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		Plate 1 - Geologic map of the Game Lake area, Southwestern Oregon
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		Plate 2 - Geologic map of the Game Lake area with structural symbols
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Plate 3 - Geology of the Highgate Center area, northwestern Vermont (Adam Schoonmaker, 2005)





		Plate 3 - Geologic map of the Highgate Center area, northwestern Vermont
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Plate 4. Geology of the St. Armand Station area, southern Quebec (Adam Schoonmaker, 2005)





		Plate 4 - Geologic map of the St. Armand Station area, southern Quebec
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		Plate 5 - Combined geology of St. Armand Station area (southern Quebec) and Highgate
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Plate 6. Outcrop map, Highgate center area, northwestern Vermont (Adam Schoonmaker, 2005)





		Plate 6 - Outcrop map, Highgate center area, northwestern Vermont
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Plate 7.Outcrop map, St. Armand Station area, southern Quebec (Adam Schoonmaker, 2005)
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ABSTRACT

Four problems of tectonic significance were addressed. The first is a study of the structural
emplacement of the Snowcamp ophiolite over the Rogue-Chetco arc complex during the
Nevadan Orogeny in southwestern Oregon. Similarities in age, pressure and temperature
conditions during thrusting, metamorphic history, and kinematics indicate that thrusting
there was correlative with the nearby Madstone Cabin thrust. This implies that the
overlying ophiolitic rocks have undergone a similar history as the Josephine ophiolite and
are not exotic to Jurassic North America.

Two projects involve the geochemical and field relationships of rocks in north-
central Maine, which are used to constrain the tectonic setting of pre-Taconic and early
Acadian magmatic rocks. Early Ordovician basalts and gabbros have MORB characteristics
derived from depleted mantle, but intrude mélange and continental margin rocks. The
most likely interpretation is that they intruded an active continental margin as a result of a
ridge subduction event. Younger Devonian rocks are enriched with respect to MORB, but
are not to the extent of other within-plate, plume-related settings. They are associated with
rocks deposited on a continental margin and in the foreland of a lower plate prior to
arrival of the Acadian orogen. Geochemical analysis indicates a subduction-modified
subcontinental mantle source, and the magmatic rocks are interpreted to have intruded as
a result of lower plate lithospheric detachment during the early stages of subduction of the
continental margin.

The final project addresses a long-standing conflict in interpretation of the
depositional history and structural evolution of the Stanbridge Group in southern Quebec,
and the correlative Highgate and Morses Line Formations of northwestern Vermont. Field
relationships in Vermont indicate that the Highgate and Morses Line Formations were
deposited on the Laurentian shelf and shelf margin, and were later imbricated during the
Taconic Orogeny. The correlative Stanbridge Group in Quebec likely followed a similar
history and is not allochthonous as previously believed, in the sense that it was not
transported from the Laurentian continental rise.
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INTRODUCTION

This study includes research addressing four tectonic problems in three different
orogenic belts and utilizes several tools to solve them. The problems addressed include: 1)
the emplacement history of a remnant of the Coast Range ophiolite, southwest Oregon,
and implications for the accretion history of the Jurassic west coast of North America; 2)
the tectonic environment of Ordovician magmatism in north-central Maine and
implications for the closure history of the Appalachian ocean; 3) the tectonic controls on
foreland Acadian magmatism in north-central Maine and implications for other orogenic
belts; and 4) the structural evolution of the Taconic foreland of northwestern Vermont
and southern Quebec.

The problems were addressed using a variety of geologic tools including field
mapping, structural analysis, a detailed measured stratigraphic section,
geothermobarometry using microprobe analysis, “°Ar/*’Ar geochronology, inductively
coupled plasma mass spectrometry and x-ray fluoresence for trace element and rare earth
geochemistry, x-ray diffraction for mineral identification, and micro-structural shear sense
analysis.

The first study examines the structural emplacement of the Rogue-Chetco gabbroic
arc complex beneath ultramafic rocks, previously interpreted to be a remnant of the Coast
Range ophiolite (Snowcamp ophiolite) but, based on this work, is more likely an outlier of
the Josephine ophiolite. The temperature and pressure conditions during thrusting (as

determined by metamorphic petrology, phengite barometry, and hornblende-plagioclase





thermometry), age of thrusting (**Ar/*’Ar geochronology), and thrust plane orientation and
transport direction (structural analysis) are all similar to that of the nearby Madstone Cabin
thrust, which emplaced the Rogue-Chetco arc beneath the Josephine ophiolite. This
indicates that the Snowcamp ophiolite followed an emplacement history similar to that of
the Josephine ophiolite, and that the Coast Range ophiolite was not exotic to the Jurassic
continental margin, or that the Snowcamp ophiolite is an outlier of the Josephine
ophiolite, but other ultramafic rocks in the region may need re-interpretation.

The second study incorporates the study of the geochemistry and field relationships
of the Dry Way volcanics and Bean Brook gabbro of the Chesuncook Dome or north-
central Maine to determine the tectonic environment during this early Ordovician
magmatism. The geochemical characteristics of basalts and gabbros are consistent with
origin at a mid-ocean ridge, but field relationships show plutons intrude mélange and
continental margin rocks. Based on this contrasting evidence, a ridge subduction event is
indicated. This conclusion and the proximity of the nearby Chain Lakes Massif help
constrain part of the pre-Taconic closure of a Pacific-style Appalachian ocean.

The third study also utilizes geochemical discrimination to explain the presence of
extensive Devonian magmatism associated with Acadian foreland sedimentary rocks.
Previous studies have interpreted enriched basalt chemistries to be a result of with-plate
magmatism. However, we interpret the geochemical signatures of these rocks to be more
consistent with melting of prior subduction-modified subcontinental mantle, with the
melts contaminated by continental crust during ascent. The association of magmatic rocks

with lower plate foreland sedimentary rocks indicates that progressive lithospheric





detachment occurred during the early stages of east-directed Acadian subduction and may
also explain similar magmatic events in the lower plate of other orogens (Papuan,
Hercynian/Alleghenian). The mechanism for lithospheric failure during the early stages of
attempted continental margin subduction may be the result of margin parallel faults
created during a change in relative plate vectors following ridge subduction, similar to the
modern west coast of North America.

The fourth study addresses a long-standing conflict in interpretations of correlative rocks of
the Taconic foreland that extend across the International Border from northwestern
Vermont to southern Quebec. Quebec workers have largely interpreted the argillaceous
Stanbridge Group as a faultbounded allochthonous mass, while workers in Vermont have
interpreted correlative rocks south of the border as part of a conformable sequence
deposited on the Laurentian shelf. In part, this question is semantic due to varying
definitions of the terms “allochthonous” and parautochthonous”, but field mapping in
Vermont indicates that the Stanbridge group and equivalent Morses Line Formation are
part of the shelf sequence and should be considered parautochthonous rather than being
regarded, as was previously the case, as similar to other more traditional far-travelled
allochthonous masses of the Taconic Allochthon, derived from the region of the

Laurentian continental rise.
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ABSTRACT

Field mapping and structural analysis indicates that the Snowcamp remnant of the Coast
Range Ophiolite, in the vicinity of Game Lake, SW Oregon, was thrust to the northeast
over mafic phyllonite and amphibolite correlated with the Chetco complex. The contact
between the upper ophiolitic and lower mafic sections is marked by a ~ 5 to 10 meter thick
serpentinite unit and paralleled by mylonitic foliations in the lower mafic section. Syn-
deformational tonalites intrude the lower plate. Fabric-forming metamorphic mineral
assemblages (amphibolite facies) in the mafic section indicate temperatures of ~ 550° to
600°+ C and medium pressures while quantitative geothermobarometry gives a slightly
higher range of 615° to 720° C and 3.5 to 6 kilobars (11.5 - 20 km depth). A greenschist
facies mineral assemblage that is mylonitic in the phyllonites directly below the thrust
overprints the amphibolite facies fabric suggesting that thrusting continued during cooling.
©Ar/*Ar analyses indicate that thrusting and syn-tectonic intrusion occurred by at least
154.2 + 2.0 and 149.1 +0.4 Ma, respectively.

The character of this thrust strongly resembles that of the Madstone Cabin Thrust
that emplaced the Josephine ophiolite over the Rogue-Chetco arc complex. The proposed
correlation between the two faults implies that the either the Snowcamp remnant of the
Coast Range Ophiolite has undergone a similar emplacement history as the Josephine
Ophiolite or that the ophiolitic rocks near Game Lake may be an outlier of the Josephine
Ophiolite juxtaposed by post-emplacement faulting against a Coast Range remnant around
Snowcamp Mountain to the south.





INTRODUCTION

Significant features of western North America are the middle Jurassic Josephine
and Coast Range Ophiolite belts. While details surrounding the origin and history of the
Josephine Ophiolite are well understood (e.g. Harper and Wright, 1984; Saleeby, 1992;
Harper et al. 1996), the tectonic origin and emplacement history of the Coast Range
Ophiolite remains controversial (e.g. Dickinson et al. 1996). The Josephine Ophiolite was
likely formed in a marginal basinal formed during rifting of a continental arc and was
subsequently thrust over the margin of western North America during the Nevadan
Orogeny (Harper and Wright, 1984; Wyld and Wright, 1988; Saleeby, 1992; Harper et al.
1994).

The tectonic setting for the origin of the Coast Range Ophiolite, however, has
remained controversial for some time (e.g. Moores, 1970; Hopson et al. 1981; Shervais and
Kimbrough, 1985; Robertson, 1989; Dickinson et al., 1996). The controversy arises in part
from conflicting evidence from the crustal components of the ophiolite, the character of
the overlying sediments, and differing interpretations of paleomagnetic data (see Stern and
Bloomer, 1992 and Dickinson et al., 1996 for reviews). Proposed models fall into two
broad categories of either a native or exotic origin for the ophiolite. Exotic settings for the
origin of the Coast Range Ophiolite, whether a mid-ocean ridge or intra-oceanic arc,
require post-genesis accretion to late Jurassic North America, which may imply the
presence of an inboard suture, volcanic arc and possible accretionary prism. Evidence for

or against such a suture is missing in California due the presence of the post-accretion





Great Valley group that obscures the eastern contacts of the ophiolite remnants with the
late Jurassic continental margin of the Sierra Nevada foothills, although such a contact may
exist for the Great Valley Ophiolite in the Sierra Nevada Foothills metamorphic belt
(Godfrey and Dilek, 2000).

One possible exception occurs in the Game Lake area of southwest Oregon where
the Snowcamp remnant of the Coast Range Ophiolite has been found in fault contact with
intrusive rocks of the Chetco complex, part of the Josephine Ophiolite-arc-rifted arc system
(Figure 1). The nature of this thrust, here named the Game Lake thrust, and its
implications for the origin and tectonic history of the Coast Range Ophiolite, are the
subject of this paper.

The results of work in the Game Lake area show that many significant similarities
exist between the Game Lake thrust and the Madstone Cabin thrust, the latter of which is
exposed approximately 25 kilometers to the east of the Game Lake area and separates the
overlying Josephine Ophiolite from the underlying Chetco complex. A correlation between
the two thrusts has significant implications for the question of the original tectonic setting
for the Coast Range Ophiolite (i.e. they formed in similar tectonic environments), or
alternately it may indicate that at least part of the Snowcamp terrane is a remnant of the
Josephine Ophiolite, rather than the Coast Range Ophiolite. In order to address the
question as to whether the two thrusts are correlative, the pertinent features of the
Madstone Cabin thrust and associated units are described below, followed by a description

of the rocks, age, and P-T conditions in existence during evolution of the Game Lake





thrust. The significance of similarities and differences between the two thrusts and their

tectonic implications are also discussed.

JOSEPHINE OPHIOLITE AND THE MADSTONE CABIN THRUST

Tectonic overview

The Josephine Ophiolite is part of a series of east-dipping Paleozoic and Mesozoic
thrust slices that generally young to the west. These slices represent a series of marine
sediments and mélanges, ophiolites, and arc terranes accreted during extended and
ongoing east-dipping subduction along the evolving west coast of North America (Burchfiel
and Davis, 1981; Irwin, 1981; Saleeby, 1992). The Josephine Ophiolite and cover rocks
make up the Jurassic section of the Smith River subterrane of the Western Klamath terrane
of Blake et al. (1985) and have been described in detail by a number of previous workers
(Vail, 1977; Harper, 1980; 1984; Harper et al. 1994). Isotopic ages of the ophiolite include
a 162 + 1 Ma U/Pb zircon age (1-sigma) and a 165 + 3 Ma *Ar/”Ar hornblende age
reported by Harper et al. (1994; revised 2-sigma zircon age of 162 +7/-2 Ma by Palfy et al.,
2000), and a 164 + 1 Ma U/Pb zircon age (1-sigma) by Wright and Wyld (1986). Pessagno
and Blome (1990) originally reported Callovian radiolaria from sediments interbedded
with pillow lavas and Oxfordian radiolaria from the hemipelagic sediments overlying the
crustal sequence, but may be older (Bajocian and Bathonian, respectively) according to

Baumgartner et al. (1995). They are in turn conformably overlain by the Kimmeridgian





fossil-bearing, continentally-derived flysch of the Galice Formation (Harper, 1983). Based
on the above dates, the Josephine ophiolite may be as old 169 Ma to 160 Ma based on the
isotopic ages, but the fossil calibration of Baumgartner et al. (1995) favors an age towards
the older end of this range.

The Josephine Ophiolite is interpreted to have formed in an intra-arc basin as arc
magmatic activity shifted from the middle Jurassic Western Hayfork terrane, built on older
accreted terranes, to the outboard mid- to late-Jurassic Chetco complex and correlative
meta-volcanic and -volcaniclastic rocks of the Rogue Formation (Harper and Wright 1984,
Wright and Wyld, 1986; Wyld and Wright, 1988; Harper et al., 1994). The volcanic
sequence of the inboard, middle Jurassic arc complex has been dated at 177 to 168 Ma
while the plutonic part of the complex, which cuts across a number of older terranes of the
Klamath Mountains province, has been dated at 174 to 159 Ma (U/Pb zircon, Wright and
Fahan). Hacker et al. (1995) dated the age of the Western Hayfork arc at 177 - 169 Ma
(*Ar/*Ar). The younger Chetco complex has yielded U/Pb zircon and “Ar/>’Ar
[hornblende] ages of 160 to156 Ma (Yule and Saleeby, 1993; Hacker et al. 1995; Yule,
1996; Yule et al, this volume).

Shortly following generation of the Josephine Ophiolite, the arc-ophiolite-rifted arc
system collapsed and was imbricated by underthrusting during the Nevadan Orogeny
(Harper and Wright, 1984; Harper et al. 1994). The ophiolite and associated rocks of the
Smith River subterrane were thrust beneath the older continental margin along the

Orleans (Preston Peak) thrust, which has a minimum displacement of 40 kilometers

(Harper et al. 1994) to 110 kilometers (Jachens et al. 1986). The outboard mid- to late-





Jurassic arc, consisting of the Chetco complex (Illinois River Complex of Yule, 1996 and
Yule et al., this volume) and the meta-volcanics and -volcaniclastic Rogue Formation, was
thrust beneath the Smith River subterrane along the Madstone Cabin thrust (Ramp, 1975;
Loney and Himmelberg, 1977; Harper et al., 1990; 1994) and is interpreted to be
contemporaneous with thrusting along the Orleans roof fault (Harper et al. 1994).
Collapse of the arc-ophiolite-rifted arc system is consistent with deposition and subsequent
deformation and metamorphism of the Late Jurassic flysch of the Galice Formation, which

is overlain by an Early Cretaceous angular unconformity (Harper et al. 1994).

Madstone Cabin Thrust

The Madstone Cabin thrust is exposed in two areas of the Western Klamath
terrane of southwest Oregon: a northern exposure that includes the area near Vulcan Peak
and Dry Butte and a southern reentrant near Chetco Peak (Figure 1). It separates overlying
peridotite of the Josephine Ophiolite, which was thrust northwestward (north-
northeastward in present position) over mafic units of the Chetco complex and possibly
the Rogue Formation (Loney and Himmelberg, 1977; Harper et al., 1990; Saleeby and
Harper, 1993). The presently indicated direction of transport direction (NNE), which
differs from the inferred original transport direction (NW), is interpreted to be the result
of approximately 65° of regional clockwise rotation during postNevadan oroclinal bending
(Saleeby and Harper, 1993). The post-Nevadan Valen Lake thrust (Coast Range Fault) of

Ramp (1975) cuts the Madstone Cabin thrust and emplaces the Cretaceous-aged Dothan
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Formation (Yolla Bolly terrane of the Franciscan Complex) beneath the amalgamated
Western Klamath terrane (Figure 1).

The Madstone Cabin thrust and/or associated lithologic units have been well-
studied by Himmelberg and Loney (1973), Ramp (1975), Dick (1976), Loney and
Himmelberg (1976; 1977), Cannat and Boudier (1985), Grady (1990), Harper et al. (1990),
Coulton (1995), Harper et al. (1994), and Harper et al. (1996), and is schematically
illustrated in Figure 2. The base of the Josephine peridotite is marked by a 20 to 40 meter
thick antigorite serpentinite mylonite that is structurally concordant with deformation
fabrics in the amphibolite and mafic phyllonite units below the thrust (Grady 1990).
According to Harper et al. (1996), this occurrence of syn-deformational antigorite
intergrown with brucite indicates thrusting temperatures in the range of 300" to 400° C
(although antigorite+brucite may be stable up to 450° C; Evans, 2004) likely formed during
the late stages of thrusting, is substantially lower than ~800+° C interpreted for strained
basal peridotite mylonites in other ophiolites that have been obducted onto continental
margins (Harper et al. 1990).

Beneath the serpentinite mylonite lies up to ~ 300 meters of amphibolite showing
evidence of greenschist facies retrograde metamorphism. In addition, local occurrences of
mafic phyllonite occur along the trace of the Madstone Cabin thrust that Grady (1990)
determined to be retrogressed amphibolite.

©Ar/*Ar cooling ages of 152 + 0.8 Ma and 151 + 1.1 Ma for hornblende in
amphibolite below the base of the Josephine Ophiolite were reported by Harper et al.

(1994), similar to a 153 + 3 Ma K/Ar hornblende age reported by Dick (1976). These ages
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are consistent with the 151.9 + 1.0 and 152.8 + 0.8 Ma (1-sigma) “Ar/*’Ar hornblende
cooling age from amphibolite and 149.9 + 0.3 Ma (I-sigma) *Ar/*Ar muscovite cooling
age from a deformed pegmatite, intruding the amphibolite (Harper et al. 1994).
Furthermore, a deformed syn-tectonic muscovite-bearing granite pegmatite dike that cuts
the amphibolite yielded a zircon U/Pb igneous age of 151 + 1 Ma (Harper et al. 1994).
Harper et al. (1994) also reported that the dike gave a ®Ar/*’Ar muscovite-cooling gradient
of 150 to 146 Ma. Based upon these ages, Harper et al. (1994) determined that movement
along the Madstone Cabin thrust, which resulted in the development of the amphibolite
and phyllonitic foliations and lineations, occurred between ~ 155 Ma and 145 Ma with the
greatest displacement having occurred by 150 Ma. The base of the amphibolite is both
intruded by (Loney and Himmelberg, 1977) and grades into (Ramp, 1975; Dick, 1976)
hornblende metagabbro, suggesting that active arc magmatism was also occurring during
the formation of the amphibolite fabric (Harper et al , 1990).

The timing and structural concordance of the amphibolite and phyllonite of the
lower plate with the serpentinite mylonite that overprints low-T serpentinite of the upper
plate led Harper et al. (1996) to conclude that the amphibolite facies conditions may have
prevailed in the lower plate during early stages of Nevadan shortening, as a result of
ongoing gabbroic intrusion below the thrust, but culminated in emplacement of the cold
(7350 ophiolite over the hot, active arc complex at lower greenschist-grade conditions.
This resulted in the retrograde greenschist metamorphism of the arc complex concurrent

with prograde antigorite recrystallization in serpentinite along the base of the peridotite.
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Such a model differs from typical metamorphic soles where heating of the underlying

amphibolite comes from the overlying hot ophiolite.

COAST RANGE OPHIOLITE, SNOWCAMP TERRANE AND THE GEOLOGY OF

THE GAME LAKE AREA,

The Snowcamp Terrane and its Correlation with the Coast Range Ophiolite

The Coast Range Ophiolite has been described and hypotheses concerning its
origin have been discussed by a number of workers (e.g. Hopson et al., 1981; Jayko et al ,
1987; Robertson, 1989; Shervais, 1990; Stern and Bloomer, 1992; Dickinson et al , 1996;
Shervais et al., 2004). Remnants of the Coast Range Ophiolite are present throughout
California and extend into southwest Oregon in the Snowcamp Terrane (Blake et al.,
1985a; Saleeby, 1992). Published ages (K-Ar hornblende, U-Pb zircon) for the ophiolite,
summarized in Shervais et al. (2004), range from 173-143 Ma. However, the lack of
precision and reliability of some of the early, published ages led them to propose a 172 to
164-160 Ma range of ophiolite formation (also 170-165 Ma in Hopson et al., 1996), which
is slightly older but overlaps the age range of the Josephine Ophiolite. The age of ophiolitic
rocks in the Snowcamp Terrane is constrained by U/Pb zircon dates of 169 + 1 Ma (1-
sigma) from a plagiogranite dike in the Snowcamp Mountain area (Saleeby, 1984) and 164
+ 1 Ma (1-sigma) in a plagiogranite from the Wild Rogue remnant northeast of the Game

Lake area (Kosanke et al., this volume).
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Sediments of the Great Valley Group overlie remnants of the Coast Range
Ophiolite in California. In the Snowcamp Terrane there is the conglomeritic Myrtle
Group (Riddle Formation) that is largely unmetamorphosed, but locally shows some
evidence of metamorphism (Blake et al., 1985a). The contact between conglomerate and
underlying pillow lavas, northeast of Snowcamp Mountain, is obscured and is marked by a
small ravine, suggesting a possible fault relationship, rather than a depositional one.
Harper (2003) also reported chert and volcaniclastic sandstone overlying pillow lavas
within the Snowcamp Terrane. These relationships differ from those of the Josephine
Ophiolite, which is overlain by continentally derived flysch of the Galice Formation that
was subsequently affected by Nevadan deformation. Further, deposition of the Riddle and
overlying Days Creek Formations continued during Nevadan-time, which in the sediments
overlying the Josephine ophiolite, is marked by an unconformity (Blake et al. 1985a).

The remnants, in California, are dismembered and floored by the Franciscan
Complex, which in the Game Lake area includes the Colebrook Schist, part of the Pickett

Peak Terrane.

Game Lake Area

The Game Lake area, of the Snowcamp Terrane, lies approximately 7 kilometers
north of the Big Craggies and approximately 25 kilometers northwest of the Madstone
Cabin thrust near Vulcan Peak (Figure 1). The region surrounding Game Lake was first

studied and mapped at 1:125,000 by Coleman (1972) and later mapped at 1:62,500 by
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Page et al. (1981), who recognized that an outlier of the Chetco complex underlies Big
Craggies proper. Blake et al. (1985a) later incorporated their own data with that of
previous workers to delineate the Snowcamp terrane, which includes the rocks in the
Game Lake area. It is a generally north-south trending group of faultbounded rocks
composed of a dismembered ophiolite and cover sequence disrupted by late faulting (Blake
et al. 1985a; Harper, et al., 2000). Units include serpentinized peridotite, gabbro, a sheeted
dike complex, and pillow basalts. The unmetamorphosed sedimentary cover conformably(?)
overlies the ophiolite and is composed of the latest Jurassic to Early Cretaceous, flysch-like
Riddle and Days Creek Formations of the Myrtle Group (Blake et al. 1985a).

The Snowcamp terrane is mapped in fault contact (Page et al., 1981) with an
outlier of metagabbros and amphibolite of the Chetco complex of the Western Klamath
Terrane, mainly exposed in the Big Craggies Botanical Area east of Snowcamp Mountain
(Figure 1). Coleman (1972) reported a K/Ar age of 155 + 5 Ma (recalculated using decay
constants of Steiger and Jager, 1977) for hornblende from this area, similar to that for

amphibolite of the Game Lake area (discussed below).

Lithic units

Major contacts between the Snowcamp terrane and Chetco complex of the Big
Craggies south of Game Lake on previously published maps (Coleman, 1972; Page et al.
1981) are inferred and not exposed. Coleman (1972) briefly mentioned amphibolitic rocks

around Game Lake Peak as occurring as inclusions in serpentinite.
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Less than a kilometer north of Game Lake, unsheared peridotite (mostly
harzburgite with minor dunite) is exposed along an approximately east-to-west oriented
ridge (Figure 4) and structurally overlies mafic phyllonite along the shallowly north-dipping
Game Lake thrust (Figure 3). The peridotite and mafic phyllonite are separated by a thin
layer (5 to 10 meters) of coherently foliated chrysotile- and lizardite-bearing serpentinite
(determined by XRD), which displays cleavage concordant with both the thrust surface and
foliation in the underlying units (Figure 4). The western limit of the peridotite is marked
by a >200 meter wide band of incoherent and sheared serpentinite mélange that trends
from north to south. The serpentinite mélange is characterized by a highly foliated
serpentine matrix containing variably sized (up to ~ 100 meters) blocks of amphibolite,
mafic phyllonite, tonalite, and Colebrook Schist, of the blueschist-greenschist facies Pickett
Peak terrane which is in the vicinity of Game Lake is typically a dark, fine-grained, highly
foliated, slaty phyllite. The blocks commonly display varying degrees of cataclastic fault
texture.

Underlying the peridotite and serpentinite are 100+ meters of nearly continuously
exposed and well-indurated mafic phyllonite and greenstone (Figure 4). The mafic
phyllonite displays a mylonitic foliation of variable intensity that parallels the thrust
surface. However, locally the rocks resemble massive greenstone rather than phyllonite due
to post-foliation late-stage retrograde metamorphism that commonly overprints the
tectonite fabric in thin-section. Few relict plagioclase, hornblende, epidote, and clinozoisite
porphyroclasts of early epidote-amphibolite to amphibolite facies metamorphism are seen,

largely replaced by fine-grained retrograde greenschist facies mineral assemblages including
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epidote, actinolite, chlorite, and albite (Figure 5). Any early foliations associated with
amphibolite-grade metamorphism are no longer evident and highly altered relict
plagioclase grains show poor fabric development. The existing tectonite fabric is defined by
strongly oriented, fine-grained fibrous actinolite that has completely, or nearly completely
replaced hornblende porphyroclasts. Evidence for further post-tectonic metamorphism is
shown by ubiquitous fine-grained epidote overgrowths that locally obscure the macroscopic
fabric (Figure 5), as well as coarse-grained prehnite found filling vugs and veins.

Structurally below the mafic phyllonite is a thick sequence of gneissic amphibolite
that shows variable amounts of retrograde metamorphism. Unaltered pleochroic
hornblende (X=yellow, Y=green, Z=blue-green), untwinned plagioclase (An,y,s), epidote,
quartz, and to a lesser extent ilmenite and sphene, define a well-developed mylonitic fabric
and is indicative of amphibolite facies metamorphism (Figure 6). Trace apatite and fine-
grained biotite are also present. Porphyroclasts up to 3 to 5 millimeters in size of randomly
oriented, trace, brown hornblende (overgrown by blue-green hornblende) and
polysynthetically twinned and visibly zoned plagioclase are present, which are interpreted
to be the relict igneous phases of a gabbroic protolith. Porphyroclastic crystals show varying
degrees of imbrication and rotation, dynamic grain size reduction, and pressure shadow
overgrowths. In those samples that show post-deformational alteration, fine-grained
actinolite, epidote, and chlorite replace hornblende, and plagioclase crystals show varying
degrees of sausseritization. Sausseritization is greatest in the calcic cores of large

porphyroclastic plagioclase crystals, while finer-grained, recrystallized and untwinned
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plagioclase is less altered. Vein-filling epidote, albite, quartz, calcite, and prehnite are also
locally present.

A large mass of metagabbro (foliated gabbro) occurs south of the Game Lake area
underlying the Big Craggies where local amphibolites are also present. The metagabbro
displays a variable but generally low degree of metamorphic fabric development that is
protomylonitic (Figure 7) but locally grades to a gneissic foliation typical of the
amphibolites around Game Lake. Twinned brown hornblende, and twinned and zoned
plagioclase crystals in the protomylonitic metagabbro, is significantly larger (up to 4-5 mm)
than those of the amphibolite. Imbrication and apparent rotation of early-formed crystals is
commonly seen at both macro- and microscopic scales. Dismembered lenses of greenschist
up to 1 meter thick and several meters long are drawn out parallel to the mineral
foliation.

Muscovite-garnet tonalite veins, dikes, and stocks intrude the mafic units below the
Game Lake thrust. Intrusions cut across, or are strung out parallel to, mineral foliations in
the adjacent amphibolite and mafic phyllonite. Locally, a strong internal foliation is
developed in some intrusions defined by aligned metamorphic hornblende and flattened
or recrystallized plagioclase. More commonly, texturally igneous porphyroclasts of
plagioclase and muscovite show partial recrystallization along weak foliations (Figure 8).
Most of the intrusions exhibit significant greenschist grade metamorphism in the form of
chlorite, epidote, and actinolite replacement of brown and blue-green hornblende and
sausseritization of plagioclase. The mutually cross cutting relationship between the tonalites

and foliated country rocks suggests diachronous intrusive events during deformation.
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Exposures of Colebrook Schist, part of the Franciscan Complex (Blake et al.,
1985b) occur as blocks within the serpentine mélange and in the area intervening between
the Game Lake area and Snowcamp Mountain, which lies approximately 8 kilometers to
the south-southwest, a small part of which appears in the southwest corner of Figure 3. The
Colebrook Schist in the Game Lake area usually occurs as a dark, fine-grained, well-foliated
phyllite or slate. It structurally underlies the mafic phyllonite, amphibolite, and peridotite.
The contact between these units is not exposed, but outcrops between mafic phyllonite or
amphibolite and Colebrook Schist are observed separated by only a few meters in some
places. The distribution of the units suggests that this contact crosscuts the contacts
between the peridotite, mafic phyllonite, and amphibolite (Figure 3).

No sediments overlying the ophiolitic rocks in the Game Lake area were observed,
with the exception of a pebble conglomerate at Horse Sign Butte, approximately 1 to 2 km
to the east-northeast (not shown in Figure 3) of Game Lake. These have been correlated
with the Myrtle Group (Page et al. 1981). The conglomerate is unmetamorphosed but
bedding dips steeply to the north. Its contact with underlying serpentinite is covered,
although they are separated by only a couple of meters of cover in a small saddle of the

ridgeline suggesting a fault contact between the two.

Structural geology

Structures exposed in the Game Lake area include amphibolite and phyllonite
mylonitic foliations and associated lineations, at least two generations of folds, cataclastic

fabrics, and veins.
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The amphibolite and mafic phyllonite are L-S tectonites that display a generally
continuous foliation (S;) defined by preferentially oriented hornblende and plagioclase
(Figure 6), and actinolite and chlorite (Figure 5), respectively. In the mafic phyllonite
directly below the Game Lake thrust, a strong mylonitic fabric is present that locally
include planar zones of ultramylonitic foliation indicative of inhomogeneous strain
localized along discrete surfaces. Oriented hornblende crystals in amphibolites and
actinolite and greenschist facies pseudomorphs after hornblende in mafic phyllonites
define variably developed mineral stretching lineations (L,).

In most areas surrounding Game Lake, serpentinized peridotite and serpentinite
mélange display non-coherent, anastomosing cleavage formed by brittle shearing, but the
approximately 5 to 10 meter thick serpentinized base of the peridotite above the Game
Lake thrust is coherently foliated parallel to the thrust surface that separates it from the
underlying mafic phyllonite and the mylonitic foliation in the phyllonite. A generally weak,
but locally continuous, foliation is present in tonalite intrusions. Mineral foliations in the
metagabbros are generally protomylonitic and easily identifiable, but coherent mineral
lineations are rarely evident.

Tight to isoclinal similar folds in the amphibolite have axial planes parallel to the
foliation and display fold hinges (F,) that approximate the mineral lineation direction
(Figure 9).

Late, open folds (F,; Figure 10) and a rare spaced cleavage (S,) that poorly
approximates the axial plane to the open folds deform the structures (mylonitic foliations,

tight to isoclinal folds) described above.
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The dominant S, surfaces generally dip to the northeast and northwest. A stereonet
plot of the poles to cleavage in the phyllonite and amphibolite around Game Lake (Figure
11a) are scattered but define a li-circle, the pole to which plunges shallowly to the
northeast. The scatter in the foliation pole data is inferred to be result of the late F, folding
event (after Loney and Himmelberg, 1977). Similar orientations in the foliation and
lineation data are seen in the structural data of Harper et al. (1990) from the northeast-
dipping, southern exposure of the Madstone Cabin thrust near Chetco Peak (Figures 1 and
11b) and from the south-dipping, northern exposure of the thrust (Loney and
Himmelberg, 1977), except that orientations of structures in the north appear to have been
rotated, relative to the structures of the Chetco Peak area, by approximately 40° around an
axis that approximates the south-plunging, late (F,) fold axis (Figures 11c and 11d). The
magnitude of this rotation approximates the amount of rotation inferred by Loney and
Himmelberg (1977) to explain the degree of scatter in poles to the amphibolite foliation
near the Madstone Cabin thrust.

