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GEOCHEMISTRY OF INTRUSIVE ROCKS ON THE PRESCOTT
PENINSULA, CENTRAL MASSACHUSETTS, USA: IMPLICATIONS FOR
LATE DETACHMENT FAULTING WITHIN THE ORDOVICIAN
TACONIAN VOLCANIC ARC

KURT HOLLOCHER*", PETER ROBINSON**, BENJAMIN LUCAS***, and
STEPHEN MABEE?

ABSTRACT. The Prescott Peninsula contains two intrusive bodies: the Cooleyville
Gneiss (449 Ma) and the Packard Gabbro (407 Ma), which cuts the Cooleyville. These
are centrally located in the Bronson Hill Anticlinorium, a complex structural belt in
western New England that includes metamorphosed rocks of the Ordovician Taconian
arc plutonic complex (TAPC), and associated metamorphosed volcanic rocks. TPAC
gneisses (locally 454—442 Ma) are overlain by stratified units including the Ordovician
Ammonoosuc Volcanics (locally 453 Ma), Partridge Formation (locally 449 Ma), and
several Silurian and Devonian units.

The Cooleyville Gneiss and Packard Gabbro are both calc-alkaline and have
similar, arc-associated geochemical anomalies expressed in multi-element diagrams.
These units are chemically distinct from several regionally exposed Devonian plutons,
but are almost identical to plutonic rocks of the TAPC. The Cooleyville Gneiss cuts the
Ammonoosuc Volcanics and Partridge Formation, but the TAPC does not, at least over
extensive regions. Additionally, the Ammonoosuc Volcanics and Partridge Formation
are each in contact with the TAPC in different areas: Partridge Formation locally to the
east and west, and Ammonoosuc Volcanics in a central belt.

A multi-part model explains these relationships: 1) The Cooleyville Gneiss is part
of the TAPC, having intruded the Ammonoosuc Volcanics and Partridge Formation
east of the main arc axis. 2) Following arc collision with Laurentia, extensive detach-
ment faulting decapitated the TAPC and Cooleyville pluton, sliding them and adjacent
units west and down. 3) A second detachment carried part of the Ammonoosuc and
Partridge farther west, completing the observed contact geographic pattern. 4) Follow-
ing isostatic readjustment, erosion, and cooling, Silurian and Devonian units were
deposited, in part unconformably on the TAPC. 5) Early Acadian (Devonian) subduc-
tion beneath composite Laurentia produced extensive central New England magma-
tism, and reactivated remnant Taconian lithospheric mantle beneath the TAPC,
producing the Packard Gabbro and age-equivalent volcanics in the nearby Erving
Formation.

Detachment faulting is common in arc and collisional settings. This model of late
Taconian detachment faulting appears to solve a long-standing problem understanding
the TAPC contact with overlying Ordovician units.

Key words: Prescott Peninsula, Quabbin Reservoir, Packard Gabbro, Cooleyville
Gneiss, igneous geochemistry, Erving Formation, detachment fault, geologic map

INTRODUCTION

Overview

Volcanic arc—continent collision zones are common in orogenic belts throughout
the world. Their development has been elucidated mostly using modern or older,
relatively intact examples. Ancient collisional belts, particularly those strongly affected
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by subsequent erosion and metamorphism, are more difficult to unravel because much
of the original evidence has been lost or strongly modified. We present the results of a
decades-long effort to understand a set of seemingly contradictory structural, tectonos-
tratigraphic, and intrusive relationships in the Taconian volcanic arc of southern New
England. The Taconian arc collided with Laurentia in the Ordovician, and was then
strongly metamorphosed in the Early Devonian Acadian Orogeny, with regional
metamorphism and pluton emplacement sporadically continuing through the Late
Devonian to Early Mississippian Neo-Acadian episode, and ending in the Alleghenian
(for example, Robinson and others, 1998; Wintsch and others, 2003; van Staal and
others, 2009; Massey and others, 2017). This study applies igneous rock geochemistry,
previously published geochronological results, new map compilation and reinterpreta-
tion, and recent developments in understanding continental arcs and collisional
orogens, to help solve a long-standing problem regarding late-stage development of
the Taconian arc complex.

Background

The Appalachian orogenic belt is a composite of several segments that were
accreted to Laurentia in the Paleozoic. In southern New England, the tectonic
architecture includes (fig. 1, from west to east): 1) Middle Proterozoic Laurentian
basement that is overlain by Cambrian and Ordovician platform and margin sedi-
ments. 2) Ordovician Taconic allochthons of the Taconian arc accretionary wedge,
with exposed thrust slices of Laurentian crust. 3) The Taconian igneous arc itself, most
prominently exposed as its metamorphosed plutonic roots in the Bronson Hill
anticlinorium, generally assigned to the western margin of the Central Maine Belt. 4)
The deep basin of the Central Maine Belt, mostly overlain by metamorphosed Silurian
and Devonian sedimentary rocks, but locally exposing Late Proterozoic, Cambrian,
and Ordovician rocks, commonly assigned to the Ganderia segment of Gondwana. 5)
The Nashoba terrane, a Cambrian—-Ordovician arc complex probably developed
on the eastern Ganderian margin. 6) The mostly Late Proterozoic Gondwanan Avalon
terrane. During and following successive accretion of these segments onto Laurentia,
there was a complex sequence of deformation, metamorphism, and igneous activity
that extended into the Permian. This summary is based largely on Stanley and Ratcliffe
(1985), Osberg and others, (1989), Sevigny and Hanson (1993), Robinson and others
(1998), Tucker and others (2001), Robinson (2003), Tremblay and Pinet (2005),
Thompson and others (2012), Kay and others (2017), and Massey and others (2017).

