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PREFACE

For more than a decade, the U.S. Geological Survey (USGS) has been studying the
mineral potential of large parts of the United States under the auspices of the
Conterminous United States Mineral Assessment Program (CUSMAP). One region
evaluated by this program is the Glens Falls 1° X 2° quadrangle covering eastern New
York, central Vermont, and western New Hampshire. The Glens Falls quadrangle (fig. 1)
extends from lat 43°00" to 44°00" N. and from long 72°00’ to 74°00" W. and has a
contained land area of approximately 18,400 km>. The geology of this region is highly
varied and includes Middle Proterozoic basement rocks, Late Proterozoic to middle
Paleozoic metasedimentary and metavolcanic rocks, and igneous intrusions of Protero-
zoic, Paleozoic, and Mesozoic age.

Mineral resources of the Glens Falls quadrangle were evaluated from 1982 through
1988 by a multidisciplinary approach involving geology, geochemistry, geophysics,
remote sensing, geobotany, and topical studies of individual mineral deposits. The
resource assessment presented here is limited to metallic resources. although nonmetallic
commodities have been (and currently are) of much greater economic importance.
Hydrocarbon resources such as oil and gas, coal, and peat similarly are not evaluated.

This report contains 18 chapters that summarize the results of the Glens Falls
CUSMAP project. The initial data and interpretations from the project were first presented
at a public meeting held in Killington, Vt., in September 1986. The meeting, which
included a 3-day field trip, was attended by nearly 80 participants from industry,
academia, and Federal and State government agencies. This USGS Bulletin constitutes
the formal publication of the papers given at the Killington meeting and includes several
others submitted since that time.

In the opening chapter (A), J.B. Thompson, Jr., presents an overview of the
geology and plate tectonic history of the Glens Falls quadrangle and makes comparisons
with the geology of the western Alps. The eastern Adirondack Mountains, which form the
western part of the Glens Falls map area, are described geologically in Chapter B by
James McLelland. In Chapter C, D.L. Daniels gives new gravity and magnetic data for
the Mesozoic intrusive complexes at Cuttingsville and Mount Ascutney, Vt., and
geophysical models for their geometry at depth. The next chapter (D), by J.N. Aleinikoff
and Paul Karabinos, presents new U-Pb zircon data that help constrain the age of
Paleozoic metasedimentary and metavolcanic rocks in eastern Vermont. In Chapter E,
H.A. Pohn shows interpreted lineaments from Landsat and side-looking radar images and
makes suggestions regarding spatially associated mineral deposits. A geochemical survey
of the Glens Falls quadrangle by K.C. Watts, Jr. (Chapter F), reports detailed data for
heavy-mineral concentrates of stream sediments and presents interpretations related to
known and postulated metallic mineral deposits. Chapter G, by C.L. Long, describes the
results of airborne electromagnetic surveys of the eastern half of the Glens Falls
quadrangle and discusses several geophysically anomalous areas that were studied by
ground-based electromagnetic traverses.

J.F. Slack and P.B. Schruben in Chapter H present a summary discussion of metal
mines, prospects, and mineral occurrences in the quadrangle, with an emphasis on the
commodities and production history of the largest deposits. In the next chapter (I), M.S.
Power and N.M. Milton describe the results of geobotanical investigations, including
airborne spectroradiometric surveys that show a remarkable correlation of airborne
anomalies with known metallic mineral deposits. In Chapter J, R.H. Moench presents the
results of new geologic mapping in the northeastern corner of the Glens Falls quadrangle
and proposes the existence of a major tectonic unit, the Piermont allochthon, which has
implications for mineral resource potential to the northeast in northern New Hampshire
and west-central Maine. S.H.B. Clark describes the sediment-hosted, stratabound
zinc-lead-copper deposits of the Lion Hill area, Vt., in Chapter K and suggests a
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syngenetic-exhalative (or early diagenetic) origin for the mineralization; N.K. Foley, in
the following chapter (L), presents fluid inclusion and lead isotope data for the same
deposit.

In Chapter M, C.C. Cameron, P.B. Schruben, and E.L. Boudette report on studies
of selected peat deposits in Vermont and western New Hampshire and on anomalous
metal concentrations at two localities including high values for uranium. In Chapter N,
L.J. Cox describes a geochemical survey of the Mount Ascutney intrusive complex,
Vermont , and highlights results for gold, molybdenum, tungsten, and tin. G.R.
Robinson, Jr., in the following chapter (O), presents geologic and geochemical data for
gold-bearing epigenetic mineralization associated with the Cuttingsville intrusive complex
and outlines a new model for Mesozoic syenite-related gold deposits in New England and
adjacent Quebec. R.A. Ayuso and C.A. Ratté describe the geology and chemistry of
bedrock uranium deposits in two areas of the Green Mountain massif in Vermont (Chapter
P). J.F. Slack, P.J. Atelsek, and J.W. Whitlow in Chapter Q present the results of a
detailed geochemical survey of stream sediments and heavy-mineral concentrates from the
Orange County (Vt.) copper district, which includes the area surrounding the old
Elizabeth mine. In the final chapter (R), J.F. Slack integrates data from all of the
geologic, geochemical, and geophysical work with the results of topical studies of mineral
deposits and assigns areas of low, moderate, and high resource potential for different
metal commodities and deposit types in the quadrangle.

Appreciation is extended to Dr. Charles A. Ratté (State Geologist of Vermont), Dr.
Eugene L. Boudette (State Geologist of New Hampshire), and Dr. Robert H. Fakundiny
(State Geologist of New York), for their cooperation and encouragement during this
project. The assistance of the former State Geologist of New Hampshire, Dr. Lincoln R.
Page, is also acknowledged. Professor Barry L. Doolan and the Department of Geology,
University of Vermont, helped in the arrangements for the public meeting in Killington,
in 1986. Mr. William M. Kelly and Mr. Richard E. Nyahay of the New York State
Geological Survey and Mr. Alan J. McBean, formerly of the Vermont Geological Survey,
supplied data on mines, prospects, and mineral occurrences. Professors John B. Lyons



and Half Zantop of Dartmouth College, Professor Wallace A. Bothner of the University
of New Hampshire, Professor William S.F. Kidd of the State University of New York at
Albany, Professor J. Gregory McHone of the University of Kentucky, and Professor
Frederick D. Larsen of Norwich University (Vermont) also provided assistance during the
project; Professor Larsen was especially helpful in supplying expertise on glacial deposits
in the quadrangle.

Special thanks are given to the Ministere de I’Energie et des Ressources du Québec
and to Professor Michel Gauthier (Université du Québec a Montréal) for supplying
information on mineral resource studies in the Quebec Appalachians. Professor Gauthier
and his graduate students (particularly Jacques Trottier and Robert Godue) were very
helpful in leading field trips to mineral deposits in southeastern Quebec and in exchanging
data and ideas on new mineral deposit models for the northern Appalachians.

The production of this Bulletin was a joint effort involving the contributions of
many USGS workers. I particularly wish to thank Katharine S. Schindler for her thorough
and painstaking work on text editing of the manuscripts, Shirley A. Brown for
coordinating the drafting of the illustrations, David A. Emery for map editing, Carolyn H.
McQuaig for typesetting, and Brenda N. Woodson for transcribing manuscript files.

John F. Slack
Reston, Va.
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An Introduction to the Geology and Paleozoic
History of the Glens Falls 1° X 2° Quadrangle,
New York, Vermont, and New Hampshire

By James B. Thompson, Jr.’

Abstract

The Glens Falls 1° X 2° quadrangle of west-central
New England includes little disturbed cratonal sediments,
Proterozoic basement massifs, Late Proterozoic through
Early Devonian metasedimentary and metavolcanic rocks,
and igneous intrusions of Proterozoic, Paleozoic, and
Mesozoic age. The basement massifs compose part of the
ancient North American craton, although the more east-
erly ones are strongly overprinted by Paleozoic tectonism
and metamorphism. Younger continental shelf, slope, and
basin sediments, and minor subaqueous volcanic rocks of
Late Proterozoic through early Paleozoic age, are pre-
served as autochthonous and allochthonous cover rocks
in several lithotectonic zones. A volcanic arc of Ordovi-
cian age in central Vermont became welded to the North
American craton and its cover rocks during the Ordovician
Taconic orogeny. In the eastern half of the Glens Falls
quadrangle, a separate Ordovician volcanic arc and its
associated younger sediments became welded to North
America during the Devonian Acadian orogeny. The litho-
tectonic zones in the Glens Falls quadrangle bear a
remarkable similarity to those of the western Alps, both in
their nature and in their order of succession.