Based on morphology and cross-cutting relations, Loney and Himmelberg (1977)
and Harper et al. (1990) described two generations of early folds that deform the
amphibolite foliation: isoclinal (F; and F,,, terms used by these authors, respectively) folds
that are in turn deformed by tight (F, and F,;, respectively) folds. These authors concluded
on the basis of similar fold hinge orientations, axial plane foliations, and mineral
lineations, that they are related to a single inhomogeneous folding event. In the Game
Lake area, both tight and isoclinal folds (collectively F; in this report) in the amphibolite

foliation are observed, but no determination of timing between these folds is made in this
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report since they were not observed in crosscutting relationship. However, in the hinges of
isoclinally folded amphibolites, two generations of hornblende growth are observed. An
early folded blue-green amphibolitic fabric in an isoclinal fold hinge is overprinted by
oriented hornblende that parallels the axial surface. This suggests either two episodes of
hornblende growth or two deformation events during ongoing hornblende growth, the
second of which is consistent with the conclusion of the previous authors that the two
folding events are related to one inhomogeneous deformation. In the Game Lake area,
micro- and macroscopic F, folds of the foliation and tonalite veins and dikelets occur
(Figure 9) that have axial planes sub-parallel to the local foliation surface.

Along the Madstone Cabin thrust, the orientations of mineral lineations in
phyllonites are sub-parallel to early fold hinges (F, and F, of Loney and Himmelberg, 1977
and F,, and F, of Harper et al. 1990) in phyllonites and amphibolites. They generally trend
shallowly to the northeast (after 40° rotation of the data from Loney and Himmelberg,
1977) and cluster near the li-poles of the associated foliations (Figure 12). This relationship
suggests that fold axes and mineral lineation development were rotated towards parallelism
with the bulk transport direction developed during thrusting (Harper et al., 1990). In the
Game Lake area, a similar relationship is observed, with a significant difference. At Game
Lake, two populations of mineral stretching lineations are present (Figures 11a, 12a, and
12b). One group clusters around a direction that is shallow to the northeast (Figure 12b)
and approximates the observed early fold hinges (F;) and the lli-pole to the mylonitic
foliation. But, a second group clusters around a direction that plunges shallowly to the

northwest (Figure 12a). This second population likely does not represent second lineation-
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producing event, but is part of the scatter of a single population resulting from observed
late (F,) conical folding such that initial northeast-trending lineations are rotated around a
small circle whose axis approximates the observed late fold axes seen in the area and whose
apices are inferred to terminate to the south (Figure 12¢). This interpretation is supported
by shear sense data (described below) that shows that the inferred sense of motion
associated with northwest trending lineations (northwest dipping foliations) are top to the
southeast, while the shear sense in rocks associated with northeast trending lineations
(northeast dipping foliations) are top to the northeast. However, this style of folding
(conical) differs from the cylindrical folding described by Loney and Himmelberg (1977)
and Harper et al. (1990) to explain the differing average orientations of the foliations and
lineations between the northern and southern exposures of the Madstone Cabin thrust.
One possible explanation for this discrepancy is that conical folds in the Game Lake area
may represent the axial terminations of cylindrical folds represented along the Madstone
Cabin thrust (Ramsay and Huber, 1987). It is not clear whether the late folding and
rotation of thrustrelated structures is directly related to oroclinal bending or an unrelated
event.

Macro- and microscopic shear sense indicators are largely present in the mafic
phyllonite and to a lesser extent in the amphibolite. Shear sense was determined on
sections cut parallel to the mineral stretching lineation (L;) and perpendicular to the
dominant foliation (S;). Indicators include asymmetric porphyroclast tails, imbricated
porphyroclasts, asymmetrically folded veins, and C-S fabrics. Asymmetric porphyroclasts

(plagioclase) are dominantly [-type although some [type porphyroclasts are present.
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Imbricated porphyroclasts (plagioclase and hornblende) are dominantly fractured in a
normal (antithetic) sense to the overall shear sense. The assumed transport direction
during thrusting is parallel to the average mineral stretching lineations, isoclinal fold axes,
and li-pole to the dominant foliations, which trend to the northeast. Overall shear sense
for the upper (ophiolite) block of the Game Lake thrust is top to the northeast (present day
direction), similar to that determined by Harper et al. (1990) for the Josephine Ophiolite
and the Madstone Cabin thrust. Asymmetrically folded veins and tonalite intrusions are
generally consistent with other shear sense indicators although in one exposure of the
mafic phyllonite (BC-173) an opposite sense in an folded tonalite vein was determined
than from the C-S fabric developed in the same section. This suggests that the asymmetric
fold exposed may be the short overturned limb, giving an erroneous sense of shear
(Simpson, 1986). C-S fabrics are visible in thin-section but are often difficult to interpret
due to the late retrograde metamorphism that has obscured many of the syn-deformational

structures at the microscopic level.

Geochronology

Two absolute ages were determined using “°Ar/*Ar methodology (Figure 13). The
release spectrum from metamorphic hornblende from an amphibolite (BC-136) gives a
plateau age of 154.2 + 2.0 Ma (I-sigma). Igneous muscovite from a weakly deformed
tonalite intrusion (BC-133) gives a plateau age of 149.1 + 0.4 Ma (1-sigma). The slightly

younger age for igneous-textured muscovite within the tonalite likely reflects the lower

24





closure temperature of muscovite (~350°) following its crystallization relative to that of
metamorphic hornblende (~400°%500°% McDougall and Harrison, 1999). Metamorphic
resetting of older (pre-deformation) muscovite is considered unlikely since the tonalite
sample analyzed crosscuts the amphibolite foliation and is only weakly foliated.

Based on the closure temperature of hornblende, the hornblende cooling age
probably represents the end of amphibolite-grade metamorphism during ongoing
deformation. Deformation associated with thrusting is inferred to have continued during
cooling to greenschist grade conditions based on the textural relationships (foliated vs.
non-foliated greenschist grade minerals in the mafic phyllonite and amphibolite and poorly
deformed nature of the tonalite intrusion itself) described in preceding sections. Thus the
muscovite cooling age represents a minimum age for the end of the thrusting.

Based on the ages given above, the end of amphibolite grade metamorphism of
amphibolite and intrusion of tonalite likely occurred during the Nevadan Orogeny. The
ages also correspond closely with the ~153-150 Ma *Ar/*°Ar age range obtained from
amphibolites and 150-146 Ma *Ar/>Ar age and 151 + 1 Ma (I-sigma) Pb/U age from syn-
tectonic intrusions along the Madstone Cabin thrust (Harper et al. 1994) as well as with a

K/Ar age of 155 + 5 Ma from metagabbro in the Big Craggies area.

Pressure and temperature conditions during deformation

Pressure and temperature conditions at the time of thrusting can be estimated

using observed metamorphic assemblages and microprobe analyses in conjunction with
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published geothermobarometers that utilize mineral compositions that equilibrate during
igneous crystallization or metamorphic recrystallization. In the Game Lake area qualitative
estimates of pressure and temperature can be made in the mafic phyllonites beneath the
thrust based on the relict amphibolite facies mineral assemblages and the dominant
retrograde greenschist facies assemblage. In the amphibolites, which retain an unaltered
early amphibolite facies mineral assemblage, quantitative estimates of temperature during
thrust-related metamorphism can be made using the amphibole-plagioclase thermometry of
Holland and Blundy (1994). For syntectonic tonalites, quantitative estimates of pressure
during intrusion and deformation are based on the phengite content of igneous and

metamorphic muscovite, respectively, using the geobarometer of Massone and Schreyer

(1987).

Amphibolite facies metamorphic conditions

In the amphibolites, the well-preserved mineral assemblage associated with the
deformation fabric consists of hornblende (edenite)-plagioclase (An,4s)-epidote-quartz-
sphene-ilmenite (+biotite and apatite; Figure 6). Chlorite, actinolite, sausseritized
plagioclase, and vein epidote and prehnite are also present, which show textural
replacement of the primary fabric-forming minerals and are considered to be part of the
retrograde mineral assemblage. The presence of hornblende and oligoclase/andesine and
absence of primary chlorite suggests amphibolite facies conditions in excess of ~550° C

(assuming medium pressures; Apted and Liou, 1983; Bucher and Frey, 2002). The
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presence of epidote in textural equilibrium with hornblende (edenite) and calcium-bearing
plagioclase indicates epidote-amphibolite subfacies and does not typically indicate
temperatures in excess of ~ 600° C (Bucher and Freyer, 2002), although epidote may be
stable at temperatures above 600° C under pressure conditions above ~4 kb (Apted and
Liou, 1983). Similarly, aluminous hornblende crystals in the amphibolite that have Al,O;
weight percents that range from ~ 10 to 13% suggest temperatures of ~ 550° C or more
(Apted and Liou, 1983).

The hornblende-plagioclase geothermometers of Holland and Blundy (1994) were
applied to microprobe analyses of quartz-bearing amphibolite (samples BC-037¢ and BC-
136 from the Game Lake area and SA-44 from the Madstone Cabin Thrust; note BC-136
is the same sample analyzed for “Ar/*Ar geochronology). Several constraints on the ratio
of elements present in various sites in hornblende and plagioclase and the temperature
range over which the thermometers were valid are given by Holland and Blundy (1994).
These constraints were met in all analyses of the Game Lake and Madstone Cabin Thrust
amphibolites and ferric iron content was calculated using the method described by the
authors. The effect of fluorine in the O(3)-site was not modeled by Holland and Blundy
(1994) but is below the detection limit in all amphibole crystals analyzed. In most cases,
visibly unaltered crystal interiors were analyzed, but two compositional cross-sections were
constructed using a series of probe points from rim-to-core-to-rim to evaluate the possibility
of post-metamorphism re-equilibration of the amphibole-plagioclase pair compositions.
Anomalously low temperatures result from calculations using hornblende rims and

suggests alteration occurred, most likely during greenschist facies metamorphism.
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The quantitative temperature estimation is pressure dependant and based on the
partitioning of tetrahedral aluminum and sodium between hornblende and plagioclase
[Thermomter A: [_, Si'V] ¢ [Na"* AI"]). The thermometer was applied to metamorphic
hornblende in textural equilibrium with coexisting plagioclase and represents a
metamorphic equilibration temperature. Holland and Blundy (1994) presented two
thermometers: one that can be applied to quartzbearing hornblende and plagioclase
assemblages and a second that can be applied to assemblages with or without quartz. In the
case of the samples analyzed, free quartz is present so both thermometers may be applied.
The results from thermometer A are presented in figure 14. The slope of the data from
thermometer A is less steep than thermometer B (not illustrated) and is therefore less
pressure dependant, although the steeper slope of thermometer B results in a greater
overall range of temperature (~600° to 750° C for thermometer A and 535° to 825° C for
thermometer B). The temperature estimate is pressure dependant and a pressure range of
3.5 to 6 kilobars is assumed based on the results of phengite geobarometry (see below).
This assumption may be invalid if rapid exhumation was occurring during the several
million years between hornblende growth in the amphibolite and the later stages of
tonalite intrusion (the phengites analyzed in geobarometric section utilize the later stage,
weakly deformed intrusions). If this is the case, then the temperature estimates given below
may be underestimated. However, based on the metamorphic assemblage present in the
amphibolites (discussed below), it seems likely that this has not occurred.

Thermometer A gives a constrained (by igneous phengite barometry) temperature

range of approximately 615° to 720° C. Although sample BC-037c shows a slightly lower
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range in temperature than that determined for BC-136 and SA-44 (Madstone Cabin
Thrust) and a slightly steeper slope for the Madstone Thrust sample (SA-44) is apparent,
the overlap in temperature ranges is nearly coincident indicating that similar temperature
conditions likely prevailed along the two thrusts.

The lower limit of the constrained range of geothermometer A results (T7615° C) is
higher than the upper limit (T600°C) of the qualitative estimation of the amphibolite
facies metamorphism based on the mineral assemblage. This suggests that pressure
conditions above 4 kilobars may have prevailed during metamorphism and stabilized
ampbhibolite-grade epidote above 600°C.

The early amphibolite facies mineral assemblage is rarely preserved in the mafic
phyllonites and consists of trace porphyroclasts of hornblende, clinozoisite, and
sausseritized plagioclase that are largely replaced by a retrograde greenschist facies
assemblage (Figure 5). The paucity of equilibration textures and mineral associations from
this relict assemblage precludes definitive statements regarding temperature and pressure
conditions during the formation of this assemblage. However, the few relict porphyroclasts

present suggest conditions consistent with those interpreted for the amphibolite.

Retrograde greenschist facies metamorphic conditions

The matfic phyllonite is almost completely dominated by greenschist grade mineral
assemblages. This contrasts with the amphibolite and tonalite that show a minor, though

variable, greenschist grade mineral assemblage component. These assemblages include
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actinolite, epidote, clinozoisite, chlorite, and plagioclase. Epidote, chlorite, prehnite,
calcite, and quartz are also present as fracture and vein-filling minerals. Actinolite and
chlorite are commonly observed in partial replacement of hornblende in amphibolites and
tonalite.

In the mafic phyllonites, oriented actinolite alternating with plagioclase-rich
domains are the dominant fabric-forming minerals (Figure 5). The reactions that replace
hornblende, calcic plagioclase, and quartz with actinolite, albite, chlorite, and epidote
occur below ~500° C (Apted and Liou, 1983; Best, 2003) and indicate cooling through
greenschist conditions under hydrous conditions. Most mafic phyllonites also contain a
fine-grained nonfoliated greenschist mineral assemblage that consists dominantly of epidote
with some chlorite and actinolite that variably overprints the mylonitic fabrics (Figure 5).
In rocks in which this assemblage is well developed, the terms greenschist, or even
greenstone, rather than phyllonite are more appropriate. This suggests that, along with the
presence of undeformed veins containing epidote and chlorite, fabric development
associated with deformation ceased while greenschist facies metamorphic conditions still
prevailed.

In the amphibolites, the retrograde assemblage is less well developed. Actinolite
rims and chlorite embayments into hornblende are common, as is sausseritization of the
cores of large, relict, zoned igneous plagioclase porphyroclasts. The alteration of igneous
porphyroclasts contrasts with metamorphic oligoclase/andesine formed as part of the
amphibolite facies assemblage, which shows little or no visible alteration, although some

albitization of their rims has occurred.
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Tonalite intrusion conditions

An igneous mineral assemblage that includes coarse-grained to pegmatitic
plagioclase, hornblende, muscovite, and quartz dominates tonalitic dikes and stocks. Minor
orthoclase, biotite, and trace amounts of nearly consumed garnet are also present in some
samples. Discordant intrusions that crosscut the amphibolite fabric, display weak, spaced,
anastomosing foliations composed of fine-grained recrystallized plagioclase and muscovite
(Figure 8). Intrusions, strongly deformed parallel to the amphibolite fabric, are dominated
by fabric-forming metamorphic hornblende and plagioclase, suggesting intrusion occurred
during amphibolite facies metamorphism. Chlorite, actinolite, and epidote commonly
replace hornblende, and igneous plagioclase cores are sausseritized, but show no evidence
of fabric development during retrograde metamorphism. Also present are non-foliated
veins that cut larger foliated plutons. Veins and fractures in the tonalitic rocks are
commonly filled with epidote, chlorite, or plagioclase. The above relationships suggest
diachronous intrusive events during cooling from amphibolite facies through greenschist
facies metamorphic conditions.

The geobarometer of Massone and Schreyer (1987) was used to estimate pressure
conditions during igneous crystallization and subsequent metamorphic recrystallization.
The phengite content ([(Mg,Fe)?, Si'V] <> [AI"Y]) of igneous and metamorphic muscovite (in
the presence of the buffering assemblage of orthoclase, quartz, phlogopite [biotite]) in two

tonalite samples from the Game Lake area (BC 123 and BC-133) and from a similar
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intrusion along the Madstone Cabin Thrust (J82-3) were determined. The phengite
geobarometer is temperature dependant, but some constraints on the temperature ranges
during igneous crystallization and subsequent metamorphic recrystallization can be
imposed. The temperature of intrusion and igneous crystallization is taken to be ~700° C
which is the approximate solidus temperature over a wide range of pressures of the
muscovite-bearing assemblage (Massone and Schreyer, 1987). However, little information
on the reactions that occur in granitoid rocks is available (Bucher and Frey, 2002) to
constrain the upper stability limit of muscovite during metamorphism, although,
muscovite in the presence of the buffering assemblage was stable up to ~700° C in the
experiments of Massone and Schreyer (1987). A minimum temperature of metamorphism
is assumed to be “300° C, the lower limit of greenschist metamorphism.

Average silica contents of muscovites (on an 11 oxygen basis) for muscovite-bearing
tonalites in the Game Lake area range from 3.05 to 3.10 apfu (with a total range of 3.02 to
3.13 apfu; Figure 15) for igneous muscovite, and is 3.06 apfu (total range of 3.04 to 3.10
apfu) for metamorphic muscovite. The average silica contents correspond to pressures that
range from ~ 3.5 to ~ 6 kilobars (T 11.5 - 20 km depth assuming a density of 3.3 gm/cm’ for
oceanic crust) for equilibration during igneous crystallization (at 700° C) and 0 to ~4
kilobars (713 km depth) for equilibration during metamorphic recrystallization (300° C to
700° C).

Sample ]82-3, from the Madstone Cabin thrust, gives average silica contents
of 3.07 apfu (total range 3.05 to 3.1 apfu) for igneous muscovite and 3.09 apfu (3.02 to

3.13 apfu) for metamorphic muscovite. The average silica content corresponds to pressures
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of 3.5 to ~ 5 kilobars (11.5 - 16.5 km) for igneous muscovite and O to ~ 6 kilobars (~ 20 km)
for metamorphic muscovite. Harper et al. (1990) also used the geothermobarometer of
Massone and Schreyer (1987) to assess the pressure conditions along the Madstone Cabin
Thrust. The reported silica content of sample J113-7 is 3.12 apfu from which they
determined a pressure of equilibration of 5.5 kilobars (~ 18 km) at 700" C.

The similarity in pressure estimates above suggests that pressure conditions during
intrusion and deformation along both the Madstone Cabin and in Game Lake thrusts
were comparable and that the upper oceanic block was approximately 11.5 - 20 kilometers
thick. Also, the overlap in silica contents between igneous and metamorphic muscovite
from both areas suggests that metamorphism of muscovite may have occurred shortly
following intrusion and igneous crystallization along both thrusts (assuming metamorphic

muscovite stability up to ~ 700°).

SUMMARY AND DISCUSSION

The results of field mapping and structural analysis of the units exposed near Game
Lake show that ultramafic rocks of the Snowcamp remnant of the Coast Range Ophiolite
were thrust northwestward over mafic phyllonites and amphibolites correlated with the
Chetco complex along a low-angle fault (Game Lake Thrust). Following Saleeby and
Harper (1993), the present day direction of thrusting (NNE) is inferred to be the result of
approximately 65° of regional clockwise rotation resulting from post-Nevadan oroclinal

bending. The mylonitic to ultramylonitic foliation in the mafic phyllonite directly below
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the thrust parallels the fault contact and is interpreted to be a thrustrelated fabric. Similar
foliation orientations present in amphibolites structurally beneath the phyllonites suggest
that the amphibolites were also deformed and metamorphosed during thrusting. Sense of
shear indicators indicate northeast directed motion of the upper ophiolitic plate. Late,
possibly conical, folds likely deformed those shear-sense indicators that indicate southeast-
directed motion. Diachronous muscovite-bearing tonalite dikes and plutons intruded the
lower plate before cooling of muscovite at ~ 149 Ma and probably during amphibolite
facies metamorphism that ended by about 154 Ma. Strongly foliated and deformed
intrusions are inferred to have formed during relatively early stages of thrusting while
weakly foliated tonalites that crosscut the amphibolite fabric are interpreted to have
intruded during relatively late stages of thrusting.

The dominant fabric-forming mineral assemblage in the amphibolite indicates
amphibolite grade conditions (~550° to more than ~600° C) were followed by retrograde
greenschist metamorphism with little to no associated fabric development. In contrast, a
similar, but relict, amphibolite grade assemblage is present in some phyllonite, overprinted
by a stronger fabric-forming retrograde greenschist facies (less than ~500° C) assemblage.
These relationships suggest that early thrusting occurred at amphibolite grade
metamorphic conditions. This was followed by continued fabric development in
phyllonites during the later stages of thrusting at lower greenschist grade conditions and
was localized directly below the Game Lake Thrust. The geothermometer of Holland and
Blundy (1994) gives a temperature range of ~615° to ~ 720°C for metamorphic hornblende

and plagioclase pairs in amphibolite. The geobarometer of Massone and Schreyer (1987)
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gives a pressure range of 3.5 to 6.0 kilobars (11.5 - 20 km depth) for igneous muscovite and
0 to 6 kilobars for metamorphic muscovite in tonalite. These ranges are consistent
(although the upper end of the range may be too hot) with those required to form the
observed metamorphic assemblages, assuming epidote stabilization above 600° C (> 4
kilobars). The similarity of the pressure-dependant silica contents of igneous and
metamorphic muscovite suggests deformation occurred shortly following intrusion, which
agrees with the timing of intrusion and deformation of the tonalites based on structural
relationships. The absolute age of thrusting is taken to be within the range of ~ 154 + 2.0
Ma for the amphibolite (i.e. prior to the end of amphibolite facies metamorphism) to ~ 148
Ma based on the cooling age of muscovite, which has a closure temperature similar to the
lower limit of greenschist facies metamorphism in the phyllonite. Harper et al. (1996)
presented a temperature-time path for the upper and lower plates of the Madstone Cabin
thrust upon which the equivalent data from the Game Lake thrust is superimposed (figure
16), and shows excellent correlation between the two thrusts.

The characteristics of the Game Lake Thrust are very similar to those of the
Madstone Cabin Thrust (Table 1a), indicating that the two thrusts are correlative.
Similarities in lithologic units, structural orientations and deformational styles, conditions
of metamorphism, metamorphic histories, cooling ages, and syntectonic intrusions are
shared by both thrusts. In addition, Harper et al. (1990) noted that “fresh” peridotite
overlies serpentinite mylonite, which in turn overlies mafic phyllonite and amphibolite
along the Madstone Cabin thrust. They hypothesized that fluids in the lower plate caused

retrograde metamorphism of the mafic rocks, but were sealed from the upper plate by
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volume expansion during serpentinization along the thrust surface (also Shervais, et al.
2004). Alternately, the base of the peridotite may have been a sink for fluids rising up out
of the lower block as serpentinization used up the available fluids, preventing flow much
beyond the fault interface (John Shervais, personal communication) Along the Game Lake
Thrust, a similar situation can be inferred where relatively unaltered peridotites are
separated by highly retrograded mafic phyllonites by an approximately 5 to 10 meter thick
coherently foliated serpentinite layer.

Two notable differences between the two thrusts exist (Table 1). First, the
serpentinite mylonite that forms the base of the Josephine Peridotite above the Madstone
Cabin Thrust contains antigorite (+brucite), while coherent serpentinite above the Game
Lake Thrust consists of the lower temperature serpentine polymorphs lizardite and
chrysotile. The antigorite along the Madstone Cabin thrust overprints lizardite and
chrysotile, indicating the upper plate underwent prograde metamorphism from less than
7350° C up to 300" to 400° C (Harper et al., 1996) or 450° C (Evans, 2004). Second, the
mafic phyllonite section at Game Lake is significantly thicker than observed along much of
the Madstone Cabin thrust. Harper et al (1990; 1996) suggested that the phyllonite was a
product of strong retrograde greenschist metamorphism of an amphibolite derived from a
gabbro protolith, the result of the channeling of fluids along the thrust. In the Game Lake
area, the mafic phyllonite also appears to be retrograded amphibolite, but the fine-grained
recrystallized nature of the phyllonite differs significantly from the coarse-grained
retrograded amphibolite, with no evidence for transitional units. This suggests that the

phyllonite may have formed as a result of retrograde metamorphism accompanied by grain-
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size reduction of an amphibolite derived from a basaltic protolith. This may also account
for the difference in thickness of the phyllonites observed along the two thrusts.

The results of this study show that the Madstone Cabin and Game Lake thrusts are
correlative, and therefore the ultramafic rocks at Game Lake are correlative with the

Josephine Ophiolite. Several possibilities follow from this:

1) If the Snowcamp terrane is part of the Coast Range Ophiolite then the Coast
Range and Josephine Ophiolites are correlative, and the Coast Range Ophiolite
has followed a similar emplacement history as the Josephine Ophiolite (i.e. not
exotic to North America)

2) The Snowcamp Ophiolite is not a remnant of the Coast Range Ophiolite at all,
but is an outlier of the Josephine Ophiolite.

3) The peridotite at Game Lake is unrelated to the ophiolite remnant at
Snowcamp Mountain proper and a terrane boundary is required somewhere

between the two areas.

In the Game Lake area, The Colebrook Schist structurally underlies both the mafic
phyllonite and peridotite. Its outcrop distribution indicates that this contact crosscuts the
Game Lake Thrust, and that the amalgamated ophiolite and arc rocks were emplaced over
the Franciscan rocks. This is, in part, similar to the relationship seen with other Coast
Range Ophiolite remnants. Beyond the features of the Snowcamp Terrane that suggest

correlation with Coast Range Ophiolite described in earlier sections (non-flysch
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sedimentation during the Nevadan Orogeny, lack of deformation in cover sedimentary
rocks, age, see Table 1b), other evidence to support possibility #1 includes geochemical
evidence from parts of the Rogue River (Wild Rogue Ophiolite) and Snowcamp Mountain
that indicates some affinity with other Coast Range Ophiolite remnants (see Harper et al.
2000; Kosanke 2000) suggesting that the Snowcamp remnant may be transitional between
the Josephine and Coast Range Ophiolites. Pillow lavas in the western part of the Wild
Rogue Ophiolite have island arc affinities and overlying metavolcanics are high-Cr or calc-
alkaline, similar to many Coast Range Ophiolite remnants (Kosanke, 2000; Shervais et al
2004). However, the eastern part of the Wild Rogue Ophiolite contains sheeted dikes, rare
in the Coast Range Ophiolite, but common in the Josephine Ophiolite (Harper et al ,
2002). Also, a large Nevadan-aged shear zone cuts the Wild Rogue Ophiolite (Blossom Bar
Shear Zone, Kosanke, 2000).

Several pieces of evidence suggest that possibility #3 may be correct. A large, late,
high-angle fault along the western boundary of the field area suggests that a terrane
boundary may be present. Also, the pressure determination based on Massone and
Schreyer (1987) indicates that the blocks overlying both the Madstone Cabin and Game
Lake thrust were at least 11.5 kilometers thick during thrusting. This contrasts with the
thicknesses of other Coast Range remnants, which are unusually thin, particularly the
plutonic igneous section, relative to typical ocean sections (Hopson et al. 1981). Finally, an
ophiolite section, also part of the Snowcamp terrane, several kilometers to the north along
the Rogue River shows evidence of being related geochemically, at least in part, to the

Josephine Ophiolite (Kosanke, 2000; Kosanke et al, this volume).
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ANALYTICAL METHODS

“Ar/*Ar analysis was conducted at New Mexico Geochronology Research
Laboratory. Uncertainties in ages are given at the 1-sigma level. Plateau ages incorporate
uncertainties in interfering reaction corrections and J factors. Ages determined relative to
FC-1 Fish Canyon Tuff sanidine interlaboratory standard at 27.84 Ma. Decay constants
and isotopic abundances after Steiger and Jager (1977).

Mineral analyses used for geothermobarometry were obtained using the JEOL 8900
Electron Microprobe at Binghamton University (William Blackburn). Geothermometry
was determined using the method of Blundy and Holland (1994). Ferric iron was
recalculated according to Spear and Kimball (1984) and Robinson et al. (1982) with 2
additional constraints on the composition of hornblendes: 1) total M2 cations (Al[VI], Ti,
and Fe+3) cannot exceed 2 atoms/f.u.; 2) Ca in M4 site cannot exceed 2.00 atom/f.u.
Flourine content was analyzed for and found to be zero for all analyses. Geobarometry was
determined using the method described in Massone and Schreyer (1987).

Structural data was analyzed using the program Stereonet v. 6.1.1 (Dr. Richard

Allmendinger).
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Figure 4. View of the Game Lake thrust (looking approximately north).
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ep+chl+act

Figure 5. Plane light (2.5x) photomicrograph of mylonitic texture of mafic
phyllonite (BC-307). Note imbricated and rotated porphyroclasts of clinozoisite
(clz) and fibrous actinolite (act). Light-colored albite-rich zone (ab) shows strong
foliation (S1) while foliation is dark area is partly obscured by non-foliated chlorite
(chl) and epidote (ep).
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Figure 6. Plane light (2.5x) photomicrograph of amphibolite (BC-136). Foliation
(S1) defined by hornblende (hbld) and plagioclase (plag) and to a lesser extent by
epidote (ep) and quartz (qtz). Slight alteration of hornblende to chlorite (chl) is

present. Tonalite vein is deformed parallel to foliation.
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Figure 7. Crossed-nicols (2.5x) photomicrograph of metagabbro (BC-005)
showing protomylonitic texture. Large igneous plagioclase (plag) porphyroclasts
show significant sausseritization and subgrain development (lower right). Small,
oriented, recrystallized grains of hornblende (hbld) and plagioclase define foliation.
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Figure 8. Crossed-nicols (2.5x) photomicrograph of tonalite (BC-133). Large
igneous muscovite (musc) is strained rimmed by fine-grained recrystallized
muscovite. Present are large igneous plagioclase (plag), small recrystallized
plagioclase, and subgrains.
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Figure 9. Field photograph of amphibolite (BC-037) with folded tonalite dikelet
that parallels S1 amphibolitic foliation. Pencil is 14 cm long.
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Figure 10. Field photograph of open fold in amphibolite (BC-136). Dog head is
14 cm wide.
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Figure 11. Structural data from Game Lake and Madstone Cabin thrusts.

a.) Structural data from Game lake area (this study). b). Structural data from
southern exposure of Madstone Cabin thrust (modified from Harper et al, 1990).
c.) Rotated structural data from northern exposure of Madstone Cabin thrust
(adapted from Loney and Himmelberg, 1977). d.) Unrotated structural data from
northern exposure of Madstone Cabin thrust (modified from Loney and

Himmelberg, 1977).
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Figure 12. Lineation data from Game Lake thrust. a.) Plot of NW trending
lineations and associated foliations on which they occur. b.) Plot of NE trending
lineations and associated foliations. c.) Plot of NW and NE lineations scatter
along a small circle whose axis approximates average late fold axis

(0, N 10 W, 500 radius), suggesting conical folding.
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Figure 14. Results of application of geothermometer A (tremolite-richterite) of
Holland and Blundy (1994) to coexisting hornblende-plagioclase pairs in
amphibolites from Madstone Cabin thrust (SA-44) and Game Lake thrust (BC-136,
BC-037c). Shaded areas represent pressure range derived

from phengite barometer (see figure 15).
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Figure 15. Results of application of phengite geobarometer of Massone and
Schreyer (1987) to igneous (a.) and metamorphic (b.) muscovite in tonalites from
Madstone Cabin thrust (J82-3) and Game Lake thrust (BC-123, BC-133). Vertical
bars represent average silica content of igneous and metamorphic muscovite from
each sample. Shaded area represents the range of all analyses for each sample
using constraints given in text.
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Figure 16. T-t path for Madstone Cabin and Game Lake thrusts. Black lines and
boxes (Madstone Cabin thrust) modified from Harper et al. (1996). Gray boxes
represent T-t data (40Ar/39Ar ages and closure temperature ranges) from Game
Lake thrust.
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ABSTRACT

Modern and past ridge subduction events are characterized by the intrusion of MORB
magmas into an accretionary prism. The field relationships and incompatible trace element
geochemistry of Ordovician basalts of the Weeksboro-Lunksoos and Munsungun
Anticlinoria of north-central Maine are shown in this paper to be the products of the
attempted subduction of an active oceanic spreading ridge. The Bean Brook Gabbro
intrudes metasedimentary rocks of the Hurricane Mountain Mélange and other related
sedimentary strata of continental origin. The Dry Way Volcanics, and associated Bean
Brook Gabbro have N-MORB incompatible trace element chemistries while the Stacyville
Volcanics and Bluffer Pond Formation have compositions intermediate between N-MORB
and EMORB, indicative of derivation of from depleted upper mantle. On petrogenetic
diagrams, mafic samples plot either in N- or EMORB fields, or when thorium is used as a
discriminator (Th-Hf-Ta, Th/Yb-Ta/Yb), along trends toward the composition of upper
continental crust. This trend is consistent with the presence of silicic and metasedimentary
xenoliths in the Dry Way Volcanics and Bean Brook Gabbro and indicates the magmas
were not subduction products but obtained thorium enrichment through crustal
contamination. The nearby Chain Lakes Massif likely represents the basement to the
“Chain Lakes microcontinent” and the geographic relationship and ages of the Chain
Lakes Massif, Hurricane Mountain Mélange, and Dry Way/Bean Brook magmatic rocks
indicate west/northwest-directed subduction on the eastern margin of the Chain Lakes
microcontinent, within the early-mid Ordovician Taconic ocean. Subduction at this
boundary probably terminated because of the attempted ridge subduction, analogous to
Neogene California.
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INTRODUCTION

Over the past decade, the simple model of a largely featureless Taconic ocean
undergoing closure along two or three subduction zones has been replaced by a more
complicated Western Pacific-style model that envisions multiple (including some coeval)
island and continental arcs, back-arc basins, continental fragments, and collisions between
these elements as the ocean closed (van Staal, 1994; van Staal et al. 1998; Karabinos et al.
1998; Robinson et al. 1998). Aspects of the recent to modern Pacific Ocean that have been
largely unrecognized in the history of the northern Appalachians are the effects of ridge-
trench interactions. Simple plate tectonics require at least one spreading ridge system to
have been present during the creation of the Appalachian (lapetus) Ocean, although it is
likely more existed due to the numerous ocean crust-dominated plate remnants that are
present. The subduction of parts of a spreading ridge is the process that we think best
explains regionally significant mid-Ordovician mafic magmatism of the central Maine
Appalachians.