Igneous rocks on the Prescott Peninsula (fig. 2) include the Cooleyville Gneiss
and Packard Gabbro, occurring in the west-overturned, isoclinal Prescott Syncline, in
the middle of the Taconian arc plutonic complex (TAPC) as exposed in the Bronson
Hill anticlinorium. The area surrounding the Prescott Peninsula was mapped by
Robinson (ms, 1963). Most of the Peninsula itself was mapped by Makower (ms, 1964),
who used the term Prescott Complex to include both the gneiss and gabbro. This term
was also used in the Bedrock Geologic Map of Massachusetts (Zen, 1983), and
elsewhere. The intrusions were assumed to be cogenetic, and Devonian (Acadian),
because the northwestern part of the Cooleyville Gneiss was interpreted to intrude the
Ordovician Ammonoosuc Volcanics and Partridge Formation, the Silurian Clough
Quartzite, and the Early Devonian Littleton Formation in the Prescott Syncline, and
assumed to be related to widespread Devonian magmatism in southern New England.
Two zircon U-Pb radiometric ages were published by Tucker and Robinson (1990),
449 +5/—3 Ma for the Cooleyville Gneiss (Ordovician) and 407 +3/—2 Ma for the
Packard Gabbro (Devonian), making the concept of a cogenetic Prescott Complex
untenable.

Reconsideration of the original and more recent mapping, available age dates,
new geochemical data, and a complete re-working of field notes, led to the new map
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Fig. 1. Simplified lithotectonic map of southern New England and eastern New York. Emphasized are
structures related to the Taconian Orogeny, plutonic rocks related to Early Devonian subduction of Iapetus
crust attached to Avalon (Acadian Orogeny), and the Late Devonian Hardwick Pluton and Middle Devonian
Belchertown Complex, both used in our comparison data sets. White areas are undifferentiated metamor-
phosed stratified rocks (mostly Ordovician-Devonian), and plutonic rocks (mostly Silurian—Cretaceous).
Adapted from Zen (1983), Lyons and others (1997), Dorais (2003), and Hibbard and others (2006). CI,
Chickwolnepy intrusions; GD, Glastonbury Dome; JD, Jefferson Dome; JTP, Joslin Turn Pluton; KD,
Killingworth Dome; PT, Plainville Tonalite; SFB, Shelburne Falls Belt, containing metamorphosed Taconian
arc plutonic and volcanic rocks; SHD, Sugar Hill Dome; LD, Lebanon Dome.
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Fig. 2. Simplified geologic map of north-central Massachusetts, showing the region around the Prescott
Peninsula, containing the Ordovician Cooleyville Gneiss and Devonian Packard Gabbro. See text for
radiometric age sources. Adapted from Zen (1983), Elbert and others (1988), and Robinson (2009, 2011,

2012, 2017).

(fig. 3). Locally, the main change to the map was the northwestern contact of the
Cooleyville Gneiss, previously interpreted as intrusive into all stratified units, but now
interpreted to be a Mesozoic brittle normal fault. The fault is a new segment
connecting the previously mapped New Salem Faults to the northeast, and the
Lighthouse Hill Fault to the southwest.

The body of Cooleyville Gneiss is about 17.5 km long, north to south, 3.6 km wide
atits north end, and less than 100 m wide at its extended, southernmost end, covering
about 23 km®. The Cooleyville Gneiss intrudes adjacent Ordovician stratified rocks of
the Ammonoosuc Volcanics and Partridge Formation, both containing Taconian
volcanic rocks, dated at 453 *2 and 449 +3/—2 Ma, respectively (Tucker and
Robinson, 1990). The gneiss is intruded by one large and several smaller bodies of
Packard Gabbro in the north-central part, covering about 7 km? in total. The bodies of
Packard Gabbro are almost entirely enclosed within the Cooleyville Gneiss, but one
small body cuts the Partridge Formation. The Prescott Syncline, in which the intrusive
rocks are emplaced, is flanked to the west by Monson Gneiss of the Kempfield
Anticline, and to the east by the Main Body of Monson Gneiss. The Monson Gneiss and
nearby, essentially identical Fourmile Gneiss of the Pelham Dome (fig. 2, west side of
fig. 3), represent the locally exposed plutonic roots of the TAPC (Hollocher and
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Fig. 3. New geologic map of the Prescott Peninsula and its surroundings (simplified), showing sample
locations for Cooleyville Gneiss and Packard Gabbro (see table A2, Appendix, for sample numbers,
coordinates, and descriptions; see fig. Al for fully-detailed map and unit descriptions).



central Massachusetts, USA: Implications for late detachment faulting 663

others, 2002). They, and similar rocks in the area of figure 2, range in age from 454
+3/—2 to 442 +3/—2 Ma (Tucker and Robinson, 1990; Karabinos and others, 2017;
11 total samples). Over the length and breadth of the Taconian arc complex, TAPC
and apparently related metamorphosed intrusive and volcanic rocks span a range of
477 to 441 Ma (Zartman and Leo, 1985; Lyons and others, 1986; Aleinikoff and
Moench, 1987; Tucker and Robinson, 1990; Moench and others, 1995; Karabinos and
others, 1998, 2017; Moench and Aleinikoff, 2003; Rankin and others, 2013; Valley and
Walsh, 2013; Aleinikoff and others, 2015; Valley and others, 2015; Walsh and others,
2017).

Plutonic Rock Types

The Cooleyville Gneiss is comprised mainly of light-gray to yellow-weathering,
fine- to medium-grained, generally foliated and weakly-lineated felsic gneiss, ranging
from tonalitic to granitic. The gneisses all contain biotite, most contain epidote, and
muscovite or hornblende occur in some places. Garnet is rare. Muscovite tends to be
abundant near contacts with the Partridge Formation, particularly on the eastern side
of the body, suggestive of an intrusive contact and magmatic contamination. Intru-
sive relationships include Cooleyville Gneiss cutting Ammonoosuc Volcanics and
Partridge Formation contacts in the southern part of the body, and by the presence of
inclusions of rusty-weathering Partridge Formation schist in the gneiss (Makower, ms,
1964; fig. 3). Some exposures have irregular distributions of more mafic patches, a few
centimeters to a meter long, that appear to be deformed xenoliths (fig. 4A).

