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(ABSTRACT)

New radiometric ages and field relations within the Coastal Maine Magmatic Provinoé
suggest a bimodal distribution of igneous rocks in both space and time. The earlier
magmatic event is represented by the development of large igneous complexes which occur
along a magmatic axis extending from Calais to Penobscot Bay, Maine. These complexes
are dominated by mafic magmatism ranging in composition from olivine norite through
quartz diorite and granodiorite. Partially crystallized mafic magmas are often intruded by
slightly peraluminous biotite + hornblende granites as demonstrated by the occurrence of
a wide range of enclave-host relationships. The igneous complexes are commonly cut by
younger voluminous biotite + hornblende granites and represent the development of a new
tectonothermal perturbation of the crust.

New radiometric data on igneous ‘rocks from the Moosehorn Igneous Complex (MIC)
near Calais, Maine indicate that the earlier magmatic event occurred during the interval
of 440-420 m.y. This magmatic event in the MIC is marked by the emplacement of a large,
complex assemblage of olivine norite, hypersthene gabbro, gabbro, biotite * hornblende
diorite, quartz diorite, and granodiorite. Compositional layering is present in many mafic
bodies, and most commonly strikes northwest and dips gently to the southwest. The
Moosehorn complex was intruded by the Baring granite before complete crystallization,

resulting in the development of texturally diverse enclave swarms within the granite.



A thermal event that involved such large volumes of mafic magma implies a tensional
environment in the coastal belt during Late Ordovician-Silurian times. The detailed
radiometric dating within the MIC highlights the tectonothermal evolution of the shallow

crust during this time.
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Introduction

Plutonic rocks within the northern Appalachians record a history of magmatism
extending from the late Precambrian through the Mesozoic. Areally, the plutonic zone
presents an arcuate outcrop pattern that stretches 1000 km from the Long Island Sound
to the Maine - New Brunswick international border (figure 1). Plutons extend into
southern New Brounswick, but this study will focus on those within the United States. The
tract of plutonic rocks has an average width of 270 km, and extends from the Atlantic
Ocean to the south and east to the Taconic allocthons to the northwest. Plutons of the
northern Appalachians show a wide variation in size from small, stock-like bodies such as
the Union ultramafic body (Maine) to large batholith sized intrusions such as the Katahdin
granite (Maine), Deblois granite (Maine), and White Mountain Magma Series (New
Hampshire)(Harrison et al., 1983; Osberg et al, 1985). Compositional variation of magmas
within the region is also equally diverse (Hogan and Sinha, 1989, Harrison et al, 1983).
Plutons exhibit compositions ranging from granitic to ultramafic, with a host of intermediate
compositions including syenite, monzonite, granodiorite, diorite, gabbro, and alkali granite
and gabbro.

The formation of the northern Appalachians is thought to have resulted from periods
of magmatism and deformation associated with the assemblage of discrete crustal blocks
(Osberg, 1978, Zen, 1983, Boone and Boudette, 1989). Five major lithotectonic zones have
been proposed for the northern Appalachian chain (Williams and Hatcher, 1982), including

the Piedmont, Dunnage, Gander, Avalon, and Meguma terranes. Defining the boundaries
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of these crustal segments as well as the timing of their accretion remains an active area of
rescarch.

Distinct crustal blocks may be defined on the basis of differing igneous, metamorphic,
or deformational histories, or may host varying sedimentary packages. Several techniques
may be employed in determining timing of terrane accretion. Stratigraphers can determine
a minimum age of assemblage through documentation of a common overlap sequence
covering two suspected crustal blocks. Similarly, the accretion of two disparate terranes may
be marked by the convergence of distinct faunal assemblages (Neumann, 1984). The
approach employed here uses the magmatic perspective to unravel the history of the
northern Appalachian belt. Information assembled from the study of plutonic rocks permits
three dimensional modelling of the crust, as these plutons may be used as "probes” of the
deep crust.