This paper describes the geology and geochemistry of the Ordovician Bean Brook
Gabbro and equivalent Dry Way Volcanics in the Chesuncook Dome section of the
Weeksboro-Lunksoos anticlinorium, northern Maine. Their MORB geochemical
characteristics and field relationships with mélange, flysch, and continental margin
sedimentary rocks are consistent with emplacement in an accretionary prism during the
subduction of an active spreading ridge. A similar case is made for basalts in the nearby

Munsungun anticlinorium, the Shin Pond-Stacyville area of the Weeksboro-Lunksoos
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Anticlinorium, and possibly for the Lobster Mountain Anticlinorium. This interpretation,
in conjunction with the tectonic interpretations of the associated late Cambrian(?) to early
Ordovician-aged rocks in the three anticlinoria of northern Maine has significant

implications for the closure history of the Taconic Ocean.

REGIONAL CORRELATIONS, PALEOPOSITION, AND PREVIOUS

INTERPRETATIONS OF TECTONIC SETTING

Cambrian(?) to Ordovician volcanic rocks occur in several outliers in northern
Maine, specifically the Weeksboro-Lunksoos, Munsungun, and Lobster Mountain
anticlinoria (Figure 1). Our study focuses on the rocks of the Chesuncook Dome of the
Weeksboro-Lunksoos Anticlinorium, but correlation of these rocks with the Shin Pond
and Stacyville areas, also of the Weeksboro-Lunksoos Anticlinorium and the Munsungun
and Lobster Mountain Anticlinoria require an overview of these areas.

Stratigraphic sections containing these volcanics are described below and
summarized in figure 2, although only the Cambrian and Ordovician sections are
considered in detail. The anticlinoria crop out from beneath a widespread carpet of
Devonian (Acadian-deformed) Seboomook flysch. Because they have been lightly studied
(with the exception of the Lobster Mountain anticlinorium) and lack direct connection
with other pre-Devonian groups of rocks in New England and Canada, our understanding
of their relationship to other tectonic terranes in the northern Appalachians is poor,

despite the low metamorphic grade of the rocks. They are approximately along-strike with
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the Bronson Hill anticlinorium of southern New England (Hall, 1970; Robinson et al.
1998), with which they have been tentatively correlated, and, to the northeast, with the

Tetagouche and Fournier groups of New Brunswick (Winchester and van Staal, 1994).

Shin Pond-Stacyville area of the Weeksboro-Lunksoos Anticlinorium

Neuman (1967) described the geology of the Shin Pond and Stacyville quadrangles
of the Weeksboro-Lunksoos anticlinorium. The oldest rocks there are complexly deformed
slates and quartzite of the Grand Pitch Formation, which are unconformably (Penobscot
disturbance, introduced by Neuman, 1967) overlain by the less deformed tuffaceous Shin
Brook Formation. The age of the Grand Pitch Formation, based on the presence of the
trace fossil Oldhamia smithi Ruedeman, is most likely lower Cambrian but could extend up
to as young as early Ordovician. The Shin Brook Formation contains a shelly fossil
assemblage of Early Ordovician to early Middle Ordovician age. Structurally overlying the
Shin Brook Formation are faulted-bounded unnamed volcanic greenstones (informally
termed the “Stacyville Volcanics” by Wellensiek et al., 1990 and Winchester and van Staal,
1994, a usage retained for this paper). The age of the Stacyville Volcanics is inferred to be
mid-Ordovician based on its structural position between the underlying Shin Brook and
Grand Pitch Formations and conformably(?) overlying Wassataquoik chert of Middle
Ordovician age. Metadolerite that intrudes both the Grand Pitch and Shin Brook
Formations was proposed by Neuman (1967) to be related to the Stacyville Volcanics.

Structurally overlying the chert, but in fault contact with it, is a thick sequence of
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conglomerate, sandstone, and siltstone of Ashgill age. Neuman (1967) infers that the
contact with the underlying chert is an unconformity based on the presence of chert clasts

in the basal beds of the conglomerate.

Southern Munsungun Anticlinorium

Hall (1970) mapped the southern half of the Munsungun anticlinorium. The oldest
units there are deformed unnamed Cambrian(?) phyllites and slates, and the Chase Brook
Formation (also slate). The age constraints on this unit are poor, as no fossils have been
recovered. The only evidence for its age comes from the overlying and less deformed units;
the Chase Lake Formation that contains Caradocian fossils, and the Bluffer Pond
Formation (with Caradocian graptolite assemblages Berry, 1960, cited in Hall, 1970). Hall
inferred this contact to be unconformable and correlative with the Penobscot
unconformity of Neuman (1967) based on the structural discontinuity between the
formations and the presence of clasts of Chase Brook slate in the basal conglomerates of
the Chase Lake Formation. The Chase Lake Formation is composed of conglomerate- and
slate-graywacke and is conformably overlain by pillow basalts and dolerites of the Bluffer
Pond Formation, which contain sediments with later Caradocian graptolites (Berry, 1960,
cited in Hall, 1970), and also intertongues with and is, in part, a time-equivalent to the
Chase Lake sediments. Thus the ages of the Chase Lake and Bluffer Pond Formations
approximate the age of the Stacyville volcanics. Hall also describes the Munsungun Lake

Formation that is composed of brecciated felsic flows, tuffs, and dolerites (pillows are rarely
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seen). The basal contact of the Munsungun Formation is conformable with the underlying
Bluffer Pond Formation. The upper contact is in part conformable where overlain by the
tuffaceous slate of the Blind Brook Formation and unconformable (Taconian) where
overlain by upper Silurian to Devonian rocks. The Blind Brook sediments contain
Caradocian and Ashgill fossil assemblages and Hall (1970) correlates them with the
Wassataquoik chert and overlying conglomeratic rocks of Ashgill age in the Stacyville-Shin

Pond area.

Lobster Mountain Anticlinorium

Of the rocks considered in this paper, the Lobster Mountain Anticlinorium
(Boundary Mountain Terrane of Boone and Boudette, 1989) has received the most
previous study. The oldest unit in the anticlinorium is the Precambrian Chain Lakes
Massif, a distinctive and variable granofels and gneissic terrane, polymetamorphosed, and
long considered an allochthonous terrane (e.g. Zen, 1983). Differences in lithology, age,
and metamorphic history based on isotopic data suggest it is largely unrelated to
Grenvillian or Avalonian basement (see discussion in Cheatham et al., 1989). In addition,
Spencer et al. (1989) concluded that Grenville crust extended as a wedge beneath the
massif, separated by a major décollement of Taconian origin, based on results of the
Quebec-Maine seismic survey. They also suggested that Chain Lakes crust likely underlies a
significant part of the Connecticut Valley-Gaspé Synclinorium. The southeast flank of the

Chain Lakes Massif is in fault contact with the southeast-younging Boil Mountain
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Ophiolite and volcanic Jim Pond Formation (Boone and Boudette, 1989), which together
comprise the “Boil Mountain ophiolitic complex” of Coish and Rodgers (1987). Isotopic
ages for ophiolite genesis have been reported, including Cambrian ages of 500 + 10 Ma (U-
Pb zircon; Aleinikoff and Moench, 1985), 520 + 12 Ma (U-Pb zircon; Eisenberg, 1981),
and an Arenigian age 477 + 1 Ma (U-Pb zircon; Kusky et al., 1997). These ages should also
represent a maximum age of emplacement, but this is controversial. Boone and Boudette
(1989) used the Cambrian ages to distinguish the ophiolite emplacement event as
associated with the Penobscot disturbance, distinct from the Taconian Orogeny. Although
Kusky et al. (1997) report a younger age of origin, they also interpret it as an event separate
from emplacement. The upper part of the Jim Pond Formation is disrupted and truncated
by a fault that juxtaposes it with the Hurricane Mountain Formation (Boone and Boudette,
1989; Boone et al., 1989). The Hurricane Mountain Formation has been interpreted as a
tectonic mélange associated with subduction related to the Penobscot disturbance (Boone
and Boudette, 1989; Boone et al., 1989). Boone and Boudette (1989) correlated the
mélange with the inferred younger Chase Brook Formation in the Munsungun
Anticlinorium, and the difference in ages suggested to them a possible diachroneity of
mélange formation. In the Weeksboro-Lunksoos Anticlinorium, they noted that similar
lithologies to the Hurricane Mountain Formation (The Grand Pitch) were present
unconformably underlying the Shin Brook Formation and was also tentatively correlated
with the mélange by Boone et al. (1989). The Dead River Formation overlies the Hurricane
Mountain Formation and is a volcanogenic flysch that Boone and Boudette (1989)

interpret as Penobscot-associated forearc basin deposits. At the northeastern end of the

65





Lobster Mountain Anticlinorium, bordering Moosehead Lake, the volcanogenic Kennebec
Formation and Lobster Mountain volcanics (Boucot, 1969; Simmons-Major, 1988)
unconformably overlie the Dead River Formation and contain fossil assemblages of

Llanvirn to Llandeilo, and Ashgill ages, respectively.

Paleoposition and Previous Interpretations of Tectonic Setting

Evidence from the Cambrian(?) to Ordovician sections in north-central Maine has
led to conflicting interpretations concerning paleopositional settings during this time. In
the Weeksboro-Lunksoos anticlinorium, sedimentary rocks of the Shin Pond Formation
contain a shelly fossil assemblage of Celtic affinity, indicative of high latitude depositional
environments significantly south of the paleo-Laurentian margin (Neuman, 1984). In
contrast, paleomagnetic data from the overlying Stacyville volcanics and the Bluffer Pond
Formation in the Munsungun anticlinorium indicate a low-latitude extrusion environment
near the Laurentian margin (Wellensiek et al., 1990; Potts et al , 1993).

Tectonic settings inferred from the geochemistry of the volcanic rocks are likewise
difficult to reconcile. Early studies by Hynes (1976; 1981) concluded that the Bluffer Pond
Formation likely extruded in an oceanic within-plate setting while the Stacyville volcanics
were associated with formation in an island arc. In contrast, Winchester and van Staal
(1994) inferred a rifted, continental within-plate setting for both the Bluffer Pond
Formation and Stacyville volcanics as well as for the Dry Way Volcanics of the Chesuncook

Dome, although van Staal et al. (1998, p. 226) later retracted this conclusion in favor of a
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possible accreted seamount or ridge subduction origin for the Munsungun Anticlinorium.
Winchester and van Staal (1994) noted strong thorium enrichment and a negative
niobium anomaly on the MORB normalized diagram and suggested the basalts were
contaminated by thorium-rich continental crust. Additionally, they analyzed volcanics from
the Munsungun Lake Formation and concluded that they formed in a back-arc setting
based on mixed island arc and MORB characteristics. In the Lobster Mountain
anticlinorium, Boone and Boudette (1989) and Boone et al. (1989) proposed that a
southeast-dipping subduction zone was responsible for emplacement of the Boil Mountain
Ophiolite and formation of the Hurricane Mountain mélange and Dead River forearc
deposits during the Penobscot disturbance. The polarity of the subduction was based on
the similarity in spatial relationships of the mélange and forearc deposits (Boone and
Boudette, 1989) relative to those of the Taconic Orogeny in Quebec (St. Daniel Formation
and Magog Group), which is widely considered to have been an east-dipping subduction
system (e.g. Pinet and Tremblay, 1995). Boone et al. (1989) also used the inferred large-
scale orientation of foliations in the mélange to support this argument.

Winchester and van Staal (1994) correlated the volcanics of the Bluffer Pond
Formation/Stacyville volcanics and the Munsungun Lake Formation, respectively, with the
Tetagouche and Fournier groups of New Brunswick, where a rifted continental arc setting
is inferred. Van Staal et al. (1998) later discounted this correlation based on the

paleomagnetic data of Potts et al. (1993; 1995).
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CHESUNCOOK DOME OF THE WEEKSBORO-LUNKSOOS ANTICLINORIUM

Griscom (1976) and Jarhling (1981; cited in Osberg et al. 1985, Boone and
Boudette, 1989, and Boone et al. 1989) described the rocks of the Chesuncook Lake area
of the Weeksboro-Lunksoos anticlinorium, referred to as the Chesuncook Dome, which is
separated from the Shin Pond and Stacyville areas by the intrusion of the early Devonian
Katahdin Granite. The oldest units consist of approximately 3000-4000 meters of highly
deformed sedimentary rocks mapped as slate interbedded with varying amounts of graded
beds of coarser meta-siltstones and quartzite with rare tuffs (Chesuncook Dam Formation)
and a unit of quartzites and meta-subgraywackes with rare conglomerates (Sawmill
Formation). The Hurricane Mountain and Dead River Formations are also present; the
latter grades laterally into the Sawmill Formation, which is overlain by the Southeast Cove
Formation, a succession of siltstone, slate, and quartzite (Jarhling, 1981, referenced in
Boone and Boudette, 1989). Boone and Boudette note the Southeast Cove Formation is
similar to the Grand Pitch Formation in the Stacyville-Shin Pond area. No fossils have
been found in these units, but all of the above formations are intruded by the Bean Brook
Gabbro (see below) which Faul et al. (1963) dated using K/Ar (biotite) at 473 Ma (no error
quoted; age recalculated here according to Steiger and Jager, 1977). The sedimentary units
have been assigned a Cambrian age (Griscom, 1976; Osberg et al., 1985) although they
might be as old as Precambrian or as young as early to mid-Ordovician.

Next, the Dry Way volcanics consist of greenstones (pillowed mafic lava and

dolerite with minor chert). The contact between the volcanics and deformed Cambrian(?)
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sediments is faulted but was proposed by Griscom (1976) to have been an unconformity
based on the lack of penetrative deformation in the volcanics compared with strong
deformation in the Cambrian(?) aged meta-sediments, and the similar structural
discontinuities (Penobscot) seen beneath the Stacyville Volcanics in the Stacyville-Shin
Brook area and the Bluffer Pond Formation in the Munsungun Lake Anticlinorium. The
top of the Dry Way volcanics is marked by an angular unconformity overlain by the
Silurian-aged Ripogenus Formation, whose base is conglomeratic containing abundant
clasts of the underlying volcanics. The unconformity is well exposed in the gorge directly
below the dam on Ripogenus Lake and is considered to be Taconian in origin (Griscom,
1976; Kusky et al. 1994).

Griscom (1976) correlates the Dry Way volcanics with the Stacyville volcanics in
the Stacyville-Shin Pond area based on its inferred stratigraphic position above the
Cambrian(?) units. Additionally, the volcanics occupy a similar position to unnamed
greenstones mapped by Rankin (1961; reported in Griscom, 1976) in the Traveler
Mountain quadrangle, which unconformably overlie the Grand Pitch Formation and are in
turn overlain by Silurian-aged conglomerate. Griscom (1976) also correlates the Dry Way
volcanics with the Caradocian Bluffer Pond Formation in the Munsungun anticlinorium.

The age of the Dry Way Volcanics is only constrained by the brachiopod-bearing
Ripogenus Formation (Llandovery to Ludlow), which unconformably overlies the volcanics
(samples of the Bean Brook Gabbro were processed for zircons, but likely candidates to
give an accurate U/Pb igneous age were not found). Possible equivalents elsewhere that

have more closely defined ages are Kennebec Formation (Llanvirn to Llandeilo) and
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Lobster Mountain Volcanics (Ashgill), the Stacyville volcanics (Middle Ordovician) and the
Bluffer Pond Formation (early Caradocian). Within this context, emplacement of the Bean
Brook Gabbro and Dry Way Volcanics may have occurred in the range of early Middle to
early Late Ordovician. The overlying unconformity, widely considered to be of Taconic
origin, is no older than upper Middle Ordovician based on Middle Ordovician
Wassataquoik Chert and Caradocian graptolites from the Munsungun Lake Formation,
and the Caradocian to Ashgill Blind Brook Formation, all of which are cut by the
equivalent unconformity.

The main exposure of Bean Brook Gabbro is located south-southeast of Ripogenus
Lake, but occurrences of gabbro are also found along the shore of Chesuncook and
Ripogenus Lake, intruding the Sawmill Formation, as well as isolated dikes, and plugs in
the other sedimentary units (Hurricane Mountain, Dead River, Southeast Cove) to the
west. At the macroscopic scale, the contact between igneous and country rock is gradual.
Outcrops consisting entirely of coarse-grained gabbro occupy large areas on the eastern side
(near its contact with the Katahdin granite), but to the west massive coarse- and fine-
grained gabbros are intercalated with increasingly abundant fragments of wallrock; near the
mapped contact these grade into outcrops composed of wallrock with irregular-shaped
gabbroic and diabasic dikes and veins in decreasing abundance westward over several
hundred meters (Figure 3a). At mesoscopic scale, intrusions often display chill margins
along contacts with country rock and sometimes grade, within several centimeters of
intrusive contacts, from a dark-colored, fine-grained, sometimes diabasic, texture to lighter-

colored, medium-grained gabbro. Some outcrops display both fine-grained and medium-
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grained varieties, in some cases gradational, others in sharp, crosscutting contact. In one
outcrop, light-colored, feldspathic, medium-grained gabbro intrudes the darker, fine-
grained variety. Some gabbro outcrops contain basaltic dikes, which also intrude the host
metasedimentary rocks. Deformational features (foliations, folds, and some fractures)
present in the sedimentary country rock are not seen in the gabbro or dikes and are
truncated along their contacts, although some intrusive contacts show “pseudo-folding”
where the intrusions follow preexisting folds in the older rock (Figure 3b). Most outcrops
contain fractures, and the gabbro and dolerite are cut by these as well as by calcite and/or
quartz veins, and at the contacts with sedimentary rocks are commonly modified by small
faults.

Griscom (1976) considered the Bean Brook Gabbro to be the intrusive equivalent
to the Dry Way Volcanics based on the presence of dikes similar to the gabbro intruding
the volcanics near its contact with the gabbro, which decrease substantially in abundance

away from the contact into the volcanics.

PETROGRAPHY

Detailed petrography of the Dry Way Volcanics and Bean Brook Gabbro is
described in Griscom (1976), but a brief description of the samples used for geochemistry
is given here.

The Dry Way Volcanics are basalts and dolerites and the Bean Brook gabbros range

from dark-colored dolerite to medium-dark colored, fine-to-medium grained gabbro to
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feldspathic, light-colored, medium-grained gabbro. All samples examined have been
exposed to lower greenschist facies metamorphism.

Despite evidence that the rocks have been exposed to lower greenschist grade
metamorphism some samples display preserved igneous textures. These are holocrystalline
(gabbros) to hypocrystalline (dolerite and volcanics) euhedral to subhedral, inequigranular
to equigranular (where sufficient igneous minerals are present, plagioclase forms the larger
crystal sizes and is in some cases porphyritic), intergranular (Figure 6a), but occasionally
sub-ophitic. Plagioclase crystals in many cases have a radiate texture (Figure 6b) and when
not altered show good albite twinning.

Most coarse-grained samples show original plagioclase (although variably
saussuritized), but the mafic minerals are typically partially to fully recrystallized. Despite
this, many samples retain some useful information regarding igneous mineralogies,
including pseudomorphs. Original pyroxenes (augite, per Griscom, 1976) are poorly
preserved, largely replaced by chlorite, but retain pseudomorphic textures and relict
cleavage planes; some samples preserve some original, partially-altered olivine and
pyroxene. Other relict igneous minerals include skeletal opaques and quartz(?).
Metamorphic minerals are dominantly chlorite and cryptocrystalline saussurite but include
epidote, actinolite, calcite, quartz and occasionally igneous brown hornblende partially

replaced by actinolite and chlorite.
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GEOCHEMISTRY

We have made new geochemical analyses (using XRF and ICP-MS methods) of
three Dry Way basalts and ten Bean Brook gabbros and dolerite in the Chesuncook Dome;
sample locations are given in figure 4. We also include in our study two published analyses
of the Dry Way Volcanics by Fitzgerald (1991), and 14 analyses (selected from the complete
dataset kindly provided by John Winchester), which are condensed in Winchester and van
Staal (1994), including samples from the Munsungun (Bluffer Pond and Munsungun Lake
Formations) and Lobster Mountain (Lobster Mountain Volcanics) anticlinoria,
Chesuncook Dome (Dry Way Volcanics), and Shin Pond-Stacyville area (Stacyville
Volcanics). Due to similarity of the chemistries, the Dry Way Volcanics and Bean Brook
gabbros are collectively referred to below as the Chesuncook Dome suite, and the Bluffer
Pond basalts and Stacyville Volcanics are referred to as the Northeastern suite. Because of
the small number of analyses and differences in chemistries, the Lobster Mountain
Volcanics and Munsungun Lake Formation basalts are considered separately.

The criteria used to select or exclude analyses from the large dataset (105 analyses)
that is summarized in Winchester and van Staal (1994) are: 1) Location, because some
analyses (e.g. Haymock Lake) strongly resemble those of the nearby Devonian Spider Lake
Volcanics and map locations suggest the younger basalts may have been inadvertently
sampled; 2) Only complete or nearly complete (relative to the elements included in our
dataset) analyses were selected; and 3) Analyses that we judge show significant anomalies in
several elemental concentrations, likely caused by secondary alteration, were not included.

We think that these are independently justifiable selection criteria and that the conclusions
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based on the select dataset are representative of the magmatic conditions and tectonic
setting of this area during the Ordovician.

Geochemical laboratory methods are described in the appendix and the data from
samples used in this paper are given in Table 1. Although deformation is not strong in
these rocks, all have been affected by lower greenschist facies hydrothermal and regional
metamorphism. In order to avoid problems of element mobility during metamorphism
(e.g. Pearce 1996), our inferences on the tectonic origin of the volcanics are derived only
from relatively immobile trace and rare earth element data. All of the rocks for which
analyses are presented here are subalkaline to tholeiitic basalts, dolerite, or gabbros, which
fall in the basalt field of the Zr/Ti vs. Nb/Y diagram (Figure 5) of Winchester and Floyd
(1977; modified by Pearce, 1996) and this is consistent with their SiO, concentrations that
range from 49.59% to 55.45% and low alkali element concentrations (Na,O + K,O <
5.5%).

To prevent the inclusion of samples of gabbros or dolerite with significant
cumulate modification we screened for petrographic cumulate textures, rejected samples
that show positive europium anomalies on chondrite-normalized diagrams, and also
rejected those having anomalously high concentrations of any of the following elements
that are compatible in cumulate crystals according to the criteria of Pearce (1996):
Al,05>20% (feldspar cumulates); Sc>50 ppm (clinopyroxene cumulates); and Ni>200 ppm
(olivine cumulates). From our original dataset that included 14 gabbro and dolerite
samples, four were rejected for anomalously high concentrations of at least one of these

elements, and each of these rejected samples also displays a positive europium anomaly.
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In the gabbro, metasedimentary xenoliths are commonly observed at the outcrop
scale and Griscom (1976) also reported pelitic xenoliths. The effects of assimilation of
preexisting country rock are seen in the tectonic discrimination diagrams used below. In
each diagram, the average composition of thorium-rich upper continental crust is plotted
and the sample distributions roughly define trends towards this composition.
Compositional data for pre-Ordovician north-central Maine rocks are lacking so the
average upper continental crustal composition of McLennan (2001) is used. For two of the
tectonic discrimination diagrams used below (Th-Hf-Nb, Th/Yb-Ta/Yb) these trends are
nearly equivalent to the supra-subduction zone vector, due to the use of thorium as a
discriminator of arc environments. This produces a significant potential for

misidentification of tectonic environment, and is discussed below.

Normalized rare earth and trace element diagrams

Rare earth element (REE) concentrations of the Chesuncook Dome suite are
shown on the chondrite-normalized diagram (Figure 7a) and selected trace elements are
shown on the MORB-normalized diagram (Figure 7b). On the chondrite-normalized
diagram the pattern of REEs is flat, typical of N-MORB, although the concentrations are
slightly enriched. Three of the gabbros (CSP-002, CSP-006, and CL-04-21) are significantly
enriched in the incompatible light rare earth elements (LREEs) and show a negative slope.
In contrast, the pattern of the MORB-normalized diagram shows some discrepancy from

typical MORB. While most elements on the diagram show little to no enrichment relative
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to MORB, thorium and cerium are enriched and a tantalum-niobium negative anomaly is
present (relative to thorium and cerium), characteristics commonly associated with basalts
from supra-subduction zone settings. The pattern of enrichment of these two elements
shows a spectrum of concentrations, which suggests that the enrichment factor is variable
in these samples.

REE patterns (Figure 7¢) between the two groups (Bluffer Pond Formation and
Stacyville Volcanics) of the Northeastern suite show strong correlation. REEs are
moderately enriched relative to chondrite and show a small negative slope characteristic of
E-MORB. On the MORB-normalized diagram (Figure 7d) a similar pattern is evident
except that thorium is strongly enriched and tantalum shows less enrichment relative to
niobium and cerium, resulting in a small tantalum negative anomaly. The Zr/Y ratio of the
Munsungun/Stacyville basalts (4.2) is greater than that of the Chesuncook Dome suite
(3.2), which has a flatter, MORB-like pattern.

REE patterns for the Munsungun Lake Formation in the Munsungun
Anticlinorium and the Lobster Mountain Volcanics of the Lobster Mountain
Anticlinorium (Figure 7e) differ from one another but resemble the suites from the
Chesuncook Dome and Northeastern suites, respectively (Figure 7a and 7c¢), although the
small number of analyses makes any correlation tentative. The Lobster Mountain Volcanics
show some scatter, but are both enriched in LREEs with a negative slope. On the MORB-
normalized diagram for the Lobster Mountain Volcanics (Figure 7f), the patterns are
“spiky” in appearance and show moderate thorium enrichment and a tantalum-niobium

negative anomaly, all characteristic of arc environments. The Munsungun Lake Formation
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basalts are only slightly enriched relative to chondrite with a slight positive slope, typical of
N-MORB (Figure 7f). The MORB-normalized diagram for these rocks are also indicative of
N-MORB although there is an anomalous enrichment in thorium and niobium, relative to

the other trace elements.

Ti-Zr-Y diagram

The Ti-Zr-Y diagram (Figure 8) of Pearce and Cann (1973) is used to discriminate
basalts having within-plate characteristics from those of MOR and volcanic arc settings. We
used this to test Winchester and van Staal’s (1994) conclusion that the basalts from the
Chesuncook Dome suite formed in a within-plate setting. Samples from the Chesuncook
Dome plot almost exclusively in field B, which is characteristic of low potassium tholeiites,
ocean floor basalts, or calc-alkaline basalts. The three anomalous gabbros noted above plot
near or over the boundary with fields D and C roughly along a vector towards upper
crustal composition (UC).

Samples from the Northeastern suite also plot in field B with one exception that
plots in the within-plate field (field D). Overall, the data straddle the boundary with the
within-plate field as a result of the higher concentration of titanium and zirconium relative
to the more compatible yttrium, and reflect the negative slopes seen in the chondrite-
normalized diagram (Figure 7c). The Munsungun Lake Formation samples plot in both
low-K tholeiite and within-plate fields. One sample plots in the within-plate field; this also

shows a positive titanium anomaly on the MORB-normalized diagram (Figure 7f) and may
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be unrepresentative. The Lobster Mountain Volcanic samples also plot in different fields
(field B and low-K tholeiite field A) consistent with the scatter seen in the chondrite and

MORB normalized diagrams (Figures 7e and 7f).

Ti-V diagram

The Ti-V diagram (Figure 9) of Shervais (1982) is used to distinguish volcanic arc
basalts from within-plate and MOR basalts and is included here to test the apparent
volcanic arc character apparent on the MORB-normalized diagram (Figure 7b). Due to
variations in the partition coefficient of vanadium under varying oxygen fugacities, basalts
with Ti/V ratios below 20 are typical of volcanic arc basalts while samples with Ti/V ratios
of 20-50 are characteristic of continental flood basalts and MORB. Alkaline within-plate
settings have Ti/V ratios greater than 50. Fields for the Columbia River flood basalts
(continental within-plate setting) and back-arc basins are also included. Magnetite and/or
hornblende fractionation can reduce the vanadium concentration in the remaining melt
rendering the tectonic discrimination of the Ti-V diagram inaccurate for rocks derived
from such melts (Shervais, 1982). Titanium is plotted against the fractionation index
zirconium (Figure 10) to identify possible fractionation trends in the Chesuncook Dome
and Northeast suites (Lobster Mountain and Munsungun samples are excluded due to
their low sample size). Most of the rocks in the suite plot along a positive slope, indicating
that the melts were not subject to vanadium reducing fractionation (magnetite or

hornblende). However, the gabbros display a more complex distribution, and two samples
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(CSP-009a and CSP-012) and possibly two others, show high Ti/Zr ratios suggesting they
have experienced significant vanadium-reducing fractionation, so these samples should not
be used (Figure 9) to draw conclusions of significance. Anomalous titanium enrichment
due to continental crustal contamination is not considered to have occurred here based on
the much lower Ti/Zr ratio of continental crust relative to all the samples in Figure 10.

All of the Chesuncook Dome suite samples have Ti/V ratios between 20 and 50,
indicative of non-calc-alkaline, sub-alkaline basalts. They have low overall Ti and V
concentrations typical of MORB tholeiites and are entirely outside the field defined by the
more enriched continental, within-plate Columbia River basalts. The data plot within the
back-arc basin field, although Shervais (1982) notes that suites of basalts from this setting
usually include those of arc character with Ti/V ratios below 20. The small sample size
here precludes discriminating between MOR and back arc settings.

The Northeastern suite samples also have Ti/V ratios between 20 and 50 but plot
(Figure 9) within the Columbia River flood basalt field consistent with their more enriched
nature relative to the Chesuncook Dome samples. Of the two groups within the suite, the
Stacyville Volcanics have higher overall vanadium concentrations such that the two groups

plot separately within the larger fields.

Th-Hf-Ta diagram

The Th-Hf-Ta diagram of Wood (1980), based on Wood et al. (1979) is often used

to identify volcanic arc environments and is also useful to discriminate between mantle
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sources. Wood (1980) warns that it cannot discriminate between EEMORB and continental
within-plate tholeiites, a consideration of potential importance given the within-plate
setting proposed by Winchester and van Staal (1994) and EMORB character of the
Northeastern suite thus far described. Also, the effects of crustal contamination have been
shown to affect samples plotted on this diagram and expressed as preferential enrichment
of thorium due to the assimilation of thorium-rich upper crust.

The Chesuncook Dome suite plots (Figure 11) almost fully within the volcanic arc
fields, falling in a trend that originates near the N-MORB field, crosses both island arc
tholeiite and calc-alkaline basalt arc fields, and terminates near the composition of upper
continental crust. The two samples from Fitzgerald (1991) show anomalous concentrations
of tantalum (0.5 ppm and “not detected” for the two samples) with respect to the other Dry
Way Volcanic samples and we place no significance on their position in this plot.

The Northeastern suite also defines a trend towards the thorium apex but
originates from a more tantalum-rich point within the N-MORB field (specifically the N-
MORB/E-MORB transition zone) and only extends into the island arc tholeiite field. The
Munsungun Lake basalts and Lobster Mountain Volcanics plot along the same trend as the

Chesuncook Dome suite.

Th/Yb-Ta/Yb diagram

The Th/Yb-Ta/Yb diagram of Pearce (1982) can be used to identify basalts from

volcanic arcs as well as indicate the magma source. The preferential enrichment of thorium
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relative to tantalum in subduction-related fluids results in samples that plot above the
“mantle array” along a vector nearly parallel to the Th/Yb axis. Assimilation of country
rock by magmas passing through continental crust also results in similar thorium
enrichment and samples plot along a vector sub-parallel to the arc vector but show slight
concomitant tantalum enrichment.

Samples from the Chesuncook Dome suite all plot (Figure 12) off the mantle array
in the tholeiite, calc-alkaline, and shoshonite fields (with the exception of one sample from
Fitzgerald which also shows an anomalous tantalum concentration in figure 11). The
samples define a trend towards the composition of upper crust, suggesting that factor has
affected the composition of the rocks. Also, the trend originates from a N-MORB mantle
source, consistent with previous diagrams. The three samples most enriched in thorium
(CSP-002, CSP-006, CL-04-21), plot in the shoshonitic or thorium-rich (upper) part of the
calc-alkaline field correspond to the anomalous samples noted on previous diagrams.

The Northeastern suite samples also plot off of the mantle array, for the most part.
However, the orientation of the trend they define appears to be closer to the arc vector,
although poorly defined. The point from which their trend appears to originate also falls
within the N-MORB field but from a more enriched position than the Chesuncook Dome
suite, also consistent with previous diagrams.

The Munsungun Lake and Lobster Mountain Volcanics plot in a similar manner to

the Chesuncook Dome Suite.
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Cr-Y diagram

The Cr-Y diagram of Pearce (1982) is used to discriminate between volcanic arc
basalts and MORB or within-plate basalts. This diagram is useful since it does not rely on
the concentration of thorium as a discrimination variable. Diagrams that rely on thorium
to identify the presence of subduction zone fluids in magma generation are poor
discriminators between volcanic arc basalts and basalts contaminated by thorium-rich
continental crust. Instead, this diagram relies on yttrium, which is enriched in MORB and
within-plate basalts relative to volcanic arc basalts. Also, MORB basalts show less range in
chromium concentration than volcanic arc or within-plate basalts.

The Chesuncook Dome suite plots (Figure 13) almost completely in the MORB
and within-plate fields, although some of the gabbros plot in the within-plate field and one
sample plots in the volcanic arc field. Unlike the Th/Yb-Ta/Yb and Th-Hf-Nb diagrams
this suggests that subduction zone processes were not present in the formation of these
samples, although it does not permit a confident discrimination of the MORB vs. within-
plate character of this suite.