The Packard Gabbro ranges from fine-grained in most of the body, to very coarse
(fig. 4B), and is usually equigranular. The gabbro seems less-deformed than the
Cooleyville Gneiss, but some outcrops were locally foliated (fig. 4C), possibly in
discrete shear zones. Biotite can be abundant, but garnets are rare. Two unusually
quartz-rich gabbro exposures contain abundant, large garnets (sample 2I1b up to 2 cm
across, and 2F8 up to 5 cm, fig. 4D). No pyroxene was seen in the field or in thin
section, but Makower (ms, 1964) and we observed several samples with single horn-
blende crystals up to 5 mm across, poikilitic with plagioclase, that contained abundant,
tiny Fe—Ti oxide inclusions that may have unmixed from former magmatic pyroxene or
hornblende. These large crystals are set in a matrix of 0.5 to 1 mm, oxide-free
hornblende and plagioclase. The large hornblendes texturally resemble poikilitic
pyroxene or hornblende crystals common in gabbroic cumulates.

Both the Cooleyville Gneiss and Packard Gabbro differ in grain size and mineral
proportions between outcrops, and even in single outcrops. This suggests that both
bodies were not emplaced as large, single magmatic masses, but rather are composites
of many small intrusions. The better-exposed Main body of Monson Gnesiss, to the east,
gives a similar impression in the field (for example, Hollocher and others, 2002).

SAMPLE SETS AND PROCEDURES

From the Prescott Peninsula we present 32 new whole-rock chemical analyses of
Cooleyville Gneiss, and 29 of Packard Gabbro. We also include 10 new analyses of
amphibolites from the nearby and possibly related Devonian Erving formation, and
new data on several other local, metamorphosed plutonic bodies. Sample set descrip-
tions, sample locations and descriptions, and new data are given in tables Al, A2, and
A3, respectively (Appendix, http://earth.geology.yale.edu/%7eajs/Supplementary-
Data/2019/Hollocher). Thin sections were made of about half of the samples, and
were examined using polarized light microscopy. New samples weighed 1 to 10 kg.
They were cleaned, weathered parts split off, and the remainder crushed in a hydraulic
press with tungsten carbide faces to pass a 6 mm stainless steel sieve. 50 gram splits were
powdered in a Spex® aluminum oxide puck mill. All new analyses were done using the
procedures of Hollocher and others (2007).
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Fig. 4. Field photographs of Cooleyville Gneiss and Packard Gabbro. (A) Typical Cooleyville Gneiss near
samples B57 and B57b, with a darker, biotite-rich, deformed inclusion near the top. Sample B57 was dated by
Tucker and Robinson (1990, 449 +5/—3 Ma). (B) Coarse-grained Packard Gabbro (sample 4I7), dated by
Tucker and Robinson (1990, 407 +3/—2 Ma). (C) Coarse Packard gabbro (sample 10), probably originally
much like B, but foliated. (D) Fine-grained, quartz-bearing Packard Gabbro (sample 2F8) with metamorphic
garnets 4 cm across, near contact with Partridge Formation a few meters to the east.

GEOCHEMICAL COMPARISONS

Comparison Suite

Two rock units that are similar in geochemistry and age may have similar origins.
The geochemistry of the Cooleyville Gneiss and Packard Gabbro have not been
previously studied, so one objective was to compare them with regionally important
bodies of Paleozoic plutonic rocks. Another reason to have comparative data sets is that
the available radiometric ages, one each for the Cooleyville Gneiss and Packard
Gabbro, may not be representative of the whole of those bodies. Although the dated
Cooleyville Gneiss is lithologically typical, the Packard date is from a very coarse
gabbro, unusual for the body on its eastern side (fig. 4B). We therefore make
comparisons with plutons similar in age to the two Prescott Peninsula plutonic bodies,
and also to two younger, large Devonian plutons that are exposed in the region.

The Cooleyville Gneiss age of 449 Ma is overlapped by the nearby 454 to 442 Ma
Monson Gneiss, Fourmile Gneiss, and other parts of the TAPC in the area of figure 2,
and the 453 Ma Ammonoosuc Volcanics and 449 Ma Partridge Formation. The 407 Ma
Packard Gabbro is about 40 million years younger, and similar in age to parts of the
classic New Hampshire Plutonic Suite (NHPS, Lyons and others, 1997; Dorais, 2003),
including the Kinsman (403 = 3 Ma, Lyons and others, 1997) and Spaulding (402 * 5
Ma, Lyons and Livingston, 1977; 397 = 1 Ma, Eusden and Barreiro, 1988) sub-types.
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Bodies of both sub-types occur extensively in southern New Hampshire (fig. 1). The
Coys Hill pluton (fig. 2; 396 = 2 Ma, Robinson and others, 1982; Morton, ms, 1985;
Robinson and Tucker, 1992; no geochemical data available) appears to be connected
to the Cardigan pluton of Kinsman (fig. 1), and is mineralogically and texturally like
Kinsman.

