taconic C?;?:;gﬁg‘;zggfgx zircon LA-ICP-MS U-Pb

dikes from the study area was completed in order to select the least altered dikes with
viable target mineralogy. Samples were collected from the interior of each dike away
from the chilled margins and to avoid as much alteration as possible. Mineral separa-
tion of biotite and amphibole was completed at the University of Connecticut and the
University of Vermont. Visible alteration was removed from each sample, and samples
were hand-crushed to the natural grain size of the target minerals. Inclusion-free bio-
tite and amphibole grains were hand-picked using a stereomicroscope. Mineral grains
targeted for analysis were washed in an ultrasonic bath and dried to remove any
adhering particulate matter. Grains were loaded into aluminum foil packets, arranged
in a suprasil vial, and placed in an aluminum canister for irradiation.

Mineral separates from the selected dikes were irradiated at the Oregon State
University Radiation Center in the CLOCIT facility for 18 hours with multigrain ali-
quots of Fish Canyon Tuff sanidine to act as a flux monitor (28.201 * 0.046 Ma;
Kuiper and others, 2008). Laser step heating for *’Ar/*Ar dating was conducted with
a Santa Cruz Laser Microfurnace 75 W diode laser system. Samples were loaded
directly into wells in a copper sample holder. The gas released during heating was
purified with SAES getters, and argon isotopes were analyzed on a Nu Instruments
Noblesse magnetic sector noble gas mass spectrometer in peak-hopping mode during
step-heating analyses. Data from samples and flux monitors were corrected for blanks,
mass discrimination, atmospheric argon, neutron-induced interfering isotopes, and
the decay of *’Ar and **Ar. Correction factors used to account for interfering nuclear
reactions for the irradiated samples are from Rutte and others (2018), and decay con-
stants are from Min and others (2000) and Stoenner and others (1965). Mass discrimi-
nation was calculated by analyzing known aliquots of atmospheric argon for which the
measured *’Ar/*°Ar (294.4 = 0.26) was compared with an assumed atmospheric value
of 298.56 (Lee and others, 2006). A linear interpolation was used to calculate J factors
for samples based on sample position between flux monitor packets in the irradiation
tube. The data analyses were achieved using both an in-house data reduction program
and Isoplot 3.0 (Ludwig, 2003). Plateau ages are reported if sufficient criteria were
met (McDougall and Harrison, 1999). Errors on plateaus and weighted mean ages are
quoted at the 2c-level and include precision associated with measurement of the irra-
diation parameter, |, for flux monitors.

LA-ICP-MS U-Pb Zircon Geochronology
A sample of the quartz syenite of the Cuttingsville complex of the Taconic lobe
was selected for LA-ICP-MS U-Pb geochronology (table 1, fig. 2). Zircon extraction
was completed at the University of Connecticut using standard mineral separation
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methods. The whole-rock sample was hand-crushed, sieved to <450 pm, water panned
by hand to remove the lighter minerals from the sample, run through a Frantz mag-
netic separator, and density-separated using sodium polytungstate (density of 2.85 g/
cc). Zircons were hand-selected under ethyl alcohol using a stereomicroscope and
mounted in epoxy resin together with fragments of the Sri Lanka standard zircon.
The mounts were polished to a depth of ~20 um, cathodoluminescence (CL) imaged,
and cleaned prior to isotopic analysis. The highest-quality grains, including those free
of internal fractures, were selected from a CL image, and individual U-Pb ages were
successfully determined for 29 of the zircon grains.

U-Pb geochronology was conducted by laser ablation multicollector inductively
coupled plasma mass spectrometry (LA-MCICPMS) at the University of Arizona
LaserChron Center (Gehrels and others, 2008). The analyses involved ablation of zir-
con with a Photon Machines Analyte G2 Excimer laser using a spot diameter of 30
pm. The ablated material was carried in helium into the plasma source of a Nu HR
ICPMS, equipped with a flight tube of sufficient width that U, Th, and Pb isotopes
were measured simultaneously. All measurements were made in static mode, using
Faraday detectors with 3x10"! ohm resistors for 238U, 232Th, 208py, / 20e’Pb, and discrete
dynode ion counters for ***Pb and ***Hg. Ton yields are ~0.8 mv per ppm. Each analy-
sis consisted of one 15-second integration on peaks with the laser off (for back-
grounds), 15 one-second integrations with the laser firing, and a 30-second delay to
purge the previous sample and prepare for the next analysis. The ablation pit is ~15
pm in depth. Data reductions were completed using the LaserChron Center's pro-
gram developed by G. Gehrels and the routines of Isoplot (Ludwig, 2003). Individual
zircon grain 2°°Pb/**®U ages were calculated using the decay constants of Jaffey and
others g1971). A weighted mean age was calculated using the 29 individual zircon
20%ph /238U grain ages in order to determine an age for the quartz syenite unit.

RESULTS

5y /Ay Geochronology

Burlington lobe dike CL10 from Charlotte, Vermont (fig. 2), is a mafic lampro-
phyre dike dominated by coarse (~0.5-0.75 mm) augite, amphibole, and some biotite
phenocrysts within a finer-grained (~0.1-0.2 mm) biotite and amphibole matrix with
some plagioclase, oxides, and calcite. Some of the coarse-grained biotite and amphi-
bole appears altered to chlorite and other fine-grained alteration minerals while the
fine-grained biotite and amphibole are unaltered. The fine-grained biotite and amphi-
bole were targeted for analysis. Both amphibole and biotite were dated from CLI10
(figs. 4 and 5). A plateau age of 136.9 £ 4.2 Ma with an MSWD of 6.7 and a plateau
age based on 87.6 percent of *?Ar was obtained for the amphibole. A plateau age of
137.55 £ 1.80 Ma was calculated for the biotite with an MSWD of 1.4 that included
66.8 percent of *?Ar. Both the amphibole and biotite produced inverse isochron ages
consistent with the plateau ages (Appendix tables A3 and A4).