The Northeastern suite plots in a similar manner to the Chesuncook Dome suite,
in the MORB and within-plate fields. This also is consistent with previous diagrams since
the field of basalts derived from normal depleted mantle overlaps with the more enriched
basalts from within-plate settings.

The Munsungun Lake samples may be anomalous on this diagram. One of the

samples plots outside of the x-y space defined by the diagram while the other plots in the
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volcanic arc field. Similarly, one of the Lobster Mountain volcanics falls off of the diagram
while the other volcanic plots in the narrow MORB/within-plate/volcanic arc field

overlap.

DISCUSSION

The geochemical diagrams used above indicate the following: 1) the Chesuncook
Dome suite likely was derived from a depleted upper mantle source; 2) the Northeastern
suite was derived from a less depleted, although not fertile, upper mantle source; and 3) we
agree with Winchester and van Staal (1994) that the apparent supra-subduction zone
character of the suites is likely a result of thorium enrichment through the assimilation of
upper continental crustal material.

In the chondrite-normalized diagram (Figure 7a) the Chesuncook Dome suite
exhibits a MORB signature while the Northeastern suite is more enriched (N-MORB/E-
MORB overlap), particularly in the LREEs. However, it is not as enriched as would be
expected for deeper, mantle-derived within-plate basalts. In each of the tectonic
discrimination diagrams the Chesuncook Dome suite either plots in the N-MORB field or
defines a trend that originates at, or near the N-MORB field and extends towards the
composition of upper continental crust. This appears to be strong evidence of derivation
from a depleted upper mantle source. Similarly, plots of the Northeastern suite define

trends toward an upper crustal composition, but originate from the EMORB/N-MORB
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boundary. This suggests a more slightly more enriched, but still basically depleted upper
mantle source.

The trends in the thorium-based discrimination and MORB-normalized diagrams
initially suggest that the two suites have a volcanic arc compositional affinity. The Th-Hf-
Nb and Th/Yb-Ta/Yb diagrams (Figures 11 and 12) are both used to identify volcanic arc
environments based on the preferential enrichment of thorium in arc volcanics. However,
upper continental crust is highly enriched in thorium and magmas that have assimilated
variable amounts of crustal material can be expected plot along a mixing line between the
fields defined by their mantle source composition and the composition of the incorporated
material, and to mimic arc-derived igneous rocks. This thorium enrichment also appears
on the MORB-normalized diagrams (Figure 7).

The Ti-V and Cr-Y diagrams do not rely on thorium as a discriminator of arc
environments and are useful to discriminate between arc environments, and MOR or
within-plate environments that may include basalts contaminated by crustal material.
Upper continental crust has low overall titanium and vanadium concentrations with a
Ti/V ratio slightly above 20, in the ocean floor basalt field. Basalts of non-arc origin
contaminated by such crust would not be expected to define a mixing line that crosses into
the arc field. The Cr-Y diagram is less discriminatory since average upper continental crust
plots in the overlap region between within-plate, MOR, and volcanic arc fields. However,
many of the samples plot fully within the MOR field, and in the MOR and within-plate
field overlap indicating that those in the overlap region also did not originate in an arc

environment.
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Winchester and van Staal’s (1994) interpretation of a continental within-plate
environment is partly supported by the data from the Northeastern suite but the basalts
from the Chesuncook Dome clearly appear to be derived from depleted mantle source,
typical of mid-ocean ridges (Figures 7 and 8). Published geochemical analyses from well-
established continental within-plate environments (Columbia River, Parana, Tibbit Hill)
were chosen for comparison with the Northeastern suite and are shown in chondrite-
normalized diagrams (Figure 14). The Columbia River and Parana basalts are plume-related
while the Tibbit Hill volcanics of southern Quebec are rift volcanics associated with
breakup of the Grenville Supercontinent during the late Precambrian. Each of the three
established within-plate environments shows stronger enrichment of the REEs, especially
LREEs, than the Northeastern suite, which indicates that a continental within-plate
environment interpretation for the Northeastern suite is unlikely.

The geochemical character and rock associations presented here are similar to those
reported from the Taitao Peninsula where the Chile Ridge is currently subducting beneath
the South American continent (Forsythe et al , 1986; La Gabrielle et al., 1994; Klein and
Karsten, 1995; Le Moigne et al. 1996), the intrusive Maryuma and extrusive Shiina suites
of the Muroto Peninsula of southwest Japan (Hibbard and Karig, 1990), and the more
felsic rocks of the Sanak-Baranof belt of southern Alaska (Bradley et al., 2003). Basalts with
similar chondrite and MORB-normalized patterns have also been reported from the
Southern San Joaquin Basin and Santa Maria Province, southern California and are
interpreted to have formed from magmas derived from depleted upper mantle associated

with the Eastern Pacific Rise interacting with continental crust of North America (Sharma
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et al. 1991; Cole and Basu, 1992, respectively). Geochemical data from basalts from the
Taitao Peninsula and segments 1 and 3 of the Chile Ridge show a good match when

compared with selected analyses from the Chesuncook Dome and Northeastern suites

(Figure 15).

PROPOSED TECTONIC ENVIRONMENT

The geochemistry indicates that the Chesuncook Dome suite was derived from
depleted upper mantle typical of mid-ocean ridge systems, but the field relations are
inconsistent with typical MOR settings, or even back-arc basins, where continental
contamination would be expected to occur during the early stages. Sheeted dikes, layered
cumulates, or ultramafic rocks are not observed or reported in the Chesuncook Dome or
from the correlative rock units in the other anticlinoria. The geochemistry of the suite
suggests contamination by upper continental crustal material and the gabbros can be seen
locally to contain silicic sedimentary xenoliths. The Bean Brook Gabbro intrudes
sedimentary rocks usually associated with continental margins and mélange (Hurricane
Mountain Formation). These country rocks are associated with the Chain Lakes Massif,
interpreted to be a continental crustal fragment (Boone and Boudette, 1989).

The combination of MOR chemistries with basalts and gabbros intruding mélange
(Hurricane Mountain Formation), flysch (Dead River Formation) and continental margin
siliciclastic sedimentary rocks (Chesuncook Dam, Sawmill, and Southeast Cove

Formations) bordering continental crust are most easily interpreted by proposing that the
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Chesuncook Dome and Northeastern Suite formed during a ridge subduction event. The
areal position of the Chain Lakes Massif, Hurricane Mountain Formation, and mafic
igneous suites suggest westward or northwestward-directed (modern direction) subduction
of an active ridge beneath an accretionary prism located on the east or southeast margin of
the Chain Lakes Massif during the earlymid Ordovician (Figure 16). Magmas from the
subducting ridge intruded the accretionary prism, flysch, and continental margin
sediments, emplacing the Bean Brook gabbro, Dry Way, Bluffer Pond, and Stacyville
volcanics.

The ridge subduction hypothesis has important implications for plate tectonic
models of the pre-Acadian oceanic basin east of Laurentia. The idea requires a west-dipping
subduction zone beneath the Chain Lakes Massif, which might have been partly intra-
oceanic depending on the paleo-areal extent of the massif. Integrating this model with
existing published models of pre-Acadian oceanic closure is in part dependent on the
confidence placed in the 473 Ma K/Ar date for the Bean Brook Gabbro. Correlation with
the fossil-bearing units of the region indicates a Middle, possibly early Upper Ordovician
age for the Dry Way Volcanics and no older than a late Middle Ordovician age for the
overlying unconformity. That the unconformity is coeval with Taconian Orogeny suggests
proximity with the Laurentian margin by this time, although the Lower Ordovician Shin
Brook Formation contains a Celtic shelly fauna assemblage (Neuman, 1984). The
unconformity, combined with a lack of penetrative deformation in the Dry Way Volcanics
and Bean Brook Gabbro, suggests that the region was part of the Taconian upper plate.

This is consistent with evidence from the Quebec-Maine reflection seismic survey that
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shows the Chain Lakes Massif thrust over the Laurentian margin along a major
décollement (Spencer, et al., 1989). According to this model, the emplacement of the Dry
Way Volcanics and Bean Brook Gabbro over a west-dipping subduction zone must have
occurred in an intra-oceanic position (disregarding the continental Chain Lakes Massif)
prior to collision of the Chain Lakes Massif and the Laurentian margin, during Middle
Ordovician time (Figure 16).

We think this model also applies to the Exploits zone in the Notre Dame Bay
region of Newfoundland where the Lawrence Head Volcanics are associated with rocks
likely deposited in an arc-trench gap, and the Dunnage Mélange (Kidd et al., 1977).
Preliminary geochemical analyses of these volcanics show that they plot across EMORB
and within-plate fields of petrogenetic diagrams and display similar patterns to the
Northeast suite on chondrite- and MORB-normalized diagrams. We expect further work in
this area to clarify this possible correlation.

The relative timing of events in the Chesuncook Dome requires a cessation of west-
directed subduction, prior to the Taconic Orogeny. The west coast of North America
contains modern examples of oblique ridge subduction (Gorda Ridge and East Pacific
Rise) where the leading oceanic plates (Juan de Fuca and Cocos) are subducting beneath
continental crust. Following ridge subduction, the relative plate velocities between the
upper plate (North America) and trailing oceanic plate (Pacific) lead to transform motion
(San Andreas and Queen Charlotte) and a cessation of subduction. The lack of strong
deformation in the Chesuncook Dome Suite, and the absence of an associated volcanic arc

(unless the Bronson Hill arc is considered a candidate) suggests the ridge was near parallel
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to the trench and that there was no significant convergent plate motion between the Chain
Lakes Massif and the trailing oceanic plate immediately following ridge subduction. The
amalgamated Chain Lakes Massif/Hurricane Mountain accretionary prism and associated
rocks then became part of the upper plate during subsequent Taconian (east-directed)
subduction and collision, resulting in the unconformity seen at the top of the Dry Way

Volcanics.
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APPENDIX - Analytical Methods

All samples were chosen to minimize alteration and weathered surfaces were
discarded and only sample interiors were used. Chilled margins were sampled when
possible. Rock chips were hand picked at the University of Albany to avoid secondary veins
and inclusions. Powders were ground and ICP-MS and XRF analyses conducted at
Washington State University GeoAnalytical Laboratory, Pullman, WA. Details of their
sample preparation and analytical methods are given on their web site
(http://www.wsu.edu/ "~ geology/Pages/Services/Geolab.html). XRF analysis of Palisades
Sill standard PAL-889 were compared against previous XRF analysis from UMass with the
following % variations (= Umass conc./WSU conc.): Cr: 0.6%, V: 2.5%, Zr: 6.9%. ICP-MS
analysis of PAL-889 was compared with INAA analysis from Cornell University with the
following variations (= Cornell conc./WSU conc.): La: .5%, Ce: 9.1%, Nd: 7.3%, Sm:
2.4%, Eu: 9.5%, Tb: 3.4%, Yb: 6.8%, Lu: 3.1%, Ba: 5.0%, Th:.04%, Hf: .01%, Ta; 3 9%,
U: 2.0%, Cs: 11.6%, Sr: 3.0%.

Gabbros were screened for cumulate compositions using the following criteria of
Pearce (1996): Al203>20 wt% indicates plagioclase accumulation, Sc.>50 ppm indicates
CPX accumulation, Ni>200 ppm indicates olivine accumulation. 2 gabbros analyses were
removed based on these criteria.
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Figure 1. Generalized map showing major structures exposing pre-Silurian rocks
of north-central Maine. Adapted from Osberg et al., 1985.
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Figure 2. Correlation chart of Silurian and older rocks of north-Central Maine.

Compiled from:

(1) Boone and Boudette (1989), Boone et al. (1989), Boucot

(1981, cited in Boone and Boudette, 1989), and Osberg et al. (1985); (3) Neuman

(1969), and Simmons Major (1988); (2) This study, Griscom (1976), Jarhling
(1967); 4Hall (1970).

93





Figure 3. Field relations of Bean Brook Gabbro/dolerite and Cambrian(?)
sedimentary rocks. a) gabbro (CSP-010b) and Hurricane Mountain Formation.
b) dolerite (CSP-010d) and Hurricane Mountain Formation. c) dolerite

(near CSP-009) and Dead River Flysch.
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Figure 4. Geologic map of the part of the Chesuncook Dome and sample
locations. Adapted from Osberg et al., 1985. Chesuncook Dam, discussed in the
text, is not represented above.
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Figure 6. Photomicrograph of Dry Way Volcanic igneous textures. a) DW-01-21,
Intergranular texture (crossed nicols, 3.5x). b) DW-03-21, radiant intergranular
texture (plane light, 3.5x).
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Ti/100

Figure 8. Ti-Zr-Y diagram of Pearce and Cann (1973). Symbols as in figure 5.

UC = upper continental crust composition from McLennan (2001). Within plate
basalts (oceanic and continental) plot in field D. Ocean floor basalts plot in field B.
low-K tholeiites plot in fields A and B. Calc-alkaline basalts plot in field B and C.
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Figure 9. Ti-V diagram of Shervais (1982). Symbols as in figure 5. UC = upper
continental crust composition from McLennan (2001). ARC = volcanic arc,
MORB = mid-ocean ridge basalt, ALK WPB = alkaline within-plate basalt.
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Figure 10. Ti-Zr diagram. Symbols as in Figure 5.
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Hf/3
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Figure 11. Th-Hf-Ta diagram of Wood (1980). Symbols as in figure 5. UC = upper
continental crust composition from McLennan (2001). Calc-Alk Arc = calc-alkaline
volcanic arc basalt, Arc Thol.= volcanic arc tholeiite, N-MORB = normal, depleted
mid-ocean ridge basalt, E-MORB = enriched mid-ocean ridge basalt,

Alk WPB = alkaline within-plate basalt.
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Figure 12. Th/Yb-Ta/Yb diagram of Pearce (1982). Symbols as in figure 5.
UC = upper continental crust composition from McLennan (2001).
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Figure 13. Cr-Y diagram of Pearce (1982). Symbols as in figure 5. UC = upper
continental crust composition from McLennan (2001). VAB = volcanic arc basalt,
MORB = mid-ocean ridge basalt, WPB = within-plate basalt.
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Figure 14. C1-chondite normalized diagrams (normalization values from Sun and
McDonough, 1989). a) Parana flood basalts from Peate, 1997. b) Columbia River
flood basalts from Hooper and Hawkesworth, 1993. c) Tibbit Hill volcanics from
Colpron, 1990.
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Figure 16. Schematic cartoon illustrating Ordovician ridge subduction beneath
Chain Lakes Massif.
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Dry Way Volcanics

Bean Brook Gabbro

"Boom House"

Sample DW DW DW CSP CSP CSP CSP CSP CSP CSP CSP CL CL
#'s 01-21  02-21  03-21 002 006 007 009a 010b oO10d 011 012 02-21 04-21
LOI (%) 198 180 347 216 572 21 213 119 053 070 118 405 9 60
major elements

XRF (wt%)

Si02 5011 5545 4959 5447 5165 5097 5136 5203 5172 5032 5080 5290 5110
Al203 1636 1514 1572 1582 1453 1493 1421 1586 1397 1581 1457 1598 1496
TiO2 134 146 167 109 106 215 244 121 197 122 221 142 091
FeO* 969 986 1287 1111 1051 1296 1448 1051 1365 1028 1422 1030 1022
MnO 016 025 022 020 023 1026 1026 022 024 019 10 26 021 021
Ca0 1225 7 95 892 7 63 822 829 7 96 922 975 1228 776 938 876
MgO 7 81 591 707 516 11 05 597 509 6 96 563 724 518 626 10 67
K20 020 044 044 141 053 066 024 091 035 033 059 019 180
Na20 195 336 334 292 201 359 372 295 254 222 419 320 122
P205 012 018 015 018 022 023 023 oM 017 010 023 015 015
trace elements

XRF (ppm)

Ni 83 45 54 17 200 38 13 39 27 53 19 35 146
Cr 282 134 163 36 640 86 27 103 61 198 34 114 529
Vv 275 244 331 292 215 410 1500 281 419 291 484 293 245
Ga 17 18 21 19 16 23 20 18 23 18 19 20 15
Cu 82 51 75 43 50 47 42 30 89 73 33 45 61
Zn 64 83 91 86 95 109 111 67 111 74 92 79 66
Zr 90 138 110 117 103 136 124 77 117 70 106 92 87
ICP-MS (ppm)

La 479 1077 625 1955 2095 8 21 7 60 625 582 348 691 7 43 17 80
Ce 1216 2420 1557 3902 4521 2067 1913 1355 1514 878 17 11 1695 3385
Pr 179 328 225 460 566 308 286 185 227 136 253 233 393
Nd 920 1562 1158 1937 2478 1597 1499 900 1229 741 1325 1133 1595
Sm 326 505 417 4380 572 558 535 301 455 287 471 356 384
Eu 123 159 166 129 147 193 188 104 162 102 168 133 109
Gd 427 618 545 441 487 698 6 56 369 6 01 373 595 453 354
Tb 082 114 103 073 071 128 121 069 115 074 108 081 055
Dy 530 7 40 6 65 452 385 825 7 89 450 752 492 7 05 522 329
Ho 112 157 142 094 069 177 166 096 165 107 150 110 066
Er 310 445 399 255 179 476 460 259 455 291 413 299 174
Tm 044 064 059 038 024 071 067 038 066 042 060 043 024
Yb 276 402 362 236 148 444 413 243 423 270 375 269 155
Lu 043 061 056 037 023 069 063 037 066 042 058 041 023
Ba 3300 7300 11000 30466 9947 9335 4683 11538 3420 3553 9826 6700 53400
Th 079 237 104 491 519 112 108 117 085 038 099 133 448
Nb 278 542 360 527 7 94 223 210 317 331 186 207 381 252
Y 29034 4150 3786 2497 1866 4660 4350 2488 4359 2782 3900 2816 1698
Hf 239 387 309 298 267 366 337 215 326 196 281 245 210
Ta 020 038 026 036 056 015 014 022 025 013 015 027 015
U 020 068 026 096 103 024 023 029 024 012 020 030 076
Pb 114 361 076 464 6 09 326 472 238 151 166 476 7 83 423
Rb 570 1290 1330 3262 2567 1376 534 2416 534 397 11 48 430 66 20
Cs 105 123 063 242 173 103 028 184 023 033 113 079 6 09
Sr 16400 18400 23100 32110 14977 16160 18021 16510 12025 11304 17395 26500 11400
Sc 4580 3990 4960 3794 3508 4387 4753 4611 4655 4893 4622 4100 4230
* total Fe

1 value greater than 120% of highest standard

Table 1. Geochemical data for samples obtained for this study.
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ABSTRACT

During collisional convergence, failure in extension of the lithosphere of the lower plate
due to slab-pull will reduce the thickness or completely remove lower-plate lithosphere, and
cause decompression melting of the asthenospheric mantle; magmas from this source may
subsequently provide enough heat for substantial partial melting of crustal rocks under or
beyond the toe of the collisional accretionary system. In central Maine this type of
magmatism is first apparent in the early Devonian West Branch and equivalent mafic
volcanics, and in the slightly younger voluminous mafic/silicic magmatic event of the
Moxie Gabbro-Katahdin batholith and related ignimbrite volcanism, and other early
Devonian granitic plutons. Similar lower-plate collisional sequences with mafic and related
silicic magmatism probably caused by slab-breakoff are seen in the Miocene-Recent Papuan
Orogen, and the Hercynian-Alleghenian belt. Magmatism of this type is significant because
it gives evidence in those examples of wholelithosphere extension. We infer that normal
fault systems in outer trench slopes of collisional orogens in general, and possibly those of
oceanic subduction zones as well, may not be primarily due to flexural bending, but result
from whole-lithosphere extension due to slab-pull. The Maine Acadian example suggests
that slab failure and this type of magmatism may be promoted by pre-existing large margin-
parallel faults in the lower plate.
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INTRODUCTION

Hoffman (1987) first called attention to the phenomenon that he termed foredeep
magmatism. He cited several examples from the Paleo-Proterozoic of Laurentia in which
mafic magmas were emplaced on the lower plate of a collision zone in the proximal or
distal foreland. Foreland magmatism has not been widely reported in the Phanerozoic; in
this paper we review and present additional evidence for extensive foreland magmatism, in
the Devonian of the Maine Appalachians, including a prominent regional belt of granitoid
rocks, and in the Neogene of Papua New Guinea.

The Acadian Orogeny of the Northern Appalachians is a Silurian-Devonian
collision zone (e.g., Robinson et al., 1998). In Maine, it is interpreted as the result of
collision between the outboard Avalon terrane and the margin of Laurentia. This
Laurentian margin had been modified by arc accretion during the earlier (Ordovician)
Taconic event, but was effectively a passive margin again before the onset of the Acadian.
Acadian collision was markedly protracted, beginning in Late Silurian in outboard
locations and ending in Late Devonian at the northwestern side of the orogen (Bradley et
al., 2000).

Robinson (1993), following Nelson (1992), proposed a model of subcontinental
lithospheric detachment of the lower plate as the post-Taconic Laurentian margin entered
a southeast-dipping subduction zone. Consequent high heat flow and melting of the
mantle and lower crust was suggested to explain magmatism in the Medial New England

Belt during the Acadian Orogeny, west of the subduction-related coastal volcanic belt. This
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model, (Figure 1) was elaborated in Bradley et al. (1996), Robinson et al (1998), Bradley
and Tucker (2002) and Begeal et al (2004). Similarly, Sacks and Secor (1990) previously
suggested lithospheric “necking” to explain early granitic magmatism in the lower plate of
the southern Appalachian system during the Alleghenian Orogeny. These models propose
detachment of sections of the underthrust lower plate during the early orogenic stages of
the subduction of a passive margin, rather than later, as proposed by Bird (1978) for the

Himalaya, when significant lithospheric thickening and overthrusting has occurred.

ACADIAN OF CENTRAL MAINE - GEOLOGY OF THE CHESUNCOOK DOME

The Chesuncook Dome of north-central Maine lies near the inboard margin of the
Central Maine Basin, the deformed vestige of the deepwater basin that closed during
Acadian collision (e.g , Bradley et al., 2000). Two events of near-trench magmatism are
recorded in the early Devonian geology of the Chesuncook area, and are the initial focus of
this paper. Significant aspects of the geology of the Chesuncook Dome (Griscom 1976;
Kusky et al 1994; Begeal et al, 2004) are summarized below and in figure 2.

From middle to latest Silurian, shallow marine sedimentation was established in
the region. Close to the Silurian/Devonian boundary, this is interrupted by a significant
erosional disconformity and covered by a rapidly deepening sedimentary section, with
successive deposition of limestone, limestone breccia, and silt/mud contourites,
interpreted by Begeal et al. (2004) to be the result of uplift over a flexural forebulge

followed by passage onto the outer trench slope. Begeal et al. (2004) suggested that normal
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fault scarps formed during the initiation of flexural subsidence provided the breccia.
Within the deeper-water deposits of the outer trench slope, the West Branch Volcanics
erupted forming a unit of laterally variable thickness (from 200 to more than 1000 meters
over a few kilometers distance, possibly also normal fault-controlled) This volcanism
occurred in the foreland when the Acadian deformation front still lay 90 km or more to
the southeast (Bradley et al., 2000).

The conformably overlying Seboomook Group flysch (™ 2+ km thick; Hall et al ,
1976) and Matagamon Sandstone represent trench-filling turbidite and succeeding shallow-
marine sediments, both derived from the Acadian orogenic highlands to the southeast
(Pollock et al, 1988; Bradley and Hanson, 2002). The Matagamon Sandstone is
conformably overlain by the Traveler Rhyolite, up to 3200 meters of ash flow tuffs with
U/Pb zircon ages of 407 Ma (Rankin and Hon, 1987; Rankin and Tucker, 1995). Field
relations, geochemistry, and a precise isotopic age on the granite (407+/-0.4Ma) show that
the Traveler Rhyolite is the extrusive equivalent of and local carapace to the Katahdin
Granite, an exceptionally large pluton, ~ 60 by 35 km (Hon, 1980; Rankin and Hon, 1987;

Rankin 1994; Rankin and Tucker, 1995; Bradley and Tucker 2002).

WEST BRANCH VOLCANICS - GEOCHEMICAL AFFINITIES

The West Branch Volcanics are mostly basalts with a few basalt-andesites. Recent
geochemical studies by Fitzgerald (1991), Hon et al. (1992), and Schoonmaker and Kidd

(2003) show that they are strongly enriched in the LREEs, have a strong negative slope on
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MORB-normalized diagrams (Figure 3), and high Ti/Y ratios characteristic of within-plate
basalts. Samples plot within, or define a trend that originates from the within-plate field in
the Ti-Zr-Y diagram of Pearce and Cann (1973). However, on MORB-normalized diagrams
thorium is strongly enriched (and cerium to a lesser extent) and prominent negative Ta-Nb
anomaly is present (Figure 3). At least one of the few samples that are basalt-andesite in
composition contains both mafic and silicic inclusions indicating the incorporation of
preexisting crustal rocks into the magma. Additionally, the spread in the geochemical
composition of the West Branch Volcanics trends towards an upper crustal composition
on all geochemical tectonic discrimination diagrams (Ti-Zr-Y, Hf/3-Th-Nb/16, Th/Yb-
Ta/Yb, Ce/Nb-Th/Nb; Figure 4; Schoonmaker and Kidd, 2003) and suggest that the
volcanics have incorporated variable amounts of the upper crust through which they
erupted, and we agree with Fitzgerald (1991) and Hon et al. (1992) that the thorium
enrichment is the result of crustal contamination, and the Ta-Nb anomaly results from the
partial melting of a previously subduction-modified, sub-continental lithosphere rather
than from a highly enriched plume source. Similar chemistries are seen in the time-
equivalent volcanics of the Spider Lake Formation in the nearby Munsungun
Anticlinorium (Fitzgerald, 1991; Hon et al., 1992), suggesting this is a regional

characteristic of the belt.
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MOXIE-KATADHIN-TRAVELER MAGMATIC SUITE

An early Emsian (7 404-408 Ma) largely granitoid magmatic belt extends along
strike several hundred kilometers from Maine to Massachusetts (Bradley et al., 2000). In
the Chesuncook Dome area, rocks of this belt include the Moxie Pluton, a large strike-
parallel gabbroic dike, 80km long by 1-3 km wide, dated at 406.3 + 3.8 Ma (Bradley et al.,
2000), the granitic Katahdin pluton, and the Traveler Rhyolite. We suggest that extension
of the down-going plate which initially manifested itself in Lockhovian time (~417 Ma), by
normal faulting associated with a change in sedimentation from shallow to deep water, and
West Branch volcanism, recurred at about 407 Ma with the much larger volume
magmatism of the coeval Moxie Pluton and Katahdin-Traveler suite. By then, the Acadian
deformation front had migrated into this area, and the magmatism as a result intrudes, and
is locally deposited on, the trench-fill sediments.

We interpret the source of the Moxie Pluton to have been upwelling mantle
resulting from lithospheric slab breakoff, and that the strike-parallel form of the intrusion
was controlled and localized by the breakoff fault zone in the lower plate. The mafic
compositions of the Moxie contrast with the felsic nature of the Katahdin-Traveler suite
and other large granitoid plutons of the Greenville Plutonic Belt. Intermediate lead-
isotopic signatures (***Pb/***P=18.20-18.40, **'Pb/***Pb=15.56-15.60), and intermediate
strontium isotope values of 0.7041-0.7083 (Ayuso, 1986) for Central Maine granites,
including Katahdin, suggest a mixing of mantle-derived mafic magmas (Moxie-like) with

continental crust-derived granitic partial melts, a conclusion also proposed by Hon (1980)
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for the Katahdin/Traveler suite. Bradley and Tucker (2002) suggested that heat from
Moxie-like plutons may have contributed to partial melting of continental crust both in the
down-going plate and also in the growing forearc region of the overriding plate.

Emplacement of the Katahdin Granite is likely syntectonic (Bradley and Tucker,
2002), but this should be seen as located near the active deformation front (“near-trench”)
in the context of the northwestward migration of the Acadian foreland and deformation
front across Maine over a period of at least 40 Ma (423-383 Ma) documented by Bradley et
al. (2000). Localization of other younger Acadian granitoid intrusions in similar spatial
relation to the advancing trench/deformation front (Bradley et al, 2000) suggests one or
more additional (partial?) slab breakoff magmatic events may also have occurred.

It is notable that the Katahdin Granite and other plutons of similar age (Hubacher
and Lux, 1987; Bradley et al., 2000) within, and along-strike of, the Greenville Plutonic
Belt intrude lowest greenschist facies metamorphic rocks (indicating shallow-level
intrusion), but were not subsequently stripped away by uplift and erosion. The preservation
of the upper part of the Katahdin magma chamber and the carapace of the Traveler ash
flows erupted from it is also evidence that the Chesuncook region and along-strike
correlatives were not areas of great crustal thickening during the early to mid Devonian

event.
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OTHER EXAMPLES OF GRANITOID COLLISIONAL FORELAND MAGMATISM

A present day example of collisional foreland magmatism occurs where the
northern margin of the Indo-Australian plate is involved with the Papuan-New Guinea
Orogen. North-directed subduction of the Indo-Australian plate since the late Oligocene-
early Miocene has resulted in a change from passive margin-type sedimentation to foreland
and overlying orogenic clastic sediments, which onlap southward away from the Central
Orogenic Belt (Pigram and Symonds, 1991). Backstripping analysis of the Papuan Basin
shows significant subsidence of the Indo-Australian plate starting at approximately 25 Ma
(Haddad and Watts, 1999). South of the implied suture zone, there are a series of mafic to
intermediate Quaternary volcanoes (Mackenzie, 1976) as well as a belt of late Miocene and
younger granitoids (Griffin, 1983) that intrude the foreland and/or the overthrust
Australian passive margin sediments. Although some (e.g. Hill and Raza, 1999) have
suggested that these magmatic rocks represent an episode of southward subduction, we
think the evidence for this interpretation is weak, and in particular the foreland
depositional and subsidence history shows no evidence for it. Klootwijk et al (2003)
proposed an origin by thrusting/thickening of the Australian crust and lithosphere, but
this explanation does not fit the common mafic and intermediate magma compositions,
nor the position of magmatic centers near the foreland basin margin.

The Alleghenian-Hercynian orogenic belt may also hold examples of granitoid
magmatism associated with lithospheric slab breakoff during passive margin subduction.

Structural and seismic evidence from the northern Variscides supports southeast-directed
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subduction and underthrusting during the Carboniferous (Oncken et al , 1999; Le Gall,
1990). Granites in southwest England, emplaced into low-grade sediments of the
accretionary thrust belt (Shackleton et al, 1982) very late (T 290 Ma, Early Permian) in the
collisional shortening of the neo-Laurentian passive margin, form a strike-parallel belt
which we suggest can be most easily interpreted as a result of late-stage lithospheric slab
breakoff from the lower plate.

Our observations on certain Archean greenstone belts, particularly Point Lake in
the Slave Province, show that there is broadly syn-kinematic and widespread granitoid
magmatism in the lower plates of these belts, which might be a result of the same slab

breakoff mechanism.

POSSIBLE MECHANISM FOR SLAB FAILURE

The distinctive characteristic of the orogenic segments described above is that mafic
and/or felsic magmatism occurred in the active foredeep region, and into, or through, the
lower plate. Presumably, most continental margin subduction events are eventually
terminated by slab break-off at depth. However, in the case of the Acadian Orogeny, slab
failure appears to have initiated when the leading edge of the subducting continental
margin was still in the far foreland or outer trench position. One possible explanation is
that a significant structural weakness was present in the lower plate at or near the
continental-oceanic boundary. We interpret the pre-Silurian geology of the Chesuncook

region to indicate that it was affected by an Ordovician ridge subduction event, shown by
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extrusion of the MORB-like Dry Way Volcanics and associated Bean Brook Gabbro into
the late Cambrian-early Ordovician Hurricane Mountain mélange (Schoonmaker and
Kidd, 2003). A ridge subduction event, similar to the present day subduction of the Gorda
Ridge and East Pacific Rise, that is contributing to the development of the San Andreas
transform boundary (Atwater, 1970), may have generated a mechanically weak “pseudo-
passive margin” between continental and oceanic lithosphere. This Ordovician margin is
proposed to have subsequently failed in extension on these faults during the early stages of
underthrusting associated with the Acadian Orogeny.

Based on gravimetric analysis of the northern Australian craton, Haddad and Watts
(1999) interpreted a zone of lithospheric weakness that corresponds to the region of
Quaternary volcanism discussed above. Their preferred explanation is a weakening of the
lithosphere due to heating during magmatism. However, we prefer their alternate
explanation, that the weakness may be a result of pre-Miocene tectonic processes such as
rifting (and/or associated transform faults - Pigram and Symonds, 1991) associated with
opening of the Coral Sea (late Cretaceous), or earlier Mesozoic rifting of the craton,

specifically faulting along the Bosavi Transfer zone (early to mid Jurassic).