INTRODUCTION

The Glens Falls 1° X 2° quadrangle encompasses a
part of the New York-New England Appalachians and a
segment of the adjacent North American craton. It extends
from lat 43°00' to 44°00" N. and from long 72°00" to 74°00’
W. and covers about 18,400 km?, including portions of
New York, Vermont, and New Hampshire. The northwest-
ern corner of the quadrangle lies in the central Adirondacks
of northern New York, and the southeastern corner is in the
Monadnock-Sunapee region of southeastern New Hamp-
shire. Mount Monadnock itself lies just south of the
southeastern corner of the map. Thompson and others
(1990) have prepared a generalized geologic map of the
Glens Falls 1° X 2° quadrangle, at 1:250,000 scale.

Manuscript approved for publication April 13, 1990.
! Department of Earth and Planetary Sciences, Harvard University,
Cambridge, MA 02138.

Crystalline basement rocks of the North American
craton are exposed extensively in the southeastern Adiron-
dacks. Paleozoic deformation and metamorphism have had
only local, minor effects on these rocks (Whitney and
Davin, 1987). Immediately to the east in the Lake Cham-
plain and Hudson valleys, however, the effects of Paleozoic
events become strong and increase in intensity across the
Taconic and Green Mountains of southern Vermont. The
southeastern part of the Glens Falls quadrangle is in a
migmatitic terrane of Paleozoic age in the central core of the
New England Appalachians. The geology of the region can
thus be conveniently described in terms of a northwest-
to-southeast cross section.

Southeastward from the Adirondacks, we encounter a
succession of distinctive lithotectonic zones that form nat-
ural subdivisions for discussion of the geology. As shown in
figure 1 these are (1) the Adirondack border area, a little
deformed Paleozoic cover; (2) the Middlebury synclino-
rium, mainly parautochthonous, Paleozoic carbonate rocks
that exhibit westward thrusting and overturning of folds; (3)
the Taconic allochthon, structurally above the rocks of the
Middlebury synclinorium; (4) the Green Mountain massif, a
re-emergence, in the deformed belt, of the cratonal base-
ment; (5) the metamorphic cover sequence of the eastern
Green Mountains; (6) the ductilely deformed nappe and
gneiss dome terrane (Chester and Athens domes) of eastern
Vermont that merges eastward into (7) the Connecticut
Valley-Gaspé terrane; (8) the Bronson Hill terrane of
western New Hampshire (another nappe and gneiss dome
terrane) that is succeeded to the east by (9) the migmatitic
Merrimack terrane that forms the western flank of the
Merrimack synclinorium.

COMPARISONS WITH OTHER OROGENS

The succession of lithotectonic zones encountered
between the Adirondacks and the Connecticut Valley region
has features coextensive with, or analogous to, those
appearing in other sections across the Appalachians. The
section here, however, also has a striking resemblance,
although offset in both space and time, to the succession of

Introduction to the Geology and Paleozoic History of the Glens Falls 1° X 2° Quadrangle A1
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Figure 1. Continued.

zones displayed in the western Alps. By proceeding south
from the Vosges or Black Forest massif, across the pre-
Alpine allochthons, the Aar massif, and the metamorphic
terranes of the Pennine nappes to the Insubric Line
(Spicher, 1972a), a similar succession of lithotectonic zones
is encountered. Figure 2 shows simplified maps, at the same
scale, of corresponding segments of these two orogens.
Although current interpretations differ, the comparisons
between these two areas extend to details of lithostrati-
graphic sequence, metamorphic textures, and mineral
assemblages that are apparent at either the outcrop or
thin-section scale. These similarities strongly suggest that
both areas were subjected to a similar series of geological
events. As knowledge of both areas improves, the differ-
ences in interpretation may perhaps become fewer or even
vanish altogether. It thus seems unwise to try to understand
one region without some knowledge of the other. For this
reason several of the more conspicuous correspondences
will be discussed.

THE ADIRONDACKS—A CRATONAL UPLIFT

The Adirondacks are one of a series of uplifts that
have arched the surface of the Precambrian basement along
the eastern and southern margins of the present-day North
American craton. Other uplifts include the Laurentians of
southeastern Quebec, the Jessamine and Nashville domes of
the Cincinnati arch of the east-central United States, the
Ozark uplift of southern Missouri and Arkansas, and the
Llano uplift of central Texas. These massifs record warping
and uplift, much of it demonstrably during Paleozoic time,
that produced as much as 2,000 m of relief in the pre-

Paleozoic surface of the Precambrian basement. They may
thus be regarded as “foreland massifs” and as such are in
many ways analogous to the foreland massifs (Black Forest,
Vosges, Massif Central) peripheral to the western Alps. The
rocks exposed in the Adirondacks (see McLelland, this
volume) are part of the billion-year-old Grenville terrane
that occupies much of the southeastern portion of the North
American craton. This terrane contains a variety of rocks
that were tectonized and metamorphosed under the condi-
tions of the pyroxene granulite facies. These rocks include
hypersthene-bearing granitic rocks (charnockites), quartz-
feldspar-sillimanite-garnet rocks (kinzigites) that are com-
monly graphitic, coarsely crystalline marbles and calc-
silicate rocks, and mafic rocks characterized by garnet and
clinopyroxene. The metasedimentary rocks have a marked
similarity to those in the Khondalite Series of India. Among
the original protoliths are a variety of sedimentary and
igneous rock types, including diverse gabbroic rocks and a
large mass of anorthosite.

The rocks of the Adirondack basement are overlain
with profound unconformity by a cover of early Paleozoic
sedimentary rocks that, except in the east and southeast, dip
gently outward from the central, domical uplift. The uplift-
ing probably began early in the Paleozoic and may have
continued sporadically through the Mesozoic and into
modern times.

The eastern and southeastern margins of the Adiron-
dacks, however, are cut by high-angle faulting. Much of the
movement on these faults clearly postdates Middle Ordovi-
cian sedimentation, but Bosworth and Putman (1986) give
evidence for Proterozoic movement on at least some of
them. Although the map of Fisher and others (1970) implies

Introduction to the Geology and Paleozoic History of the Glens Falls 1° X 2° Quadrangle A3
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Figure 2. Continued.

that the Paleozoic movements on these faults are largely
pre-Silurian, Ratcliffe (1971) suggested that Mesozoic rift-
ing has reactivated some of the older faults. Further
reactivation with movements extending into more recent
times is indicated by seismic activity and changes in
elevation (Isachsen, 1975; Barnett and Isachsen, 1980). The
Paleozoic cover has been dropped locally as much as 2 km
in well-defined graben, notably at Schroon Lake and Lake
George (fig. 1). Southeast of Lake George, the craton is
broken by a series of high-angle faults, downthrown on the
west, into a series of tilted blocks. On each of these blocks,
the Paleozoic cover dips gently east or southeast.

THE PALEOZOIC COVER TO THE
ADIRONDACKS —A PLATFORM SEQUENCE

This Paleozoic cover sequence has recently been
described in detail by Fisher (1984). Fisher’s work deals
mainly with the Glens Falls-Whitehall segment of the
Adirondack border region but gives extensive references to
recent work in adjacent areas and to the earlier work of
Rodgers (1937), Welby (1961), and others. Palmer (1971)
has provided an extensive discussion of the Cambrian
stratigraphy of this area and its relation to the stratigraphy of
other parts of the Appalachian region. The basal unit is the
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Upper Cambrian Potsdam Sandstone, mainly a clean quartz
sandstone, locally crossbedded, that has a pebble or cobble
conglomerate at its base. It is overlain by the Upper
Cambrian Ticonderoga Formation (Fisher, 1984), which is
mainly dolomite, sandy dolomite, and minor sandstone.
The Ticonderoga Formation is succeeded by approximately
200 m of dolomite, dolomitic limestone, limestone, and
minor quartz sandstone of the Beekmantown Group (as used
by Fisher, 1984), ranging in age from Upper Cambrian
(lower part of the Whitehall Formation) through much of
the Lower Ordovician. East and northeast of Ticonderoga,
N.Y., along the shores of Lake Champlain, the Beekman-
town carbonates are succeeded by early Middle Ordovician
carbonates of the Chazy Group (Welby, 1961; Fisher, 1984;
Selleck and Bosworth, 1985). The Chazyan and underlying
carbonate rocks and sandstones record an onlap from the
east and are regarded as constituting the remnants of a
carbonate bank on the eastern (passive) margin of North
America. South of Ticonderoga, the Chazyan strata are cut
out by an unconformity at the base of the Middle Ordovi-
cian Black River and Trenton Groups. Although the latter
contain carbonates, these grade upward and eastward into
Mohawk valley shales (Canajoharie Shale, Snake Hill For-
mation) that clearly derive much of their substance from an
eastern source. The presence of bentonites in these shales is
evidence that at least some of the source material is volcanic
in origin and is possibly related to the formation of an island
arc offshore at roughly the end of the Chazyan sedimenta-
tion.