Burlington lobe dike CL8 from Colchester, Vermont (fig. 2), is a mafic lampro-
phyre dike dominated by biotite and containing some amphibole phenocrysts. Some
of the coarse-grained biotite phenocrysts exceed 1 cm in length. The matrix consists
of plagioclase, calcite, oxides, and very fine-grained biotite. Calcite is also present
within ocelli. Alteration of biotite is minimal. Biotite was dated from CL8 (fig. 6), and
a plateau age of 133.6 = 2.2 Ma was calculated with an MSWD of 2.5 and 73.5 percent
of the *?Ar. This sample did not yield an inverse isochron age using all steps.
However, an inverse isochron age of 132.5 = 7.6 Ma was calculated for the steps that
yielded the plateau age (Appendix table Ab).

Taconic lobe dike TL18 from Castleton, Vermont (fig. 2), is a spessartite lampro-
phyre dike dominated by alkali feldspar intergrown with augite. Phenocrysts of coarse-
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Fig. 4. (A) Apparent age spectra and (B) inverse isochron diagram for Burlington lobe dike mineral
separate CL10 amphibole. MSWD—mean square of weighted deviates. Plateau age is calculated using the
gray apparent age boxes.

grained amphibole are present. Occasional alteration of the amphibole is present, but
most of the grains are unaltered. The groundmass consists of biotite and oxides.
Amphibole was dated from TL18 (fig. 7) and produced a plateau age of 107.09 = 1.32
Ma with an MSWD of 1.8 and 62.5 percent of the *?Ar. This sample yielded an inverse
isochron age of 103.5 * 1.4 Ma (Appendix table A6).

Taconic lobe dike TL24 from Poultney, Vermont (fig. 2), is a spessartite lampro-
phyre dike dominated by intergrown alkali feldspar and augite with occasional biotite
phenocrysts. Alteration of the alkali feldspar is common with some chloritization of
the biotite. The groundmass consists of biotite, oxides, and apatite. Biotite was dated
from TL24 (fig. 8) and did not yield a plateau age or an inverse isochron age. Argon
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Fig. 5. (A) Apparent age spectra and (B) inverse isochron diagram for Burlington lobe dike mineral
separate CL10 biotite. MSWD—mean square of weighted deviates. Plateau age is calculated using the gray
apparent age boxes.
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released during the lowest-temperature step displays an apparent age of 20 Ma while
the oldest apparent age obtained during the higher-temperature stages is 122 Ma
(Appendix table A7).

LA-ICP-MS U-Pb Zircon Geochronology
Taconic lobe quartz syenite TL16 from the Cuttingsville complex consists of pre-
dominantly alkali feldspar and quartz with some biotite and amﬂghibole. Euhedral py-
rite dominates the groundmass. A weighted mean LA-ICP-MS “’°Pb/***U zircon age
of 103.13 = 0.53 Ma with an MSWD of 0.64 was determined using the individually
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Fig. 7. (A) Apparent age spectra and (B) inverse isochron diagram for Taconic lobe dike mineral sep-
arate TL18 amphibole (Castleton dike). MSWD—mean square of weighted deviates. Plateau age is calcu-
lated using the gray apparent age boxes.
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Fig. 8. (A) Apparent age spectra and (B) inverse isochron diagram for Taconic lobe dike mineral sep-
arate TL24 biotite (Lewis Brook dike).

dated 29 igneous zircon grains (fig. 9A). The zircon analyses display concordant
behavior (fig. 9B) indicating minimal lead loss. The low uncertainty of the weighted
mean age is based on the consistent age of the individual zircons dated, ranging from
100.3 = 1.5 Ma to 105.5 = 1.5 Ma (Appendix table A8). The zircon crystals display a
doubly terminated tetragonal prism form with an elongated c-axis and evidence of
zonation. The weighted mean zircon age is interpreted to be a crystallization age for
the zircon within the quartz syenite.

DISCUSSION

Timing of Burlington and Taconic Lobe Magmatism

The 137.55 = 1.80 Ma, 136.9 = 4.2 Ma, and 133.6 = 2.2 Ma plateau ages obtained
from the dikes of the Burlington lobe are consistent with previously published K-Ar
dates for dikes of the region (fig. 10A). Total fusion ages, analogous to K-Ar ages, cal-
culated from the 4()Ar/g"Ar data from this investigation (136.6 * 0.4 Ma, 136.4 * 0.4
Ma, and 134 * 0.8 Ma, respectively) are consistent with the corresponding plateau
and inverse isochron ages.

The geochronology for the Burlington lobe from this investigation in combina-
tion with the previously published geochronology indicates magmatism within the
Burlington lobe spanned about 10 Ma, occurring from approximately 140 Ma to 130
Ma. The U-Pb age of 131.1 = 1.7 Ma for the upper sill at Cannon Point (Bailey and
others, 2017) is the youngest high accuracy age reported for the Burlington lobe. The
112 = 2 Ma age for the Barber Hill stock (Armstrong and Stump, 1971) represents
the only published K-Ar date for the Burlington lobe that suggests magmatism
occurred significantly after 130 Ma, and this date is likely the result of argon loss
(McHone and Corneille, 1980; Bailey and others, 2017). The lower age limit for
Burlington lobe magmatism is interpreted as 129.4 Ma based on the U-Pb age of the
Cannon Point sill and lower limit of the analytical uncertainty of the date (fig. 10A).
The upper age limit of Burlington lobe magmatism is interpreted as 139.35 Ma based
on the OAr/ 39Ar biotite age and upper limit of the analytical uncertainty for the dated
dike in Charlotte, Vermont (CL10) (fig. 10A). This span of about 10 Ma of magma-
tism is supported by high accuracy geochronology and is consistent with previously
published K-Ar and Rb-Sr geochronology for the Burlington lobe. Younger magma-
tism within the Burlington lobe has not been identified using A1 /%9Ar or U-Pb
geochronology.
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quartz syenite (TL16). MSWD—mean square of weighted deviates. (B) Wetherill Concordia diagram of
zircon ages used for weighted mean calculation.