CONCLUSIONS AND IMPLICATIONS

We emphasize that foreland collisional magmatism can create large and regionally
significant granitoid magmatic belts and is not restricted to small-volume mafic events, nor

to the Precambrian. Collisional orogens like the Maine Acadian, characterized by
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magmatism in the outer forearc/near-trench lower plate region, may be the result of
particular inherited pre-subduction structures in the lower plate, while others lacking this
kind of magmatism may have simpler histories without such structures, for example the
attempted subduction of Laurentia along most of the length of the Taconic orogen.
Magmatism of this type is significant because it gives evidence of whole-lithosphere
extension and implies that normal fault systems in outer trench slopes of collisional
orogens, and possibly oceanic subduction zones as well, are not primarily due to flexural
bending, but result from whole-lithosphere extension due to slab-pull, even where
extension is insufficient to cause surface magmatism. The uneven distribution of outer
trench slope normal faulting near trenches in the present oceans, and its development in a
position where flexural angles are only a few degrees or less, are both features more easily

reconciled with whole-lithosphere extension rather than mild flexural bending.
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ABSTRACT

The southernmost of the Quebec allochthons, the Ordovician Stanbridge Group, has long
been considered an allochthonous and internally coherent unit that has at its base bedded
slaty limestones and limestone breccias correlated with the Highgate Formation of
Vermont. Its middle and upper slaty units are equivalent to the Morses Line Formation.
The basal limestones were previously inferred to be thrust over Cambrian dolomites
(Gorge Formation) of the Rosenberg slice, part of the parauthochthonous shelf, although
this contact is not exposed in Quebec. In the Missisquoi River gorge of Vermont, where
contact relationships are exposed, the Highgate Formation conformably overlies the Gorge
Formation and is in turn conformably overlain by the Morses Line Formation. The map
distribution of lithic units indicates this conformable relationship probably extends up to
at least the middle unit of the Stanbridge Group, and that much of the Stanbridge Group
is part of the parauthochthonous Laurentian shelf edge. This interpretation requires that
the eastern contact of the Stanbridge Group is conformable with other units on the east
limb of the St. Albans synclinorium and that the Oak Hill thrust, as currently understood,
is not present there.

The Rosenberg slice in Quebec forms a large anticline (Highgate anticline) whose
western limb is truncated by the Rosenberg thrust. This structure, and the younger out-of-
sequence Highgate Falls thrust that cuts it, may be responsible for the anomalous map
pattern of the external belt of southern Quebec, which differs from typical north-northeast
trending units of the northeastern Taconic foreland.
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INTRODUCTION

In the Taconic foreland, allochthonous, lower to upper Ordovician deep marine
sedimentary rocks and flysch, originally deposited on the Laurentian slope and rise are
exposed discontinuously along-strike, directly east of parautochthonous, thrust-imbricated
Laurentian shelf, shelf slope, and foreland basin flysch sequences. From southwestern
Vermont/eastern New York state to the northeastern tip of the Gaspé Peninsula and
western Newfoundland these transported rocks are referred to as the Taconic and Quebec
allochthons. The parauthochthonous foreland of northwestern Vermont, which intervenes
between the southern Taconic and northern Quebec allochthons, lacks far-traveled rocks
and contains only eastdipping, thrust-imbricated (e.g. Champlain Thrust) sedimentary
sequences of the Laurentian carbonatesiliciclastic shelf and slope. Although these
parautochthonous rocks have undergone transport (i.e. the Champlain thrust sheet), they
are significantly different from the Taconic allochthons in that they were deposited on the
proximal Laurentian continental shelf and shelf margin rather than the more distal
continental slope and rise. It is in this sense that we assign the terms “parautochthonous”
and “allochthonous” to various rocks in the Taconic foreland. Not all units that we call
parautochthonous do not however, necessarily have correlatives within the autochthonous
domain (i.e. shelf rocks not floored by thrust faults).

Adjacent to the parautochthonous foreland of northwest Vermont is the
southernmost of the Quebec allochthons, the Ordovician Stanbridge Nappe (Stanbridge
Group of Charbonneau, 1980) that, as defined, extends into northern Vermont as the

calcareous Highgate and argillaceous Morses Line Formations of the Rosenberg slice
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(Figure 1). Quebec workers since St. Julien and Hubert (1975) have accepted that the
Stanbridge Nappe in Quebec is allochthonous (i.e. detached from adjacent shelf strata and
derived from the Laurentian rise), but workers in Vermont are divided as to whether the
correlative Morses Line Formation is far-traveled. Also, nearly all studies by Vermont
workers concluded that the Highgate Formation was deposited on top of the
parautochthonous carbonate platform. This paper investigates this discrepancy and shows
that the Highgate Formation and the lower part of the Morses Line Formation of Vermont
are not allochthonous, but are part of the outer belt of parautochthonous, thrust-
imbricated shelf. Further, the Quebec section, does not contain evidence contrary to this
interpretation and it is most plausible to conclude that at least the lower and middle

sequences of the Stanbridge Group are also parauthochthonous.

REGIONAL GEOLOGY

The Taconic foreland of southern Quebec, western Vermont, and eastern New
York record various stages of breakup of the Grenville Supercontinent, formation of a
carbonate-siliciclastic passive margin during ocean basin development, followed by a
diachronous sequence of events, including exposure of the margin (peripheral bulge), east
to west foundering, and flysch overlap of the margin as the Taconic ocean closed during
the early to late Ordovician. Thrust emplacement of the Taconic and Quebec allochthons
and associated mélange, which display a variety of sediment types and flysch, occurred

during and following flysch deposition as the passive margin entered an east-dipping
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subduction zone during the middle to late Ordovician Taconic Orogeny (Rowley and Kidd,
1981; Stanley and Ratcliffe, 1985; Pinet and Tremblay, 1995).

In the St. Lawrence and Champlain Valleys of northern and eastern New York,
southern Quebec, and western Vermont, the autochthonous shelf platform consists of the
Potsdam Sandstone and Theresa Formation that onlap directly onto Grenville crystalline
crust in and around the Adirondack Dome, and are in turn conformably overlain by
carbonate sedimentary rocks of the Upper Cambrian to lower Middle Ordovician
Beekmantown Group. This sequence represents development of the Laurentian passive
margin and adjacent Appalachian ocean basin during the Cambrian and Early Ordovician.
The top of the Beekmantown group is marked by an unconformity associated with passage
of the margin through a peripheral bulge (Jacobi, 1981; Rowley and Kidd, 1981) as the
margin began to be influenced by the approaching subduction system. Initial subsidence,
followed by forebulge passage, is marked by deposition of the Chazy, Black River, and
Trenton Groups. Foredeep deposition of the Utica Shale occurred during the Upper
Ordovician as the margin subsided toward the Taconic subduction zone. Flysch associated
with the growing orogenic wedge to the east, prograded over the Utica Shale as the Pawlet,
Austin Glen, Schenectady, and Frankfort Formations in Vermont and New York, and the
St. Rosalie Formation and Lorraine Group in southern Quebec.

In the parauthochthonous Champlain and Hinesburg slices of western Vermont,
breakup of the Grenville Supercontinent is indicated by rift clastics and volcanics of the
Late Precambrian Pinnacle and Tibbit Hill Formations of the Camels Hump Group

directly overlying Precambrian Massifs in central and southern Vermont, extending south
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into western Massachusetts. The Cheshire and Dunham Formations, deposited on the
early Cambrian Laurentian shelf, are present in the foothills of the Green
Mountain/Sutton Mountain Anticlinorium, along the eastern limb of the St. Albans
Synclinorium and form the upper plate of the Hinesburg Thrust (Dennis, 1964). These
two units grade upward into a series of carbonate and siliciclastic shelf platform
sedimentary rocks exposed along the western limb of the St. Albans Synclinorium, which
were deposited during middle Cambrian to early Ordovician time. They grade eastward
into basinal, fine-grained shales and slates, with interbedded dolomite and limestone
turbidites and debris flows along the eastern limb of the syncline (Shaw, 1958). The
presence of the shelf rocks along the eastern limb of the synclinorium (e.g. Cheshire,
Dunham Formations) indicate that the lower Cambrian continental shelf extended east of
the main exposures along the west limb, and seismic surveys show continental crust
extending well to east of this position in the subsurface (St. Julien et al., 1983; Spencer et
al. 1989).

Emplacement of the lower Cambrian to lower Ordovician Quebec allochthon slices
(nappes) during the middle to late Ordovician resulted in a series of upright, internally-
consistent slices of distally derived, mainly argillaceous rocks, bounded by faults and
floored by mélange (wildflysch) containing olistostromal blocks of the overlying slices,
stacked such that the youngest slices occur at the bottom of the stack and are structurally
overlain by progressively older slices (St. Julien 1977; Lebel and Kirkwood, 1998). The
emplacement of the allochthons is interpreted to have occurred progressively from east to

west (Lebel and Kirkwood, 1998) over the eastern margin of Laurentian basement as it
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approached the Taconic subduction zone such that the farthest traveled slices are at the top
of the stack. The westernmost and youngest of the slices are thrust over the carbonate-
siliciclastic rocks and flysch cover of the Ordovician shelf and some workers have defined
the boundary between the allochthonous rocks, and the autochthonous and
parautochthonous shelf sequence, as Logan’s Line (St. Julien and Hubert, 1975; Lebel and
Kirkwood, 1998).

The ages of emplacement of the various slices within the lower Cambrian to middle
Ordovician Taconic allochthon is controversial. Rowley and Kidd (1981) interpreted that
the stacking of these allochthons was originally similar to their Quebec counterparts and to
other orogens, in that the oldest thrusting occurred outboard and progressed cratonward,
followed by out-of-sequence restacking. Stanley and Ratcliffe (1985) however, proposed
that the highest, easternmost slices were emplaced last, resulting in a significantly different
closure model for western New England than seen in Quebec. Many of the Quebec
allochthons and the Taconic allochthon are present west of the strike of the eastern
exposures of shelf rocks (Cheshire and Dunham Formations) and exposures of the
Grenvillian Massifs (e.g. Green Mountain, Berkshire) indicative of long-distance transport,
especially for the lower Cambrian slices (Landing, 1983).

Connecting the two regions of allochthons is the Champlain Thrust, which for
much of its extent emplaces Cambrian carbonate platform rocks over middle Ordovician
flysch-related shales. Its northern and southern terminations roughly coincide with, but
outboard of, the appearance of the Quebec and Taconic allochthons, respectively, although

it has been proposed that shortening along the Champlain Thrust was accommodated in
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northwestern Vermont and Quebec along the Highgate Springs and Phillipsburg Thrusts,

and Logan’s Line (Stanley, 1987; Haschke, 1994; Figure 1).

NORTHWESTERN VERMONT

The regionally significant Champlain Thrust and related faults have divided the
rocks in the northwestern corner of Vermont into three distinct parautochthonous thrust
slices, and include (from bottom to top) the Highgate Springs slice, Phillipsburg Series, and
Rosenberg slice (Figure 1). The middle to upper Ordovician Highgate Springs slice consists
of carbonates of the Chazy, Black River, and Trenton Groups and is thrust over the
Ordovician Iberville Shale along the Highgate Springs Thrust. The Phillipsburg series, Late
Cambrian to Early Ordovician (Beekmantown) carbonates and dolomites, have been
correlated with the shelf units of the Clarendon Springs, Shelburne, Cutting, Bascom, and
Chipman Formations of west-central Vermont (Doll et al., 1961; Globensky, 1981; also St.
Julien and Hubert, 1975). The Phillipsburg carbonates occupy a synclinal structure (St.
Armand syncline) that terminates approximately six kilometers south of the International
Border. They were carried over the younger Highgate Springs slice along the Phillipsburg
Thrust. Both the Highgate Springs and Phillipsburg thrusts merge with the Champlain
Thrust, although the relative timing of these three faults is not clear. Doll et al. (1961)
show the Highgate Springs thrust cutting the Champlain Thrust, while Stanley and
Ratcliffe (1985) show the opposite relationship. We think that in general terms they are

coeval structures.
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The Rosenberg Slice

The Rosenberg slice, which comprises the northern part of the western limb of the
St. Albans Synclinorium, is a succession of carbonates and slates thrust westward over the
Phillipsburg and Highgate Springs slices near the International Border, and middle
Ordovician slates of the foreland basin south of Swanton. Its eastern boundary is marked
by the Hinesburg Thrust (although Shaw, 1958 proposed the Oak Hill thrust slightly to the
west of the Hinesburg thrust), which brings up the lower Cambrian Cheshire Quartzite
and other rocks of the Oak Hill Group from the east (Dennis, 1964). The area has been
the subject of numerous conflicting studies and the stratigraphic nomenclature has been
repeatedly changed over nearly 200 years. A chart of lithostratigraphic equivalents
including some of the significant early work, and more recent studies, is given in Figure 2.

At the base of the Rosenberg Slice is the lower Cambrian Dunham Dolomite,
which occurs as two approximately north-trending, discontinuous belts in northwestern
Vermont (Doll et al., 1961) and forms the outer limbs of the St. Albans Synclinorium. The
eastern belt crops out directly below the Hinesburg thrust in Vermont, and is present
along-strike in Quebec at its type-section near Dunham, Quebec. The western belt forms
the upper plate of much of the Champlain Thrust in northwestern Vermont, and extends
into Quebec where, along with overlying dolomites, it is referred to as the Milton Dolomite
(Globensky, 1981). The western belt of dolomite occurs within the area of this study, and

unless otherwise specified, is the one referred to throughout the remainder of this paper.

Shaw (1958), Doll et al. (1961) and Stanley and Ratcliffe (1985) mapped the base of the
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Dunham of the Rosenberg slice as the northern extension of the Champlain Thrust and
Stanley (1987) extended it as far north as Rosenberg, Quebec, coinciding with the
northern termination of the Milton Dolomite there.

Shaw (1958) noted a lateral, along-strike change in facies of the Cambrian and
lower Ordovician rocks of the Rosenberg slice from near Milton to the International
Border. This facies change is from shallow water carbonates, near Milton, to deeper water
shales, around the St. Albans area. Farther north, the rocks grade to dolomite and
carbonate breccias at Highgate Center with a gradual disappearance of the shales north of
Highgate Center. He proposed the name “Franklin Basin” for this feature. Mehrtens and
Dorsey (1987) refined this, naming it the “St. Albans Reentrant” and proposed that it was
a graben formed by high-angle faults, centered around St. Albans, formed along reactivated
faults originated during previous continental rifting, and that the breccias around Highgate
Center represented deposition along the base of the northern wall of the graben.

West of Milton, the lower Cambrian Monkton and middle Cambrian Winooski
Formations conformably overlie the Dunham Dolomite. To the north, near the Lamoille
River, these grade into a thin argillaceous lower to middle Cambrian Parker Slate and
upper, more dominant, middle Cambrian Rugg Brook Dolomite. As these units are traced
northward past St. Albans, the Rugg Brook Dolomite thins as the Parker Slate increases in
thickness. North of St. Albans to Highgate Center, the Rugg Brook Dolomite is present as
several thin, discontinuous horizons within the slate (Mehrtens and Dorsey, 1987). North
of the Missisquoi River at Highgate Center, sandy dolomites dominate which Shaw (1958)

defined, and Doll et al. (1961) and Mehrtens and Dorsey (1987) referred to as the Saxe
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Brook Formation. Haschke (1994), citing confusion regarding the large number of names
assigned to these rocks by earlier workers (e.g. the Mill River Conglomerate and St. Albans
Slate of Schuchert, 1937), proposed the generic Dolomite-Shale sequence to refer to the
Saxe Brook, Rugg Brook, Rockledge, Parker, Mill River, and St. Albans Formations. While
not entirely satisfying, it may be more appropriate than assigning a formation name to
units that occur at multiple stratigraphic levels (e.g. Rugg Brook Formation within the
Parker Slate of Mehrtens and Dorsey, 1987).

Overlying the dolomite and shale sequence correlatives (Monkton and Winooski
Formations) in the Milton area are the middle Cambrian Danby (dolomitic sandstone and
arenaceous dolomite) and upper Cambrian, dolomitic Clarendon Springs Formations. Like
the underlying units, these grade northward into an argillaceous unit, the lower Cambrian
to lower Ordovician Skeels Corners Slate (including the Hungerford Slate of Shaw, 1958).
In the St. Albans area, where the Skeels Corners Slate overlies the Parker slate, the contact
is marked by the discontinuous middle Cambrian Rockledge Conglomerate and upper
horizons of Rugg Brook Dolomite. From slightly south of Highgate Center and north to
the International Border a calcareous facies reappears as the late Cambrian dolomites of
the Gorge Formation (Mehrtens and Dorsey, 1987; Haschke, 1994; this study) or
Clarendon Springs Dolomite (Doll et al., 1961). Mehrtens and Dorsey (1987) show the
Skeels Corners Slate pinching out just north of the Missisquoi River but Shaw (1958) and
Doll et al. (1961) and Pingree (1982) extend the slate (Hungerford) all the way to the

International Border.
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The lower Ordovician units include the Shelburne Marble and Cutting Dolomite
in the Milton area. These units grade northward into the Skeels Corners slate around St.
Albans until the limestones of the lower Ordovician Highgate Formation appear, which
conformable overlie the upper Cambrian Gorge Formation (Mehrtens and Dorsey, 1987;
Landing 1983; Haschke, 1994, this study). The Highgate Formation consists of a series of
massive limestone breccias, argillaceous limestone, interbedded limestones and slates, and
scarce dolomite beds. In the Missisquoi River gorge at Highgate Center, the spectacularly
exposed limestone-dominated section is depositionally overlain by a black slate containing
limestone breccia horizons and dismembered dolomite beds, which extends up-section to
the Highgate Falls Thrust. This slate, originally part of the Georgia Slate of Hitchcock et al.
(1861, cited in Keith, 1923) was renamed the Highgate Slate by Keith (1923) and then
assigned to the Highgate Formation by Schuchert (1937). The top of the Highgate Slate
was taken to be the discontinuous Swanton Conglomerate by Keith (1923), who had
mistakenly correlated exposures of Cambrian limestone conglomerate (Rockledge) with
similar limestone conglomerates at the base of the Lower Ordovician Georgia Slate (now
Morses Line Formation). Schuchert (1937) recognized the problem and renamed the
Ordovician conglomerate as the Corliss Conglomerate after the exposure at Corliss Ledge
approximately 2 kilometers southeast of Skeels Corners and introduced the name
Rockledge for the older Cambrian conglomerate. Mehrtens and Dorsey (1987) later
assigned the Corliss outcrops to the Rockledge Formation, again giving a formational name

to lithologically similar rocks at different stratigraphic horizons.
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Overlying, and east of the Corliss Conglomerate, is the lower to middle Ordovician
Morses Line Formation of Shaw (1958; previously the Georgia Slate of Keith, 1923),
consisting of deformed slate with thin calcareous beds and conglomerates. The relationship
of the Morses Line Formation to the underlying units is the main focus of this paper. In
Quebec, the correlative Stanbridge nappe is believed to be allochthonous (e.g. St. Julien
and Hubert, 1975), but in Vermont its relationship with the underlying Highgate
Formation and Corliss Conglomerate (north), and Skeels Corners Formation (south) has
been alternately interpreted to be depositional (Doll et al., 1961; Mehrtens and Dorsey,
1987), unconformable (Keith, 1923; Schuchert, 1937), a thrust fault (Gore Thrust of Shaw,
1958; Pingree, 1982), or a normal fault (St. Albans Detachment of Haschke, 1994). If it is a
depositional contact, as supported by this paper, then the allochthonous nature of the

Stanbridge nappe must be reevaluated.

This study

The area covered in Vermont by this study consists of an approximate two
kilometer-wide strip that extends north-northeast from the Missisquoi River to the
International Border (Figure 3). The results of mapping in Quebec for this study are
discussed in the appropriate section below. The rock units of interest in Vermont include
parts of the Saxe Brook (eastern Dolomite-Shale sequence of Haschke, 1994), Gorge,
Highgate, and Morses Line Formations, including the Corliss Conglomerate and the

argillaceous rocks Keith (1923) assigned to the Highgate Slate. These rock units have been
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described by previous workers and the reader is referred to Shaw (1958), Landing (1983),
Mehrtens and Dorsey, (1987), and Haschke (1994) for detailed lithic descriptions. Criteria
used for delineating the units relative to these previous workers are given below where
appropriate.

The Missisquoi River gorge at Highgate Center continuously exposes approximately
120 meters of conformable dolomitic arenites, including some breccias (Gorge Formation),
bedded limestones and limestone breccias (Highgate Formation), and black slates with
minor limestone breccias and individual dolomite beds, formerly referred to as the upper
Highgate Slate but interpreted in this study to be the lower part of the Morses Line
Formation. The carbonate section of the river gorge was measured and the positions of
lithic units are shown in Figure 4 and keyed to the appropriate part of Landing’s (1983)
section E.

The section is truncated by the Highgate Falls thrust directly below the dam, which
has roughly 10 meters of dolomitic arenites and breccias (lower Gorge Formation) in its
hanging wall. The relationships that are spectacularly exposed in the river gorge are also
found, or inferred from mapping in the rocks north to the International Border and into
Quebec, with some along-strike changes. Critical relationships and interpretations of the
rocks in the gorge, and north into Quebec include the following. 1) There is a conformable
unfaulted sequence of the upper part of the upper Cambrian Gorge Formation into the
overlying lower Ordovician Highgate Formation; 2) The Highgate Formation is a
depositionally continuous unit from its basal contact with Gorge Formation up to its

contact with the overlying Morses Line Formation; and the Highgate Formation is not cut
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by any significant faults with the exception of small thrusts with observable intra-outcrop
displacements and soft sediment normal faults with little offset (centimeters to meters) that
die out over several meters or tens of meters along strike; 3) The contact between the black
slate and the underlying disrupted bedded argillaceous limestones of the Highgate
Formation (Loc. A, Figure 4), previously interpreted to be either conformable (Shaw,
1958), a thrust (Landing, 1983) or a normal fault (Haschke, 1994), is observed to be a
depositional contact modified along part of the exposure by a minor thrust fault that dies
out laterally; 4) Slaty cleavage within the black slates is also seen in the lower Highgate
Formation, although developed to a lesser extent in part due to the more competent nature
of that unit, supporting the proposal that no significant structural break exists between the
Highgate and Morses Line Formations; 5) The black slate beneath the Highgate Falls thrust
(previously Highgate Slate) is interpreted to be the lowermost part of the Morses Line
Formation, similar to Haschke (1994); 6) The Highgate Falls thrust repeats the Gorge-
Highgate-lower Morses Line Formations and ascends, probably along lateral ramps, along-
strike to the north, cutting into progressively higher stratigraphic levels as it is traced north
from the Missisquoi River gorge into Quebec. 7) A limestone boulder conglomerate
present near the International Border is interpreted to be the Corliss Conglomerate and a

member of the Morses Line Formation.
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1) Gorge/Highgate Formation Contact

Designation of the lithostratigraphic formations in the Missisquoi River gorge has
been controversial, in part due to varying measurements and descriptions of the units there
(see Landing, 1983, p. 1153-1154). Schuchert (1937) discarded the name Milton that
previously was applied to the massive dolomite sedimentary breccias at the base of the
section in the river gorge. Instead, he introduced the name Gorge Formation to refer to the
dolomite and limestone breccias, thin-bedded dolomites and limestones, and dolomitic
slate in the lower part of the river gorge and the Highgate Formation was reserved for the
limestone breccia, bedded limestones and shales with rare dolomites, and overlying black
slates (also Pingree, 1982). He separated them at the base of a massive limestone breccia
(Loc. C, Figure 4), which he interpreted as a thrust breccia. However, all subsequent
workers, including this study, interpret this as a depositional contact and that the breccia is
sedimentary in origin. Shaw (1958), in almost complete contrast to all previous and
subsequent workers, assigned the dolomitic breccias above the Highgate Falls Thrust to the
Highgate Formation and all rocks below the thrust to the Gorge Formation. Landing
(1983), using a detailed measured section, separated the two formations by placing the
lower quartz sand-bearing rocks in the Gorge Formation and the upper limestone-
dominated, but quartz sand-free rocks below the Highgate Falls Thrust into the Highgate
Formation (Loc. B, Figure 4; also base of unit 25 of Landing’s [1983] measured section E).
His interpretation of this contact places significant amounts of bedded limestones within

the Gorge Formation that more closely resemble those of the Highgate Formation.
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Haschke (1994) recognized this and placed the formation contact near the Cambrian-
Ordovician boundary using the first occurrence of limestone beds to mark the base of the
Highgate Formation (Loc. D, Figure 4; Figure 5). This study recognizes Haschke’s (1994)
criterion of limestone-slate beds in Highgate Formation, relative to dominantly sandy
dolomites of the Gorge Formation, to be the most readily recognizable lithic marker and
one that reasonably recognizes the change in depositional environment from a dolomite-
quartz sand shelf environment to a lime-mud continental slope proposed by Landing
(1983) and Mehrtens and Dorsey (1987).

[t is the Gorge-Highgate Formation contact, that is in Quebec inferred to be a
major thrust emplacing allochthonous Stanbridge Group rocks over the
parauthochthonous carbonate shelf edge (Milton Dolomite), but here it is clearly observed

to be depositional.

2) The Highgate Formation is a depositionally continuous unit

Regardless of the accepted position of the Gorge-Highgate Formation contact, the
rocks in the Missisquoi River gorge represent a continuously exposed section that is
depositionally continuous from upper Cambrian sandy dolomites, that are generally
accepted to be part of the Gorge Formation, through the lower Ordovician (conodonts of
Landing, 1983) limestone-slates of the Highgate Formation, and into the black slates
beneath the Highgate Falls Thrust. Detailed examination and measurement of the section

to create Figure 4 revealed no faults with significant displacement. Several relatively
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insignificant thrusts were identified; these have <1 cm thick calcitefilled slip surfaces and
typically die out over less than one meter to several meters and show less than one meter of
displacement. Some of these slip surfaces contain black annealed calcite, are folded, and
are identical to minor thrusts in the overlying black slates of the Morses Lines Formation
(see below). Slickenlines and rotated en echelon fractures are associated with these minor
thrusts. Some normal sense structures were observed but are interpreted to be a result of
soft sediment deformation and slumping prior to lithification and their origin is consistent
with that of the several intraformational breccias present in this section.

Schuchert (1937) identified a thrust plane at the base of the massive limestone clast
breccia (Loc. C, Figure 4) near the Cambro-Ordovician boundary. Examinations of this
horizon by Landing (1983), Haschke (1994), and this study have found no evidence to
support this. Landing (1983) interpreted the large sedimentary breccia near the top of the
Highgate Formation (Landing’s unit 29 and 30, Figure 4) as a tectonic breccia and used
this to place an unnamed fault at the base of the slates above this breccia (Loc. A, Figure 4).
However, examination of this breccia clearly shows it to be sedimentary in origin. Cleavage
is present within the unit, but no faults, slickenlines, fault gouge or slivers are present other
than those associated with several discrete minor thrusts (previous paragraph and next two

sections).
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3) The contact between the Highgate limestones and overlying black slates is locally a minor thrust

fault

The contact between the upper calcareous slate of the Highgate Formation and
overlying penetratively cleaved slates of the lower Morses Line Formation (Loc. A, Figure 4)
in the Missisquoi River gorge has been alternately interpreted to be conformable (Shaw,
1958; Pingree, 1982), a thrust fault (Landing, 1983), or a normal fault (Haschke, 1994).
Close examination of the contact on the north shore of the Missisquoi River revealed a
minor thrust fault, similar to others seen in the underlying Highgate limestones and
overlying Morses Line slates. However, where this contact is observed on the south shore, it
is seen to be a depositional contact.

The formation contact is deformed by a single, mesoscopic, open, angular fold on
the north shore and cleavage in the surrounding rocks appears to be axial planar to the
fold (N 42° E, 56° E). On the north limb (N 5° W, 43° E), where the contact is faulted, it
dips moderately to the east, and a thin, approximately one-centimeter thick, calcite-filled
vein with multiple slip surfaces (Figure 6) is present that displays stepped slickenlines (S 71°
E, 31°) and slickensides indicating reverse sense motion. En echelon extension cracks filled
with fibrous calcite show various stages of rotation and, although difficult to interpret in
some places, show an overall reverse sense. The thrust fault is present on the northern limb
and hinge area, but it cannot be determined whether it extends significantly along the
southern limb (N 38° E, 30° S). Cleavage in the surrounding rocks is not folded, but the

thrusted part of the contact, which follows the fold at least slightly past the fold hinge,
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crosscuts cleavage. This suggests that folding was concurrent with cleavage development,
and that minor slip was initiated during folding, possibly due to the strong disparity in
competence between the limestones and slate, but was reactivated following folding,

possibly coeval with the younger out-of-sequence Highgate Falls Thrust (see below).

4) Deformation in the Morses Line slates exists in the Highgate Formation

A number of deformation features are displayed in the black slates of the Morses
Line Formation and to a lesser extent in the underlying Highgate Formation, supporting
our contention that no structural break exists between these two units. These features
include minor reverse faults with slickensided surfaces, en echelon fractures, cleavage, and
normal sense displacement of beds.

A number of minor thrust faults cut the exposed section in the Missisquoi River
gorge, including the one described above, but excluding the Highgate Falls thrust. They
have thin fault zones (usually about one centimeter or less) of short lateral extent (many of
these faults die out within the exposed outcrop), and displacements are estimated to be on
the order of millimeters to several meters. Fault sense is determined from steps in
slickenfiber surfaces and en echelon fracture orientation and rotation. Fault generation
appears to be diachronous. A spectrum of faults with similar characteristics range from
planar thrusts to highly contorted faults, but all are marked by calcitefilled veins with
slickenfiber slip surfaces and are associated with calcite-filled en echelon extension fractures

(Figure 7). Thin fractures with millimeter displacements linking individual un-rotated
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extension fractures appear to be the early stages of individual fault generation, while faults
with up to one centimeter thick slickensided veins cut several generations of extension
fractures, some of which show various stages of rotation. Highly contorted faults usually
contain annealed calcite veins, but some still show slickenfiber surfaces. These are also
associated with en echelon extension fracture sets, which have been folded. Some folded
fault surfaces have axial planes parallel to cleavage in the surrounding rocks (Figure 8),
indicating that shortening strain associated with cleavage generation was responsible for
folding. That some of the thrusts are unfolded indicates that faulting was diachronous but
associated with this strain event.

Cleavage is penetrative in the slates of the Morses Line Formation and spaced to
penetrative in the limestone-dominated rocks of the Highgate Formation. In the more
competent massive beds of limestone, cleavage development is usually not observed at the
mesoscopic scale. More argillaceous units in the Highgate Formation show greater cleavage
development and the massive dolomite breccias and sandstones of the Gorge Formation
show little (spaced where present) to no mesoscopic cleavage development, although the
basal limestone beds of the Highgate Formation are weakly cleaved.

That cleavage and coeval minor thrust faults are present in both the Highgate and
Morses Line Formations indicates that the two were in proximity during cleavage
formation folding, and faulting. If the slate represented an allochthonous unit as proposed
by Haschke (1994) this would require transport prior to cleavage generation, which

contrasts with relationships in the Taconic and Quebec Allochthons where deformation
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occurred prior to final emplacement (Rowley and Kidd, 1981; St. Julien, 1977; Lebel and
Kirkwood, 1998)

Haschke (1994) invoked a normal sense detachment to explain the juxtaposition of
the lower Ordovician slates against the similar-aged and older rocks of the Highgate
Formation. After rising during thrust transport to higher structural levels, he proposed
that the Morses Line slates dropped down along a listric normal fault (St. Albans
Detachment). This contact was proposed to have been one of the last structures developed
during the Taconic Orogen in this area, or possibly as young as Mesozoic. Haschke’s (1994)
normal fault was interpreted to be post-cleavage to explain a 15° difference in cleavage
orientation between the more shallowly dipping cleavage of the Morses Line slates and
steeper cleavage of the Highgate limestones. However, the contact is observed folded while
the surrounding cleavage is not, indicating that any faulting is pre- to syn-cleavage. This
study proposes that the contact is essentially depositional (excluding the minor thrust
described above) and differences in cleavage orientation cited by Haschke (1994) are the
result of cleavage refraction due to the competency contrast between the two units, where
the angle between bedding and cleavage is steeper in the more competent limestones and
shallower in slates of low competency (Ramsey and Huber, 1983). Such cleavage refraction
is observed in outcrop of the well-bedded micrites and slates of the Highgate Formation in
the Missisquoi River gorge (Landing’s unit 25, Figure 4).

Observed normal sense structures are mainly expressed as offsets in disconnected
beds of dolomite in the slates (Figure 9) and displaced beds in the bedded limestone

sections of the Highgate Formation. The well-defined cleavage in the surrounding slates
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clearly wraps around the truncated ends of beds indicating that extension (boudinage?)
occurred prior to cleavage formation, likely as a result of either emplacement by sliding of
beds into the shale environment or differential stresses between the dolomite beds and

clays during burial and compaction.

5) The black slate (Keith’s [1925] Highgate Slate) is the lowest part of the Morses Line Formation

Keith (1923) designated the calcareous black slates in the upper part of the
Missisquoi River gorge, beneath the Highgate Falls thrust (above Loc. A, Figure 4) and the
underlying slaty limestones (below Loc. A, Figure 4) as the Highgate Slate (upper and
lower, respectively). They were later renamed the Highgate Formation by Schuchert (1937).
The lower unit corresponds to what this study considers as the Highgate Formation. The
upper unit consists mostly of well-cleaved slate that contains a minor quantity of
individual, dismembered, orange-weathering dolomite micrite, and laminated dolomite
and slate beds (typically 5-30cm thick), pebbly limestone clast breccias with micritic matrix
(in the one calcareous member a few meters thick), and well-bedded micrite and slate
horizons (also in this one calcareous member). Despite the apparent lithic similarity of the
upper and lower units (slaty micrite and calcareous slate in the lower unit and slates with
bedded slaty limestones in the upper, both containing slaty matrix limestone breccias) as
described by previous workers, this study follows Haschke (1994) in designating the black
slates (above Loc. A, Figure 4) as the base of the Morses Line Formation. The basis for this

includes the relative ease of separating the dominantly bedded, gray, slaty limestone and
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limestone breccias of the Highgate Formation from the dominantly black slates along an
observable and mappable contact. This contrasts with the difficulty of separating the black
slates (previously Highgate slates) from the black and gray, in part calcareous slates which
make up large areas east of the mapped area, commonly attributed to the Morses Line
Formation (above the Corliss Conglomerate). In no part of the Highgate Formation do the
slates make up more than a small percentage of the rock and slate horizons are typically less
than a centimeter thick. In the Morses Line Formation, slate makes up more than 90% of
the unit, and limestone-dominated sections are interspersed between slate sections many
meters to tens of meters thick.