THE TACONIC AND GREEN MOUNTAIN
REGIONS—A PALEOZOIC CONTINENTAL
SHELF AND SLOPE

The relatively undisturbed Paleozoic cover rocks of
the eastern Adirondacks are bounded on the east by a series
of westward-verging thrust faults. The westernmost of these
faults define Logan’s Line, a feature that extends south into
Vermont from the province of Quebec. These thrust faults
also mark the western limit of strong Paleozoic deformation
and may be traced south through western Vermont, along or
near the western shore of Lake Champlain, into the
Saratoga-Glens Falls region of New York State.

Two extensive exposures of Grenville basement rocks
occur in this area as well as several smaller ones. The
largest exposure is in the core of the Green Mountains of
south-central Vermont. There are also large, but less
extensive, exposures in the Athens-Chester-Cavendish
region of southeastern Vermont about midway between the
crest of the Green Mountains and the Connecticut River
valley. The basement rocks of the Green Mountains show a
history of metamorphic and deformational events that is like
that shown by the Hercynian basement rocks in the Aar and
Gotthard massifs of the western Alps. In each area, a
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younger, low-grade metamorphism has been superposed on
an older, high-grade basement terrane. The Green Moun-
tains and the Berkshire and Hoosatonic highlands to the
south may thus be regarded as belonging to a series of
external massifs extending along the Appalachians from the
Blue Ridge of the southeastern United States to the Long
Range of Newfoundland. This is the Blue-Green-Long axis
of Rankin and others (1983).

The Paleozoic rocks between Logan’s Line and the
western flank of the Green Mountains occur in two distinct
terranes: the parautochthonous shelf sequence of the Mid-
dlebury synclinorium and an allochthonous sequence lying
on the rocks in the central part of the synclinorium. The
allochthonous sequence is in a series of slices comprising
the phyllites of the Taconic Mountains and the slates of their
western foothills. These allochthonous rocks are believed to
have been emplaced during the latter part of the Middle
Ordovician at the onset of the Taconian orogeny, an event
that is also recorded farther west in the clastic sedimentary
rocks of the Queenston delta in western New York and
Ontario.

The Green Mountains and Chester-Athens
Domes— Reworked Cratonal Basement

Much of the Green Mountain basement terrane is
composed of felsic gneiss and amphibolite, but metasedi-
mentary rocks including graphitic schists, massive quartz-
ite, and coarsely crystalline marbles and calc-silicate rocks
are also present. All of these units closely resemble units
found in the Grenville basement of the southeastern Adiron-
dacks and presumably are correlative with them. This is
supported by the recent radiometric dating by Karabinos
and Aleinikoff (1988). Felsic gneisses are dominant in the
Chester and Athens domes, but the Athens dome also
contains marble, calc-silicate rocks, and extensive areas of
graphitic schist.

Paleozoic deformation and metamorphism (recording
Late Ordovician to Middle or Late Devonian tectonic
activity) are locally strong in the Green Mountain basement
terrane (Brace, 1953), but many features of the Grenville
have survived, including traces of relict mineral assem-
blages characteristic of the pyroxene granulite facies
(McLelland, this volume). The Paleozoic metamorphism
has caused extensive, coarse saussuritization of calcic
feldspars and chloritization of earlier garnets and pyriboles.
It has also produced a blue opalescence in much of the older
quartz, caused by the exsolution of fine rutile needles. In
the more southeasterly occurrences, in the central gneisses
and basement-cored nappes of the Chester and Athens
domes, however, the basement rocks are much more
strongly reworked (Thompson, 1950; Rosenfeld, 1954).
The structural (highly ductile) and metamorphic (coarsely
recrystallized kyanite zone) features of the Chester and
Athens domes have much in common with those found in



the lower basement-cored nappes of the Pennine Alps,
particularly in the Simplon region and in Val Leventina,
south of the Gotthard Pass (Spicher, 1972b).

The Middlebury Synclinorium—A
Parautochthonous Shelf Sequence

The Middlebury synclinorium is strongly overturned
to the west. Its western limb is cut by thrusts of Logan’s
Line, and its eastern limb is cut by thrusts along or near the
western flank of the Green Mountains. The stratigraphic
succession unconformably overlies Grenville basement and
begins with basal clastics of Late Proterozoic (Dalton
Formation, Pinnacle Formation) to earliest Cambrian age
(Cady, 1945; Cady and Zen, 1960, Zen, 1964; Thompson,
1967). These are succeeded, in turn, by Lower Cambrian
quartzites (Cheshire Quartzite) and by Lower and Middle
Cambrian dolomites (Rutland Dolomite, Dunham Dolomite
(as used by Cady, 1945), Winooski Dolomite) with minor
quartzite (Monkton Formation). The Upper Cambrian
Danby Formation consists of interbedded quartzite and
dolomite and is at least in part correlative with the Potsdam
Sandstone and Ticonderoga Formation that rest directly on
the basement in the Adirondack border region. Above the
Danby is a series of limestones and dolomites directly
correlative with the Beekmantown and, in part, with the
Chazyan carbonates of the Adirondack border. These car-
bonates are unconformably overlain, as in the Adirondack
border region, by Middle Ordovician shales and minor
carbonates. Metamorphic conditions are those of the green-
schist facies, increasing in grade eastward. The metamor-
phism is, at least in part, of Taconian age but has an
Acadian overprint eastward.

The Taconic Allochthon—A Slope Sequence

The rocks of the Taconic allochthon rest in tectonic
contact upon units in the central portion of the Middlebury
synclinorium, from Brandon, Vt., southward (Zen, 1967).
At many localities the Ordovician shales immediately
beneath the Taconic allochthon, especially on the west,
contain masses of wildflysch or mélange (Forbes Hill
Mélange of Fisher (1984) and Rysedorph Conglomerate)
containing exotic blocks of carbonate rocks, graywackes,
and (locally) of pillow lava (notably at Starks Knob in the
upper Hudson Valley). Elsewhere the base of the allochthon
rests on an imbricate zone that contains thrust slices of
parautochthonous carbonates. The rocks of the allochthon
include a variety of red, green, purple, gray, and black
slates. These have been quarried extensively in the western
Taconic region for slate and flagstone. commercial products
that have been widely distributed over North America. In

the eastern, more rugged parts of the Taconic Range, the
slates pass into phyllites (commonly containing chloritoid)
and fine-grained schists.

The stratigraphic sequence within the Taconic alloch-
thon (Zen, 1961; Theokritoff, 1964) has recently been
revised by W.S.F. Kidd and coworkers (Rowley and others,
1979; Kidd and others, in Fisher, 1984). The oldest clastic
rocks (as on the western flank of the Green Mountains and
in the structurally underlying parautochthonous sequence of
the Middlebury synclinorium) are believed to be Late
Proterozoic in age (Nassau Formation). Some of the coarser
clastic members of the Nassau Formation, such as the
Bomoseen Graywacke and Zion Hill Quartzite (as exposed
on Bird Mountain, Vt.) and the Rensselaer Graywacke
(exposed just south of the Glens Falls map), have been
interpreted as having been deposited during Late Proterozoic
rifting of an ancient supercontinent (Bird and Dewey,
1970). These basal clastics are succeeded by Cambrian and
Ordovician slates or phyllites, associated with turbidites,
cherts, and rare carbonate rocks. The Cambrian section
includes the Browns Pond (Fisher, 1984), Middle Granville
(of Fisher, 1984), Bull, Mettawee, and West Castleton
Formations. The Hatch Hill Formation is latest Cambrian
and earliest Ordovician. The Ordovician section includes
the Poultney Formation and the formations of the Norman-
skill Group of Fisher (1984). These formations parallel the
autochthonous and parautochthonous carbonate sequences
in age but are of a lithologic facies more appropriate to
deposition on a continental slope. The parautochthonous
sequence is largely carbonate and is generally interpreted as
a shelf sequence on the eastern margin of a Late Proterozoic
supercontinent. The sedimentary rocks of the Taconic
allochthon are believed to have originally been deposited
farther east on the then newly created continental slope,
although some of the coarser clastics may represent an
earlier rift facies.