The Erving Formation (figs. 2 and 3) contains extensive amphibolites, but has no
radiometric or fossil age control. However, it appears to overlie the Littleton Forma-
tion unconformably (Robinson and others, 1988). The Littleton contains Emsian
fossils in northern New Hampshire (Boucot and Arndt, 1960; 407.6-393.3 Ma, Cohen
and others, 2013, updated 2018), and U-Pb zircon radiometric ages of ~407 and
407 = 2 Ma have been determined on felsic volcanics near the base of the Littleton
(Rankin and Tucker, 2000). The Erving Formation has been interpreted to immedi-
ately underlie the Gile Mountain Formation (Robinson and others, 1988). Fossils in
the Gile Mountain and correlative units to the north, in Vermont and Quebec, are also
Emsian (Hueber and others, 1990). We conclude that the Erving Formation and its
amphibolites are Emsian, similar to the 407 + 3/—2 Ma age of the Packard Gabbro.

The younger plutons we compare to the Cooleyville Gneiss and Packard Gabbro
include the Belchertown Complex (380 * 5 Ma, Ashwal and others, 1979; 381 = 3 Ma,
Tucker and Robinson, 1990), and the Hardwick pluton (360 * 1, 359 = 2 Ma; Tucker
and Robinson, 1995). Dikes or sills of both of these plutons have been found many
kilometers from the main bodies (table Al, Appendix, http://earth.geology.yale.edu/
% 7eajs/SupplementaryData/2019/Hollocher).

In figures below, we also include for comparison volcanic and plutonic rocks from
the Japanese (Honshu) volcanic arc. This is a long-lived, complex volcanic arc that is
built on a narrow, rifted segment of Asian continental crust (for example, Taira, 2001).
Similarly, the Taconian volcanic arc is also interpreted to have been long-lived, and to
have developed on a narrow rifted segment of continental crust.

Silica Variation Diagrams

Figure 5 shows three graphs comparing rocks from the Prescott Peninsula to the
other igneous rock data sets. All 29 samples of Packard Gabbro span a range of 48.2 to
53 percent SiO,, compared to 63.1 to 76.2 percent for the 32 samples of Cooleyville
Gneiss, with a gap of nearly 10 percent SiO,. This gap is consistent with age evidence
that these two units are not genetically related.

Rocks from the Hardwick pluton and NHPS Kinsman-type have common interme-
diate compositions, not found in the Packard Gabbro or Coolyville Gneiss, and tend to
have higher aluminum saturation index values (ASI), and Ba and TiO, contents. The
NHPS Spaulding-type is generally more mafic than the Kinsman and Hardwick, but it
also has common intermediate compositions. Rocks of the Belchertown Complex are
dominated by intermediate SiO, quartz monzodiorites (Ashwal and others, 1979), now
recognized as high Ni-Cr-Ba sanukitoids (Robinson and others, 1998; Van Wagner,
ms, 2017; see Tatsumi, 2008). The Belchertown also has some Ba-rich mafic rocks
(hornblendites), and variable-Ba felsic varieties.

Compositions of the Packard Gabbro and Cooleyville Gneiss overlap those of the
Ammonoosuc Volcanics, volcanic layers in the Partridge Formation, and the Monson
and Fourmile Gneisses, which have sparse intermediate compositions. The two garnet-
rich Packard Gabbro samples have anomalously high ASI values for mafic rocks,
probably the result of magmatic assimilation of nearby Partridge Formation schist.
Some Ammonoosuc and Partridge volcanic rocks have very low Ba concentrations and
high ASI values, possibly the result of chemical alteration (Schumacher, 1988; Hol-
locher, 1993). Igneous rocks from the Japanese arc also overlap with Taconian
plutonic and volcanic rocks, and with samples from the Prescott Peninsula.
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contents outside the range of 48.0-76.2%, and older than Cenozoic. Also excluded were samples calculated
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48.0-53.5% (figs. 7and 9, 760 samples). Fields are averages, *1 o, not ranges. Normalizing factors are from
McDonough and Sun (1995).

REE Diagrams

Figure 6 shows REE diagrams for the Cooleyville Gneiss and comparison data sets.
The Cooleyville Gneiss (figs. 6A and 6B) has La, /Yb,, ratios of 2.3 to 17, most samples
have negative Eu anomalies, all but one (5D2) have concave-upward HREE patterns,
and a few have positive or negative Ce anomalies. Such pattern shapes are typical of
felsic rocks in volcanic arcs that are built on continental crust, illustrated by the
Japanese arc reference pattern. Figure 6C shows that the Cooleyville Gneiss has REE
patterns similar to typical Monson and Fourmile gneisses, but not to relatively rare
adakitic Monson rocks, which have low HREE concentrations and other compositional
characteristics indicative of garnet presence during magma genesis (for example,
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Defant and Drummond, 1990; Castillo, 2006; Zellmer and others, 2012). REE patterns
for felsic rocks in the Partridge Formation and Ammonoosuc Volcanics are somewhat
flatter than those of the Cooleyville Gneiss (fig. 6D). Some felsic Ammonoosuc rocks
have low HREE concentrations, possibly representing pyroclastic deposits from erup-
tion of Monson adakitic magmas along the arc axis.

Figure 6E shows REE patterns for NHPS Kinsman- and Spaulding-type rocks.
These have straighter patterns than the Cooleyville Gneiss, more like adakitic Monson
Gneiss in terms of pattern shapes, though the Kinsman has higher REE abundances.
The upper edge of the Hardwick Pluton pattern (fig. 6F) approximately parallels the
Cooleyville Gneiss pattern, but low HREE values along the Hardwick pattern lower
edge indicates the presence of more adakitic, HREE-depleted compositions. Belcher-
town quartz monzodiorites are strongly LREE-enriched and HREE-depleted compared
to the Cooleyville Gneiss. Most Belchertown felsic rocks have much lower REE
concentrations than the Cooleyville, though the most REE-rich varieties have similar
pattern shapes.