The *°Ar/*Ar plateau age of 107.09 + 1.32 Ma for the dike in Castleton,
Vermont (TL18), is similar but younger than the whole-rock K-Ar age of 114 * 4 Ma
reported by McHone (1984) for the same dike (fig. 10B). The total fusion age for this
dike, calculated from the 40Ar/ 39Ar data from this investigation, is 107.1 * 0.4 Ma
and consistent with the plateau and inverse isochron ages. The dike from Poultney,
Vermont (TL24) (Lewis Brook dike in fig. 10B), displays evidence for argon loss and
is 2 minimum of 122 Ma based on the oldest apparent age of the step-heating profile.
The weighted mean LA-ICP-MS U-Pb zircon age of 103.13 = 0.53 Ma for quartz sye-
nite (TL16) from the Cuttingsville complex of the Taconic lobe is consistent with the
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Appendix table Al.

previously published syenite K-Ar age of 101 = 2 Ma (Armstrong and Stump, 1971).
The LA-ICP-MS U-Pb age for the Cuttingsville complex and 40Ar/ 39Ar age for the
Castleton dike are also broadly similar to the other previously published K-Ar dates
for the western part of the Taconic lobe which cluster around 100 Ma (fig. 10B).

The results of this investigation represent the first **Ar/*’Ar and U-Pb geochro-
nology for the Taconic lobe and the first reliable confirmation of an episode of NEQ
magmatism younger than the ~124 Ma Monteregian Hills magmatism. The data sug-
gest two episodes of magmatism likely occurred within the Taconic lobe, a younger
event that occurred between approximately 110 Ma and 100 Ma and an older event
that occurred approximately 122 Ma up to 140 Ma (fig. 10B). The lower age limit of
the younger episode of Taconic lobe magmatism is interpreted as 102.6 Ma based on
the lower limit of the analytical uncertainty for the U-Pb age for Cuttingsville (TL16)
quartz syenite. The lower limit, however, may be younger than documented here
because cross-cutting lamprophyre dikes occur within the Cuttingsville quartz syenite



New England portion of the Early Cretaceous New England-Quebec Igneous Province 379

(Ratcliffe and others, 2011). The upper age limit for this younger Taconic lobe mag-
matism is interpreted as 108.41 Ma based on the upper limit of the analytical uncer-
tainty for the Castleton dike (TL18). The strong argon loss associated with TL24
suggests a minimum age of 122 Ma for the dike, and it is likely that this dike is older
and temporally linked to Burlington lobe magmatism. A K-Ar age for the North
Hartland dike along the border between Vermont and New Hampshire suggests the
dike is 135 £ 6 Ma that is consistent with Burlington lobe magmatism. The lower age
limit of this older episode of magmatism could be as young as 122 Ma based on the
TL24 minimum age. However, the timing of the older episode of magmatism within
the Taconic lobe likely corresponds to the Burlington lobe magmatism since there
are no high accuracy ages older than the Castleton dike (TL18) or younger than the
Cannon Point sill for the study area. The upper age limit of this older episode of
Taconic lobe magmatism is likely similar to the upper age limit of Burlington lobe
magmatism at 139 Ma. The Mount Ascutney igneous complex (fig. 2) is likely more
closely related to the Early Cretaceous White Mountain plutonic complexes of New
Hampshire (Eby, 1987) and represents the only published K-Ar ages for Taconic or
Burlington lobe magmatism within the timespan between the younger and older epi-
sodes (fig. 10). While the published K-Ar age for the Castleton dike (TL18) falls
within this timespan, the *’Ar/??Ar data indicate the dike is younger and associated
with the younger episode of Taconic lobe magmatism.

The results of this investigation address the longstanding question regarding the
span of NEQ magmatism and rule out the possibility of a single short-duration event
of magmatism for the entire NEQ. Each lobe of the New England portion of the NEQ
represents an episode of magmatism distinct from the ~124 Ma magmatism of the
Monteregian Hills lobe (fig. 2) with magmatism occurring between approximately
140 to 130 Ma for the Burlington lobe and a younger episode of Taconic lobe magma-
tism between approximately 110 to 100 Ma with some older Taconic lobe magmatism
likely temporally linked to the Burlington lobe event.

Great Meteor Hotspot Track

The refined timing of Burlington and Taconic lobe magmatism, including the 35
Ma span of magmatism, is based on *’Ar/?*?Ar and U-Pb geochronological data and
can be used to assess the validity of the hotspot model and the driving mechanisms
behind the magmatism. The following part of the discussion describes the difficulty of
fitting the two episodes of magmatism identified in the New England portion of the
NEQ to the Great Meteor hotspot track even with adjustments to plate rates. Given
the potential for a more complex expression of magmatism through time along a con-
tinental hotspot track, in comparison to an oceanic track, this part of the discussion
also examines other hypothetical scenarios for hotspot magmatism to explain the tim-
ing and location of the Burlington and Taconic lobe magmatism.

The Burlington and Taconic lobe episodes of magmatism do not fit easily with
the hotspot track established by Duncan (1984) based on the New England seamount
age progression (figs. 1 and 11). Duncan (1984) used the *°Ar/*’Ar seamount ages to
calculate a rate of North American plate motion of 4.7 cm/yr for the Cretaceous. The
~140 to 130 Ma Burlington lobe magmatism is about 20 Ma too old while the ~110 to
100 Ma Taconic lobe magmatism is about 10 Ma too young to fit the hotspot track
assuming Duncan's (1984) plate rate of 4.7 cm/yr for the Early Cretaceous (fig. 11).