THE METAMORPHIC TERRANES OF EASTERN
VERMONT

The metamorphosed and highly deformed cover rocks
on the eastern flank of the Green Mountains and on the
flanks of the Chester and Athens domes are postulated to be
Late Proterozoic through early or middle Paleozoic in age,
although biostratigraphic evidence to support this conten-
tion is meager (Chang and others, 1965; Thompson, 1972).
These rocks are separated into two distinctive terranes by a
boundary that is known to local geologists as the Richard-
son Memorial Contact or RMC, after C.H. Richardson, an
early student of this region. The RMC has long been
interpreted as an eastward-facing unconformity, but some
recent investigators prefer to regard it as a tectonic contact
(Westerman, 1987). In any case, the original boundary has
been offset locally by later faulting.
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Eastern Green Mountain Terrane

The rocks to the west of the RMC are the “talcoid”
and “hydromica” schists of early 19th century geologists.
These rocks include conglomeratic units (Tyson Formation,
as used by Doll and others, 1961) at their western contact of
the RMC and the Green Mountain basement. The rocks
farther east, however, are mainly mica schists, derived from
shales; greenstones, amphibolites, and gneisses of volcanic
origin; quartzites, some of which are probably metamor-
phosed cherts; and rare carbonate rocks. The protoliths of
these rocks are consistent with their having been laid down
on a lower continental slope or ocean floor. The mapped
units, including the Hoosac, Pinney Hollow, Ottauquechee,
and Stowe Formations (probably Cambrian to earliest Ordo-
vician) and the Moretown Formation (probably Ordovician)
are interpreted here as having been derived from a coherent,
eastward-topping stratigraphic sequence in the order listed.
Bimodal volcanics, mapped by Doll and others (1961) as
the Barnard Volcanic Member of the Missisquoi Formation,
are interpreted as having been derived from an offshore
island arc that developed during the Middle Ordovician.
This sequence is regarded as a time equivalent of the
Taconic sequence but one that represents a more oceanic
environment. The biostratigraphic control, however, is
admittedly meager (Chang and others, 1965).

The rocks west of the RMC show evidence of intense
strain with a pervasive east-over-west shear that by itself
can be responsible for an enormous amount of tectonic
transport. The interpretation put forth by Stanley and
Ratcliffe (1985), however, postulates that most of the
boundaries between the map units are major discrete thrusts
and that the above sequence is purely lithotectonic rather
than stratigraphic.

Ultramafic rocks occur mostly as small lenticular
bodies of serpentinite or steatite (only a few measure more
than a kilometer in their longest dimension) mainly in the
Ottauquechee and Moretown Formations (Chidester, 1962;
Jahns, 1967). The larger ones have harzburgite or dunite
cores, but the smaller ones are largely serpentinite, and
many have an outer shell of steatite (talc-carbonate) rock.
These lenticular bodies are typically associated with mafic
metavolcanic rocks that are now greenschist or, locally,
epidote amphibolite or amphibolite. Some of the more
siliceous metasediments in the country rocks, especially in
the Moretown Formation, may be, at least in part, metara-
diolarite. The ultramafic rocks are here interpreted as
intrusives, and possibly extrusives, related to ocean floor
volcanism. Stanley and Ratcliffe (1985), however, argue
that they are thrust slices derived from deeper oceanic crust.
The ultramafic rocks of the Thetford region in southern
Quebec are more or less on strike to the north.

In northern Vermont, this zone was subjected to a
Taconian blueschist metamorphism (Laird and Albee,
1981). In the latitude of the Glens Falls area, however, the
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evidence for this early metamorphism has been almost
completely obliterated by a later Acadian metamorphism of
Barrovian type (Laird and others, 1984; Christensen and
others, 1989). Locally, epidote amphibolite and lower
amphibolite facies (garnet zone or staurolite zone) condi-
tions have been reached.

The Connecticut Valley-Gaspé Terrane

The rocks to the east of the RMC are the “calciferous”
schists of the 19th century geologists but now are assigned
to the Northfield, Waits River, and Gile Mountain Forma-
tions. These formations occupy a broad area in the Con-
necticut Valley-Gaspé synclinorium. To the west are phyl-
lites or schists and quartzose, micaceous carbonate rocks,
formed by the metamorphism of calcareous shales and shaly
limestones (calc-pelites). Conglomerates, limestones, and
metavolcanic rocks (Shaw Mountain Formation) are also
present near the western margin. To the east the metamor-
phosed calcareous shales (Waits River Formation) are less
abundant and give way to interbedded schists and quartzites
derived from turbidites (Gile Mountain Formation).
Unnamed conglomerates are also found locally near the
eastern margin. A central marker unit (Standing Pond
Volcanics) contains pillow lavas, tuffs, and rocks of mixed
sedimentary and volcaniclastic origin. The latter are locally
metamorphosed and form spectacular garnet-hornblende
garbenschiefer. Sparse fossils (Currier and Jahns, 1941;
Cady, 1950; Doll, 1984; Hueber and others, 1990) have
been variously dated as Middle or Late Ordovician, Silu-
rian, or even Devonian. Recent U-Pb dating of zircons from
a dike rock near Springfield, Vt., provides a minimum age
of 423+4 Ma for the Standing Pond Volcanics (Aleinikoff
and Karabinos, this volume). Most investigators, however,
believe these rocks to be at least as young as post-Taconian
(Hueber and others, 1990). The major rock types of this
terrane bear a marked resemblance to the Schistes Lustrés or
Biindnerschiefer of the western Alps.

The (Acadian) regional metamorphic grade reaches
the staurolite-kyanite zone in the area of the Chester and
Athens domes and also in the areas of what are probably
buried domes farther north near Pomfret and Strafford, Vt.
Farther east, toward the valley of the Connecticut River, the
metamorphic grade falls off steeply toward a narrow zone of
slates and low-grade phyllites.

The west bank of the Connecticut River is the
political boundary between Vermont and New Hampshire
but weaves back and forth across the geologic boundary that
separates two distinct lithologic terranes. North of Spring-
field, Vt., this boundary is known as the Monroe Line.
South of Springfield, it is known informally (from an
exposure near East Dummerston, Vt.) as the Chicken Yard
Line or CYL. The nature of both lines is enigmatic. The
Monroe Line has been interpreted as a fault (Hatch, 1988)



and as a westward-facing unconformity (Doll and others,
1961), and the CYL has been interpreted as either a
west-directed thrust fault (the Whately thrust of Robinson
and others, 1988) or as an eastward-facing unconformity
(Hepburn and others, 1984). Both lines, however, have
been offset by undisputed late faults, at least some of which
are a northward continuation of the fault system that forms
the eastern boundary of the Mesozoic lowlands just to the
south in central Massachusetts and Connecticut.

The interpretation shown on the accompanying map
(fig. 1) implies that the Monroe Line is a westward-facing
unconformity and that the CYL is an eastward-facing
unconformity. The “calciferous schists™ of the Glens Falls
quadrangle are therefore interpreted as occupying a Silurian
(perhaps also, in part, Late Ordovician) interarc basin and
thus as older than the adjacent part of the Devonian Littleton
Formation of western New Hampshire. The *“‘calciferous
schists” and the Littleton Formation meet along the CYL,
and both units show stratigraphic tops facing east across the
line. If the relative ages of these units were reversed, as
Robinson and others argue, then the CYL would be a thrust.

THE BRONSON HILL TERRANE OF WESTERN
NEW HAMPSHIRE

The rocks east of the Monroe Line and the CYL
belong to a zone dominated by a large-scale structural
feature known as the Bronson Hill anticlinorium (Thomp-
son and others, 1968; Robinson and others, 1979). This
anticlinorium is, in fact, a series of roughly en echelon
gneiss domes whose structures are complicated by a set of
westward-verging nappes, partly fold nappes and partly
overthrust nappes, that were emplaced during an early
phase of the Acadian orogenic movements. These nappes
brought hot rocks over cold and produced inverted meta-
morphic isograds along the western flank of the Bronson
Hill anticlinorium. The cores of the nappes are occupied by
Ordovician, and possibly older, metasedimentary rocks
(Partridge and Quimby Formations) and minor metavol-
canic rocks, all invaded locally by granitic masses. These
are unconformably overlain by either metamorphosed Silu-
rian conglomerates, quartzites, and minor schists of the
Clough Formation or by schists and quartzites of the
Rangeley and Perry Mountain Formations. These basal
units are conformably overlain by calc-silicate rocks and
schists of the Fitch or Smalls Falls and Madrid Formations;
and these, in turn, are overlain by a sequence of metamor-
phosed shales and turbidites of the Devonian Littleton
Formation. Fossils in the Silurian and Devonian units occur
at several localities along the Bronson Hill zone (Boucot
and Thompson, 1963) and in the area immediately northeast
of the Glens Falls area (Boucot and Rumble, 1980, and
references therein; Harris and others, 1983).