The Packard Gabbro has REE patterns (figs. 7A and 7B) that are less LREE-
enriched than the Cooleyville Gneiss (figs. 6A and 6B), with La, /Yb, values of 1.5 to
4.6. Those in the lower part of that range (fig. 6A) tend to have slightly concave-
downward LREE patterns, compared to straighter patterns in the upper part (fig. 6B).
That pattern shape is nearly identical to pattern shapes seen in the Japanese arc,
though the Packard Gabbro has average REE concentrations about twice as high.
Coarse-grained samples 6A and 6B (fig. 6A) have large, positive Eu anomalies,
indicative of cumulus plagioclase. They also have the highest Ni contents among the 29
gabbros, among the highest concentrations of other compatible elements (Mg, Cr,
Co), and among the lowest concentrations of REEs, U, and other incompatible
elements, characteristics consistent with cumulus origin. Three gabbros have anoma-
lously high REE concentrations (fig. 6B). These include the two quartz- and garnet-
rich gabbros that probably have an important schist contamination component. The
other is sample 64, which has among the highest concentrations of REEs, U, and other
incompatible elements, and Fe, and among the lowest compatible element concentra-
tions (Mg, Cr, Co, Ni). On that basis we suggest sample 64 represents the most strongly
fractionated mafic magma.

Packard Gabbro REE pattern shapes are similar to those of typical amphibolites in
the Monson and Fourmile gneisses (fig. 7C), but not to rare Nb-rich Monson
amphibolites. Ammonoosuc Volcanic and Partridge Formation samples have some-
what flatter patterns than the Packard Gabbro (fig. 7D). Mafic rocks of the NHPS
Kinsman- and Spaulding-types (fig. 7E) are more LREE-enriched than the Packard
Gabbro. Mafic rocks from the Belchertown pluton, mostly hornblendites, have pat-
terns that overlap those of the Packard Gabbros, though they tend to be flatter (fig.
7F). Amphibolites in the Erving Formation are all LREE-depleted, like N-MORB (for
example, McDonough and Sun, 1995), and some Packard Gabbros (fig. 7A).

Multi-Element Diagrams

Figure 8 shows multi-element patterns for the Cooleyville Gneiss and felsic
comparative rock sets. All Cooleyville Gneiss samples have negative anomalies for Ti
and Nb’ (Nb’ defined in fig. 8), and positive Th anomalies. Most have large positive
Li and Pb anomalies, and variable but mostly negative Sr anomalies. These anomalies,
and anomaly sizes, are shared with the Japanese arc reference pattern, and are
characteristic of felsic igneous rocks from volcanic arcs (for example, Pearce and
Stern, 2006; Yaliniz, 2008). Adakitic Monson gneisses (fig. 8C) have positive Sr
anomalies, expected of adakites. Anomalies in the Ammonoosuc Volcanics and
Partridge Formation (fig. 8D are similar to those of the Cooleyville, though Li data are
lacking. To the extent that data are available (fig. 8E), the NHPS Kinsman-type has
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Fig. 7. REE patterns for samples of Packard Gabbro (A, B), and comparison units described in the text
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anomalies like those in the Cooleyville, but the Spaulding-type has a positive Sr
anomaly, unlike the Cooleyville Gneiss, but also seen in the adakitic Monson Gneiss. In
figure 8F, the Hardwick pluton has anomalies like those in the Cooleyville Gneiss, as do
most of the Belchertown quartz monzodiorites and felsic rocks. However, the quartz
monzodiorites tend not to have negative Sr anomalies, like the NHPS Spaulding-type
and adakitic Monson Gneiss.

Figures 9A and 9B show multi-element diagrams for the Packard Gabbro and
mafic comparison rock sets. All Packard Gabbro samples have positive, generally large
Pb and Li anomalies, all but one have negative Nb’ anomalies (CO1, Nb’, /La, = 1.08,
Nb’ and normalization defined in fig. 8) that are generally smaller (Nb’, /La, = 0.35 =
0.17, 10) than those of the Cooleyville gneiss (0.53 = 0.18, 10), and all but six have
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Fig. 8. Multi-element patterns for Cooleyville Gneiss (A, B), and comparison units described in the text
(C=F). Data sources are in figure 5. The Japanese arc reference pattern is as described in figure 6, but
includes only felsic rocks (228 analyses). Fields are averages, =1 o, not ranges. Nb’ is MORB-normalized Nb
(thatis, Nb, ), if data were available, or alternatively normalized Ta. Zr’ is MORB-normalized Zr, if data were
available, or alternatively normalized Hf. Normalizing factors are from Pearce and Parkinson (1993).

positive Th anomalies (Th, /La, = 2.3 * 1.3, 10), also generally smaller than those in
the Cooleyville Gneiss (10.6 * 5.3, 1o). Anomalies in the Japanese arc reference
pattern are similar to those of the Packard Gabbro (figs. 9A and 9B). Samples 6A and
6B have large, positive Sr anomalies, consistent with their likely camulus origin. Other
anomalies are variable and generally small (K, Sr, Zr’, Ti). The anomalies seen in
Packard Gabbro patterns are consistent with an arc-related environment, as with the
Cooleyville Gneiss. Anomalies in the comparison data sets (figs. 9C-9F), including the
Erving Formation, are similar to those of the Packard Gabbro, to the extent that data
are available. One exception is that the mafic rock pattern from the NHPS Kinsman-
type (fig. 9E) has a large, negative Sr anomaly, not seen in the other mafic rock data
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sets. Mafic NHPS Kinsman type rocks tend to be biotite-rich and feldspar-poor, rather
than hornblende- and feldspar-rich for the others, which may explain the difference.