Given the across-strike width of the black slates of approximately 100 meters in the
Missisquoi River Gorge, this gives a minimum thickness for the unit. However,
significantly greater widths of exposure occur in valleys to the north. Folding and minor
thrusts in the gorge and scarce outcrop in the flat-floored valleys elsewhere make an
accurate thickness determination difficult. The slates extend east of their conformable base
on the Highgate Formation to where they are truncated in the Missisquoi River gorge, and
also to the north along the western flank of a discontinuous ridge, by the Highgate Falls
thrust (Locs. A, B, and D, Figure 3). The black slates, including dismembered dolomite
beds, are repeated east of the thrust (Loc. C, Figure 3) and make up parts of the eastern
flank of this ridge and dive under the extensive cover further to the east. Beyond this (east
of Loc. C), a lack of outcrops combined with their similarity to the wide expanse of slates
that are typically assigned to the Morses Line Formation does not allow for constrained

mapping of a contact between the two. Shaw (1958) proposed this contact might be a
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thrust fault (Gore thrust), but did not observe it and indicated that whether the reader
accepted the contact as a fault or depositional was a matter of opinion. The author of this
study observed no evidence for the Gore thrust, either in Vermont or Quebec, but the lack
of outcrop in this area precludes a definitive statement on this. Regardless of how the black
slates are designated, a depositionally continuous section (excluding the Highgate Falls
thrust) consisting of the Gorge Formation up through black slates of the basal Morses Line

Formation (as defined in this study) exists as least as far east as location C in Figure 3.

6) The Highgate Falls Thrust repeats the Gorge-Highgate-lower Morses Line Formations and ascends

laterally into progressively higher stratigraphic levels

The Highgate Falls thrust is fully exposed in the Missisquoi River gorge (Figure 10)
and emplaces dolomitic arenites of the lower Gorge Formation over the black slates and
minor intercalated limestones of the lower Morses Lines Formation (and possibly the
topmost Highgate Formation?). The slip surface is undulatory, but on average, dips
shallowly to the east. Limestone beds in the foot wall that approach the thrust at a high
angle display asymmetric folds directly beneath the thrust indicating a westerly transport
direction of the hanging wall.

North of the Missisquoi River, the Highgate Falls thrust can be traced along the
western base of a series of discontinuous low ridges containing exposures of the Highgate
Formation limestones east of slates of the Morses Line Formation. At locations A, B, and

D (Figure 3) limestone breccias and bedded limestones and slates are thrust over slates of
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the Morses Line Formation. At these locations, fault zone breccias containing carbonate
slivers are present along the contact between the two units. Approximately 200 meters
south of the International Border, a thrust fault is observed emplacing slates over similar
slates (Morses Line Formation) and at this locality no rocks below the lower Morses Line
Formation are present. This alongstrike change in the rocks of the upper plate (Gorge
Formation in the river gorge to Highgate Formation at Locations A and B, Figure 4, to
Morses Line Formation near the border suggests that the thrust ascends along-strike to the
north, probably along lateral ramps. Evidence that the thrust continues in Quebec was not

observed.

7) The Corliss member of the Morses Line Formation is present near the International Border

The Corliss conglomerate, a discontinuous, limestone boulder conglomerate
horizon within the Morses Line Formation is named for a series of outcrops (Corliss ledge)
south of the Missisquoi River. Alongstrike near the International Border, similar boulder
conglomerates occur (Figure 3). Keith (1923) originally assigned all of the slates beneath
this horizon to the Highgate Slate. For this study, these slates include the black slates
containing individual dolomite beds similar to those exposed in the Missisquoi River gorge
and locations A, B, C, and D of Figure 3. This study considers the Corliss Conglomerate to
be an internal member of the Morses Line Formation.

In Vermont, laminated silts and mudstones, in part calcareous, are present directly

east of the black slates of the lower Morses Line Formation, beneath the Highgate Falls
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thrust. Haschke (1994) correlated these with the middle, rhythmite unit of the Stanbridge
Group. In Quebec, similar rocks closely overlie the northward continuation of the Corliss
outcrops in the upper block. That this rhythmite occurs both below the Highgate Falls
thrust and directly above the black slates of the Missisquoi River gorge suggest that it is part

of the depositionally continuous Rosenberg slice.

SOUTHERN QUEBEC

The rocks described above for northwestern Vermont have been correlated with
those directly north of the International Border in southern Quebec, where they make up
the inner and outer belts of the external domain of St. Julien and Hubert (1975). Some
differences in nomenclature occur across the border, but all of the units mapped north of
Highgate Center in Vermont, for this study, have been traced into southern Quebec. A
description of the evolution of our understanding of the Quebec rocks follows and the
regional geology is shown in Figure 1.

In an excellent early study, Clark (1934) divided the rocks of southern Quebec into
a series of east-dipping slices, separated by thrust faults, for the most part, corresponding to
those described for northwest Vermont. The Highgate Springs slice is terminated by the
Phillipsburg Thrust south of the International Border and does not extend into Quebec.
The two westernmost slices, bounded by Logan’s Line (as defined by Clark, 1934) on the
west, are the Cambrian to lower Ordovician Phillipsburg and Cambrian to middle

Ordovician Rosenberg slices, the former of which is thrust over the argillaceous middle to
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upper Ordovician St. Sabine Formation that is in turn thrust over the Iberville Formation,
part of the foreland basin clastic section overlying the passive margin shelf sequence that
lies directly on the Laurentian crustal basement (Globensky, 1981). According to Clark,
the lower Phillipsburg slice is composed of a sequence of gently folded carbonates (mainly
limestone) overlain by more highly deformed slates of the Stanbridge Formation. Eakins
(1964) and Clark and Eakins (1968) later continued this interpretation of a conformable
sequence of carbonates to slates (now understood to be faulted).

From the east, Clark’s (1934) Rosenberg slice is thrust over the Phillipsburg slice
along the Rosenberg Thrust, and is composed of lower-to-upper Cambrian aged dolomites
and dolomite breccias (he called these the Mallet and Milton Dolomites) overlain
successively by limestone, limestone breccia, and slates with carbonates of the Highgate
Formation as well as the “Georgia slates” (a name derived from Vermont and equivalent to
the Morses Line Formation above the Corliss Conglomerate). The Mallet Dolomite
corresponds to the Dunham Dolomite and the Milton Dolomite roughly corresponds to
the Saxe Brook and Gorge Formation of Vermont. Despite similarities in lithology of the
Stanbridge and Georgia slates from the two slices, Clark separated them along the
Rosenberg Thrust (by invoking a nearly 90 degree turn to the east in the trace of the fault),
which terminates the northern end of the Rosenberg slice a few miles north of the
International Border. Clark and Eakins (1968) dropped the term “Georgia” and included
all the slates east of Logan’s Line and above the Phillipsburg carbonate succession in the

Stanbridge Complex, removing the west-to-east extension of the trace of the Rosenberg

Thrust.
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St. Julien and Hubert’s (1975) regional compilation divided the western
Appalachian rocks of southern Quebec into three broad tectonic domains that, from west
to east, are the autochthonous, external, and internal domains. The autochthonous
domain is composed of shelf and flysch sequences deposited directly on the Laurentian
Precambrian basement, which are deformed by normal faults and open folds (Globensky,
1981). Near the International Border it roughly corresponds to the rocks west of Logan’s
Line as defined by Clark (1934). The internal domain in the Eastern Townships includes
the deformed and metamorphic rocks of the Oak Hill Group and Bonsecours and
Sweetburg Formations of the Sutton Anticlinorium. Situated between the autochthonous
shelf and the internal domain is the external domain, which is divided into two northeast-
trending belts, outer and inner, composed of thrustimbricated carbonate shelf-flysch
sequences and allochthonous nappes of more distally derived rocks, respectively. The
carbonate-flysch sequences of the outer belt resemble those of the autochthonous shelf
domain while the nappes of the inner belt are dominantly composed of internally-coherent
thrust-bounded masses of shale with argillaceous shale, turbidites, arkosic sandstone and
limestone conglomerates, typical of shelf edge and slope facies (St. Julien, 1977). In
contrast to Clark (1934) and Clark and Eakins (1968), St. Julien and Hubert (1975) define
Logan’s Line near the International Border as the western boundary to the inner belt of
the external domain and equivalent to the western extent of the allochthonous rocks.
According to them, the Phillipsburg slice lies west of Logan’s Line, in the outer, thrust-
imbricated belt (p. 339). Necessarily, they separate the Stanbridge Formation structurally

from the Phillipsburg carbonates, an interpretation followed by subsequent workers.
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St. Julien and Hubert (1975) appear to include the limestone and limestone
breccias of Clark’s Rosenberg slice (Highgate Formation) with the argillaceous rocks of the
inner belt of the external domain. The Stanbridge Nappe, as defined by St. Julien and
Hubert (1975) only includes part of the Stanbridge Formation (p. 348 and Table 1) but
they do not state directly whether they consider the Highgate Formation and/or lower
units to be part of the allochthonous nappe, or the thrustimbricated outer belt. In their
figures 4 and 5, they appear to correlate the calcareous Highgate Formation with the
Lauzon Formation of the Point-de-Levy nappe, and calcareous slates that overlie the
Highgate Formation (previously Clark’s Georgia Formation) with the Levis, Pointe-de-la-
Martiniére, and St Hénédine Formations of the Point-de-Levy, Bacchus, and St Hénédine
nappes, respectively. This suggests that they do consider this unit (Highgate Formation) to
be part of the allochthonous Stanbridge Nappe. The Saxe Brooke equivalent (and
presumably the Gorge Formation) however, is shown as part of the thrust imbricated shelf
sequence, requiring a major tectonic break between the Gorge and Highgate Formation
equivalents in Quebec (Logan’s Line). Williams (1978) tectonic lithofacies map shows the
Stanbridge Nappe (“transported rocks of continental slope/rise”) extending into Vermont,
in the position occupied by the Morses Line Formation. These proposed relationships
contrast sharply, and are not compatible with observations in Vermont where this contact
is conformable.

The most recent and detailed work along the International Border in this area was
conducted by Charbonneau (1980) and Globensky (1981) for the Ministere de 'Energie et

des Ressources and their work mutually adjoins approximately along the
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Phillipsburg/Rosenberg contact of Clark (1934). Charbonneau’s (1980) study area
encompasses the inner belt of the external domain of St. Julien and Hubert (1975) and is
in part repeated in Globensky (1981). Globensky’s (1981) study included the outer belt of
the external domain (imbricated shelf) and the autochthonous domain. Both authors
follow St. Julien and Hubert (1975) in that they place a major tectonic break between the
Gorge and Highgate Formation equivalents in Quebec.

Globensky and Charbonneau both proposed the use of the “Stanbridge Group” to
refer to the Highgate Formation and the slates of Clark and Eakins’ (1968) Stanbridge
Complex, and divided it into lower, middle, and upper sequences. The Highgate
Formation and slates previously assigned to the Highgate Slate make up the lower sequence
of the Stanbridge Group and the slates and siltstones equivalent to the Morses Line
Formation comprise the middle and upper sequences. Conglomerates similar to the Corliss
member occur just below the middle unit. According to them, the Stanbridge Nappe,
which is entirely composed of the Stanbridge Group, is a coherent, fault-bounded,
lithostructural unit. The slates of the upper sequence are observed thrust over the
carbonates of the Phillipsburg slice and calcareous shales of the St. Sabine Formation.
Significantly, and in contrast to relationships in Vermont, this definition separates the
Milton Dolomite and Highgate Formation into different structural units, separated by a
thrust (unnamed in Quebec, but would correspond to Logan’s Line as defined by St. Julien
and Hubert, 1975). The term “Milton Dolomite”, no longer in use in Vermont due to
confusion over its meaning, according to Globensky (1981), refers to chert-bearing, sandy,

massive dolomite and conglomeratic dolomite of upper Cambrian age and is composed of
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the Quebec equivalents of the Gorge, Clarendon Springs, and Saxe Brook Formations of
Vermont. Use of Clark and Eakins’ (1968) Mallet Dolomite was dropped. The Milton
Dolomite, according to Globensky (1981), is a fault-bounded unit but is older than the
Phillipsburg series. The eastern contact with the Stanbridge Group is inferred to be a
thrust fault that is folded at the northern end, south of Bedford, and truncated by the
Rosenberg Thrust, which separates it from the Phillipsburg carbonate series (Figure 1 and
11). Globensky (1981), like Clark (1934) places Logan’s Line at the western boundary of
the Phillipsburg slice.

The Stanbridge Nappe, or Stanbridge Group, was interpreted to be allochthonous
based on its similarity to other nappes to the north, the observed thrust relationship of the
slates over Phillipsburg carbonates and St. Sabine Formation, and its lithological
composition of shale and limestone conglomerate (St. Julien and Hubert, 1975,
Charbonneau, 1980, Globensky, 1981). The Quebec nappes are internally consistent with
respect to structure and lithology, composed of shale or mudstone with limestone
conglomerate, argillaceous limestone, or arkosic sandstones (St. Julien and Hubert, 1975;
St. Julien, 1977; Lebel and Kirkwood, 1998). Additionally, several of the nappes are
floored by mélange (Etchemin and Riviere Boyer mélanges) and contain olistostromal units
(Citadelle, Anse St-Vallier). The Quebec nappes are stacked such that those containing
older sequences always lie on those with younger sequences (St. Julien and Hubert, 1975).
The Stanbridge Group is broadly similar in lithology to some of the Quebec Nappes
(Québec Promontory, Pointe de Lévy, Bacchus, St. Hénédine nappes) in that it is

dominantly slate with, in places, thin limestone beds (millimeter to centimeter scale) and
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thicker limestone conglomerate horizons (meter scale). However, there are some differences
with the other nappes to the north. It is of early to middle Ordovician age (Riva, 1974) and
rests on the older, or approximately coeval rocks of the Milton Dolomite, rather than
younger ones. There is also a lack of any identified mélange or olistostromal units along its

base along the Milton Dolomite, Phillipsburg Series, or St. Sabine Formation.

This study

The map area in Quebec corresponds to the rocks assigned to the Milton Dolomite
of Globensky (1981) and the adjoining western part of the lower Stanbridge Complex of
Charbonneau (1980). All of the formations seen in Vermont were observed in Quebec,
and the Dunham Formation, not covered in the Vermont study area, was mapped in
Quebec and makes up the western part of Globensky’s (1981) Milton dolomite. It is
proposed that the name Milton Dolomite, in use in Quebec be dropped in recognition
that the dolomite and limestone-shale succession (Dunham-Saxe Brook-Gorge-Highgate-
Morses Line Formations) that composes the Rosenberg slice of Vermont can be delineated
in Quebec (Figure 11). Structural data is shown in Figure 12, and includes data from
Vermont.

The Dunham Formation closely resembles the Saxe Brook Dolomite but is
distinguished, in this study, by the absence, or near absence, of well-rounded quartz sand.
Along the contact between the two units, there are several alternating horizons of sandy

dolomites and quartzfree dolomites that represent a section of at least several meters
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thickness. In many places the near horizontal bedding makes the exact placement of the
formational contact a difficult decision and its position in Figure 11 should consequently
be viewed as an approximation. Haschke (1994) similarly defined the contact between
these two units based on the lack of quartz sand versus the dominance of quartz sand in
the dolomites and terminated the Dunham Formation south of the International Border.
However, quartz-free dolomites, which we assign to the Dunham Formation are present at
the International Border (near border monuments 625¢, 626, and 626a, Figure 11) and
extend northward, until they are terminated by the Phillipsburg thrust approximately 1.5
kilometers southwest of Le Coin-chez-Desranleau.

The Saxe Brook Dolomite typically contains abundant well-rounded white and
clear quartz sand, and this is the basis for its distinction from the Dunham Formation.
Both formations are usually massive but in places display beds of 0.5 meters or more
thickness. Weathered surfaces are generally smooth (excluding the quartz sand grains) and
brown to yellow in color.

The Gorge Formation mostly consists of tan to orange-weathering dolomitic quartz
arenites and arenaceous dolostones, well bedded in the Missisquoi River at Highgate
Gorge, and showing there numerous beds containing dispersed angular sedimentary clasts
of similar arenite. None of the well-bedded horizons observed on the Missisquoi River were
seen in Quebec, where only fractured variably arenaceous massive dolomites and
sedimentary breccias of dolomitic clasts in an arenaceous dolomitic matrix with varying
abundances of broken arenite beds and rare cobbles of well-rounded white quartz grains

are present.
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Of the numerous rock type horizons in the Highgate Formation (Figure 4), only
ribbon-bedded slaty limestones were observed in Quebec. Good exposures of these beds are
present at the International Border and north to the Rock River where they are folded
westward and dive beneath a thick blanket of till. They do not reappear, with the exception
of three localities where small outcrops that are not clearly in place are present, until Le
Coin-chez-Desranleau where good exposures in a cow field wrap around the northernmost
exposures of the dolomitic units and are terminated by the Rosenberg thrust. It is possible
that the Highgate Formation is discontinuous in Quebec as suggested by Charbonneau
(1980), which he used as evidence for a thrust between the Stanbridge Group and well-
exposed dolomites. However, the presence of intermediate localities (albeit of angular
glacially-disturbed rocks not fully in place) suggests that it is present along its full strike
beneath the extensive glacial cover.

The limestone boulder conglomerate (Corliss member), whose southern
termination occurs just south of the International Border, extends into Quebec along a
typical north-northeastern strike, but just north of the border bends to the east and passes
off into a series of fields where it forms a series of low ridges. Charbonneau (1981) noted
these outcrops on his map and showed them paralleling, and beneath, his middle unit of
the Stanbridge Group.

Three significant conclusions arise from the distribution, orientation, and contact
relations of the Quebec rocks: 1) the conformable relationship of the Gorge-Highgate-
Morses Line Formations in Vermont is most likely the relationship that exists in Quebec;

2) the conformable section, within the Stanbridge Group, includes the Corliss
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Conglomerate and the middle unit of the Stanbridge Group and make up the majority of
the rocks mapped as the Stanbridge Group; and 3) the northern termination of the
dolomites and bedded limestones of the Gorge and Highgate Formations is an anticlinal
fold hinge whose western limb is terminated by the Rosenberg thrust, probably forming a

ramp anticline-thrust pair.

1) The conformable relationships in Vermont are likely present in Quebec

At no place in Quebec is the contact between Highgate and Gorge Formation rocks
observed, although they are separated by only a few meters both in the north (Le Coin-
chez-Desranleau) and south (Rock River to International Border). Previous studies in
Quebec have not reported exposures of this contact, but it has been inferred it to be a
thrust (Charbonneau, 1980; Globensky, 1981). However, because the relationships are
clear in Vermont, and there is no evidence to the contrary in Quebec, we think it is
reasonable to assume that the Gorge-Highgate Formation contact in Quebec is not
structurally modified. At no place along the eastern boundary of the Gorge Formation in
Quebec is there evidence in the form of slivers of exotic material, mélange, fault rock, fault
zone-localized cleavage, or related deformation expected to be associated with a major
thrust fault. The breccias in the Gorge Formation are sedimentary in Vermont (Mehrtens
and Dorsey, 1987; Landing, 1983) and they appear to be similar in nature in Quebec. No
foliations, extensive veining, slickensides, or other deformation that might be expected to

accompany brecciation in a hard rock state was observed.
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2) The conformable section makes up most of the Stanbridge Group

In Vermont, the Corliss Conglomerate and rocks correlated with the middle
rhythmite unit of the Stanbridge Group (ST unit of Charbonneau, 1980) are most likely
part of the conformable section overlying the Highgate Formation. Rocks correlated with
the rhythmite unit occur alongstrike to the north below the Highgate Falls thrust and most
likely conformably overlie the black slates seen in the Missisquoi River gorge. Above the
Highgate Falls thrust, beginning near the International Border, the Corliss conglomerate
and rhythmite unit lie close to one another and are mapped in parallel for at least two
kilometers (Charbonneau, 1980) suggesting no fault exists between the two. Further, in
Quebec, these rocks both turn sharply to the east and the trace of the middle rhythmite
unit of the Stanbridge Group extends nearly to the eastern boundary of the Stanbridge
Group before turning north and finally trending back to the west around the northern
termination of the dolomites of the Rosenberg slice and limestones of the Phillipsburg slice
where it is terminated by the St. Sabine Formation (Figure 1) along the Phillipsburg thrust.
The middle and lower units of the Stanbridge Group (Sti and St of Charbonneau, 1980)
thus make up most of the area mapped as the Stanbridge Group. Also, in the northwest
part of the group, the rhythmites are found discontinuously mapped in undifferentiated
Stanbridge rocks. Based on this, most of the areal extent of the Stanbridge Group cannot
be considered allochthonous, although evidence for, or against this is lacking for the upper

part. However, Charbonneau (1980) considered the entire Stanbridge Group to be a
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complete, unfaulted lithostratigraphic unit, so we propose that the entire Stanbridge
Group is a part of the parauthochthonous domain, and not a part of the Quebec

Allochthon.

3) The northern termination of the Gorge and Highgate Formations is an anticlinal hinge, truncated

by the Rosenberg thrust

The bedding relationships and the outcrop distribution at Le Coin-chez
Desranleau, especially those of the bedded Highgate Formation, show that the units are
folded around a large anticlinal fold, whose western limb is truncated by the Phillipsburg
limestones along the Rosenberg thrust (Figure 11). The name Highgate anticline is
proposed for this structure. The limestones of the Highgate Formation wrap around the
northernmost exposures of the dolomite, and show extensive mesoscopic folding in the
macroscopic hinge area. Throughout most of the field area, bedding typically strikes north-
northeast and dips shallowly to the east. In hinge areas, beds strike approximately east-to-
west and dip to the north and western limbs strike northeast and dip to the northwest
(Figure 12a). The mpole of bedding orientations (Figure 12a) indicates that fold hinges
plunge shallowly to the northeast. This is in part supported by observed fold hinges (Figure
12¢), which although scattered, are largely northeast plunging with a few plunging

shallowly to the southwest.

163





DISCUSSION

The evidence in Vermont and southern Quebec indicates that most of the
Stanbridge Group, relative to the carbonates of the Rosenberg slice, is not part of a
continental rise-derived allochthonous nappe, but was deposited on top of the shelf-derived
Rosenberg slice. This is based on 1) the observed conformable sequence through the
Gorge-Highgate-lower Morses Line Formation. The conformable sequence is inferred to
continue up through the Corliss conglomerate and middle rhythmite unit of the
Stanbridge Group based on map position and lack of evidence for a major thrust within
the lower Morses Line Formation; 2) the younger age of the lower to middle Ordovician
Morses Line/Stanbridge Group relative to underlying lower Ordovician Highgate
Formation and Cambrian Gorge Formation, which contrasts with all of the other Quebec
allochthons that place older transported rocks on younger rocks of the Laurentian shelf; 3)
a lack of mélange or flysch associated with transport; 4) no structural break is apparent
between the carbonates of the Gorge-Highgate Formations and Morses Line
Formation/Stanbridge Group; and 5) the map pattern of the carbonates of the Rosenberg
slice (Dunham through Highgate) and Stanbridge Group delineates a large anticlinal
structure, the Highgate anticline, whose western limb is truncated by the Rosenberg thrust
and indicates that the Stanbridge Group was adjacent to the carbonates prior to folding
and faulting. Additionally, no evidence was observed to support the existence of a major
thrust fault (excluding the Highgate Falls thrust) at or near the Stanbridge Group/Morses

Line-Highgate Formations contact with the underlying dolomites of the Gorge Formation.
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Evidence for thrust faults between slates of the Stanbridge Group and other units is
seen in Quebec. In the Graymont quarry (Figure 1), west of Bedford, an inlier of
Stanbridge slates are thrust over the Corey Formation of the Phillipsburg slice (fault surface
N 30° E, 27° E, slickenline orientation 32, S 38° E). This fault, which occurs four
kilometers north of Le Coin-chez-Desranleau, is most likely the northern extension of the
Rosenberg thrust, which imbricates the Laurentian shelf and shelf edge rocks.
Charbonneau (1980) reported the Stanbridge Group thrust over the middle Ordovician
turbidites (bedded slates and calcareous slates and mudstones) of the Saint Sabine
Formation (previously Iberville Shale), along the northward extension of the Phillipsburg
thrust (Logan’s Line according to Riva, 1974). The St. Sabine Formation is in turn thrust
over Iberville shale to the west. Charbonneau (1980) indicated that the St. Sabine
Formation might be either an allochthonous nappe or a slice of the parauthochthonous
foreland (see his figures 68 and 75 and p. 77). However, he also correlated it with the
Courval Formation and St. Germaine Complex, now part of the autochthonous and
parauthochthonous St. Rosalie Group (Stephan Sejourne, personal communication). Our
study also suggests that the St. Sabine is likely part of the Laurentian shelf
(parautochthonous). An alternative hypothesis, that the Phillipsburg thrust is an out-of-
sequence thrust that post-dates emplacement of an allochthonous St. Sabine Formation is
unlikely since the Granby nappe that occurs farther north, which is likely allochthonous,
crosscuts the Phillipsburg thrust. The Granby nappe, containing volcanic horizons and

probably related to the Sillery Group, is Cambrian in age and is thrust over the younger
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Stanbridge Group and St. Sabine Formation (St. Julien and Hubert, 1975; Charbonneau,
1980).

According to some workers (e.g. St. Julien and Hubert, 1975), Logan’s Line is
defined as the western boundary of the allochthonous terranes. With respect to our study,
this would imply that Logan’s Line does not extend south past the Granby nappe until the
Taconic allochthon slices of southwestern Vermont appear. This is a rather unsatisfying
interpretation and therefore we suggest that Logan’s Line marks the significant structural
break that occurs along the Champlain and Highgate Springs thrusts in Vermont, and the
Phillipsburg thrust in southern Quebec. This interpretation acknowledges that Logan
recognized the presence of a significant break in the faunal record of the Taconic foreland
(Logan, 1861).

The distribution of lithologic units of the inner belt of the external domain of St.
Julien and Hubert (1975) in southernmost Quebec is anomalous compared the typical
north-northeastern strike of units further north, or in Vermont. The meandering nature of
the Charbonneau’s (1980) middle unit and Corliss Conglomerate coincides with windows
that bring up the structurally lower St. Sabine Formation (Figure 1). Folding associated
with the Highgate anticline on the western part of the Rosenberg slice likely was coeval
with the formation of the St. Albans synclinorium, both of which were followed by faulting
along the Rosenberg thrust. The geometries of the Rosenberg thrust and northeast-
plunging Highgate anticline suggest that the anticline may have evolved as a fault-bend fold
(ramp anticline), exposing progressively higher sections to the northeast. Thrusting along

the Highgate Falls thrust post-dates that of the Rosenberg thrust (cuts and deforms
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penetrative cleavage in the Morses Line Formation in the Missisquoi River gorge). The out-
of sequence Highgate Falls thrust resulted in westerly transport of mostly Morses Line
Formation (including Corliss Conglomerate and the middle rhythmite equivalent) in
Vermont, but as the Highgate Falls thrust appears to die out across the International
Border, transport of the upper plate may have decreased and this could explain the change
in strike of the Corliss Conglomerate and rhythmite unit from a north-northeast strike to
more easterly before resuming a typical north-northeast strike, as a ductile bend fold related
to the thrust tip. Further north, the rhythmite unit then turns to the west, crossing the
hinge of the Highgate anticline. In this hinge area, a window of the St. Sabine formation is
also exposed.

The interpretation that the Morses Line Formation/Stanbridge Group is part of
the parauthochthonous Rosenberg slice has significant implications for the eastern contact
of the slice with the Sweetsburg and Hungerford Formations. Previous authors have
interpreted the nature and position of this contact in various ways. The previous
interpretation that the Stanbridge Group is allochthonous requires that the eastern contact
between Stanbridge Group/Morses Line Formation rocks and Hungerford and Sweetsburg
Formations be a thrust fault correlative with the one previously inferred to be at the base of
the Highgate Formation. Clark (1934), Shaw (1958), and Charbonneau (1980) called this
the Oak Hill thrust. The latter inferred its existence based on the truncation of the
Dunham Formation on the east limb of the St. Albans Anticlinorium while Shaw (1958)
noted that the Hungerford slate is less deformed and that differences in the orientation of

cleavage and bedding exist between the Morses Line and Hungerford slates. However, he
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also noted that in one place Hungerford slate was in apparent depositional contact with
the Morses Line Formation (p. 557). Doll et al. (1961) and Clark and Eakins (1968), on
the other hand, show a conformable contact between the Morses Line and
Hungerford/Sweetsburg Formations, consistent with the interpretation that the Morses
Line forms the synclinal core of the St. Albans synclinorium and the Hungerford and
Sweetsburg slates form its eastern limb. Rickard (1991) similarly shows a depositional
contact at the eastern edge of the Stanbridge Group and explains the truncation of
Dunham Dolomite cited by Charbonneau (1980), through high-angle normal faulting. The
apparent truncation of the Dunham Formation however, is equivocal since exposures

strike directly into an area of thick alluvial cover where no outcrops are present.
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Figure 1. Regional map showing significant structures and lithologic units in the
northwestern Vermont and southern Quebec. Based on Doll et al. (1961), Fisher
(1968), Charbonneau (1980), Globensky (1981), and Avramtchev (1989). Thrust
separating autochthonous and parauthochthonous shelves inferred from local

geology.
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Figure 2. Lithostratigraphic correlation chart of the Cambrian through Middle

Ordovician formations of the Rosenberg slice. Heavy dotted line indicates
Cambrian-Ordovician boundary. Light dashed lines indicate members of

formations. The several members (St. Albans Slate — Hungerford Slate) of Doll et

al. (1961) are part of the Sweetsburg Formation. * Keith (1923) mistakenly

correlated the Ordovician limestone conglomerate (Corliss) with the Cambrian
Rockledge Conglomerate, which led to correlating the Highgate Slate in the
Missisquoi River gorge with the Skeels Corners slate. ** Schuchert (1937)

mistakenly assumed the Hungerford Slate lies depositionally below the Rockledge

Conglomerate. *** Mehrtens and Dorsey (1987) assigned the name Rockledge to
both the Cambrian limestone conglomerates and the lithologically similar Corliss

outcrops of Ordovician age.
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Landing
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Figure 4. Measured lithostratigraphic section of the exposed units on the north
shore of the Missisquoi River gorge at Highgate Center. Locations are keyed to
references in the text. Measured section does not include the bulk of the Morses
Line Formation, Highgate Falls thrust or upper block of Highgate Falls thrust.
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Figure 5. Contact between the Highgate (above) and Gorge (below) Formations

in the Missisquoi River gorge at Highgate Center (Loc. D, Figure 7). The large
black arrow indicates the contact between the lowest bedded micrite and slate of
the Highgate Formation and the uppermost sandstone bed of the Gorge Formation.
Small arrow points to small 15 cm tall notebook, slightly oblique to view.
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Figure 6. Minor thrust fault at contact between Highgate and Morses Line
Formations. Large uni-direction arrow (A) indicates calcite slickenfiber vein,
approximately 1 cm thick. Small arrow (B) points to dime for scale, only partially
shown. Large bi-directional arrow indicates cleavage orientation. NW = northwest,
SE = southeast.
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Figure 7. Minor thrust faults and en echelon fractures in Morses Line Formation,
Missisquoi River gorge. Arrow A points to deformed fault, slip surface parallels
ground surface in photo. B arrows indicated relatively undeformed planar thrust
that cuts oblique to ground surface. Both faults are surrounded by extension
fractures (C arrows), although those associated with the deformed fault do not
show original en echelon arrangement. Pocketknife for scale is 9 cm long.
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Figure 8. Folded minor thrust in Morses Line Formation of Missisquoi River gorge.
Uni-directional arrow points to folded, annealed calcite slickenfiber vein. 14 cm
long pencil is oriented approximately with average fault orientation. Bi-direction
arrow indicates cleavage orientation.
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Figure 9. Dismembered dolomitic micrite beds in slates of Morses Line Formation
(large arrows). Small arrow (A) is 19 cm high field notebook.
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Northwest

Figure 10. Highgate Falls thrust exposed in the Missisquoi River Gorge. Author is
using pointer to indicate slip surface. Upper block has moved to the left in photo.
Photo courtesy of Marjorie Gale.
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Figure 12. Stereonet representations of structural data from both Vermont and
Quebec field areas. A) poles to bedding; B) poles to penetrative cleavage; C) fold
hinges, including some late fold hinges.

181





REFERENCES CITED

Aleinikoff, ] N., and Moench, R.H., 1985, Metavolcanic stratigraphy in northern New
England—U-Pb zircon geochronology: Geological Society of America Programs with
Abstracts, Northeastern Section, v. 17, p. 1.

Apted, M.]. and Liou, ]J.G., 1983, Phase relations among greenschist, epidote-
amphibolite, and amphibolite in a basaltic system: American Journal of Science,

v. 283-A, p. 328-354.

Ashcroft, T.J., and Kidd, W.S.F., 2002. Geology and Geochemistry of the Jonestown
Volcanics, Pennsylvania. Geological Society of America Abstracts with Programs, v.
34 (1), A20.