The axial surfaces of the nappes of the Bronson Hill
zone nappes are themselves strongly deformed by the later

rise of a series of gneiss domes, in a roughly en echelon
array, just east of the Connecticut River. The cores of these
domes are reworked Ordovician, and possibly older, gran-
itoid plutonic rocks (Zartman and Leo, 1985), mantled by
the Ordovician Ammonoosuc Volcanics (Leo, 1985; Schu-
macher, 1988) and, locally, by metasedimentary rocks of
the Partridge and Quimby Formations. The Silurian
sequence is dominated by quartzites and calc-silicate rocks
(Clough and Fitch Formations, respectively) in the mantles
of the domes and in the lower nappes. In the upper nappes,
the Silurian section is much thicker, and mica schists are
more abundant (Rangeley, Perry Mountain, Smalls Falls,
and Madrid Formations). These differences in the Silurian
section are consistent with a westward onlap onto the older
rocks of the Bronson Hill zone, which was apparently a
positive area during the Silurian sedimentation.

In the Bronson Hill zone, metamorphic grade
increases eastward from slates and phyllites near the CYL to
a staurolite-kyanite zone adjacent to the domes. The
isogradic surfaces associated with the nappes are inverted so
that rocks in the upper nappes are in the amphibolite facies
(sillimanite zone). Some of the rocks in the uppermost
nappes even appear to have once crossed the second
sillimanite isograd, although the evidence for this crossing
has largely been obliterated by retrograde processes. In any
given nappe, metamorphic grade also increases eastward
toward its root zone.

A small area of rock on the western flank of the
Bronson Hill anticlinorium, in the extreme northeastern
corner of the Glens Falls quadrangle (fig. 1), has been
interpreted by Moench (this volume) to be a part of a large
Piermont allochthon, a series of klippen derived from a
southeasterly source. The Piermont allochthon may corre-
spond to the Fall Mountain nappe, the uppermost of the
nappes mapped farther south by Thompson and others
(1968).

THE MERRIMACK TERRANE OF NEW
HAMPSHIRE

The terrane extending from the east side of the
Bronson Hill zone to the eastern limit of the map (Hatch and
others, 1983) is called the Merrimack or Kearsarge-central
Maine synclinorium. This synclinorium is believed to be the
root zone of the Bronson Hill nappes and the Piermont
allochthon, although investigators differ as to details. The
rocks are in the amphibolite to granulite facies (sillimanite
and second sillimanite zones) and are locally migmatitic.
Several large, foliated, tabular bodies of gneissic granitoid
rocks, notably the Bethlehem Gneiss and the Kinsman
Quartz Monzonite, occupy much of the area. These gneissic
granitoid rocks apparently rode west, atop the nappes, as
indicated by the presence of several outliers, apparently
floored (Kruger and Linehan, 1941), on the western flank of
the Bronson Hill terrane. The principal outliers are at
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Bellows Falls, Vt., and in the Mascoma Lake and Mt. Cube
regions of New Hampshire. The rocks of these plutons are
peraluminous and have a strong gneissic fabric, particularly
in the more westerly occurrences. There are also smaller
bodies of late or early postkinematic, peraluminous (or
S-type) granitic rocks such as the Sunapee pluton (fig. 1).
Large granite pegmatites are abundant, especially near the
upper contact of the Bethlehem Gneiss. These and related
rock types constitute the New Hampshire Plutonic Series of
Billings (1956). Radiometric studies have established an
Acadian (413 Ma) age for the foliated Kinsman Quartz
Monzonite (Barreiro and Aleinikoff, 1985). The postkine-
matic Sunapee pluton, however, has a post-Acadian (366
Ma) age based on recent U-Pb zircon data (J.N. Aleinikoff,
oral commun., 1989; see also Harrison and others, 1987).

WHITE MOUNTAIN PLUTONIC-VOLCANIC
SUITE

Postmetamorphic dikes of Mesozoic age are numer-
ous throughout the map area (see McHone, 1978, and
references therein). Many are diabases that have a northerly
or northeasterly strike, roughly parallel to the trends of
high-angle faults associated with the Mesozoic rifting of
eastern North America. Camptonites and devitrified felsites
are also found, especially near the intrusive complexes at
Cuttingsville (Eggleston, 1918) and Mount Ascutney, Vt.
(Daly, 1903; Chapman and Chapman, 1940; Schneiderman,
1989). These complexes are composed largely of syenite or
quartz syenite, but there is some nepheline syenite at
Cuttingsville. Biotite granite is also present at Ascutney.
Gabbro-diorite is found at Little Ascutney, and essexite
occurs at Cuttingsville. The Ascutney complex also
includes trachytic volcanic rocks. These rocks show that
there was once an overlying volcanic edifice. A remarkable
breccia on Little Ascutney (Schneiderman, 1989) contains
fragments some meters across of rocks no longer present at
or below the present-day erosion surface. Smaller intru-
sives, possibly volcanic necks, occur in New Hampshire
east of Charlestown and north of Canaan (see Billings,
1956).

Some of the more felsic rocks, especially the syen-
ites, are peralkaline, and some, as at Cuttingsville, are
feldspathoidal. The ferromagnesian minerals in the syenites
and granites are rich in iron, and some of the quartz syenites
contain fayalite. Radiometric studies (K-Ar method) by
Armstrong and Stump (1971) and Foland and Faul (1977)
give ages of approximately 100 and 120 Ma, respectively,
for the Cuttingsville and Ascutney intrusive complexes.

OUTLINE OF PLATE TECTONIC HISTORY

Plate tectonic reconstructions of the Paleozoic are
difficult and fraught with uncertainty. Because no magnet-
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ically striped ocean floor of that era remains, we must base
such interpretations on the stratigraphic record preserved in
the cratonal Paleozoic sediments and on what can be
deduced from the contorted structures of the Paleozoic
orogenic belts. Among the more notable syntheses, for New
England, are those of Bird and Dewey (1970), Osberg
(1978), Robinson and Hall (1980), Hall and Robinson
(1982), Zen (1983), and Stanley and Ratcliffe (1985).

The Late Proterozoic and early Paleozoic depositional
sequences in and west of the Green Mountains may be
interpreted in terms of a Late Proterozoic rifting of the
ancient supercontinent, followed by the development of a
proto-Atlantic or Iapetus Ocean. The western autochtho-
nous and parautochthonous sequences are remnants of a
carbonate bank that accumulated on the newly formed
continental shelf during the Cambrian and Early Ordovi-
cian. During the Middle Ordovician, carbonate deposition
on the shelf changed to deposition of shale. Bentonites and
other evidence of nearby volcanism are also present in these
rocks and suggest a reorientation of plate movements. This
reorientation is consistent with the development of an
eastward-dipping subduction zone, perhaps far offshore,
and an island arc on the upper plate. The Middle to Late
Ordovician Taconian orogeny may represent the docking of
this arc, and the Taconic allochthon may be the remnant of
an obducted accretionary wedge. The island arc itself may
be partially preserved in the rocks of the Barnard Volcanic
Member of the Missisquoi Formation, which crop out just
west of the RMC. The rocks west of the Barnard volcanic
arc include metamorphosed sediments, some mafic volca-
nics, and several ultramafic bodies. These occurrences are
consistent with deposition on an ocean floor that would
have separated the Barnard volcanic arc from North Amer-
ica. A major thrust has been postulated just west of the
outcrop area of the Barnard volcanic arc. It should be
emphasized, however, that all the rocks between that thrust
and their contact with the Green Mountain basement show
evidence of intense ductile strain, east over west, and thus
can account, in themselves, for major tectonic transport.
The evidence for this transport is especially striking in some
of the units exposed in the mantles of the Chester and
Athens domes where snowball garnets, as large as 2 cm in
diameter, show maximum rotations of nearly 720°. Snow-
ball garnets showing nearly as great a rotation have also
been described by Rosenfeld (1968, 1970) in the area east
of the Chester and Athens domes.