DISCUSSION

Geochemical Comparison Summary

Figure 5 indicates that Devonian plutonic units in the Central Maine Belt of
southern New England (fig. 1), east of the Bronson Hill Anticlinorium (Hardwick,
Kinsman, Spaulding), tend to have abundant compositions with intermediate SiO,,
tend to be peraluminous (except mafic rocks), and to have high Ba and Ti concentra-
tions, unlike the Cooleyville Gneiss or Packard Gabbro. The Hardwick, Kinsman, and
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Spaulding also tend to have high La,/Yb, ratios compared to the Cooleyville Gneiss
and Packard Gabbro (figs. 6 and 7). The Belchertown Complex is dominated by
intermediate SiO, quartz monzodiorites, unlike anything on the Prescott Peninsula,
and they and felsic Belchertown varieties have REE patterns and/or concentrations
that tend to be quite different than the Cooleyville Gneiss.

The rock sets that have compositions most similar to the Packard Gabbro and
Cooleyville Gneiss are the typical Fourmile and Monson Gneisses of the TAPC. Based
on age and nearly identical geochemical and lithologic characteristics, we assign the
Cooleyville Gneiss to the TAPC, joining the Monson and Fourmile Gneisses. We also
conclude that both of the dated Cooleyville Gneiss and Packard Gabbro samples have
compositions consistent with the rest of those units, and so are unrelated to the other
Devonian plutons in the comparison rock sets.

One striking similarity between all the plotted rock sets is that they have multi-
element patterns that imply an arc relationship (figs. 8 and 9). This relationship may
have involved: 1) production of the magmas by normal arc processes above a
once-active subduction zone (as is interpreted for all Taconian igneous rocks), 2)
inheritance from melting of deep crustal rocks that themselves were derived from arc
sources (felsic rocks only, peraluminous if melting sources were pelitic), and 3)
inheritance from melting of mantle previously modified by subduction zone processes
(mafic rocks only, unless strongly modified by processes in the crust prior to emplace-
ment).

Contact Between the TAPC and Stratified Units

The units in contact with the Monson and Fourmile gneisses, and related rocks to
the north and south, differ from place to place (fig. 2). In some places, particularly in
eastern and southern parts of the Pelham Dome, the Early Silurian Clough Quartzite
and Early Devonian Littleton and Erving Formations unconformably overlie the TAPC.
More extensively the contact is overlain by the Ordovician Partridge Formation or
Ammonoosuc Volcanics. The contact between the TAPC and the Ammonoosuc and
Partridge has been controversial, variously interpreted as: 1) An unconformity (Robin-
son, 1979; Schumacher, 1988), based in part on lack of crosscutting relationships and
the thin, locally exposed Moosehorn Conglomerate (Oamc, fig. 3) on the contact at
the base of the Ammonoosuc Volcanics. Reexamination of this outcrop in 2017
(Robinson and Hollocher, and Peter Thompson) led to doubts that the unit was a
conglomerate at all, that it might instead be a fault breccia. 2) An intrusive contact
(most prominently by Leo and others, 1984; Leo, 1985, 1991), based on geochemical
and structural interpretations, mostly in west-central New Hampshire. 3) A fault
(intra-arc detachment, Tucker and Robinson, 1990; Robinson and Tucker, 1996;
Robinson and others, 1998; syn- or post-metamorphic thrust, Kohn and Spear, 1999).

Robinson and his students (for example, Michener, ms, 1983; Schumacher, 1988;
Peterson, ms, 1992) found no evidence that the Monson Gneiss, Fourmile Gneiss, or
other nearby rocks of the TAPC (fig. 2) intrude the Ammonoosuc Volcanics or
Partridge Formation along contacts in Massachusetts and southwestern New Hamp-
shire. The age overlap of gneisses and volcanics, locally and in New Hampshire where
ages of the TAPC and Ammonoosuc Volcanics extend to older ages (see age compila-
tions in Hollocher and others, 2016; Karabinos and others, 2017), the apparent lack of
intrusive relationships in many areas, the remarkably continuous internal stratigraphy
in parts of the Ammonoosuc Volcanics, and the fact that both the Partridge and
Ammonoosuc are each in contact with the underlying gneisses in different areas, imply
that the contact at the top of the TAPC is a highly-deformed, metamorphosed fault in
most places (Robinson and others, 2017).
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Cooleyville Gneiss Intrusive Emplacement and Fault Model

The Cooleyville Gneiss clearly intrudes the adjacent Partridge Formation and
Ammonoosuc Volcanics (Makower, ms, 1964; fig. 3), but the TAPC gneisses in the area
of figure 2 and elsewhere apparently do not, as discussed above. The Partridge
Formation and Ammonoosuc volcanics, in different areas, are both in sharp, planar
contact with the underlying Monson and Fourmile Gneisses. This contact is inter-
preted here as a major low-angle detachment fault. If correct, then presumably the
Ammonoosuc and Partridge were originally deposited off the arc axis in either the
fore-arc (west) or back-arc (east) regions. Hollocher (1993) and Hollocher and others
(2002) argued that the Partridge and Ammonoosuc formed in the Taconian back-arc,
east of the Bronson Hill belt. In favor of back-arc origin is that, to our knowledge, no
boninites have been found in the Ammonoosuc Volcanics or Partridge Formation.
Boninites would imply a forearc origin (for example, Reagan and others, 2010;
Whattam and Stern, 2011). However, boninites have been found in the Taconian
forearc in Charlemont, Massachusetts (fig. 1; Kim and Jacobi, 1996), west of the
Bronson Hill Anticlinorium.

Detachment faults are common in volcanic arcs, where they may be associated
with subduction initiation, back-arc rifting, and lateral relaxation of collisional belts.
Detachment faulting moves shallow-level rocks downward to expose deeper levels,
producing structures that, in some cases, have been termed metamorphic core
complexes (for example, Brown and others, 2016). Here we give some examples from
outside of New England.