More recent work has shown that North American absolute plate motion during
the Early Cretaceous was likely between 4 to 7 cm/yr and may have slowed to as little
as 2.5 cm/yr (Miller and others, 2016). Early Cretaceous plate rates ranging from 2.5
cm/yr to 7 cm/yr do not explain either the Taconic or Burlington lobe magmatism
(fig. 11). Both scenarios predict magmatism significantly shorter than the 35 Ma given
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bols—"’Ar/**Ar ages, white symbols—U-Pb ages, and dashed lines—age versus distance for different
plate rates. Modified from Duncan (1984) and McHone (1996).

the magmatism occurs over a distance of approximately 100 km. At the faster plate ve-
locity of 7 cm/yr the magmatism should span only about 1.3 Ma while at the slower
plate velocity of 2.5 cm/yr, the magmatism should span only about 4 Ma. The hotspot
hypothesis can also be evaluated by considering the predicted hotspot track length
that would occur if the magmatism were a product of the hotspot (Eby, 1984a). In this
case, if the magmatism were a product of a hotspot, the 35 Ma timespan of magmatism
would correspond to hotspot track lengths of approximately 900 km and 2,600 km for
plate rates of 2.5 cm/yr and 7 cm/yr, respectively.

Continental hotspot tracks can be more complex than oceanic tracks because of
variations in lithospheric thickness (Thompson and Gibson, 1991; Ebinger and Sleep,
1998). However, the observations of this investigation are inconsistent with a complex
hotspot expression as a result of varying lithospheric thickness. While plume-related
magmatism is known to occur up to 1000 km from the plume source (Thompson and
Gibson, 1991; Ebinger and Sleep, 1998), this long-distance transport occurs in loca-
tions where asthenospheric flow is aided by a lithospheric gradient from regions of
thicker to thinner lithosphere. This possibility for Taconic lobe magmatism can be
evaluated by comparing the plume location at the time of Taconic lobe magmatism to
the lithospheric structure of the region. The Cuttingsville complex (103.13 = 0.53
Ma) of southern Vermont and Bear seamount (104.3 = 1.1 Ma) are 600 km apart and
the magmatism in the two locations is nearly contemporaneous with ages differing by
no more than ~3 Ma given the analytical uncertainty. A plume location beneath Bear
seamount at 104 Ma fits well with plate reconstructions (Duncan, 1984; Sleep, 1990),
and Bear seamount is located within thinner lithosphere of the oceanic rise near the
ocean-continent transition. If the magmatism of the Cuttingsville complex were also
related to the same plume, asthenospheric plume material would need to migrate
beneath thicker lithosphere toward the Cuttingsville location. Geophysical evidence
supports an increase in lithospheric thickness across the ocean-continent transition
into New England (Rychert and others, 2005, 2007), which is the opposite of that
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needed to transport plume-related material from Bear seamount to the Cuttingsville
region.

Plume head magmatism, which can explain complex patterns of continental hot-
spot magmatism (Thompson and Gibson, 1991; Ebinger and Sleep, 1998; Jordan and
others, 2004), is an unlikely source of Burlington and Taconic lobe magmatism. The
196.2 £ 2.8 Ma Rankin Inlet kimberlites, on the northwest shore of Hudson Bay
approximately 3000 km distant from the Burlington and Taconic lobes, are inter-
preted as the oldest kimberlites attributed to the Great Meteor hotspot track
(Heaman and Kjarsgaard, 2000). Plume-head arrival beneath Rankin Inlet is older
and likely too far to generate NEQ) magmatism according to models of plume-head
behavior beneath continental lithosphere. According to these models, plume heads
can impact a zone of 500 km in radius (Thompson and Gibson, 1991; Ebinger and
Sleep, 1998; Jordan and others, 2004) which is significantly less than the distance
between Rankin Inlet and the NEQ.

Recent work by Merle and others (2019) has also cast doubt on the Great Meteor
hotspot origin for the New England seamounts. Traditionally, the New England sea-
mounts have been considered the most reliable portion of the Great Meteor hotspot
track, yet Merle and others (2019) reassessed the previously published K-Ar and
*Ar/*Ar data for the seamounts and concluded that, while an apparent age progres-
sion does exist for the seamounts, the age progression is poorly constrained by limited
data. They concluded that the New England seamounts are likely genetically linked to
other episodes of Late Cretaceous magmatism in the North Atlantic and therefore
not the product of a hotspot.

Edge-Driven Convection as a Driving Mechanism

The Burlington and Taconic lobe NEQ magmatism represents one example of
postrift passive margin magmatism along the eastern North American margin. Many
investigations regarding the timing and origin of these episodes of magmatism report
a similar conclusion: the postrift magmatism is not associated with hotspot magmatism
and an alternate mechanism is necessary (McHone, 1978, 1996; Mazza and others,
2014, 2017; Bailey and Lupulescu, 2015; Bailey and others, 2017; Merle and others,
2019).

The process of edge-driven convection has been recognized as a potential mecha-
nism to explain passive margin magmatism (King and Anderson, 1995, 1998; King,
2007; Matton and Jebrak, 2009; Kaislaniemi and van Hunen, 2014). This shallow-man-
tle style of convection can occur beneath regions with a pronounced contrast in litho-
spheric thickness (King and Anderson, 1995). In a global survey of intraplate
magmatism, King (2007) concluded that multiple instances of intraplate magmatism
attributed to deep-mantle plumes occur in settings that are conducive to edge-driven
convection. Matton and Jebrak (2009) invoked edge-driven convection as one of sev-
eral factors that may have contributed to Cretaceous magmatism in the Atlantic
region. Modern edge-driven convection has been directly linked to Cenozoic magma-
tism in the Moroccan Atlas Mountains and lithospheric erosion through piecemeal
small-scale delamination (Kaislaniemi and van Hunen, 2014).