The calc-pelites and associated rocks of the Connect-
icut Valley-Gaspé synclinorium may, in turn, represent
deposition in interarc basins between the Barnard arc, the
Chain Lakes terrane (about 150 km northeast of the Glens
Falls region on the Maine-Quebec border), and a second
island arc, partially preserved in the Bronson Hill zone. The
sedimentary sequence of the Merrimack synclinorium may
have been deposited in a similar marginal basin between the
Bronson Hill zone and the exotic terrane or microcontinent



of Avalonia, now represented by the 600-Ma basement of
eastern Massachusetts and Rhode Island. Subsequent accre-
tionary events include docking of the Bronson Hill arc;
perhaps docking of the Chain Lakes terrane to the north of
the Glens Falls region (Boone and Boudette, 1989): and.
eventually, docking of the Avalonian terrane to the east and
south of the Glens Falls region. Sutures joining these
basement terranes are quite possibly hidden by younger
units of the metasedimentary terranes that separate them.
These metasedimentary rocks are themselves involved in
major westward-verging nappes. By the end of the Devo-
nian, the Bronson Hill arc, the Avalonian terrane, and part
of the Fennoscandian or Baltic craton were firmly welded to
the North American craton (Zen, 1983) to form Laurasia.
These collisional (Acadian) events are recorded in the
conglomerates and coarse clastics of the Middle to Late
Devonian Catskill delta just south of the southwestern
corner of the map area.

At the end of the Acadian movements, lapetus in the
strict sense no longer existed. Full closure of a more
southerly and outboard ocean, the Phoibic of McKerrow
and Ziegler (1972), to form Pangaea probably did not
occur, however, until the end of the Paleozoic during the
Alleghanian orogeny. This closure was presumably brought
about by the arrival of northwest Africa (the Meguma
terrane of southern Nova Scotia and Georges Bank) and
other terranes farther south. New England appears to have
received a glancing blow at this time that affected only the
coastal regions, whereas the central and southern Appala-
chians bore the full brunt of this collision that produced the
classic fold and thrust belt of the Valley and Ridge
province, not present in the Glens Falls area. Pangaea, once
formed, was apparently short lived. Renewed rifting in the
Triassic and Jurassic produced the Ramapo fault system and
its possible extension into the Hudson-Champlain valley
(Stanley, 1980). This rifting also produced the Connecticut
valley fault system farther east and associated volcanism
and rift valley sedimentation. With the plutonic and volca-
nic activity of the White Mountain Suite and the opening of
the modern Atlantic (Schlee and Klitgord, 1986), events
leading to the present configuration of land and sea were
underway.
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Geology of the Adirondack Portion of the Glens Falls

1° X 2° Quadrangle

By James MclLelland’

Abstract

Metamorphosed igneous and sedimentary rocks
underlying the Lake George region exhibit mineral assem-
blages characteristic of the granulite facies. Uranium-lead
zircon studies indicate that the oldest rocks are ~1320-Ma
tonalites and trondjhemites that occur throughout the
eastern and southern Adirondack Mountains. These calc-
alkaline rocks intrude some, and perhaps all, of the
metasedimentary sequence. Subsequently, anorthositic,
mangeritic, and charnockitic rocks were intruded as anor-
ogenic bimodal complexes at ~1120 to 1160 Ma. Some-
what younger granitic gneiss (~1110 Ma) and alaskites
(~1070 Ma) may have been emplaced during the 1070- to
1030-Ma granulite facies metamorphism. Earlier metamor-
phic events appear to have accompanied emplacement of
the anorthositic rocks, and, prior to this, well-foliated
garnet-sillimanite xenoliths are preserved in metagabbro
dated at 11447 Ma. All rocks in the area were intensely
deformed during granulite facies metamorphism. Defor-
mation resulted in at least three major fold sets. The
earliest two fold sets are represented by approximately
coaxial, east-west-trending isoclinal (F;) and upright (F,)
folds. An upright F; set results in fold interference pat-
terns. Most rocks are marked by strong linear and planar
fabrics, some of which are believed to be related to
thrusting.

INTRODUCTION

The southeastern extension of the Adirondack high-
lands region (fig. 1), which includes Lake George, has been
studied by a number of workers over the past 85 years.
Their contributions are summarized in figure 2, which is
keyed to references given in the list of cited references.
Recent investigations include those of McLelland and
Isachsen (1986) in the southern half of the area, Walton and
deWaard (1963) in the northern half, and Geraghty (1973),
Farrar (1976), and Turner (1980) in the central portion. This
study compiles and synthesizes these earlier results with
field studies conducted by the author during the summers of

Manuscript approved for publication April 13. 1990.
! Colgate University, Hamilton, NY 13346-1398.

1983-85. A generalized map incorporating much of this
information is given in Thompson and others (1990).

MAJOR LITHIC UNITS

The wide variety of Adirondack rock types can be
grouped into four major Middle to Late Proterozoic
units —meta-anorthosite, metagabbro and metadiorite,
mainly felsic (granitic) gneisses, and metasedimentary
rocks (fig. 1). Detailed descriptions of these units and their
subdivisions can be found in McLelland and Isachsen
(1986) and references given therein.

Meta-Anorthosites

Meta-anorthosite underlies most of the area that is
located near the northern margin of the Glens Falls 1° X 2°
quadrangle (fig. 1). This extensive exposure represents only
a small portion of the large Marcy anorthosite massif, which
continues farther to the north. The rocks of the massif are
homogeneous, coarse-grained andesine meta-anorthosite
and have mafic contents that average close to 10 percent and
increase to 20-25 percent near the outer margins of the
massif. The coarse-grained anorthosite facies was desig-
nated Marcy-type anorthosite by Miller (1919), while the
finer grained, more gabbroic variety was referred to as
Whiteface-type anorthosite by Kemp (1898). Average
whole-rock analyses for these two types are given in table 1
(cols. 1, 2). Grain-size reduction is common throughout the
massif but is particularly intense near its contacts where it is
generally accompanied by well-developed garnets. Where
original textures are still preserved, subophitic textural
relations can be observed between plagioclase and orthopy-
roxene.

Sheets of gabbroic anorthosite, three of which are
shown on figure 1, occur within mangeritic-charnockitic
gneisses that mantle the southern margin of the Marcy
massif. In many instances, these anorthosites appear to
intrude the gneisses. In addition, deformed xenoliths of
gabbroic anorthosite are commonly found within the man-
gerites and charnockites (Miller, 1919), which are also
known to crosscut the anorthosites at a number of localities
(Buddington, 1939). These relations suggest that the man-
geritic and anorthositic rocks were emplaced at essentially
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Figure 1. Simplified geologic
map of the Adirondack portion
of the Glens Falls 1° X 2° quad-
rangle. Lettered abbreviations
stand for towns and topo-
g}:aphic and geologic features;
the locations of some geologic
features referred to in the text
are approximated by town sym-
bols. BL, Brant Lake; C, Com-
stock, N.Y.; DS, Dresden Sta-
tion, N.Y.; FA, Fort Ann, N.Y.;
G, Grasshopper Hill; GF, Glens
Falls, N.Y.; LM, Loch Muller;
MM, Moose Mountain; NH,
North Hudson, N.Y.; O, Owl’s
Head Mountain; P, Pharoah
Mountain; PA, Piseco anti-
form; SS, Saratoga Springs,
N.Y.; T, Ticonderoga dome;
WA, Warrensburg, N.Y.; WH,
Whitehall, N.Y.; WP, Whitney
Point, N.Y.
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Figure 2. Index map of 15-minute quadrangles
showing sources of geologic information. 1,
Berry (1965); 2, Cushing and Ruedemann (1914);
3, Farrar (1976); 4, Geraghty (1973); 5, Hall (1966);
6, Hills (1961); 7, Isachsen (1966); 8, McConnell
(1965); 9, Mclelland (1985); 10, Metzger (1984);
11a, Miller (1914); 11b, Miller (1919); 11c, Miller
(1923); 12, Newland and Vaughan (1942); 13a,
Turner (1980); 13b, Turner (1963); 13c, Turner
(1968); 14, Walton (1961).

the same time (McLelland, 1986; McLelland and Chiaren-
zelli, 1990). However, as documented by McLelland and
Whitney (in press), these contemporaneous suites are not
consanguineous but are members of a bimodal complex. A
large magnetite-ilmenite deposit is found at Tahawus (San-
ford Lake), just beyond the northwestern margin of figure
1. These oxide-pyroxene rocks (Gross, 1968) are inter-
preted as mafic cumulates (perhaps remobilized) that devel-
oped during the late stages of fractionation of the parent
magmas of the anorthositic rocks (Ashwal, 1978).