Recent initiation of subduction beneath southern Mindanao, Philippines, has
produced the young Cotobato Trench (Hall, 2018). Detachment faulting of the
southern Mindanao margin has transported Luzon arc volcanics in the hanging wall,
produced by subduction on the east side of Mindanao, down and southwest toward the
new trench. Another example is in the southern Sierra Nevada batholith, the plutonic
roots of a Mesozoic arc built on the western Laurentian margin. Chapman and others
(2012) described a large-scale detachment fault that cuts a Cretaceous part of the
batholith, moving the hanging wall down and southwestward tens of kilometers,
toward or oblique to the subduction zone, involving 5 to 10 km of crustal section.
Based on rapid cooling, estimated using U/Pb, Ar/Ar, and U-Th/He dating, faulting
took place soon after cessation of arc magmatism.

Collisional orogens also experience detachment faulting as part of the slab
detachment, lateral relaxation, and exhumation processes. The coastal hinterland of
the Scandinavian Caledonides has an extensive detachment fault system that devel-
oped late in the Scandian collision (Silurian—early Devonian), allowing the formation
of large Devonian extensional sedimentary basins, and exhuming structural uplifts of
deeper levels (for example, Braathen and others, 2000; Osmundsen and others, 2006;
Vetti and Fossen, 2012). Lastly, in central Cuba, post-collisional detachment faulting
was partly responsible for unroofing the Late Cretaceous—Paleogene Escambray Com-
plex, including the adjacent Trinidad and Sancti Spiritus Domes (Despaigne-Diaz and
others, 2016). The originally foreland-dipping detachments are geometrically very
similar to those we infer for the Taconian arc.

Figure 10 shows a scenario for movement of the Partridge Formation, Ammo-
noosuc Volcanics, and Cooleyville Gneiss, from east of the Taconian arc axis, down and
west onto the Taconian plutonic complex. In this concept, the Cooleyville Gneiss
intruded the Partridge Formation and Ammonoosuc Volcanics on the eastern arc
margin (fig. 10A). Following arc collision with Laurentia and during subducted slab
foundering, intra-arc extensional collapse along the Moosehorn Fault decapitated the
Cooleyville Pluton, moving it and adjacent units down and westward (fig. 10B). A
second detachment, the Stoneville Fault, allowed the Partridge Formation and Ammo-
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noosuc Volcanics to slide into their current relative positions. In this model, mostly
Partridge Formation is in contact with the TAPC to the west and east, with a belt of
mostly Ammonoosuc Volcanics in between (fig. 10C). Later isostatic readjustment,
erosion, and cooling allowed deposition of Silurian and Devonian sediments, in
unconformable contact with the underlying Ordovician units (fig. 10D), as is currently
seen in the map pattern (figs. 2 and 10E). Although other fault geometries can yield
similar results, the proposed model is the simplest of those we have considered.



central Massachusetts, USA: Implications for late detachment faulting 675

In western New Hampshire, there is clear evidence that the Ammonoosuc
Volcanics and Partridge Formation are cut by Taconian-age intrusives in some places,
along or west of the central axis of the Bronson Hill anticlinorium. These intrusive
bodies include the Chickwolnepy intrusions (Aleinikoff and Moench, 1987, 1992; Fitz,
2002; Moench and Aleinikoff, 2003; Aleinikoff and others, 2015), the Joslin Turn
pluton (Aleinikoff and Moench, 1992; Rankin and others, 2013), the Plainfield
Tonalite (Valley and Walsh, 2013; Valley and others, 2015), and parts of the Lebanon
and Sugar River domes (Valley and Walsh, 2013; Valley and others, 2015). However, in
most places the planar, non-intrusive contact we describe in Massachusetts and
southwestern New Hampshire, at the top of the TAPC, appears to continue into
north-central New Hampshire (Lyons and others, 1997).

In the Bronson Hill Anticlinorium of north-central New Hampshire, Eusden and
others (2006, 2017) reported that the Ammonoosuc Volcanics is in contact with
underlying Ordovician gneisses on the southeastern flank of the Jefferson Dome,
along the Moose River Fault. Late shear sense indicators on the east-dipping fault
surface indicate late normal motion, interpreted to represent Devonian (Acadian)
deformation. However, early motion sense indicators were reported to indicate reverse
fault motion, which may have been normal (tops down to the west) detachment
motion prior to Devonian deformation. We suggest that early motion on this fault
represents post-Taconian collision detachment faulting such as we describe to the
south.

In Connecticut, the TAPC includes extensive exposures in the Glastonbury Dome
(fig. 1), and an extension of the Monson Dome in Massachusetts that ultimately
connects to the Killingworth Dome. In that region, TAPC rocks appear to be in planar
contact with the Ordovician Middletown and Collins Hill Formations (Rodgers, 1985;
Ammonoosuc Volcanics and Partridge Formation equivalents), in different areas, such
as we describe in Massachusetts. The Silurian Clough Quartzite and Devonian Littleton
Formation are in unconformable contact with the TAPC in Connecticut in some
places, also as seen in Massachusetts.

In this model, post-Taconian detachment faults have placed Ordovician and
possibly older stratified rocks (Albee Formation, Rankin and others, 2013) into contact
with the underlying TAPC along most of the Bronson Hill Anticlinorium. Taconian-
age intrusions into stratified rocks, as described above, we interpret to be either
decapitated intrusions in the detachment fault upper plate, now exposed close to or
west of the Bronson Hill-TAPC axis, or autochthonous parts of the TAPC intrusions
from below the detachment surfaces.

Based on evidence in Massachusetts and southwestern New Hampshire, detach-
ment fault movement must have occurred between the ages of the youngest Monson
Gneiss (442 + 3/—2 Ma, Tucker and Robinson, 1990), and the unconformably
overlying Silurian Clough Quartzite (Telychian, ~438.5-433.4 Ma, Cohen and others,
2013, updated 2018; on the basis of fossils in the Clough in New Hampshire, Boucot
and Thompson, 1958, 1963; Boucot and others, 1958), an interval of not more than
~6.5 = 5 million years.