There are several advantages in the use of plutonic rocks to document terrane
histories. Isotopic studies allow characterization of pluton source regions through initial
isotopic signatures (Ayuso, 1986; Hogan and Sinha, 1989). Absolute age determinations
of plutons yield precise time frames for dating thermal perturbations of the crust.
Documentation of phase relations within the plutons allows assessment of crustal conditions
during crystallization of the pluton and partial melting of the source region, and can yield
such information as water content of the magma and temperatures and pressures of
crystallization (Maaloe and Wyllie, 1975, Naney, 1983). Finally, associations of certain
plutonic rock suites may be used to document ancient tectonic settings through correlation

with modern tectonic analogs.
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Recent isotopic investigations of plutons within the northern Appalachians have
revealed a significant period of magmatic activity which occurred throughout the Late
Ordovician-Silurian (DNAG time scale--Palmer, 1983; Zartman and Naylor, 1984; Bevier,
1988; this study). This activity resulted in the development of two contemporaneous
plutonic belts containing different lithologies. The belts are separated from one another
today by an average distance of 150 km. The western belt extends 920 km from eastern
Connecticut through central Massachusetts and western New Hampshire, across central
Maine and into New Brunswick, Canada, and is composed mainly of monzonites, syenite,
diorites, and tonalites. The coastal belt stretches 560 km from eastern Massachusetts
through the Penobscot Bay region of Maine into southern New Brunswick, and is
characterized by the presence of igneous complexes containing a bimodal granite-gabbro
assemblage. Much of the record of this earlier magmatic event was eliminated by
emplacement of large volumes of magma into the crust during Devonian times.

The northern portion of the coastal belt is contained within the Coastal Maine
Magmatic Province (CMMP) (Hogan and Sinha, 1989). The CMMP is characterized by the
presence of large volumes of magma emplaced into the Coastal Lithotectonic Block (CLB).
Mafic rocks are exposed over 8 % of the 14,600 km?* CMMP, while felsic rocks cover 37
% of the area. The CLB consists of a series of four northeasterly trending fault-bounded
crustal segments, each of which hosts a distinct lithologic package (figure 2). From
northwest to southeast, the blocks include the Bucksport-Flume Ridge block, the
Passagassawaukeag block, the Penobscot-Cookson block, and the Coastal Volcanic block
(Osberg et al,, 1985). The Bucksport-Flume Ridge block includes finely laminated

calcareous siltstones accompanied by small amounts of sulfidic pelite (Ludman, 1981) and
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is the most northwesterly segment of the CLB. The Passagassawaukeag block is inferred
to be in fault contact with the Bucksport-Flume Ridge block to the southeast. The
Passagassawaukeag terrane consists of migmatitic, complexly deformed metavolcanic rocks,
calc-silicate rocks, and quartzofeldspathic gneisses overlain by Cambro-Ordovician pelitic
schists, siltstones, and quartzites. The block is extensively intruded by granitoid dikes, sills
and stocks (Stewart and Wones, 1974; Hogan and Sinha, 1989). The Penobscot-Cookson
block, in fault contact with the Bucksport-Flume Ridge terrane to the north, includes
graphitic, sulfidic pelite, siltstone, quartzite, greywacke, metabasalt, slate and schist (Stewart
and Wones, 1974, Ludman, 1981). The Penobscot block is separated by the Turtle Head
Fault Zone from the Ellsworth-Coastal terrane to the southeast. The Ellsworth-Coastal
block consists of polydeformed greenstones and quartzofeldspathic chlorite schists
unconformably overlain by bimodal mafic and felsic volcanic rocks of Silurian age which
are interbedded with varying amounts of breccia, calcareous siltstones, limestones, shales,
and conglomerates (Stewart and Wones, 1974, Gates and Moench, 1981).

The Moosehorn Igneous Complex (MIC) near Calais, Maine serves as the type
example for the style of pluton occurrence in the coastal belt during the late Ordovician-
Silurian period. The MIC is a roughly circular group of intrusions cropping out along the
US-Canadian border and is composed of the Baring granite, Calais Diorite-Gabbro
complex, the layered to massive Staples Mountain and St. Stephen gabbros, and several
unnamed, isolated gabbro-diorite bodies. The igneous complex was later pervasively
intruded by the younger Charlotte, Meddybemps, and Red Beach granites.