Recent mapping by the author has revealed several
large bodies of meta-anorthosite in the region between
Comstock (fig. 1, C), Fort Ann (fig. 1, FA), and Lake
George. The cores of these bodies resemble meta-
anorthosite from the Marcy massif, and X-ray fluorescence
whole-rock analyses document a similar chemistry (table 1,
col. 3). A distinctive aspect of these recently recognized
meta-anorthosite occurrences is their clear field association

with norites and olivine metagabbros that appear to envelop
and grade into the meta-anorthosite. This spatial association
is similar to the concentration of large olivine metagabbro
bodies near the margins of the Marcy massif where they
sometimes crosscut the anorthosite (fig. 1). The close
spatial association of the anorthosite and olivine metagab-
bros suggests that they may be petrogenetically related.
Emslie (1978) presented a model for anorthosite genesis in
which early formed gabbroic magmas pond at the crust-
mantle interface and differentiate to leucogabbros parental
to the anorthosites, as well as produce lower crustal melts of
quartzofeldspathic composition. The olivine metagabbros
bordering the Marcy massif may represent late examples of
such ponded gabbroic magmas.

Unfortunately, the contacts between meta-anorthosite
and other rocks are rarely exposed, and where they are,
deformation has obscured most relations. Within the Glens
Falls 1° X 2° quadrangle, anorthositic rocks are either in
contact with gabbroic-noritic rocks or with mangerites. No
instances are known where anorthosites in the strict sense
clearly intrude metasedimentary rocks. However, it should
be noted that there exist unequivocal instances in which
gabbroic anorthosite and leuconorites intrude metasedimen-
tary units (Buddington, 1939). The absence of dikes of true
anorthosite suggests that, rather than representing a liquid,
the anorthosites developed as crystal cumulates that were
too viscous to be expelled from their magma chambers. An
exceptionally good example of a crosscutting gabbroic
anorthosite sheet is located west, north, and east of War-
rensburg, N.Y. (fig. 1, WA), in the central part of the map
area. Here a 100- to 200-m-thick sheet of gabbroic anor-
thosite can be mapped along strike for 12 km (Farrar,
1976). The charnockitic country rocks are clearly crosscut
by this extensive sheet (fig. 1), whose composition is given
in table 1 (col. 4). Another anorthositic sheet near Owl’s
Head Mountain (fig. 1, O), whose composition is given in
table 1 (col. 5), clearly intrudes charnockitic country rocks.

Metagabbros and Metadiorites

Metagabbros are found throughout the area, but they
tend to be associated with anorthositic rocks and are
concentrated near the margins of the Marcy massif. Their
chemistry is generally tholeiitic but ranges from olivine
normative to noritic. The olivine-bearing varieties exhibit
classic garnet coronas developed between olivine and pla-
gioclase (McLelland and Whitney, 1980). Metadioritic and
metatonalitic gneiss (table 1, col. 6) is shown with the same
symbol as metagabbro on figure 1 but accounts for 90
percent of this unit east of Lake George (fig. 1). The
metatonalites, which resemble charnockitic rocks in hand
specimen, occur as thick, massive horizons that com-
monly grade into granodioritic and trondhjemitic lithologies
(table 1, cols. 7, 8). An almost ubiquitous characteristic of
the metatonalites is the presence of disrupted layers of
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Table 1. Average composition of rocks of the Lake George region, in weight percent

1 2 3 4 5 6 7
. Average Av?rage Buck Mountain  Moon Mountain Owl’s Head Metatonalite Granodiorite
Oxide Marcy Whiteface . . .
1 . 1 Lake George Warrensburg Paradox Lake Whitehall Piseco antiform
anorthosite anorthosite
Si0, 54.54 53.54 55.16 53.79 51.35 62.82 64.55
TiO, .67 72 .67 .57 .52 28 1.17
Al O, 25.61 22.50 22.75 23.60 26.96 17.23 14.30
Fe,0,% 2.16 5.31 1.98 4.65 1.13 1.84 6.86
MnO .02 .07 .02 .03 .02 .10 .10
MgO 1.03 2.21 2.95 1.05 1.47 .88 1.10
CaO 9.92 10.12 9.80 9.27 12.12 5.83 2.69
Na,O 4.53 3.70 4.83 4.84 3.96 4.31 2.87
K,O 1.01 1.19 .70 94 1.21 2.13 4.65
P,05 .09 13 .15 13 .09 .10 .45
H,O .55 12 .27 .20 31 2.78 53
Total 100.13 99.61 99.28 99.07 99.14 98.30 99.27
8 9 10 11 12 13 14
Oxide Trondhjemite Granite Gneiss Charnockite Mangerite Keene Gneiss Feg:’egszzzro Gr/:slzzlz:;:)er
Skiff Mountain Whitney Polnt Loch Muller Loch Muller Loch Muller Station Hill
Si0, 72.39 70.16 67.72 62.85 58.90 41.54 72.93
TiO, .38 .53 .61 71 1.63 6.37 .30
Al,O, 12.63 13.97 13.84 16.82 15.01 7.90 13.09
Fe,0,? 5.73 4.73 5.39 5.07 9.40 25.72 3.83
MnO .02 .06 .07 .09 .14 .02 .02
MgO .29 .38 .39 41 2.11 6.24 24
CaO 1.07 2.06 2.11 2.91 5.57 9.19 1.05
Na,O 6.63 2.26 2.63 5.23 2.43 1.62 2.31
K,0 52 5.36 4.92 5.51 3.57 .74 5.50
P,O; .07 .18 12 .21 .46 .05 .05
H,0 .36 .38 .34 .37 37 .45 42
Total 100.09 100.07 98.14 100.18 99.59 99.84 99.74

! Analyses from Buddington (1939).
2 Total iron as Fe,0,.

pyroxene granulite, or amphibolite, that measure several
tens of centimeters in thickness. These disrupted layers are
believed to represent dismembered mafic dikes. A variety
of xenoliths, including metasedimentary rocks, have been
observed within the metatonalites. Most of these xenoliths
appear to have undergone reaction with magma and are now
represented by biotite- and feldspar-rich enclaves.

Felsic (Granitic) Gneisses

The felsic gneisses of the region consist predomi-
nantly of hornblende granitic gneiss, mangeritic-
charnockitic gneiss, and leucogranitic (alaskitic) gneiss that
are frequently interlayered with thin amphibolites. The most
common of these felsic gneisses is pink, garnetiferous
hornblende (-biotite) granitic gneiss. These rocks generally
contain megacrysts of potash feldspar and are characterized
by streaky patches and pods of different grain-size granitic
material that give a migmatitic aspect to exposures.
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Throughout the Adirondack Mountains, these felsic
gneisses tend to occur in large, internally homogeneous
bodies that are suggestive of deformed and metamorphosed
plutons. Their compositions (table 1, col. 9) are consistent
with an igneous, plutonic origin. Occasional xenoliths
support an intrusive history, although pervasive deforma-
tion has obscured such critical evidence as crosscutting
contacts.

Charnockitic and mangeritic gneiss (table 1, cols. 10,
11) occur within the region but are less abundant than the
pink, hornblende (-biotite) granitic gneiss. Occasional
orthopyroxenes occur in the hornblende (-biotite) granitic
gneiss, and, strictly speaking, these occurrences result in
the local development of small patches of charnockite.
However, most mappable bodies of charnockite have
whole-rock chemical compositions that differ from those of
the granitic gneisses (deWaard, 1969), especially with
regard to SiO, content, which is consistently lower (<68
percent) in the chamnockitic rocks (table 1, col. 10).
Mangeritic gneiss has even lower SiO, contents that range
from 55 to 60 percent. In almost all instances, the char-



nockitic and mangeritic rocks that have less than 68 per-
cent SiO, exhibit the olive-green color common to
orthopyroxene-bearing granulite facies rocks. Although
these rocks crop out in all parts of the map area, they are
most commonly developed near bodies of anorthosite that
they tend to envelop. Near anorthosite-mangerite contacts,
a distinctive rock occurs that appears to be a mixture of
these two end members. This lithology, named Keene
Gneiss by Miller (1919), is characterized by the presence of
numerous andesine xenocrysts set in a mangeritic matrix and
grades from a few percent xenocrysts to anorthosite with
interstitial mangerite. In places, the whole-rock chemistry
resembles a mixture of mangeritic and anorthositic compo-
nents. A whole-rock analysis of Keene Gneiss is given in
table 1, col. 12.

A structurally important body of garnetiferous char-
nockitic gneiss occurs northwest of Whitehall, N.Y. (fig. 1,
WH), where it forms the limbs of a folded thrust sheet. The
eastern portion of this thrust sheet was first mapped by
Berry (1965) and later extended to the west by Turner
(1980). Although the dominant rock type is charnockite,
ferrogabbros containing xenoliths of anorthosite are com-
mon near the bottom of the body. Whole-rock analyses of
these ferrogabbros (table 1, col. 13) show that they closely
resemble late differentiates of the anorthositic suite of rocks
(Buddington, 1939). The entire sheet is thought to consist
of rocks coeval with the emplacement of anorthosite.