Atwater, T., 1970, Implications of plate tectonics for the Cenozoic tectonic evolution of
western North America: Geological Society of America Bulletin, v. 81, p. 3513
3536.

Avramtchev, L., 1989, Carte des gites mineraux des Appalaches, region des Basses-terres du
Saint-Laurent et Estrie-Beauce: Ministere de L’Energie et des Ressources, DV 87-19,
52 p., scale 1:250,000.

Ayuso, R A., 1986, Lead-isotopic evidence for distinct sources of granite and for distinct
basements in the northern Appalachians, Maine: Geology, v. 14, p. 322-325.

Baumgartner, P.O., Bartolino, A., Carter, E.S., Conti, M., Cortese, G , Danelian, T., De
Wever, P., Dumitrica, P, Dimitrica-Jud, R., Gorican, S., Geux, J., Hull, D.M.,
Kito, N, Marcucci, M., Matsuoka, A., Murchey, B.L.L.O D., Savary, ].,V.,V.,
Widz, D., and Yao, A., 1995, Middle Jurassic to Early Cretaceous radiolarian
biochronology of Tethys based on Unitarian Associations, in Baumgartner, P.O.,
O’Dogherty, L., Gorican, S., Urquhart, E., Pillevuit, A., and De Wever, P., eds.,
Middle Jurassic to Lower Cretaceous Radiolaria of Tethys: Occurrences,
Systematics, Biochronology, Memoires de Geologie (Lausanne): Lausanne,
Switzerland, p. 1013-1048.

Begeal, C.J., Kidd, W.S.F., Schoonmaker, A., Bradley, D A., and Harris, A., 2004,
Ripogenus Formation, Northern Maine - age, sequence stratigraphy, and
significance of syn-depositional tectonism: Geological Society of America Abstracts
with Programs, v. 36(2), 89.

Berry, W.B.N , 1960, Graptolite faunas of the Marathon region, west Texas: University of
Texas Publication 60005, 170 p.

Best, M.G., 2003, Igneous and metamorphic petrology: Blackwell Science Ltd, Malden,
Massachussetts, 729 p.

Bird, P., 1978, Initiation of intracontinental subduction in the Himalaya: Journal of
Geophysical Research, v. 83, p. 4975-4987.

Blake, M.C., Jr., Engebretson, D.C., Jayko, A.S., and Jones, D.L., 1985a,
Tectonostratigraphic terranes in southwest Oregon, in Howell, D.G., ed.,
Tectonostratigraphic terranes of the Circumpacific region: Circumpacific Council
for Energy and Mineral Resources Earth Science Series, no. 1, p. 147-157.

182





Boone, G. M. and Boudette, E.L , 1989, Accretion of the Boundary Mountains terrane
within the northern Appalachian orthotectonic zone: Geological Society of
America Special Paper 228, p. 17-42.

Boone, G.M., Doty, D.T., and Heizler, M.T., 1989, Hurricane Mountain Formation
mélange: description and tectonic significance of a Penobscottian accretionary
complex, in Studies in Maine Geology volume 2: Structure and Stratigraphy, R.D.
Tucker and R.G. Marvinney (eds): Maine Geological Survey, Augusta Maine, p. 33-
83.

Boucot, A.]., 1969, Geology of the Moose River and Roach River synclinoria, northwestern
Maine: Maine Geological Survey Bulletin 21, p. 115 p.

Bradley, D.C., Tucker, R D., and Lux, D., 1996, Early Emsian position of the Acadian
orogenic front in Maine: Geological Society of America Abstracts with Programs, v.
28, p. A-500.

Bradley, D.C., Tucker, R D., Lux, D.R., Harris, A.G., and McGregor, D.C., 2000,
Migration of the Acadian Orogen and foreland basin across the northern
Appalachians of Maine and adjacent areas: United States Geological Survey
Professional Paper 1624, 49 pp.

Bradley, D. and Tucker, R, 2002, Emsian synorogenic paleogeography of the Maine
Appalachians: Journal of Geology, v. 110, p. 483-492.

Bradley, D., Kusky, T., Haeussler, P., Goldfarb, R., Miller, M., Dumoulin, J., Nelson, S.W.,
and Karl, S., 2003, Geologic signature of early Tertiary ridge subduction in Alaska,
in Geology of a Transpressional Orogen Developed during Ridge-Trench
Interaction along the North Pacific Margin,V.B. Sisson, S.M. Roeske, and T.L.
Pavlis (eds): Geological Society of America Special Publication 371, p. 17-49.

Bucher, K. and Frey, M., 2002, Petrogenesis of metamorphic rocks: Springer, Berlin,
Germany, 341 p.

Burchfiel, B.C. and Davis, G A., 1981, Triassic and Jurassic tectonic evolution of the
Klamath Mountains-Sierra Nevada Geologic Terrane, in Ernst, W.G , ed., The
geotectonic development of California: Englewood Cliffs, New Jersey, Prentice
Hall, p. 51-70.

Cannat, M. and Boudier, F., 1985, Structural study of intra-oceanic thrusting in the
Klamath Mountains, northern California: Implications on accretion geometry:
Tectonics, v. 4, p. 435-452 (and corrections v. 4, p. 598-601).

Coleman, R.G, 1972, The Colebrook Schist of southwestern Oregon and its relation to
the tectonic evolution of the region: United States Geological Survey Bulletin
1339, 61 p.

Cheatham, M.M., Olszewski, W.]., Gaudette, H.E., 1989, Interpretation of the regional
significance of the Chain Lakes Massif, Maine based upon preliminary isotopic
studies, in Studies in Maine Geology volume 4: Igneous and Metamorphic
Petrology, R.D. Tucker and R.G. Marvinney (eds): Maine Geological Survey,
Augusta, Maine, p. 125-137.

Cole, R.B. and Basu, A.R.; 1992, Middle Tertiary volcanism during ridge-trench
interactions in western California: Science, v. 258, p. 793-796.

183





Colpron, M., 1990, Rift and collisional tectonics of the Eastern Townships Humber Zone,
Brome Lake area, Quebec, [M.Sc. thesis] University of Vermont, Burlington,
Vermont, 278 p.

Coish, R A., and Rodgers, N.W., 1987, Geochemistry of the Boil Mountain ophiolitic
complex, northwest Maine, and tectonic implications: Contributions to Mineralogy
and Petrology, v. 97, p. 51-65.

Charbonneau, J-M., 1980, Region de Sutton: Ministere de L’Energie et des Ressources
DPV-681, 89 p., 1 pl.

Clark, T H., 1934, Structure and Stratigraphy of Quebec: Geological Society of America
Bulletin, v. 45, p. 1-20.

Clark, T H. and Eakins, P.R., 1968, The structure and stratigraphy of the Sutton area of
southern Quebec, in E-a. Zen, W.S. White, J.B. Hadley, and J.B. Thompson Jr.
(eds.), Studies of Appalachian Geology - Northern and Maritime: Interscience, p.
163 - 173.

Coulton, A.J., 1995, Faultrelated oceanic and emplacement-age serpentinization in the
Josephine ophiolite of NW California and SW Oregon [Ph.D. thesis]: State
University of New York at Albany, Albany, New York, 251 p.

Dennis, J.G., 1964, Geology of the Enosburg Falls and adjacent areas, Vermont: Vermont
Geological Survey Bulletin 23, 56 p., 2 pl.

Dick, H.J.B., 1976, The origin and emplacement of the Josephine peridotite of
southwestern Oregon [Ph.D. thesis]: Yale University, New Haven, Connecticut,
409 p.

Dickinson, W.R , Hopson, C A., and Saleeby, ].B., 1996, Alternate origins of the Coast
Range ophiolite (California): Introduction and implications: GSA Today, v. 6, p.
2-10.

Doll, C.G, Cady, W.M , Thompson, ].B. Jr., and Billings, M.P., 1961, Centennial geologic
map of Vermont: Vermont Geological Survey, scale 1:250,000.

Eakins, P.R., 1964, Sutton Map-area, Quebec: Geological Survey of Canada Paper 63-34, 3
pages.

Eisenberg, R A., 1981, Chronostratigraphy of metavolcanic and associated intrusive rocks
of the Boundary Mountains Anticlinorium: Geological Society of America
Programs with Abstracts, Northeastern Section, v. 13, p. 131.

Evans, B., 2004, The serpentine multisystem revisited: chrysotile is metastable:
International Geology Review, v. 46, no. 6, p. 479-506.

Faul, H., Stern, T.W., Thomas, H.H., and Elmore, P.L.D., 1963, Ages of intrusion and
metamorphism in the northern Appalachians: American Journal of Science, v. 261,
p. 1-19.

Fisher, D.W., 1968, Geology of the Plattsburgh and Rouses Point, New York - Vermont
quadrangles: New York State Museum, Map and Chart Series no. 10, scale
1:62,500.

Fitzgerald, ]J.P., 1991, Geochemistry of the Spider Lake and West Branch Penobscot
volcanic suites, northern Maine: Tectonic implication from a complex petrogenesis:

M.Sc. Thesis, Boston College, Boston, MA, 254 pp.

184





Forsythe, R.D., Nelson, E.P, Carr, M.]., Kaeding, M.E., Herve, M , Mpodozis, C., Soffia,
J M., and Harambour, S., 1986, Pliocene near-trench magmatism in southern
Chile: a possible manifestation of ridge collision: Geology, v. 14, p. 23-27.

Globensky, Y., 1981, Regions de Lacolle Saint-Jean(s): Ministere de L'Energie et des
Ressources Rapport Geologique 197, 197 p., 2 pl.

Godfrey, N.J., and Dilek, Y., 2000, Mesozoic assimilation of ocean crust and island arc
into the North American continental margin in California and Nevada: Insights
from geophysical data, in Ophiolites and Ocean Crust: Geological Society of
America Special Paper 349, p. 365-382.

Grady, K A., 1990, Geology and structure of the rocks associated with the basal
(Madstone) thrust of the Josephine ophiolite in southwestern Oregon: evidence for
a metamorphic sole [M. Sc. thesis]: State University of New York at Albany,
Albany, New York, 160 p.

Griffin, T.]., Granitoids of the Tertiary continent-island arc collision zone, Papua New
Guinea: Geological Society of America Memoir 159, p. 61-76.

Griscom, A., 1976, Bedrock geology of the Harrington Lake area, Maine: [Ph.D. thesis],
Harvard University, Cambridge, Massachusetts, 373 p.

Hacker, B.R., Donato, M.M., Barnes, C.G., McWilliams, M.O., Ernst, W.G., 1995,
Timescales of orogeny: Jurassic construction of the Klamath Mountains:
Tectonics, v. 14, p. 677-703.

Haddad, D. and Watts, A.B., 1999, Subsidence history, gravity anomalies, and flexure of
the northeast Australian margin in Papua New Guinea: Tectonics, v. 18, p. 827
842.

Hall, B A 1970, Stratigraphy of the southern end of the Munsungun Anticlinorium,
Maine: Maine Geological Survey Bulletin 22, 63 pp., 2 pl.

Hall, B A., Pollock, S.]J., and Dolan, K.M., 1976, Lower Devonian Seboomook Formation
and Matagamon Sandstone, northern Maine: A flysch basin-margin delta complex:
Geological Society of America Memoir 148, p. 57-63.

Harper, G.D., 2003, Tectonic implications of boninite, arc tholeiite, and MORB magma
types in the Josephine Ophiolite, California - Oregon, in Dilek, Y. and Robinson,
P.T. (eds.) Ophiolites in Earth History: Geological Society of London Special
Publications 218, p. 207-230.

Harper, G.D., 1984, The Josephine ophiolite, northwestern California: Geological Society
of America Bulletin, v. 95, p. 1009-1026.

Harper, G.D., 1983, A depositional contact between the Galice Formation and a late
Jurassic ophiolite in northwestern California and southwestern Oregon: Oregon
Geology, v. 45, p. 3-9.

Harper, G.D., 1980, Structure and petrology of the Josephine ophiolite and overlying
sedimentary rocks, northern California [Ph.D. thesis]: Berkeley, University of
California, 260 p.

185





Harper, G.D., Giaramita, M., and Kosanke, S., 2002, Coast Range Ophiolites, Oregon
and California, in Field guide to geologic processes in Cascadia; Field trips to
accompany the 98" annual meeting of the Cordilleran section of the Geological
Society of America Special Paper - Oregon, Department of Geology and Mineral
Industries 36, p. 1-22.

Harper, G.D., Kosanke, S., and Giaramita, M.]., 2000, Tectonostratigraphy and
geochemistry of the Coast Range Ophiolite at Snowcamp Mountain, SW Oregon;
implications for the exotic vs. native origin of the Coast Range Ophiolite:
Geological Society of America Abstracts with Programs, v. 32, no. 6, p. 17.

Harper, G.D., Grady, K, and Coulton, A.]., 1996, Origin of the amphibolite “sole” of the
Josephine ophiolite: Emplacement of a cold ophiolite over a hot arc: Tectonics, v.
15, p. 296-313.

Harper, G.D., Saleeby, ].B., Heizler, M., 1994, Formation and emplacement of the
Josephine ophiolite and the Nevadan orogeny in the Klamath Mountains,
California-Oregon: U/Pb zircon and “°Ar/*’Ar geochronology: Journal of
Geophysical Research, v. 99, p. 4293-4221.

Harper, G.D., Grady, K, and Wakabayashi, J., 1990, A structural study of a metamorphic
sole beneath the Josephine ophiolite, western Klamath terrane, California-Oregon:
Geological Society of America, in Harwood, D.S. and Miller, M M., eds.,

Paleozoic and early Mesozoic paleogeographic relations; Sierra Nevada, Klamath
Mountains, and related terranes: Boulder, Colorado, Geological Society of
America Special Paper 255.

Harper, G.D. and Wright, J.E., 1984, Middle to late Jurassic tectonic evolution of the
Klamath Mountains, California-Oregon: Tectonics, v. 3, p. 759-772.

Haschke, M.R., 1994, The Champlain thrust fault system in northwestern Vermont -
structure and lithology of the Taconic foreland sequence in the Highgate Center
quadrangle, unpublished M.Sc. thesis: State University of New York at Albany,
Albany, 124 p., 3 pl.

Hibbard, J.P, and Karig, D.E., 1990, Structural and magmatic responses to spreading ridge
subduction: an example from southwest Japan: Tectonics, v. 9, p. 207-230.

Hill, K.C., and Raza, A., 1999. Arc-continent collision in eastern New Guinea: constraints
from fission track thermochronology. Tectonics, v. 18, p. 950-966.

Himmelberg, G.R. and Loney, R A., 1973, Petrology of the Vulcan Peak alpine-type
peridotite, southwestern Oregon: Geological Society of America Bulletin, v. 84,

p. 1585-1600.

Hitchcock, E., Hitchcock, E. Jr., Hager, A.D , and Hitchcock, C., 1861, Report on the
geology of Vermont: 2 vol. Claremont, New Hampshire.

Hoffman, P.F., 1987. Early Proterozoic foredeeps, foredeep magmatism, and Superior-type
iron formations of the Canadian Shield. pp. 85-98 in A. Kroner [ed.] Proterozoic
lithospheric evolution, Geodynamics series, v. 17, AGU, Washington.

Holland, T. and Blundy, J., 1994, Non-ideal interactions in calcic amphiboles and their
bearing on amphibole-plagioclase thermometry: Contributions to Mineralogy and

Petrology, v. 116, p. 433-447.

186





Hon, R., 1980, Geology and Petrology of igneous bodies within the Katahdin pluton, in
D.C. Roy and R.S. Naylor, eds., A Guidebook to the Geology of Northeastern
Maine and Neighboring New Brunswick: New England Intercollegiate Geological
Conference Annual Meeting, p. 65-79.

Hon, R., Fitzgerald, J., Sargeant, S., Schwartz, W., Dostal, ]., and Keppie, J.D., 1992,
Silurian-early Devonian mafic volcanic rocks of the Piscataquis volcanic belt in
northern Maine: Atlantic Geology, v. 28, p. 163-170.

Hooper, P.R. and Hawkesworth, C.J., 1993, Isotopic and geochemical constraints on the
origin and evolution of the Columbia River basalt: Journal of Petrology, v. 34, p.
1203-1246.

Hopson, C A., Mattinson, ].M., and Pessagno,, E A.,Jr., 1981, Coast Range ophiolite,
western California, in Ernst, W.G., ed., The geotectonic development of
California: Englewood Cliffs, New Jersey, Prentice Hall, p. 419-510.

Hopson, C A., Pessagno, E A., Mattinson, ].M., Luyendyk, B.P., Beebe, W., Hull, D.M.,
Munoz, M., and Blome, C D., Coast Range Ophiolite as paleoequatorial mid
ocean lithosphere, in Dickinson, W.R., Hopson, C A., and Saleeby, ].B., 1996,
Alternate origins of the Coast Range ophiolite (California): Introduction and
implications: GSA Today, v. 6, p. 5-7.

Hubacher, F A. and Lux, D.R., 1987, Timing of Acadian deformation in northeastern
Maine: Geology, v. 15, p. 80-83.

Hynes, A., 1976, Magmatic affinity of Ordovician volcanic rocks in northern Maine, and
their tectonic significance: American Journal of Science, v. 276, p. 1208-1224.

Hynes, A., 1981, On the tectonic setting of Ordovician volcanic rocks from northern
Maine: American Journal of Science, v. 281, p. 545-552.

Irwin, W.P., 1981, Tectonic accretion of the Klamath Mountains, in Ernst, W.G., ed , The
geotectonic development of California: Englewood Cliffs, New Jersey, Prentice
Hall, p.30-49.

Jachens, R.C., Barnes, C.G., and Donato, M.M., 1986, Subsurface configurationof the
Orleans fault: implications for deformation in the western Klamath Mountains,
California: Geological Society of America Bulletin, v. 97, p. 388-395.

Jacobi, R.D., 1981, Peripheral bulge - a causal mechanism for the Lower/Middle
Ordovician unconformity along the western margin of the Northern Appalachians:
Earth and Planetary Science Letters, v. 56, p. 245-251.

Jarhling, C E., II, 1981, Petrology and structural geology of polydeformed Lower Paleozoic
rocks, Chesuncook Lake area, Maine: [B.Sc. thesis], Syracuse University, Syracuse,
NY, 37 p.

Jayko, A.S., Blake, M.C., and Harms, T, 1987, Attenuation of the Coast Range Ophiolite
by extensional faulting, and nature of Coast Range “Thrust”, California:
Tectonics, v. 6, no. 4, p. 475-488.

Karabinos, P., Samson, S.D., Hepburn, J.C., and Stoll, H., 1998, Taconian orogeny in the
New England Appalachians: Collision between Laurentia and the Shelburne Falls
arc: Geology, v. 26, p. 215-218.

187





Keith, A., 1923, Cambrian succession of northwestern Vermont: American Journal of
Science, 5" series, v. 5, p. 97-139. Reprinted in 1923-1924 Vermont State Geologist
14™ Report, p. 105-136.

Kidd, W.S.F., Dewey, J.F., and Nelson, K.D., 1977, Medial Ordovician ridge subduction in
central Newfoundland: Geological Society of America, Abstracts with Programs, v.
9, p. 283-284.

Klein, E.M. and Karsten, J.L., 1995, Ocean-ridge basalts with convergent-margin affinities
from the Chile ridge: Nature, v. 374, p. 52-57.

Klootwijk, C., Giddings, ]., Pigram, C., Loxton, C., Davies, H., Rogerson, R., and Falvey,
D., 2003. Papua New Guinea Highlands: palacomagnetic constraints on terrane
tectonics. Tectonophysics, v. 362, p. 239-272.

Kosanke, S, 2000, The geology, geochronology, structure, and geochemistry of the
Rogue Wilderness ophiolite, SW Oregon: Implications for the magmatic and
tectonic evolution of the Coast Range Ophiolite: unpublished Ph D. thesis, State
Univ. New York, Albany, NY, 755 p.

Kusky, T., Bradley, D., Winsky, P., Caldwell, D., and Hanson, L., 1994, Paleozoic
stratigraphy and tectonics, Ripogenus Gorge and nearby areas, Maine, in L. Hanson
(ed.), Guidebook to Fieldtrips in North-Central Maine: New England
Intercollegiate Geological Conference 86™ Annual Meeting, trip C1, p. 181-193.

Kusky, T.M., Chow, ].S., and Bowring, S A., 1997, Age and origin of the Boil Mountain
ophiolite and Chain Lakes Massif, Maine: implications for the Penobscottian
orogeny: Canadian Journal of Earth Sciences, v. 34, p. 646-654.

La Gabrielle, Y., Le Moigne, J., Maury, R.C., Cotton, J., and Bourgois, J., 1994, Volcanic
record of the subduction of an active spreading ridge, Taitao Peninsula (southern
Chile): Geology, v. 22, p. 515-518.

Landing, E., 1983, Highgate Gorge: Upper Cambrian and Lower Ordovician continental
slope deposition and biostratigraphy, northwestern Vermont: Journal of
Paleontology, v. 57, p. 1149-1187.

Landing, E., G. Pe-Piper, W.S.F. Kidd, and K. Azmy, 2003. Tectonic setting of outer
trench slope volcanism: pillow basalt and limestone in the Taconian orogen of
eastern New York. Canadian Journal of Earth Sciences, 40, 1773-1787.

Lebel, D. and Kirkwood, D., 1998, Nappes and mélanges in the Quebec-Bellechasse area:
Their regional tectonic and stratigraphic significance in the Humber zone:
Geological Association of Canada/Mineralogical Association of Canada Field Trip
A-5 Guidebook, 64 p.

Le Gall, B., 1990. Evidence of an imbricate crustal thrust belt in the southern British
Variscides: Contributions of Southwestern Approaches Traverse (SWAT) deep
seismic reflection profiling recorded through the English Channel and the Celtic
Sea. Tectonics, 9, 283-302.

Le Moigne, J., Lagabrielle, Y., Whitechurch, H., Girardeau, ]., Bourgois, ]. and Maury,
R.C., 1996, Petrology and geochemistry of the ophiolitic and volcanic suites of the
Taitao Peninsula - Chile triple junction area: Journal of South American Earth

Sciences, v. 9, p. 43-58.

188





Logan, W.E., 1861, Remarks on the fauna of the Quebec Group of rocks and the
primordial zone of Canada: American Journal of Science and Arts, 2™ series, v. 31,
p. 216-220.

Loney, R A. and Himmelberg, G.R., 1976, Structure of the Vulcan Peak alpine-type
peridotite, southwestern Oregon: Geological Society of America Bulletin, v. 87,

p. 259-274.

Loney, R A. and Himmelberg, G.R., 1977, Geology of the gabbroic complex along the
northern border of the Josephine peridotite, Vulcan Peak area, southwestern
Oregon: Journal of Research of the Unites States Geological Survey, v. 5, no. 6, p.
761-781.

Mackenzie, D.E., 1976, Nature and origin of late Cainozoic volcanoes in western Papua
New Guinea, in Johnson, R.W. (ed.), Volcanism in Australasia: Elsevier,
Amsterdam, p. 221-238.

Massone, H-J. and Schreyer, W., 1987, Phengite geobarometry based on the limiting
assemblage with K-feldspar, phlogopite, and quartz: Contributions to Mineralogy
and Petrology, v. 96, p. 212-224.

McClennan, S.M., 2001, Relationships between the trace element composition of
sedimentary rocks and upper continental crust: Geochemistry Geophysics
Geosystems, v. 2, paper no. 2000GC000109, 24 p.

McDougall, I. And Harrison, T.M., 1999, Geochronology and thermochronology by the
©Ar/*Ar method: Oxford University Press, New York, 269 p.

Mehrtens, C.J. and Dorsey, R.J., 1987, Stratigraphy and bedrock geology of the
northwestern portion of the St. Albans quadrangle and the adjacent Highgate
Center quadrangle, Vermont: Vermont Geological Survey Special Bulletin no. 9,
28 p., 2 pl.

Moores, EM., 1970, Ultramafics and orogeny with models of the US Cordillera and
Tethys: Nature, v. 228, p. 837-842.

Nelson, K D., 1992, Are crustal thickness variations in old mountain belts like the
Appalachians a consequence of lithospheric delamination?: Geology, v. 20, p. 498
502.

Neuman, R.B. and Rankin, D.W., 1994, Bedrock Geology of the Shin Pond-Traveler
Mountain region, in L. Hanson (ed.), Guidebook to Fieldtrips in North-Central
Maine: New England Intercollegiate Geological Conference 86™ Annual Meeting,
p. 123-133.

Neuman, R.B., 1984, Geology and paleobiology of islands in the Ordovician lapetus
Ocean: Review and implications: Geological Society of America Bulletin, v. 95, p.
1188-1201.

Neuman, R.B., 1967, Bedrock geology of the Shin Pond and Stacyville quadrangles
Penobscot County, Maine: United States Geological Survey Professional Paper 524
I, 37 p., 3 plates.

Oncken, O., von Winterfeld, C, and Dittmar, U, 1999. Accretion of a rifted passive
margin: the late Paleozoic Rhenohercynian fold and thrust belt (Middle European
Variscides): Tectonics, v. 18, p. 75-91.

189





Osberg, P.H., Hussey III, A.M., and Boone, G.M., 1985, Bedrock Geologic Map of Maine:
Maine Geologic Survey, Augusta Maine, scale 1:500,000.

Page, N.]., Gray, F., Cannon, J.K., Foose, M.P., Lipin, B., Moring, B.C , Nicholson,

S.W., Sawlin, M.G., Till, A., and Ziemianski, W P., 1981; Geologic map of the
Kalmiopsis Wilderness area, Oregon; Misc. Field Studies Map MF-1240-A.

Palfy, J., Smith, P.L., and Mortensen, J.K., 2000, A U-Pb and *°Ar/*Ar time scale for the
Jurassic: Canadian Journal of Earth Sciences, v. 37, p 923-944.

Passchier, C.W. and Simpson, C., 1986, Porphyroclast systems as kinematic indicators:
Journal of structural Geology, v. 8, p. 831-843.

Pearce, ] A., 1996, A user’s guide to basalt discrimination diagrams, in D A. Wyman (ed),
Trace Element Geochemistry of Volcanic Rocks: Applications for Massive Sulphide
Exploration: Geological Association of Canada Short Course Notes, v. 12,
Winnipeg, Manitoba, p. 79-113.

Pearce, ] A., 1982, Trace element characteristics of lavas from destructive plate boundaries,
in Andesites, R.S. Thorpe (ed): John Wiley and Sons, New York, p. 525-548.

Pearce, ] A. and Cann, J.R., 1973, Tectonic setting of basic volcanic rocks determined
using trace element analyses: Earth and Planetary Science Letters, v. 19, p. 290-300.

Peate, D.W., 1997, The Parana-Entedeka Province, in Large Igneous Provinces:
Continental, Oceanic, and Planetary Flood Volcanism: Geophysical Monograph
100, p. 217-245.

Pessagno, E A., Jr. and Blome, C.D, 1990, Implication of the new Jurassic stratigraphic,
geochronometric, and paleolatitudinal data from the western Klamath terrane
(Smith River and Rogue Valley subterranes): Geology, v. 18, p. 665-668.

Pigram, C.J. and Symonds, P A., 1991, A review of the timing of the major tectonic events
in the New Guinea Orogen: Orogenesis in action; Tectonics and Processes at the
West Equatorial Pacific Margin Journal of Southeast Asian Earth Sciences, v. 6, p.
307-318.

Pinet, N. and Tremblay, A., 1995, Tectonic evolution of the Quebec-Maine Appalachians:
From oceanic spreading to obduction and collision in the northern Appalachians:
American Journal of Science, v. 295, p. 173-200.

Pingree, R., 1982, Paleocenvironments of the Hungerford slate and Gorge Formations in
northwestern Vermont, unpublished M. Sc. thesis: University of Vermont,
Burlington, 90 p.

Pollock, S.G., Boucot, A.]., and Hall, B A, 1988, Lower Devonian deltaic sedimentary
environments and ecology: examples from the Matagamon Sandstone, northern
Maine: Maine Geological Survey Studies in Maine Geology, v. 1, p. 81-99.

Potts, S.S., van der Pluijm, and Van der Voo, 1993, Paleomagnetism of the Ordovician
Bluffer Pond Formation: Paleogeographic implications for the Munsungun Terrane
of northern Maine: Journal of Geophysical Research, v. 98, p. 7987-7996.

Potts, S.S., van der der Pluijm, and Van der Voo, 1995, Paleomagnetism of the Pennington
Mountain Terrane: a near Laurentian back arc basin in the Maine Appalachians:
Journal of Geophysical Research, v. 100, p. 10,003-10,011.

Ramp, L., 1975, Geology and mineral resources of the upper Chetco drainage area,
Oregon: Oregon Department of Geology and Mineral Industry Bulletin 88, 47 p.

190





Ramsay, J.G. and Huber, M1, 1983, The techniques of modern structural geology volume
1: strain analysis: Academic Press, London, 307 p.

Ramsay, J.G. and Huber, M. 1, 1987, The techniques of modern structural geology
volume 2: folds and fractures: Academic Press, San Diego, California, 700 p.

Rankin, D.W , 1994, Early Devonian explosive silicic volcanism and associated early and
middle Devonian clastic sedimentation that brackets the Acadian Orogeny,
Traveler Mountain area, Maine, in L. Hanson (ed.), Guidebook to Fieldtrips in
North-Central Maine: New England Intercollegiate Geological Conference 86"
Annual Meeting, p. 135-157.

Rankin, D.W. and Hon, R., 1987, Traveler Rhyolite and overlying Trout Valley Formation
and Katahdin pluton; a record of basin sedimentation and Acadian Magmatism,
north-central Maine, in D.C. Roy, ed.: Geological Society of America Centennial
Field Guide - Northeastern Section, p. 293-301.

Rankin, D.W , and Tucker, 1995. U-Pb age of the Katahdin-Traveler igneous suite, Maine,
local age of the Acadian Orogeny, and thickness of the Taconian crust: Geological
Society of America Abstracts with Programs, v. 27, p. A-225.

Rankin, D.W , 1961, Bedrock geology of the Katahdin-Traveler area, Maine: [Ph.D. thesis],
Harvard University, Cambridge, Massachusetts, 317 p.

Rickard, M.]., 1991, Stratigraphy and structural geology of the Cowansville-Sutton
Mansonville areain the Appalachians of southern Quebec: Geologic Survey of
Canada Paper 88-27, 67 p., 3 pl.

Riva, J., 1974, On the age and stratigraphic position of the Stanbridge slate and its
limestone conglomerates, the Utica shale and its Iberville facies to the north of
Lake Champlain: Geological Society of America Programs with Abstracts, 9"
annual meeting, p. 66.

Robertson, A.H.F., 1989, Palacoceanography and tectonic setting of the Coast Range
ophiolite, central California: evidence from the extrusive rocks and the
volcaniclastic sediment cover: Marine and Petroleum Geology, v. 6, no. 3, p. 194
220.

Robinson, P., Tucker, R.D., Bradley, D., Berry IV, H.N , and Osberg, P.H., 1998, Paleozoic
orogens in New England, USA: GFF, v. 120, p. 119-148.

Robinson, P., 1993, Acadian magmatism and metamorphism in New England: a product
of mantlelithosphere delamination in front of an east-dipping subduction zone?:
Geological Society of America Abstracts with Programs, v. 25, p. A-179.

Robinson, P., Schumacher, ].C., and Spear, F.S., 1982, Formulation of electron probe
analyses, in Veblen, D.R., ed. and Ribbe, P.H., eds, Amphiboles: petrology and
experimental phase relations: Reviews in Mineralogy 9B, Mineralogical Society
of America, Washington D.C,, p. 6-9.

Rowley, D.B. and Kidd, W.S.F., 1981, Stratigraphic relationships and detrital composition
of the medial Ordovician flysch of western New England: Implications for the
tectonic evolution of the Taconic orogeny: Journal of Geology, v. 89, p. 199-218.

St.-Julien, P., 1977, Geology of the Quebec City area, Guidebook for Geologic excursions
A-4 and B-3: New England Intercollegiate Conference, Quebec City, p. A4-1 - A4
32.

191





St.-Julien, P. and Hubert, C, 1975, Evolution of the Taconian orogen in the Quebec
Appalachians: American Journal of Science, v. 275-A, p. 337-362.

St.-Julien, P., Slivitsky, A., and Feininger, T., 1983, A deep structural profile across the
Appalachians of southern Quebec: Geological Society of America Memoir 158, p.
103-111.

Sacks, P.E. and Secor, D.T. Jr., 1990, Delamination in collisional orogens: Geology, v. 18,
p. 999-1002.

Saleeby, ].B., 1992, Petrotectonic and paleogeographic settings of U.S. Cordilleran
ophiolites, in Burchfiel, B.C., Lipman, P.W., and Zoback, M.L., eds., The
Cordilleran Orogen: Conterminous U.S., Boulder, Colorado, Geological Society
of America, the Geology of North America, v. G-3, p. 653-682.

Saleeby, ].B., 1984, Pb/U zircon ages from the Rogue river area, Western Jurassic belt,
Klamath Mountains, Oregon, Geological Society of America Program with
Abstracts, v. 16, p. 331.

Saleeby, ].B., Harper, G.D., Snoke, A.W., and Sharp, W.D., 1982, Time relations and
structural-stratigraphic patterns in ophiolite accretion, west central Klamath
Mountains, California: Journal of Geophysical Research, v. 87, p. 3831-3848.

Saleeby, ].B., and Harper, G.D., 1993, Tectonic relations between the Galice Formation
and the schists of Condrey Mountain, in Dunne, G., and McDougall, K., eds.,
Mesozoic Paleogeography of the Western United States - II: Pacific Section
SEPM, Book 71, p. 61-80.