Detailed field mapping, undertaken during the summer of 1987, coupled with isotopic

and petrographic examination of samples collected from the area, permits definition of the
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units contained within the MIC. The petrogenesis of the complex will be outlined from
radiometric age determinations (U/Pb zircon and Rb/Sr whole rock) on plutons of the area
combined with detailed field observations and petrographic examination of rock samples.
Finally, the tectonic significance of igneous complexes in the coastal belt will be highlighted
in light of recent geologic investigations within the region, and the tectonothermal evolution
of the crust in the coastal belt will be discussed.
Previous Work

The first comprehensive overview of the coastal Maine plutons was presented by

Chapman (1962), who defined the Bays-of-Maine Igneous Complex as comprising granitic

and gabbroic phases. He also defined a group of younger plutons which were subdivided
into biotite granites, hornblende granites, and coarse porphyritic granites. The Baring,
Charlotte, and Meddybemps granites were included among the biotite granites of the
younger group, while the Red Beach granite was grouped with the granites of the older
Bays-of Maine complex. Rocks now mapped as the St. Stephen gabbro, Staples Mountain
gabbro, and Calais Diorite-Gabbro complex were all included within the gabbroic phase of
the Bays-of-Maine Complex.

Hogan and Sinha (1989) presented a classification scheme for plutons of the CMMP
based on modal, chemical, and isotopic data. The model considered a potential genetic
relationship between spatially and possibly temporally associated mafic and felsic magmas,
and predicted four types of occurrence related to the amount of observed interaction
between felsic and mafic materials. The MIC was shown to contain the full range of pluton

types from Type I (uncontaminated granite) to Type IV (uncontaminated gabbro). Types
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IT and III also occur within the MIC and represent varying degrees of interaction between
mafic and felsic rock types.

The first detailed description of the rock units of the Moosehorn Igneous Complex was
presented by Amos (1958, 1963). As a doctoral student under Chapman, Amos detailed
the geology of the Calais and Robbinston 15’ quadrangles. Field relations among the
granites and country rocks were reported, and petrographic descriptions of all rock types
within the area were presented.

Several studies have been undertaken on the mafic rocks of the MIC. Coughlin
(1981,1986) presented information on the Staples Mountain gabbro. The stratigraphy of
the intrusion was divided into five units, with petrography and major element analyses of
each unit presented with the general conclusion that the pluton represented a slightly
differentiated sheet-like intrusion. Work published on the St. Stephen gabbro has been
mostly concerned with its economic potential. Paktunk (1986, 1987) reported characteristics
of the sulphide-related Cu-Ni mineralization as well as general petrography of the rock
units of the St. Stephen gabbro. A generalized geologic map of the intrusion was also
included in these reports.

Individual plutons in the Calais, Maine, area have been the focus of more intensive
investigations. Abbott (1977) presented a detailed map of the Red Beach granite, as well
as a comprehensive study of the pluton. The granite, previously mapped as a two phase
body (Amos 1958), was further divided into seven units. The units were thought to be
related through fractional crystallization along a liquid line-of-descent from gabbro to biotite
granophyre. Emplacement conditions of the granite were modelled from mineral chemistry

and textures. Several Maine Geological Survey Open File Reports have been published on
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the geology of the Calais quadrangle. In earlier reports (Ludman, 1981, Ludman and Hill,
1986) the stratigraphy and field relationships of the Cookson Group were described and
preliminary work on the plutonic rocks presented. Other open file reports on adjacent
quadrangles have shown preliminary contact relations between the younger granites and

surrounding lithologies (Gates, 1977, 1978).
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Stratigraphy of the Northern Coastal Lithotectonic Block

Distinct sedimentary packages of three lithotectonic blocks are exposed in the region
surrounding the MIC (Osberg et al, 1985). From northwest to southeast, the blocks
exposed include the Fredericton Trough, St. Croix Cambro-Ordovician belt, and the Coastal
Volcanic Belt (figure 3). With few exceptions, only the lithologies of the Coastal Volcanic
belt are abundantly fossiliferous and readily dated; other lithologic packages have been
tentatively dated through correlation with nearby fossiliferous assemblages. Nevertheless,
these sediments represent a time period extending from the Late Precambrian (?) through
the upper Devonian and place important constraints on the timing of pluton emplacement

in the northern Coastal Lithotectonic Block.