Edge-driven convection holds the potential to explain Burlington and Taconic
lobe magmatism (fig. 12). The magmatism occurs close to the transition between thin-
ner Appalachian and thicker cratonic crust and lithosphere (Li and others, 2018),
and the **Ar/*’Ar and U-Pb geochronology suggests the magmatism is episodic on
the scale of tens of Ma. Geodynamic modeling by Kaislaniemi and van Hunen (2014)
shows that magmatism related to edge-driven convection can be episodic on time
scales comparable to the timing of Burlington and Taconic lobe magmatism. In
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Fig. 12. Schematic diagram illustrating role of edge-driven convection in New England NEQ
magmatism.

addition, Amidon and others (2016) have attributed Cretaceous passive margin uplift
in New England to the process of edge-driven convection.

Evidence for modern edge-driven convection beneath New England in associa-
tion with the Northern Appalachian Anomaly (Menke and others, 2016, 2018; Dong
and Menke, 2017; Levin and others, 2018) supports the idea that the lithospheric
structure beneath the region provides a potential setting for magmatism associated
with edge-driven convection. The anomalously thin lithosphere beneath the
Appalachians in New England may have resulted from lithospheric erosion through
time potentially in association with episodic edge-driven convection (Menke and
others, 2018). Levin and others (2018) interpret the modern shallow-mantle upwell-
ing beneath New England as a recent phenomenon. However, the episodic nature of
the postrift magmatism investigated here suggests edge-driven convection may have
been operating beneath the passive margin of New England since the Early
Cretaceous. This early expression of edge-driven convection along the passive margin
implies relatively thin lithosphere may have been present as early as the Early
Cretaceous in the New England region.

CONCLUSION

The *°Ar/*°Ar and U-Pb geochronology presented here represents some of the
first high accuracy geochronology for the NEQ outside of the Monteregian Hills and
confirms an extended period of Early Cretaceous postrift magmatism within New
England. Early Cretaceous magmatism in the westernmost part of New England and
easternmost New York state within the Burlington and Taconic lobes of the NEQ
spans at least 35 Ma. Magmatism of the Burlington lobe occurred at ~140 to 130 Ma
while Taconic lobe magmatism occurred at ~110 to 100 Ma. Both episodes of magma-
tism are distinct from the brief ~124 Ma Monteregian Hills pluton emplacement.