Packard Gabbro Emplacement

The 407 Ma Packard Gabbro (Tucker and Robinson, 1990) appears to be
geochemically similar to typical amphibolites in the much older Monson and Fourmile
Gneisses, rather than coeval or younger Devonian plutons in southern New England.
As discussed above, the gabbro is approximately the same age as amphibolites in the
Early Devonian (Emsian) Erving Formation. The Erving and Packard also have almost
identical multi-element anomalies that are indicative of arcs. We conclude that these
two mafic units probably represent magmas from the same igneous episode. However,
all Erving Formation amphibolites analyzed so far have N-MORB-like, LREE-depleted
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REE patterns (fig. 7G). A few Packard samples have similar REE patterns and
concentrations, but most are somewhat LREE-enriched. Although some Packard
Gabbros are likely cumulates, based on geochemical indicators and coarse texture (for
example, samples 6A, 6B, figs. 4B and 4C, discussed above), most are not. If most
gabbros approximately represent magma compositions, then the different REE pat-
terns in the two units need explanation.

We suggest that Devonian subduction beneath the Central Maine Belt (fig. 10D),
early in the Acadian Orogeny (for example, Watts and others, 2000), induced minor
melting in remnant Taconian lithospheric mantle under the Bronson Hill region. The
location of Packard Gabbro emplacement, considerably west of the main belt of
southern New England Devonian plutonism, suggests that this melting was related to
distant, limited, possibly back-arc processes. The rising of small volumes of mafic
magma, through Taconian shallow mantle and crust, led to eruption of mafic volcanics
of the Erving Formation and emplacement of the Packard Gabbro (possibly also the
Mt. Hermon Gabbro, fig. 2). The fact that the Erving and Packard are not composition-
ally identical may indicate that the two are not part of the same magmatic plumbing
system. Instead, we infer that the remnant Taconian mantle was inhomogeneous on a
scale of several (tens of?) kilometers, leading to somewhat different magma composi-
tions in the two units.

During emplacement of small volumes of mafic magma into the Bronson Hill
region, more voluminous intermediate and felsic magmatism was occurring farther to
the east and northeast, producing older parts of the NHPS. In those areas, subduction
zone magmas interacted with the thick sedimentary section in the Central Maine Belt,
leading to petrologically and geochemically very different igneous rocks exposed at the
present surface.

CONCLUSIONS

The Prescott Peninsula contains two intrusive bodies, the 449 Ma Cooleyville
Gneiss, and the 407 Ma Packard Gabbro. The Cooleyville was probably emplaced as a
series of small, shallow Taconian arc intrusions into the Partridge Formation and
Ammonoosuc Volcanics, east of the arc axis, currently exposed as the TAPC of the
Bronson Hill anticlinorium. Following collision of the Taconian arc with Laurentia,
and during subducted slab foundering and lateral spreading of the orogen, movement
along the Moosehorn detachment fault decapitated the plutonic precursor to the
Cooleyville Gneiss, sliding it and host stratified units west and down into contact with
the TAPC along the extinct arc axis. A second, Stoneville detachment fault put the
Partridge Formation in contact with the TAPC farther west. This placed the Partridge
Formation in contact with the TAPC on both the east and west sides of this part of
the Bronson Hill Anticlinorium, with Ammonoosuc Volcanics along the contact in the
center. Following isostatic readjustment, erosion, and cooling, the Silurian Clough
Quartzite and Devonian Littleton Formation were unconformably deposited on the
older rocks. This model suggests that metamorphosed Ordovician arc plutonic and
volcanic rocks in the Shelburne Falls Belt (fig. 1), may be the transported upper parts
of the same arc complex presently exposed in the Bronson Hill anticlinorium.

Renewed Devonian mafic igneous activity in the Bronson Hill region coincided
with voluminous, mostly intermediate and felsic Early Devonian NHPS plutonism in
the Central Maine Belt, east of the Bronson Hill Anticlinorium. In the Bronson Hill
region, Devonian igneous activity may have involved melting of remnant Taconian arc
lithospheric mantle, reactivated by Acadian subduction. Mantle melting resulted in
emplacement of the 407 Ma Packard Gabbro, and eruption of mafic volcanics of the
Emsian Erving Formation. Those magmas passed relatively unchanged through rem-
nants of the Taconian shallow mantle and igneous crust. Following complex Acadian
and later metamorphism, Mesozoic brittle faulting on the west and north margins of
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the Cooleyville Gneiss offset it and the Packard Gabbro down and southeastward. This
movement juxtaposed the Ordovician Cooleyville Gneiss against Silurian Clough
Quartzite and Devonian Littleton Formation in the Prescott Syncline.

Work needed to test and extend our ideas includes additional geochemistry on
the Erving Formation amphibolites to better understand their compositional range,
additional radiometric dating constraints on the Cooleyville Gneiss, Packard Gabbro,
and local TAPC gneisses, and geochemical and geochronological work on the Mt.
Hermon Gabbro, a possibly related intrusion.

Numerical modeling of detachment fault development in the Aegean Sea back-
arc region (Huet and others, 2011) indicates that successive detachment faults in an
evolving metamorphic core complex can result in multiple structural domes in the
same system (see also Rey and others, 2011). The belt of parallel and staggered
structural domes in the Bronson Hill anticlinorium (figs. 1 and 2) may have had their
pre-Devonian start as low-amplitude structures related to post-Taconian development
of multiple, in part overlapping detachment faults. The concept of intra-arc and
post-collision detachment faulting is not new, but evidence for it can be obscured by
severe regional metamorphism. We hope this example helps with the recognition of
similar pre-metamorphic fault systems in other collisional orogens.
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Implications for late detachment faulting

central Massachusetts, USA
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