Fredericton Trough

Sediments contained within the Fredericton Trough crop out in the northwest corner
of the Calais 15’ quadrangle. These rocks have been divided into three formations, the
Digdeguash, Flume Ridge, and Pocomoonshine Lake (Ruitenberg, 1967; Ruitenberg and
Ludman, 1978; Ludman, 1981; Ludman, pers. comm.(10/09/89)). The Digdeguash, first
described from exposures in Charlotte County, New Brunswick as a sequence of turbiditic
slates and greywackes (Ruitenberg, 1967), was later extended into the Big Lake 15’
quadrangle by Ludman (1974). The unit is in conformable contact with the overlaying
Flume Ridge Formation and in fault contact with sediments of the Cookson Group to the
east. The formation consists of a package of generally well graded, buff-weathering, grey,

polymictic granule conglomerates and lithic wackes interbedded with grey slates (Ludman,

Stratigraphy of the Northern Coastal Lithotectonic Belt 10
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1981). The unit as a whole is generally non-calcareous and consists of two main lithic
types, psammite and pelite. These occur in beds of randomly variable thickness, grain size,
proportions of sandstone to pelite. Lithic fragments within the formation contain
plagioclase, quartz, perthite, and muscovite and are accompanied by rare fragments of
muscovite-chlorite-quartz-plagioclase schist indicating an igneous/metamorphic source region
for this unit (Ludman, 1981).

Since the Digdeguash is faulted against Cookson group sediments to the east, its true
thickness is unknown. Ludman (1981) estimates a minimum thickness of 1000 m from
unraveling of isoclinal folds within the unit. As mentioned previously, the Digdeguash
Formation is unfossiliferous and has proven difficult to date. Ruitenberg (1967) suggested
the Digdeguash is interfingered with the Waweig Formation, a distal unit of the Coastal
Volcanic Belt which contains a well established Pridolian (latest Silurian) fossil assemblage.
However, folded Digdeguash beds have been intruded by the Pocomoonshine gabbro which
has yielded K-Ar hornblende ages of 414 and 424 my (Westerman, 1972), indicating the
unit is as least as old as the middle Silurian.

The Flume Ridge Formation is the most areally extensive unit of the Fredericton
Trough in eastern Maine. The formation, first described by Ruitenberg (1967) in
southwestern New Brunswick, was extended into eastern Maine by Ludman (1974). In
general, the unit is composed of calcareous quartzofeldspathic wackes interbedded with
calcareous and non-calcareous siltstone and non-calcareous shales. Ludman (1981) reported
two distinct bedding styles within the unit. Near the contact with the Digdeguash, thick
(0.4 to 2 m) beds of calcareous sandstone crop out. The beds are laminated near their tops

and exhibit a fairly uniform grain size. This portion of the Flume Ridge Formation contains
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little pelite, although the proportion of pelite increases to the northwest concomitant with
a decrease in bed thickness and development of primary sedimentary features within the
unit. The second mode of occurrence, evident north of Big Lake, is characterized by
thinner (2 to 10 cm) beds showing equal proportions of pelite and sandstone.

Ludman (1981) estimated the thickness of the Flume Ridge Formation at several
thousand meters, although he admited it is difficult to judge the number of times the
sequence is repeated across the 35 km belt of exposure. As with the Digdeguash, the
Flume Ridge is unfossiliferous and difficult to date. However, Ruitenberg (1967)
established that the Flume Ridge is in conformable contact with the underlying Digdeguash
Formation.