The high accuracy geochronology of this investigation supports the conclusion of
McHone (1996) that the magmatism of the New England NEQ is not a product of the
Great Meteor hotspot and, therefore, requires an alternate mechanism. Edge-driven
convection as a driving mechanism to explain the origin of the New England NEQ is
supported by the 35 Ma span of magmatism, its occurrence in proximity to a sharp
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contrast in lithospheric thickness, and its episodic nature. This driving mechanism is
further supported by the spatial coincidence of the NEQ and NAA. In sum, the results
of this investigation emphasize the importance of high accuracy geochronological
data in assessing the driving mechanisms behind intraplate and passive margin
magmatism.
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APPENDIX
TABLE Al
Summary of previously published geochronology
NEQ Location Age (Ma)  Method Source Comments
Lobe
MH Mount Megantic 128+ 1.7  Rb-Sr Eby, 1984a granite whole-rock isochron
MH Sherbrooke Mine, Quebec 128+1" K-Ar Wanless and others, 1973 augite camptonite dike
lamprophyre
MH Dike east of Mt. Megantic, ME 126 +5 K-Ar McHone, 1984 camptonite dike
MH Mount Megantic 125+5 K-Ar Eby, 1985¢ basaltic dike cutting Mt. Megantic
MH Mount Megantic 123.6+ 1.9 *“Ar °Ar  Foland and others, 1986 interpreted age based on average total gas age from
two biotites in a granite and one in a diorite
MH Mount Megantic 133+ 1.1 Rb-Sr Eby, 1984a nordmarkite whole-rock isochron
MH Mount Shefford 1235+ 1.5 “Ar/*Ar  Foland and others, 1986 interpreted age based on averaged plateau ages for
the biotite with amphibole from gabbro
MH Mount Shefford 129+3 Rb-Sr Eby, 1984a pulaskite whole-rock isochron
MH Mount Shefford 120£1 Rb-Sr Eby, 1984a nordmarkite whole-rock isochron
MH Mount Brome 123.1+ 1.2 “Ar/*Ar  Foland and others, 1986 interpreted age based on average plateau age from
amphibole in nepheline diorite and biotite in gabbro
MH Mount Brome 136 £ 1.7 Rb-Sr Eby, 1984a pulaskite whole-rock isochron
MH Mount Brome 118+2.2  Rb-Sr Eby, 1984a nepheline-bearing
diorite whole-rock isochron
MH Rougemont 124.8+ 1.5 *Ar °Ar  Foland and others, 1986 interpreted age based on average total gas age from
biotite in gabbro
MH Mt. Johnson 123.9+ 1.4 “Ar°Ar  Foland and others, 1986  interpreted age based on average total gas of biotite
from pulaskite
MH Mt. Bruno 127.4+0.5 *Ar °Ar  Foland and others, 1986  interpreted age for gabbro-pyroxenite average plateau
ages considered a maximum age by Foland and
others, 1986
MH Mt. Saint Hilaire 124.4+£1.2 “Ar°Ar  Gilbert and Foland, 1986 interpreted age for the complex based on biotite ages
MH Mount Royal 118+22  Rb-Sr Eby, 1984b nepheline-bearing diorite whole-rock isochron
MH Oka complex ~113 U-Pb Chen and Simonetti, 2014 interpreted age range for younger episode of
magmatism at Oka complex based on LA-ICP-MS
perovskite and apatite ages
MH Oka complex ~135 U-Pb Chen and Simonetti, 2014 interpreted age range for older episode of magmatism
at Oka complex based on LA-ICP-MS perovskite and
apatite ages
MH Oka complex 108 £ 6 K-Ar  Shafiqullah and others, 1970 alnoite ring dike
MH Oka complex 105+5 K-Ar  Shafiqullah and others, 1970 alnoite ring dike
MH Oka complex 117+7 K-Ar  Shafiqullah and others, 1970 alnoite ring dike
MH Oka complex 115+6 K-Ar  Shafiqullah and others, 1970 alnoite ring dike
BL west shore Grand Isle, VT 138+ 7" K-Ar Zartman and others, 1967 lamprophyre dike
BL Cambridge, VT 132+ 6" K-Ar McHone, 1984 monchiquite lamprophyre dike
BL Shelburne, VT 126+ 5" Rb-Sr McHone and Corneille, 1980 eight trachyte dikes from South Burlington and
Shelburne, VT, whole-rock isochron
BL Barber Hill stock Charlotte, VT~ 112+ 2" K-Ar  Armstrong and Stump, 1971 biotite age from syenite
BL Cannon Point sill Essex, NY 131.1+1.7" U-Pb Bailey and others, 2017 LA-ICP-MS zircon age for the upper trachyte sill
TL Castleton dike Castleton, VT 114+£4" K-Ar McHone, 1984 spessartite lamprophyre dike
TL North Hartland, VT 135+£6" K-Ar McHone, 1978 monchiquite lamprophyre dike
TL Route 4, West Rutland, VT 106 £ 4" K-Ar Zen, 1972 spessartite lamprophyre dike
TL Cuttingsville complex, VT 101 £2° K-Ar  Armstrong and Stump, 1971 biotite age from essexite
TL Cuttingsville complex, VT 98 + 2% K-Ar  Armstrong and Stump, 1971 biotite age from syenite
TL Mount Ascutney 122 + 2% K-Ar Foland and Faul, 1977 biotite age from granite
TL Mount Ascutney 120 £2" K-Ar Foland and Faul, 1977 biotite age from granite
TL Mount Ascutney 121 £2° K-Ar Foland and Faul, 1977 biotite age from granite
TL Mount Ascutney 122£4" K-Ar Foland and Faul, 1977 biotite age from syenite
TL Mount Ascutney 124 £3" K-Ar Foland and Faul, 1977 biotite age from diorite
TL Mount Ascutney 123 £3" K-Ar Foland and Faul, 1977 biotite age from gabbro
TL Sutton, NH 99 + 4" K-Ar McHone, 1978 monchiquite lamprophyre dike
TL Gassetts, VT 100 +2 K-Ar McEnroe, 1996 whole-rock lamprophyre dike age

NEQ lobe: MH-Monteregian Hills lobe, BL-Burlington lobe, and TL-Taconic lobe.
* indicates recalculated age (see Appendix table A2).
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TABLE A2

Summary of recalculated K-Ar ages

NEQ Location Updated Age Originally Published Age “°Ar/*’K Source

Lobe (Ma) (Ma)

MH Sherbrooke Mine, Quebec 128+ 1 126+ 1 0.0788" Wanless and others, 1973
MH Dike east of Mount Megantic, ME 126 £5 121 £5 0.007499 McHone, 1984

BL Grand Isle, VT 138+7 136 £7 0.008414"  Zartman and others, 1967
BL Cambridge, VT 132+6 130+ 6 0.00789 McHone, 1978

BL Barber Hill stock Charlotte, VT 111+£2 112+£2 0.00667"  Armstrong and Stump, 1971
TL Castleton dike Castleton, VT 114+4 113+4 0.006794 McHone, 1984

TL North Hartland, VT 135+6 134+ 6 0.008081 McHone, 1984

TL Route 4, West Rutland, VT 106 +4 104+ 4 0.00628" Zen, 1972

TL Cuttingville complex, VT 101£2 100 +2 0.00599"  Armstrong and Stump, 1971
TL Cuttingville complex, VT 982 96.4+2 0.00578"  Armstrong and Stump, 1971
TL Mount Ascutney 122+2 1202 0.00725" Foland and Faul, 1977
TL Mount Ascutney 120+2 118+2 0.00712° Foland and Faul, 1977
TL Mount Ascutney 121+2 119+2 0.00719" Foland and Faul, 1977
TL Mount Ascutney 122+4 120+ 4 0.00725" Foland and Faul, 1977
TL Mount Ascutney 124 +3 122+3 0.00737" Foland and Faul, 1977
TL Mount Ascutney 123+3 121 +£3 0.00731" Foland and Faul, 1977
TL Sutton, NH 99 +4 98 +4 0.005882 McHone, 1984

NEQ lobe: MH-Monteregian Hills lobe, BL-Burlington lobe, and TL-Taconic lobe.
* indicates backcalculated “°Ar/*°K. Ratio was calculated from reported age and decay constants.