Schoonmaker, A. and Kidd, W,S.F., 2003, Tectonic settings of Ordovician and Devonian
mafic rocks near Chesuncook Lake, northern Maine: Geological Society of America
Abstracts with Programs, 35(3), 29.

Schuchert, C., 1937, Cambrian and Ordovician of northwestern Vermont: Bulletin of the
Geological Society of America, v. 48, p. 1001-1078.

Shackleton, R.M., Ries, A.C., and Coward, M.P., 1982. An interpretation of the Variscan
structures in SW England. J. Geol. Soc. London, 139, 533-541.

Sharma, M., Basu, A.R., Cole, R.B., and DeCelles, P.G., 1991, Basalt-rhyolite volcanism by
MORB-continental crust interaction: Nd, Sr-isotope and geochemical evidence
from southern San Joaquin Basin, California: Contributions to Mineralogy and
Petrology, v. 109, p. 159-172.

Shaw, A.B., 1958, Stratigraphy and structure of the St. Albans area, northwestern
Vermont: Bulletin of the Geological Society of America, v. 69, p. 519-568, 1 pl.

Shervais, J.W., 1990, Island arc and ocean crust ophiolites: contrasts in the petrology,
geochemistry and tectonic style of ophiolite assemblages in the Califonia Coast
Ranges, in Malpas, ] , Moores, E.M., Panayiotou, A., and Xenophontos, A. (eds),
Ophiolites: Oceanic Crustal Analogues: Geological Survey Department , Nicosia,
Cyprus, p. 507-520.

Shervais, ].W., Kimbrough, D.L., Renne, P., Hanan, B B , Murchey, B., Snow, C A.,
Schuman, M.M.Z., and Beaman, J., 2004, Multi-stage origin of the Coast Range
ophiolite, California: Implications for the life cycle of supra-subduction zone
ophiolites: International Geology Review, v. 46, p. 2-28.

192





Shervais, ].W. and Kimbrough, D.L., 1985, Geochemical evidence for the tectonic setting
of the Coast Range ophiolite: A composite island arc-oceanic crust terrane in
western California: Geology, v. 13, p. 35-38.

Shervais, J.W., 1982, Ti-V plots and the petrogenesis of modern and ophiolitic lavas: Earth
and Planetary Science Letters, v. 59, p. 101-118.

Simmons-Major,R.H., 1988, Bedrock Geology of portions of the North East Carry and
Moosehead Lake 15’ quadrangles, Maine - field relationships, petrochemistry and
tectonic setting of the Lobster Mountain Formation: [M.Sc. thesis], Syracuse
University, Syracuse, New York, 74 p.

Simpson, C., 1986, Determination of movement sense in mylonites: Journal of
Geological Education, v. 34, p. 246-261.

Spear, F.S. and Kimball, C., 1984, RECAMP - a Fortran IV program for estimating Fe’*
contents in amphiboles: Computers and Geosciences, v. 10, p. 317-325.

Spencer, C., Green, A., Morel-4-I'Huissier, P., Milkereit, B , Luetgert, ]., Stewart, D.,
Unger, J., and Phillips, J., 1989, The extension of Grenville basement beneath the
northern Appalachians: results from the Quebec-Maine seismic reflection and
refraction surveys: Tectonics, v. 8, p. 677-696.

Stanley, R.S., 1987, The Champlain thrust fault, Lone Rock Point, Burlington, Vermont:
Geological Society of America Centennial Field Guide - Northeastern Section, p.
225-228.

Stanley, R.S. and Ratcliffe, N.M., 1985, Tectonic synthesis of the Taconian orogeny in
western New England: Geological Society of America Bulletin, v. 96, p. 1227-1250.

Steiger, R.H. and Jager, E., 1977, Subcommission on geochronology: convention on the
use of decay constants in geo- and cosmochronology: Earth and Planetary Science
Letters, v. 36, p. 359-362.

Stern, R.J. and Bloomer, S.H., 1992, Subduction zone infancy: Examples from the
Eocene Izu-Bonin-Mariana and Jurassic California arcs: Geological Society of
America Bulletin, v. 104, p. 1621-1636.

Sun, S.s. and Mcdonough, W.F., 1989, Chemical and isotopic systematics of oceanic
basalts: implications for mantle composition and processes; in Magmatism in the
Ocean Basins, A.D. Saunders and M.]. Norry (eds): Geological Society Special
Publication, London, no. 42, p. 313-345.

Vail, S.G., 1977, Geology and Geochemistry of the Oregon Mountain area, southwestern
Oregon and northern California [Ph.D. thesis]: Corvallis Oregon, Oregon State
University, 159 p.

van Staal, C.R., 1994, Brunswick subduction complex in the Canadian Appalachians:
Record of the Late Ordovician to Late Silurian collision between Laurentia and the
Gander margin of Avalon: Tectonics, v. 13, p. 946-962.

van Staal, C.R., Dewey, ] F., Mac Niocall, C., and McKerrow, W.S., 1998, The Cambrian
Silurian tectonic evolution of the northern Appalachians and British Caledonides:
history of a complex, west and southwest Pacific-type segment of lapetus, in Lyell:
the Past is the Key to the Present, D.J. Blundell and A.C. Scott (eds): Geological
Society, London, Special Publications 143, p. 199-242.

193





Wellensiek, M.R., van der Pluijm, B A., Van der Voo, R., and Johnson, R.J.E., 1990,
Tectonic history of the Lunksoos composite terrane in the Maine Appalachians:
Tectonics, v. 9, p. 719-734.

Williams, H , 1978, Tectonic lithofacies map of the Appalachian orogen: Memorial
University of Newfoundland Map no. 1a, St. Johns, Newfoundland, scale
1:2,000,000.

Winchester, ] A. and Floyd, P A., 1977, Geochemical discrimination of different magma
series and their differentiation products using immobile elements: Chemical
Geology, v. 20, p. 325-343.

Winchester, ] A. and van Staal, C.R., 1994, The chemistry and tectonic setting of
Ordovician volcanic rocks in northern Maine and their relationships to
contemporary volcanic rocks in northern New Brunswick: American Journal of
Science, v. 294, p. 641-662.

Wirth, K.R , Processes of lithosphere evolution; geochemistry and tectonics of mafic rocks
in the Brooks Range and Yukon-Tanana region: [Ph D. thesis], University, Ithaca,
NY, United States , p. 384, 1991.

Wood, D A., 1980, The application of a Th-Hf-Ta diagram to problems of tectomagmatic
classification and to establishing the nature of crustal contamination of basaltic
lavas of the British Tertiary Volcanic Province: Earth and Planetary Science Letters,
v. 50, p. 11-30.

Wood, D A., Joron, J-L., and Treuil, M , 1979, A reappraisal of the use of trace elements to
classify and discriminate between magma series erupted in different tectonic
settings: Earth and Planetary Science Letters, v. 45, p. 326-336.

Wright, ].E. and Fahan, M.R., 1988, An expanded view of Jurassic orogenesis in the
western United States Cordillera: Middle Jurassic (pre-Nevadan) regional
metamorphism and thrust faulting within and active arc environment, Klamath
Mountains, California: Geological Society of America Bulletin, v. 100, p. 859
876.

Wright, ].E. and Wyld, S.J , 1986, Significance of xenocrystic Precambrian zircon
contained within the southern continuation of the Josephine ophiolite: Devils
Elbow ophiolite remnant, Klamath Mountains, northern California: Geology, v.
14. p. 671-674.

Wyld, S.J. and Wright, ].E , 1988, The Devils Elbow ophiolite remnant and overlying
Galice Formation: New constraints on the Middle to Late Jurassic evolution of the
Klamath Mountains, California: Geological Society of America Bulletin, v. 100,

p. 29-44.

Yule, J.D., 1996, Geologic and tectonic evolution of the Jurassic marginal basin
lithosphere, Klamath Mountains, Oregon [Ph.D. thesis]: California Institute of
Technology, Pasadena, California, 308 p.

Yule, J.D. and Saleeby, ].B, 1993, Highly extended oceanic lithosphere: the basement
and wallrocks for the late Jurassic Rogue-Chetco oceanic arc, Oregon Klamath
Mountains: Geological Society of America Abstracts w/Programs, v. 25, p. 169.

Zen, E-A., 1983, Exotic terranes in the New England Appalachians - limits, candidates,
and ages: A speculative essay: Geological Society of America Memoir 158, p. 55-81.

194





APPENDIX I

Structural data from the Game Lake area, southwestern Oregon. Hand sample #’s
correspond to locations shown in plate 2.
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APPENDIX II

©Ar/*°Ar spectra analytical data, Game Lake area, southwestern Oregon.
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APPENDIX II - *Ar/*Ar Spectra Analytical Data, Game Lake Area, Southwestern Oregon

ID Temp  ©Ar/PAr YA/ Ar “Ar/PAr PArg K/Ca ©ArF PAr Age tls
C) (x 10”) (x 10™ mol) (%) (%) (Ma) (Ma)
BC-133 mu, D4:152, 1.06 mg muscovite, J=0.0014662:+0.10%, D=1.00698+0.0018, NM-152, Lab#=53178-01
# 600 95.29 0.0265 206.2 0.222 19.3 36.1 0.5 88.7 4.7
# B 650 65.80 0.0195 40.60 0.241  26.2 81.8 1.1 137.0 2.8
# C 700 60.92 0.0201 17.23 0.311 25.4 91.6 1.9 142.0 2.0
# D 750 61.92 0.0459 17.41 0.524 11.1 91.7 3.2 144.3 1.5
# E 800 62.48 0.0090 17.78 0.88 56.5 91.6 5.4 145.4 1.0
F 840 60.29 0.0079 6.450 6.5 65.0 96.8 21.3 148.18 0.44
G 880 59.13 0.0033 1.751 12.0 154.6 99.1 50.9 148.74 0.41
H 920 59.00 0.0016 0.7653 12.5 3211 99.6 81.6 149.13 0.36
I 960 59.64 0.0004 1.110 5.29  1390.6 99.5 94.6 150.44 0.38
] 1000 59.09 0.0026 2.151 1.55 192.6 98.9 98.4 148.35 0.61
K 1040 59.67 0.0096 2.488 0.651 533 98.8  100.0 149.5 1.2
Integrated age + 1s n=11 40.7 K20=10.06 % 148.41 0.34
Plateau + 1s steps F-K n=6 MSWD=3.88 38.5 363.0 94.6 149.13 0.39
BC-136 hb, D6:152, 1.60 mg hornblende, J=0.001462+0.10%, D=1.00698+0.0018, NM-152, Lab#=53180-01
# A 800  600.8 6.151 1982.8 0.045 0.083 2.6 5.3 40.2 32.4
# B 900 2518 6.669 761.9 0.026 0.077 10.8 8.4 70.6 29.5
# C 1000 95.78 18.71 147.3 0.092 0.027 56.2 19.3 138.3 6.8
D 1030 82.51 22.39 98.54 0.051 0.023 67.0 25.3 142.3 8.7
E 1060 75.23 25.67 46.93 0.092 0.020 84.4 36.2 162.9 5.2
F 1090 64.53 23.38 22.98 0.305 0.022 92.5 72.3 153.3 2.1
G 1120 1183 26.80 133.6 0.007 0.019 68.5 73.1 205.6 55.8
H 1170  104.5 26.69 113.2 0.017 0.019 70.1 75.2 187.0 21.0
I 1200 66.09 24.50 22.15 0.066 0.021 92.9 83.0 157.7 6.5
] 1250 72.93 26.26 55.11 0.124 0.019 80.6 97.6 151.5 4.0
K 1300 90.41 23.24 73.70 0.020 0.022 78.0  100.0 179.9 17.3
Integrated age + 1s n=11 0.85 K20=0.14 % 145.6 2.7
Plateau + 1s steps D-K n=8 MSWD=1.44 0.68 0.021 80.7 154.2 2.0

Isotopic ratios corrected for blank, radioactive decay, and mass discrimination, not corrected for interferring reactions.

Ages calculated ralative to FC-1 Fish Canyon Tuff sanidine interlaboratory standard at 27.84 Ma.

Errors quoted for individual analyses include analytical error only, without interferring reaction or J uncertainties.

Integrated age calculated by recombining isotopic measurements of all steps.
Integrated age error calculated by recombining errors of isotopic measurements of all steps.
Plateau age is inverse-variance-weighted mean of selected steps.

Plateau age error is inverse-variance-weighted mean error (Taylor, 1982) times root MSWD where MSWD>1.

Plateau and integrated ages incorporate uncertainties in interferring reaction corrections and J factors.
Decay constants and isotopic abundances after Steiger and Jaeger (1977).
# symbol preceding sample ID denotes analyses excluded from plateau age calculations.
Discrimination = 1.00698 + 0.0018
Correction factors:
(PAr/PAr), = 0.0007 + 2e05
(*Ar/YAr)c, = 0.00028 + 5¢-06
(Ar/PAr)g = 0.01077
(*Ar/PAr)g = 0.0002 + 0.0003
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APPENDIX III

Microprobe results from amphibolites and tonalites, Game Lake area, southwestern
Oregon.

Holland and Blundy (1994) Thermometer A (edenite-tremolite) used to calculate pressure-
dependant temperature ranges given in paper. Cation totals based on 23 oxygens per
amphibole, calculated from weight percents derived from microprobe analyses by
Macintosh program Hb-Plag available from Dr. Holland’s web page:

http://www.esc.cam.ac.uk/astaff/holland/hbplag.html

Ferric Iron
Holland and Blundy (1994) ferric iron recalculation is according to Spear and Kimball
(1984) and Robinson et al. (1982) with two extra constraints:

1) total M2 cations (A", Ti, Fe"’) cannot exceed 2.0 apfu.
2) Ca™ cannot exceed 2.0 apfu.

Also, All cations except Na, K, and Ca not less than 12.9 cations, rather than 13.0 cations.

Site Allocations
Amphibole site allocations by Holland and Blundy (1994) according to the following
scheme:

First determine “cummingtonite” substitution (cm):
cm = Si+Al+Ti+Fe+Fe"?+Mg+Mn-13.0
then:

X" = (Si4)/4
XM = (8-si)/4

XM, = (Al+Si-8)/2
X% =K

XA = 3.Ca-Na-K-cm
XA\, = Ca-Na-+cm-2
XM = (2-Ca-cm)/2
XM, = Ca/2
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APPENDIX IV

Silica cations per unit cell of phengite used in phengite barometry (Massone and Schreyer,
1987), Game Lake area, southwestern Oregon.

Cation totals from output of Binghamton microprobe during 1* run are made on a 24
oxygen basis, recalculated to 11 oxygens.

Cation totals from output of Binghamton microprobe during 2™ run are made on a 12
oxygen basis, recalculated to 11 oxygens.
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Silicon cations per unit cell in muscovite

Ist run
No. Si (24 oxygens) |Total Comment Mineral Si (11 oxygens)
6 6.661 15.2893 123el mi 3.052958333
7 6.6615 15.2829 123e2 mi 3.0531875
8 6.6731 15.249 123f1 mi 3.058504167
9 6.6775 15.257 1232 mi 3.060520833
10 6.652 15.2374 12313 mi 3.048833333
11 6.6614 15.2143 123cl mi 3.053141667
13 6.6701 15.2558 123al mi 3.057129167 avg: 3.054896429
1 6.6462 15.3021 123d1 mr 3.046175
3 6.6892 15.2829 123d3 mr 3.065883333
4 6.6689 15.2318 123b1 mr 3.056579167
5 6.7082 15.2348 123b2 mr 3.074591667
12 6.6561 15.2635 123c2 mr 3.0507125
14 6.7215 15.2462 123a2 mr 3.0806875 avg: 3.062438194
2nd run
Si (12 oxygens) |Total Comment Mineral Si (11 oxygens)
23 3.3756 7.5786 133a2 mi 3.0943
24 3.3618 7.562 133a3 mi 3.08165
31 3.4195 7.5767 133cl mi 3.134541667
32 3.3554 7.5575 133¢2 mi 3.075783333
33 3.4168 7.4941 133¢3 mi 3.132066667  |avg: 3.103668333
72 3.321 7.6236 j823d1 mi 3.04425
73 3.334 7.597 j823d2 mi 3.056166667
4 3.3491 7.6009 j823d3 mi 3.070008333
71 3.3559 7.5693 i823b1 mi 3.076241667
78 3.3741 7.5494 i823b2 mi 3.092925
79 3.3388 7.5786 i823b3 mi 3.060566667
80 3.385 7.5785 i823b4 mi 3.102916667
83 3.3584 7.5515 j823f1 mi 3.078533333
84 3.3365 7.5896 j823f2 mi 3.058458333
87 3.3642 7.5961 j823al mi 3.08385
88 3.3813 7.5734 j823a2 mi 3.099525
89 3.3409 7.6032 i823a3 mi 3.062491667
92 3.3207 7.6068 j823el mi 3.043975 avg: 3.07153141
25 3.3733 7.5724 133d1 mi! 3.092191667
27 3.3094 1.5715 133b1 mi! 3.033616667
85 3.35 7.6113 i82313 mi! 3.070833333
22 3.415 1.573 133al mr 3.130416667
26 3.3112 7.5367 133d2 mr 3.035266667
28 3.3142 7.5599 133b2 mr 3.038016667
29 3.2986 7.5573 133b3 mr 3.023716667
30 3.3289 7.5714 133b4 mr 3.051491667
34 3.3874 7.551 133c4 mr 3.105116667 avg: 3.064004167
75 3.389 7.5913 i823d4 mr 3.106583333
76 3.4167 7.5398 i823d5 mr 3.131975
81 3.4138 7.5893 i823b5 mr 3.129316667
82 3.4157 7.5753 i823b6 mr 3.131058333
90 3.3691 7.5946 j82324 mr 3.088341667
91 3.4026 7.6067 j823a5 mr 3.11905
93 3.3293 7.595 j823e2 mr 3.051858333
86 3.3578 7.5328 i823t4 mr! 3.077983333
96 3.2841 7.5311 i823cl mr! 3.010425
91 3.3315 7.5282 j823¢2 mr! 3.053875
98 3.3309 7.5569 i823¢3 mr! 3.053325 avg: 3.086708333

mi = igneous muscovite

mr = recrystallized muscovite
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APPENDIX V

Structural data from northwestern Vermont and southern Quebec.
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APPENDIX V - Structural data from northwestern Vermont and southern Quebec

Quebec Vermont

station # |bedding station # |cleavage station # |bedding station # |cleavage

102 N 65 E, 38 N 100 N I14E 62 E 245 N5E 67E 6 N20E,70E
104 N4W,23E 102 N 26E, 42 E 246 N46E, 51 E 208 N 26 E, 48 E
111 N 37 W, 45N 148 N33E, 14E GORGE [N46E, 27E 209 N 14E, 76 E
114 N30E, 28E 151 N 24 E, 60 E GORGE [N 34W,38E 210 N32E 20E
115 N6E, 26 E 154 N 15E, 53 E 280 N 76 W, 27 N 245 NI10E 51 E
116 N I8E, 38 E 157 N 16E,57E 282 N 70 W, 27N 245 NI15E, 63 E
120 NI10E 21 E 158 N20E,50E GORGE |[N5W,43E GORGE [N42E,36E
123 N 34E, 35E 160 N 25E, 48 E GORGE |N38E, 308 GORGE [N 34W,38E
128 N5W, 16 E 200 N 20E, 66 E 317 N1W, 4E GORGE |[N48E,62E
132 N34E,9E 201 N39E, 26 E 344 N1W,77W 281 S5W,45E
134 N 31 E, 66 W 201 N8 W, 80 E 348 N 63 E, 28 W 283 N7E 25E
145 NIOW, I8E 202 N32E, 31E 354 NG6E, 55E GORGE |[N42E, 568
146 N 75W, 20N 203 N20E, 4 E 357 N I15E, 67E GORGE |N16E, 48 E
148 N33E, 14E 204 N32E, 64E 363 N40E, 68 E GORGE [N 34E,56E
150 N 37E, 30E 205 N35E,52E 366a N1E 25E 317 N7E, 77E
150 N29E, 27W 207 N 15W, 78 E 366b N40E, 37E 318 NI19E, 79E
151 N 24 E, 60 E 212 N41E,69E 371 N 75W, 25N 319 N 21 E,63E
152 N 23E, I7E 247 N I8E, 36 E 371 N33 W, 23N 320 N 27E,55E
153 N 13 W, 27E 102 N52E,57E 371 N60E, 14 N 323 N22E 47E
154 NO9E 47E 263 N 4 W, 65 E 371 N 36 E, 47 E 3217 N 23E,51E
155 N7W,56E 303 N32E, 4E 378 N 38E,52E 328 N35E,62E
161 N22E,50E 308 NI12E 74W 379 N 34 E, 69 E 333 N32E,84E
162 S 68 W, 21 W 403 N4E 24E 381 N8E, 68 E 341 N 20E, 28 E
162 N29W, 10E 409 N42W,79E 382 N31E,53E 346 N 34 E, 66 E
201 NOE,57E 384 N 55E, 39 W 348 N25E,73E
201 N29E, 36 E 386 N2E, 55W 349 N32E,53E
201 N49E, 17E 351 N34E, 72 E
205 N35E,52E 352 N38E, 46 E
207 N20W, 78 E fold hinges fold hinges 353 N24E 79E
207 N 87 W, 36 S 354 N6E, 55E
215 N21W,21E 116 27,N46 E 210 6,S16 E 357 N I15E, 67E
217 N8E,8E 150 14,S42 E 281 3,S75E 361 N19E,52E
219 N13W, 19E 159 45, N 15 W 282 25,N 28 E 362 N31E,58E
221 N5W,21E 162 16,S4W 283 38, N 40 W 371 N36E, 72 E
223 N15W, 13 E 201 16,S 15W GORGE [4],N40E 376 N31E,72E
225 N4E, 12E 201 19,N52E GORGE [2,N30E 371 N 28 E, 69 E
226 N32W, 14E 201 48,S8E GORGE |12,N37E 379 N 38 E, 65 E
226 N21E 13W 207 28,S21E 320 14,S33 W 380 N 27E,73E
228 N12W, 11 E 226 10, N 24 W/ 396 49,N 69 E 384 N29E,70E
229 N25E,3E 390 N 28 E, 54 E
234 N2W,5E 393 N 13E, 58 E
238 N 54 W, 8 E

239 N 10W, 23 E
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Quebec Vermont
station # |bedding(con't) station # |slickenlines station # |slickenlines
163 S36E, 45 006 S 63 W, 59
241 NOE,OE 210 S55E
243 NOE,OE fault surfaces 245 S35E, 41
249 NOE,OE 148 N85E, 41S 245 S27E, 54
250 N 10E, 16 W 162 N 15E,65E GORGE |S66E, 26
251 NOE,OE 162 N5E,51E GORGE |S38E, 28
253 NOE,0E 162 N23E 29E GORGE |N32E,28E
255 N50E, 13 W GORGE |ST1E, 31
258 N29E 10E veins/fractures |GORGE |S72E, 8
266 N 50 W, 29 N 163 N39E,57E GORGE |S51E, 46
266 NO9OE, 698 201 N42E,84E GORGE |[N44W,9
266 N5E,35E 201 N1W,69E GORGE |S84E, 35
269 NOE,0E 201 N80E, 758 GORGE |S75E, 13
271 NOE,OE 201 N 64 W, 84 N
277 NOE,OE 239 N2E, 72 W fault surfaces
278 NOE,0E 239 N12E 45W 006 N 28E, 72 W
308 N19E, 25W 249 N5E 85 W 245 NI15E,63E
398 N52E, 21 E 249 N 60 W, 90 GORGE |N 34 W, 38 E
402 NI10OW,21E 249 N 82 E, 90 GORGE |[N5W,43E
403 N4E,24E 263 N 50 E, 59 W GORGE |N38E, 308
409 N23W,4E 264 N 35E, 44 W GORGE N 16E, 48 E
410 N23W,3E 358 N 16E, 54 E
411 N20W,3E intersection line. 359 N16E 7E
102 N52E, 19
161 S15W, 16 veins/fractures
208 N26E,75E
GORGE |N48E, 36N
GORGE |N27E, 76 W
intersection line.
006 S11W,8
384 N 38 E, 47
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Phillipsburg Slice:

station # |bedding station # |fold hinge
105 N52E, 51 W 105 N 80 W/, 50
105 N 60 W, 16 N 105 NOE, 24
105 N 43 E, 48 W 105 N 30E, 24
105 N42 E, 83 E 105 N 36 E, 29
105 N 20 E, 41 W 105 N 45E, 19
105 N 19E, 52 W 300 N49E, 76 E
305 N 66 E, 55 W 313 N50E, 7
310 N 75 E, 59 W
311 N53E 12W fault surfaces
400 N 64 E, 718 N 300 N30E, 27E
405 N42E, 4E 301 N42E,62E
417 N 45 E, 40 W 309 N 35E,50 E
418 N30E,57E 310 N 75 E, 59 W
419 N42E, 56 E 312 N54E 54 E
cleavage slickenlines
105 N30E, 43 E 300 S 38 E, 32
312 N52E,70E 300 S30E, 58
313 N17E,7T1E 300 N 82E, 28
417 N8W, 83 E 301 S 52 E, 50
312 S 66 E, 47
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APPENDIX VI

Tables and plots of elemental compositions (ppm) for WG-02-21 and TSS standards (both
also known as PAL 889, Palisades Sill), obtained by ICP-MS for this study, versus previous
analyses by Cornell University (a. and b., Wirth, 1991) and Washington State University
(c. and d, unpublished analyses by Greg Harper, 2003). Also, WG-02-21 plotted versus
TSS (e.) Points that fall within the two diagonal lines represent analyses with <10%
variation.
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(ppm)
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Ba
Th
Nb

Y
Hf
Ta
U
Pb
Rb
Cs
Sr
Sc
Zr

Sample ID

WG-02-21 TSS-002 WSU Cornell
10.47 11.05 10.64 10.52
21.64 21.29 21.73 23.6
2.70 2.64 2.73
12.11 12.06 12.11 13
3.50 3.47 3.6 3.42
1.18 1.13 1.18 1.07
3.98 3.86 3.76
0.69 0.67 0.7 0.67
4.35 4.30 4.4
0.88 0.87 0.9
2.35 2.35 2.54
0.34 0.34 0.36
2.04 2.05 2.11 2.18
0.31 0.31 0.33 0.304
176 174 1731 185
2.08 2.14 1.78 2.07
6.96 6.98 7.47
22.96 23.16 23.7
2.56 2.53 2.58 2.56
0.61 0.59 0.6 0.63
0.45 0.45 0.47 0.497
452 4.48 4.42
29.6 30.1 28.5
1.96 1.93 1.88 2.19
176 169 180.5 183
40.7 41.3
90 90
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ICP-MS Standards

—

yd

e

.00

100.00

TSS vs Cornell

10.00 1000.00

1000 1000
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100 / 100

10 / 10
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0.10 1.00 10.00 100.00 1000.00 0.10 1
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1000 1000
C. / d.

100 100

10 / 10

yd

/

0.1

T T 0.1
0.10 1.00 10.00 100.00 1000.00 0.10 1.00 10.0‘0 100.;0 1000.00
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1000.00
e. /
100.00 £
10.00 /
1.00 /
0.10 T T T
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WG-02-21 vs TSS
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APPENDIX VII

Tables and plots of elemental compositions (ppm) for WG-02-21 and TSS standards (both

also known as PAL 889, Palisades Sill), obtained by XRF for this study, versus two previous
analyses by McGill University (unpublished analyses by Greg Harper, 1986) and an analysis
by University of Massachusetts (unpublished analyses by Greg Harper). Also, WG-02-21

plotted versus TSS (e.) Points that fall within the two diagonal lines represent analyses with
<10% variation.

All elements that vary by more than 10% (La, Nb, Ce, Ba, Rb, Zr, Th) are included in the
group of XRF elements replaced by ICP-MS values or were not used in the study (Pb).
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Sample ID

WG-02-21 TSS UMASS McaGill1 McGill2
(ppm)

Ni 86 79
Cr 286 282 284.4 310

Sc 34 36
\ 259 260 252.4 260 249
Ba 181 177 195.5 231

Rb 29 28 32
Sr 173 174 181.8 177 179
Zr 95 95 101.6 110 116
Y 23 22 22
Nb 8.2 8.6 7.3 15 9
Ga 17 17

Cu 107 107

Zn 77 80

Pb 5 3

La 21 14 6.5

Ce 26 38 23.8

Th 2 1
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X-Ray Fluorescence standards

1000

7

Nb
8.2, 15 ppm
WG, McG. —___

0.1

T
100 1000

WG-02-21 vs. McGill 1

1000

100

Zr
95, 116 ppm
WG, McG

Ny

e

T
100 1000

WG-02-21 vs. McGill 2
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100

Nb

Ba

177, 231 ppm

788, McG \/
8.6, 15 ppm

TSS, McG. —__

0.1
0.1

T T T
1 10 100 1000

TSS vs McGill 1

1000

100

Zr

95,116 ppm

TSS,McG ~
Rb

29,32 ppm
TSS,McG

e

0.1

1 10 100 1000
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X-Ray Fluorescence standards

1000

100

1000

e

e

100

Ce
..— 38,23.8
TSS,UMass

La
21,6.5 ppm
WG, McG

0.1

: La
™~ 14,6.5 ppm
TSS,UMass

A

0.1 1

8.6,7.3 ppm
TSS,UMass

T 0.1
00 1000

WG-02-21 vs. UMass

1000

100

0.1

T
100

TSS vs. Umass

e

Ce

26,38 ppm . ;"13‘ »

WG,TSS ) ,14 ppm
- WGTSS

Pb
" T——53ppm
WG, TSS

\Th

2,1 ppm
WG, TSS

T
1 10

WG-02-21 vs TSS
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APPENDIX VIII

Geochemical analyses of Devonian basalts and basalts andesites obtained for use in chapter

3.
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West Branch: Fat Man's Woe: Standard:

Sample #'s wB RG FW FPV DA CSK/P CSK/P TSS
02 21 02 21 02 21 102 003 001B 002
LOI (%) 1.65 1.13 3.61 2.68 1.54 2.16 2.26 0.79

major elements

XRF (Wt%)

Si02 50.25 52.01 53.88 49.42 55.37 54.61 54.99 52.89
AI203 15.53 13.92 14.02 16.28 14.97 16.10 16.47 14.37
Tio2 2.473 13.32 3.220 2.101 1.930 1.501 1.531 1.161
FeO* 12.35 12.53 9.72 10.93 9.57 8.35 8.75 10.06
MnO 10.29 0.239 10.28 0.219 0.142 0.134 0.162 0.180
ca0 7.78 6.23 8.70 9.68 7.98 7.00 6.35 10.85
MgO 6.43 5.24 3.59 6.99 5.02 5.94 5.26 7.56
K20 0.94 0.65 0.68 0.44 1.1 0.86 0.81 0.78
Na20 3.56 5.16 5.44 3.67 3.63 5.32 5.44 2.02
P205 0.415 10.69 0.469 0.265 0.285 0.187 0.237 0.135

trace elements

XRF (ppm)

Ni 33 12 12 32 30 30 42 79

Cr 113 27 38 207 111 126 92 282

v 283 348 380 320 256 227 180 260

Ga 27 21 17 19 21 17 22 17

Cu 52 17 14 65 51 48 34 107

Zn 121 114 94 91 70 80 72 80

Zr 274 322 268 151 327 132 424

ICPMS (ppm)

La 24.61 27.54 21.53 11.53 23.06 11.65 31.69 11.05
Ce 54.84 61.04 48.11 26.83 50.74 24.94 67.55 21.29
Pr 7.32 7.89 6.29 3.72 6.40 3.18 8.12 2.64
Nd 33.05 36.2 28.56 18.32 28.75 14.63 34.83 12.06
Sm 9.14 10.19 8.3 5.63 8.06 4.31 9.38 3.47
Eu 3.04 3.21 2.52 2.01 2.15 1.50 2.07 1.13
Gd 10.05 10.96 9.18 6.54 8.64 4.94 9.64 3.86
Tb 1.72 1.92 1.59 1.15 1.55 0.87 1.77 0.67
Dy 10.69 11.84 9.96 7.24 9.88 5.57 11.28 4.30
Ho 2.21 2.41 2.04 1.50 2.04 1.14 2.39 0.87
Er 5.96 6.49 5.55 4.00 5.62 3.1 6.60 2.35
Tm 0.84 0.92 0.78 0.57 0.82 0.45 0.98 0.34
Yb 5.11 5.55 4.88 3.47 5.16 2.81 6.27 2.05
Lu 0.78 0.87 0.75 0.52 0.79 0.43 0.98 0.31
Ba 450 211 231 239 181 202 235 174
Th 3.95 3.35 3.56 1.07 5.35 2.23 9.99 2.14
Nb 10.49 11.87 9.88 5.72 9.78 4.74 13.64 6.98
Y 57.25 62.59 52.31 39.15 54.00 30.43 63.98 23.16
Hf 6.95 7.61 6.67 3.96 8.00 3.39 10.87 2.53
Ta 0.73 0.82 0.71 0.39 0.69 0.35 0.97 0.59
U 0.91 0.83 0.91 0.26 1.25 0.67 2.24 0.45
Pb 6.08 4.48 2.64 2.22 3.32 3.58 6.51 4.48
Rb 22.7 8 9.2 7.4 21.9 14.0 12.9 30.1
Cs 0.72 0.4 0.17 0.27 0.53 0.28 0.29 1.93
Sr 422 169 153 270 211 208 350 169
Sc 415 40 40.7 50.5 37.2 40.6 26.9 413

All XRF elements duplicated by ICP-MS are exluded from this file except for Zr.
* total Fe
1 value greater than 120% of highest standard
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