The Pocomoonshine Lake Formation has only recently been considered as part of the
Fredericton Trough, having previously been included among the sediments of the Cookson
group. The unit has been reassigned by Ludman (pers. comm.) based on a similar
structural history as the Fredericton Trough rocks. The bulk of the unit consists of
carbonaceous slates with occasional interbedded siltstones and very fine grained sandstones.
Lithologically, the sandstones and siltstones are composed of quartz and feldspar with minor
muscovite, graphite, and pyrite. Ludman and Hill (1986) reported that the Pocomoonshine
Lake Formation exhibits a sharp to gradational contact with the overlying Kendall Mountain
Formation. Ludman and Hill (1986) noted that the shale beds in the lower portion of the
Pocomoonshine Lake Formation were locally intensely deformed, but did not relate this to
a tectonic break in the section. Currently, Ludman (pers. comm. (04/28/90)) favors a fault

contact between the Pocomoonshine Lake and Kendall Mountain Formations.
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St Croix Cambro-Ordovician Belt

A discrete package of sedimentary and volcanic rocks is exposed in the St. Croix
Cambro-Ordovician Belt and is contained within the Cookson Group of Ludman (1987).
From oldest to youngest, the group is comprised of the Calais Formation, the Woodland
Formation, and the Kendall Mountain Formation. Both the Calais and Kendall Mountain
Formations have yielded fossils which constrain the period of deposition for the group
between the Middle Caradocian (458-448 m.y., Palmer, 1983)(Kendall Mountain Formation-
-graptolites) and Tremadocian (505-488 m.y., Palmer, 1983)(Calais Formation--graptolites)
ages. Areally, the sediments crop out in a northeasterly trending belt lying to the northwest
of the MIC. A small section of Cookson group metasediments is exposed in the vicinity
of Calais, Maine, cropping out between the Baring granite, St. Stephen gabbro, and Calais
Diorite-Gabbro unit.

The oldest of the Cookson group units, the Calais Formation, has been divided into
three members as discussed by Ludman and Hill (1986). The formation consists of a
characteristic basal coticule layer which is overlain by pillowed basalts. These pillow basalts
are interbedded with phyllite, massive basalt, and chert. The upper member of the Calais
Formation consists of carbonaceous, rusty weathering, black shales intercalated with thin
sandstone beds.

The contact between the Calais Formation and the overlaying Woodland Formation
is reportedly both sharp and conformable (Ludman and Hill, 1986) The Woodland
Formation, as described by Ludman and Hill (1986), consists mainly of rusty weathering,
interbedded quartzofeldspathic wacke, pelite, carbonaceous and non-carbonaceous slates, and

phyllites. These lithologies generally occur in graded beds, with nearly equal proportions
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of sandstone and phyllite in the thinner beds. Thicker beds attain sandstone to pelite ratios
of up to 4:1. Two distinct minor lithologies occur within the Woodland Formation. The
first rock type occurs throughout the formation and consists of a dense quartz, biotite,
plagioclase granofels which crops out in thick (15-50 cm) cross-bedded layers. The second
characteristic lithology within the Woodland Formation occurs exclusively toward the center
of the unit and includes a calc-silicate granofels composed of alternating layers of a
lithology consisting of calcite-diopside-actinolite +/- garnet and biotite-quartz granofels.
Variable lithologies of the Kendall Mountain Formation overlie the sulfidic rocks of
the Woodland Formation. Ludman and Hill (1986) reported that the Kendall Mountain
Formation includes quartz arenite, quartzofeldspathic and lithic arenite, wacke, granule
conglomerate, siltstone, carbonaceous pelite, volcanic sediments including felsic tuff, and
basalt. The bulk of the unit is made of thick bedded metasandstones cropping out in
massive, non-graded, 0.2-1.5 m beds. Thinner interbedded carbonaceous slates and
siltstones are common near the top and bottom of the formation. Compositionally, most
sandstones within the unit are best characterized as quartzofeldspathic or arenitic, however
zones of pure quartzite, lithic wacke, and arenite are also observed within the formation.
The lower portion of the Kendall Mountain Formation contains thick (2.0 m), massive beds
of coarse granule conglomerate. The conglomerate contains generally well rounded clasts
which include quartzite, mafic and felsic volcanic fragments, and occasional phyllite and
schist fragments which Ludman and Hill (1986) have identified as having originated from
Eocambrian or Precambrian rocks in the vicinity of St. John, New Brunswick. The volcanic
component, unique to the Kendall Mountain Formation, is restricted to one horizon near

the base of the unit. The rock is composed of densely welded, thinly (1-5 cm) banded,