TABLE A3
“OArP°Ar analytical data CLI0 amphibole

FAr/OAr FAr/*Ar abs SAT/0Ar SAr/40Ar abs cumul. age 1c%error Io%error

error error % 39 (Ma) (noJ) (tot)
0.007519468  4.51097E-05 0.002815895  2.58418E-05 2.666 103.50 3.745 7.71
0.016376787 0.00011195 0.001667979  4.06786E-05 4.036 147.79 1.356 2.58
0.017108737 0.000143948 0.001724057  4.99857E-05 5.252 137.57 1.722 2.83
0.014080696 9.31101E-05 0.002083312  6.99082E-05 6.713 130.59 1.736 335
0.013228889 8.26846E-05 0.002047579  3.83543E-05 8.744 142.07 1.600 322
0.020735232 0.000162803 0.001121611 4.3116E-05 9.868 153.89 1.179 2.07
0.02342251 0.000191957 0.000920668  4.49723E-05 11.016 148.74 1.128 1.94
0.024590988 0.000197396 0.000932691  2.72455E-05 12.450 141.43 1.110 1.94
0.029495381 0.000155223 0.000523135  1.32429E-05 16.550 138.34 0.621 1.55
0.031665169 0.000155015 0.000330776  1.04007E-05 22.133 137.85 0.540 1.45
0.03323438 0.000157283 0.000229992  8.00552E-06 29.125 136.04 0.505 1.41
0.03437956 0.000175573 0.000132648 1.4363E-05 32.554 135.67 0.528 1.39
0.034821956 0.000198015 7.24767E-05  8.07274E-06 35.852 136.44 0.577 1.39
0.03360228 0.000164329 0.000182396  7.2177E-06 42.841 136.74 0.513 1.39
0.03538324 0.000264404 0.000178572  3.28238E-05 44.704 130.25 0.783 1.51
0.034055293 0.000167689 0.00017574 1.15144E-05 50.553 135.28 0.516 1.39
0.034323849 0.000172557 0.000128809  9.53357E-06 57.529 136.19 0.519 1.38
0.034591775 0.000160401 8.53901E-05  7.86227E-06 63.603 136.93 0.472 1.35
0.034206528 0.000184093 0.000131613  1.21086E-05 67.641 136.55 0.556 1.40
0.034037335 0.000205986 8.49906E-05  1.81391E-05 70.275 139.11 0.616 1.41
0.03444987 0.000163485 0.000109948  9.31869E-06 76.868 136.52 0.487 1.37
0.034542239 0.000169773 6.30772E-05  1.22929E-05 80.813 138.06 0.497 1.36
0.034547166 0.000170519 7.04687E-05 7.0768E-06 87.889 137.74 0.500 1.36
0.036428323 0.000283953  -0.000247132 -5.30813E-05 88.840 143.03 0.720 1.37
0.034467104 0.000156843 7.88493E-05  4.4136E-06 100.000 137.64 0.462 1.35
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TABLE A4
“OArP°Ar analytical data CLI10 biotite

FAr/0Ar FAr/*0Ar abs OAT/A0AT OAr/40Ar abs cumul. age 1c%error 16%error

error error % 39 (Ma) (nol) (tot)
0.010676533 0.000114288 0.003045098 0.000128119 1.16422 42.49 11.664 16.66
0.023756164 0.000198374 0.001009016 1.925E-05 3.11748 141.85 1.192 2.01
0.025607742 0.000204715 0.000754878 1.72739E-05 5.32371 145.57 1.030 1.80
0.029116059 0.000188341 0.000451879 9.57553E-06 9.60231 142.98 0.747 1.55
0.013882861 8.33517E-05 0.002124018 3.84021E-05 14.7512 127.33 1.639 3.40
0.033069042 0.00018149 0.000166929 1.91384E-05 21.0661 138.27 0.578 1.40
0.034546059 0.000176559 4.5172E-05 1.40902E-05 28.8102 137.44 0.518 1.34
0.035918267 0.000206932 -3.93615E-05 -1.75272E-05 35.0832 135.64 0.569 1.34
0.033855296 0.000203126 8.13892E-05 1.02484E-05 40.5786 138.66 0.615 1.39
0.034530972 0.000214118 2.35679E-05 1.23981E-05 45.0046 138.36 0.624 1.38
0.035868293 0.000257919 -6.10338E-05 -1.56723E-05 48.6419 136.66 0.706 1.39
0.034968179 0.000200594 1.9927E-05 9.39735E-06 55.1171 136.91 0.577 1.36
0.035091494 0.000214641 -2.76374E-05 -9.73646E-06 60.8447 138.37 0.606 1.36
0.033819284 0.00018602 0.000116981 6.65928E-06 67.5279 137.36 0.570 1.38
0.033516922 0.000198973 0.000116334 9.77542E-06 72.0362 138.59 0.615 1.40
0.034004968 0.000163336 0.000100826 4.78274E-06 81.5786 137.29 0.495 1.35
0.03406404 0.00022599 0.000154897 9.50058E-06 86.0635 134.86 0.696 1.45
0.032969424 0.000217459 0.000141182 1.26513E-05 89.447 139.74 0.689 1.44
0.032414645 0.00015072 0.000240239 5.04487E-06 100 137.83 0.501 1.39

TABLE A5
“OAr/°Ar analytical data CLS biotite
PAr/OAr PAr/Ar abs OAT/OAr OAr/40Ar abs cumul. age 1o%error 1o%error

error error % 39 (Ma) (nol) (tot)
0.03194638 0.00041634 0.000224136  0.00012751 1.925 140.31 1.40 1.90
0.033666499 0.00034667 9.3911E-07 5.06876E-05 6.031 142.56 1.03 1.62
0.033744003 0.00025471 0.000108883  2.84434E-05 15.310 137.83 0.78 1.51
0.033912651 0.0002534 0.000109925  2.93251E-05 24354 137.13 0.77 1.51
0.03394636 0.00031967 0.000181423  2.63208E-05 29.054 134.09 1.00 1.64
0.034081566 0.0002097 0.000155048  1.15371E-05 49.580 134.64 0.65 1.46
0.034019933 0.00022123 0.000247794  1.93675E-05 61.131 131.10 0.70 1.51
0.03316678 0.00020435 0.000256137  1.10743E-05 80.924 134.01 0.67 1.50
0.033141329 0.00020703 0.000248418  1.39633E-05 97.886 134.43 0.67 1.50
0.037084287 0.00060606 0.000907626  0.000133886 99.406 95.69 2.24 2.73
0.033935281 0.00091068 0.0015676 0.000324547 100.000 76.71 5.04 5.39
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“CArP°Ar analytical data TLI18 amphibole

TABLE A6

387

FAr/OAr FAr/Ar abs SAT/0Ar SAr/0Ar abs cumul. age 1c%error 1o%error

error error % 39 (Ma) (noJ) (tot)
0.000383448 7.18725E-06 0.003297578  3.58451E-05 0.160 203.50 114.61 126.22
0.000805525 1.54057E-05 0.003223301  3.95618E-05 0.367 241.08 47.48 51.50
0.001154904 1.60013E-05 0.003273253  6.35275E-05 0.508 124.96 48.85 60.62
0.001189728 1.99563E-05 0.003299934  4.82848E-05 0.738 73.64 95.84 112.80
0.002214936 3.45671E-05 0.003257201  6.17509E-05 1.067 65.50 53.18 64.21
0.005404171 6.32639E-05 0.003059397  8.86707E-05 1.578 79.52 13.35 18.05
0.008416544 0.000138857 0.002721878  4.29055E-05 2.096 109.42 8.71 10.22
0.019164482  0.000140005  0.001882079  3.26472E-05 3.713 112.49 1.65 297
0.030339472 0.000285226 0.001235552  4.22528E-05 5.184 102.86 1.47 2.29
0.035616497  0.000248534  0.000758128  2.91383E-05 7.895 107.24 0.89 1.73
0.039780006 0.000262508 0.000527731  2.99218E-05 10.750 104.68 0.77 1.58
0.041461481 0.000196691 0.000344925  1.01145E-05 19.870 106.79 0.52 1.42
0.04324126 0.000228713 0.000185138  7.49292E-06 26.385 107.85 0.55 1.38
0.043518372 0.000224605 0.000163228  9.40541E-06 31.596 107.93 0.54 1.36
0.043997415 0.000226601 0.000219331  1.50259E-05 37.501 105.07 0.54 1.38
0.043768443 0.00022052 0.000170049  7.50339E-06 51.193 107.17 0.52 1.36
0.044370003 0.00021864 0.000128292  6.51351E-06 58.530 107.18 0.51 1.34
0.045064993 0.00021731 5.43824E-05  8.32802E-06 64.346 107.94 0.48 1.31
0.043993936  0.000235807  0.000196615  1.82105E-05 68.977 105.93 0.56 1.38
0.044516212 0.000223929 0.000133619  7.73882E-06 75.458 106.76 0.52 1.35
0.043837763 0.000215053  0.000184417  1.64365E-05 81.245 106.70 0.51 1.36
0.044441974 0.000193038 0.000134267  6.79209E-06 89.259 106.92 0.45 1.32
0.043269519  0.000201332  0.000196093  5.39758E-06 100.000 107.82 0.49 1.35

TABLE A7
404,59 . .
Ar/°"Ar analytical data TL24 biotite
PAr/OAr FAr/Ar abs OAr/OAr OAr/40Ar abs cumul. age 1o%error 1o%error

error error % 39 (Ma) (noJ) (tot)
0.036602932 0.00017582 0.002881441  3.69302E-05 4.632 19.32 3.38 8.52
0.024105333 0.000133482 0.002805445  5.57567E-05 6.785 33.75 3.38 7.54
0.026806294 0.000140166 0.002259361  4.04204E-05 10.384 60.02 1.60 3.75
0.038398951 0.000218569 0.001164297  2.28786E-05 12.757 83.27 0.87 1.95
0.039451545 0.000208187  0.000712891  1.75316E-05 15.564 97.35 0.67 1.62
0.040412366 0.000207554 0.00035289  8.29502E-06 18.370 107.66 0.57 1.43
0.040757158  0.000203029  0.000258523  2.24926E-05 21.629 110.02 0.54 1.39
0.041355314 0.000196058 0.00016 1.51775E-05 26.445 111.81 0.50 1.34
0.039844946  0.000187394  0.000174746  1.12665E-05 30.401 115.37 0.50 1.35
0.039344326 0.000191381 0.000168293  7.82613E-06 34.072 117.03 0.51 1.35
0.040123622  0.000192041 0.000108808  1.10697E-05 38.259 116.91 0.49 1.33
0.03971472 0.000189246 0.00012672  9.96136E-06 42.420 117.45 0.50 1.33
0.039700068 0.000196201 5.90769E-05  7.67259E-06 45.713 119.87 0.50 1.31
0.038762184 0.000177291 9.67016E-05  7.46064E-06 51.718 121.35 0.47 1.31
0.038732894 0.000188365 7.45972E-05  4.75826E-06 57.146 122.23 0.50 1.32
0.039426472 0.000179636 7.05481E-05  4.04644E-06 63.946 120.32 0.47 1.30
0.039684747 0.000204886 5.91408E-05  8.66628E-06 66.996 120.05 0.52 1.32
0.039207253 0.000184899  0.000159331  1.10246E-05 73.189 117.97 0.49 1.34
0.041659281 0.000191887 6.77406E-05 1.2387E-05 78.637 114.31 0.47 1.31
0.041735142  0.000204042 0.00013646  7.16514E-06 82.688 111.72 0.51 1.34
0.043570502 0.000235064 5.84605E-05 8.4759E-06 86.112 109.70 0.55 1.33
0.042753774  0.000192456  0.000144891  4.34344E-06 100.000 108.79 0.47 1.33
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