Stratigraphy of the Northern Coastal Lithotectonic Belt 15



massive felsic tuff. Ludman and Hill (1986) describe the rock as a very fine grained
cryptocrystalline matrix of quartz and feldspar hosting rare microphenocrysts of feldspar.
They attribute the banding to compaction of pumice lapilli. The fine grained volcanic
component is interbedded among volcaniclastic arenites and wackes. Fine grained, sulfidic,
plagioclase-actinolite metabasalts are interbedded with the felsic component. Ludman and
Hill (1986) list three characteristic features of the Kendall Mountain Formation which
distinguish it from other units of the Cookson group. Specifically: 1) the Kendall
Mountain Formation is the only unit with no appreciable amount of pelite (< 5% of the
formation), 2) no biotite was produced in the rock at high grades, and 3) the Kendall

Mountain Formation is the only unit with a felsic volcanic component.

The Coastal Volcanic Belt

The Coastal Volcanic Belt hosts a thick (7000 m (Gates, 1984)) package of volcanic,
volcaniclastic, and clastic sediments. These lithologies were deposited into an increasingly
shallow basin, indicated by the change from anoxic through subareal deposition and
subsequent development of an erosional unconformity. Volcanic rocks within the package
show a history of chemically bimodal, explosive volcanism throughout the region. The
formations within the coastal belt are abundantly fossiliferous, permitting accurate
assessment of their ages, and show that the sediments were deposited during a period
extending from the earliest Silurian (late Llandoverian) through the Upper Devonian. The
tight age control on this sedimentary package provides important constraints on the timing

of pluton emplacement throughout the region.
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The oldest unit exposed within the Coastal Volcanic Belt is the Quoddy Formation of
Bastin and Williams (1914). The unit crops out only within fault-bounded blocks in Maine,
but has been shown to unconformably overlic sedimentary and volcanic rocks of the
Coldbrook Group in adjacent New Brunswick. The lower portion of the Quoddy Formation
consists of dark grey and black, rusty weathering, sulfidic shales and siltstones cropping out
in thin (< 2.5 cm) graded beds. Sporadic interbedded feldspathic laminations have been
interpreted as ash falls (Gates, 1977). Amos (1958) reported that the Quoddy shales have
been deformed and partially recrystallized, citing the occurrence of undulose extinction in
quartz, secondary overgrowths, and preferred orientation of some phases within the rock.
The percentage of volcanic material increases towards the top of the formation. Gates
(1977) reported the occurrence of tuff breccias, lapilli tuffs, porphyritic, siliceous vitrophyres
and basalts, some of which were pillowed, within the Quoddy Formation. The felsic
volcanics of the unit have been intensely recrystallized with feldspars altered to sericite,
epidote, and calcite, and mafic phases altered to chlorite (Amos, 1958). Several species of
Monograptus have been found in the shales of the Quoddy, giving the unit a late
Llandoverian (438-428 m.y., Palmer, 1983) age (Gates, 1977, Berry and Boucot, 1970). As
the upper and lower contacts of the formation are cut by faults, the true thickness of the
unit is unknown. However, Bastin and Williams (1914) suggested the unit may be several
thousand feet thick.

The Dennys Formation (Bastin and Williams, 1914) overlies the Quoddy Formation.
The contact with the Quoddy Formation is a fault, although Gates (1977) reports the base
of the Dennys Formation is exposed to the west in the adjacent Gardner Lake 15’

quadrangle. The Dennys Formation grades upward into the younger Edmunds Formation,
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