Throughout the region there occur extensive outcrop-
pings of pink to white, magnetite-bearing alaskitic gneiss
superficially similar in appearance to the pink, hornblende
(-biotite) granitic gneisses. The whole-rock chemistry of the
alaskitic gneisses is given in table 1, col. 14. Their SiO,
contents (72-75 percent) are notably higher than those of
the hornblende (-biotite) granites, and, as indicated in the
geochronology section, the two rocks are of different ages.
Quartz-sillimanite nodules typically occur within the alas-
kites and may represent metamorphosed quartz-kaolinite
masses that resulted from hydrothermal alteration of origi-
nal igneous rocks. Associated with the alaskitic gneisses of
the eastern Adirondacks are stratabound, low-titanium mag-
netite deposits (Newland, 1908). These deposits commonly
occur within albite-rich trondhjemitic layers in the alaskite.
The stratabound nature of these deposits, as well as their
interlayering with andradite-ferrosalite skarns and marbles,
suggests that the host rock was originally sedimentary.
However, it is still unclear whether the mineralization was
related to exhalative fluids, as proposed by Frondel and
Baum (1974) for the Sterling Hill, N.J., zinc-manganese-
iron oxide deposits, or was the result of skarn formation, as
described by Eugster and Chou (1979) for the iron-copper
deposits at Cornwall, Pa. Some of the magnetite-apatite
layers in the Adirondacks may also represent iron-oxide-
rich magmas similar to those described by Panno and Hood
(1983) in the St. Francis Mountains, Mo.

Metasedimentary Rocks

The metasedimentary gneisses® of the map area
include all the rock types known to occur elsewhere in the
Adirondacks (for example, quartzites, marble and calc-
silicate, sillimanite-biotite-garnet-perthite-quartz  gneiss
(khondalites), and  biotite-garnet-quartz-oligoclase =
sillimanite gneiss (kinzigites)). The khondalites exhibit a
bulk chemistry similar to that of Proterozoic shales, while
the kinzigites resemble mixtures of graywacke and shale
(McLelland and Husain, 1986). Kinzigites and khondalites
commonly grade into one another along strike.

Although Alling (1917) and Walton and deWaard
(1963) proposed stratigraphic sections for the eastern
Adirondacks, it appears that these lithic packages cannot be
traced for distances exceeding 10 to 20 km. In part this is
because intrusive quartzofeldspathic rocks have been
included within these sections and their presence or absence
from any section significantly alters the interpretation of the
package. Inclusion of these lithologies within “stratigraph-
ic” sections of the Adirondacks reflects historic uncertainty
concerning the origin of the quartzofeldspathic rocks
(deWaard, 1969), particularly their ubiquitous conformity
with enveloping gneisses. McLelland (1984) demonstrated
that the extreme ductile strain that occurred within the
Adirondacks led to the production of layered, and appar-
ently conformable, gneisses from original plutonic, igneous
rocks. Therefore, the apparently conformable contacts of
most quartzofeldspathic layers cannot be taken as evidence
for “metastratification.” Moreover, the geochronologic evi-
dence presented in the section on geochronology makes it
clear that several contacts once believed to be depositional
(for example, between the charnockite-anorthosite “base-
ment complex” and the Paradox Lake Formation (Walton
and deWaard, 1963)), must instead be intrusive.

As is clear from the predominance of igneous rocks in
figure 1, the deletion of such lithologies from any strati-
graphic section of the eastern Adirondacks greatly reduces
the thickness and number of candidates for that stratigra-
phy. The situation is further complicated by the difficulty of
following Adirondack metasedimentary units along strike
for large distances. Field experience within the map area by
the author indicates that structural repetition, or omission,
coupled with original facies changes, leads to uncertainty of
correlations that becomes increasingly great as the distance
of extrapolation is extended. As a result, it is generally
possible to conclude only that the regional metasedimentary
rocks consist of quartzites, marbles, and metapelites that
vary in quantity so that any one of the three may be locally
dominant. Exceptions to this do exist elsewhere in the
region; in the southern Adirondacks McLelland (1979) was
able to follow a thick (~1,500 m) orthoquartzite for ~100
km along strike. Unfortunately such diagnostic and exten-

* Mineral modifiers are used here in increasing order of abundance.
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sive units are rare, and, in their absence, it is virtually
impossible to establish true or reliable stratigraphic sections
in these intensely deformed and highly metamorphosed
rocks.

Although Adirondack stratigraphy is not well under-
stood, it is important to note that lithotectonic sequences
can be locally defined and used to map out regional
structural configurations. This conclusion is implicit within
the map pattern of figure 1, on which structures of various
scales are clearly visible. However, such lithotectonic
sequences (McLelland and Isachsen, 1986) include thrust
sheets, igneous plutons, and previously deformed and
dismembered metasedimentary sequences. Therefore, these
sequences should not be treated, or interpreted, as strati-
graphic sections.

REGIONAL STRUCTURAL FRAMEWORK

The southeastern Adirondacks are dominated by large
fold structures similar to those described elsewhere in the
region (McLelland, 1979, 1984; McLelland and Isachsen,
1986). In addition, the study area contains the only well-
documented thrust fault thus far recognized within the
Adirondack highlands.

As shown in figure 1, the structural grain within the
northern and southern parts of the map area is dominated by
east-west trends; north-south trends characterize the central
region. The east-west structural grain is common through-
out the southern and central Adirondack highlands, while
the north-south trends on figure 1 are due to a deflection of
foliation around the eastern margin of the Oregon dome
anorthosite massif (McLelland and Isachsen, 1986) that is
situated just west of the map area.

Three principal sets of folds underlie the region. The
oldest of these, F,, consists of gently plunging recumbent,
isoclinal folds that fold both compositional layering and a
tectonic foliation of unknown origin. This older foliation,
which is defined by flat, oriented platelets of metamorphic
mineral grains and assemblages, is not associated with any
folds yet recognized in the area. A foliation axial planar to
F, does exist but is generally less pronounced than the
pre-F, foliation. Most foliation surfaces seen in-the field
probably consist of reoriented pre-F, fabrics. Mineral and
ribbon lineations, as well as rodding, are commonly found
oriented parallel to F, fold axes. The best and largest
examples of F; folds in the map area are the Canada Lake
isocline (fig. 1, northwest of Saratoga Springs, N.Y. (SS))
and the Fort Ann isocline (fig. 1, north of FA). Other F,
folds are developed at Grasshopper Hill (fig. 1, G) and
north of the Paleozoic inlier near Warrensburg (fig. 1,
WA).

The F, isoclinal folds are themselves folded by open,
upright folds of the F, set. These east-west-trending struc-
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tures are generally large and can be traced for long
distances. Their gently plunging axes are typically parallel
to F, fold axes so that the two sets are approximately
colinear and the orientation of linear features coincides with
both sets of axes. Folds of the F, set rarely develop axial
planar foliation. The best examples of these folds include
the Piseco antiform (fig. 1, PA), the Moose Mountain-Fort
Ann antiform (fig. 1, MM-FA), the Glens Falls synform
(fig. 1, GF), the Whitehall synform (fig. 1, WH), and the
Pharoah Mountain antiform (fig. 1, P).

A north-northeast-trending set of open, upright folds,
F;, results in dome and basin interference patterns where
they intersect older folds. Examples of such interference
patterns are developed in the Piseco antiform (fig. 1, PA) or
at Crane Mountain (fig. 1, 5 km north of MM). In general,
these folds do not develop axial planar foliations or linear
fabrics.

McLelland (1984) proposed that the coaxiality of the
F, and F, folds is due to the arcuation of early F, axes into
~east-west-trending sheath folds of major dimensions. The
orienting mechanism is believed to be an east-west rota-
tional ductile strain related to the emplacement of thrust
slices of unknown magnitude and displacement. Ribbon
lineations in the direction of tectonic transport formed in
response to stretching parallel to the maximum finite
extensional strain. F, folds are believed to be the result of
constrictional strain related to the regional flow field during
thrusting and sheath fold formation (Henderson, 1983),
although some F, folds may be simply the upper and lower
surfaces of subhorizontal sheath folds. Kinematic indica-
tors, such as feldspar tails, suggest that the tectonic trans-
port associated with these processes was dominated by
an east-side-up-and-to-the-west sense of displacement
(McLelland, 1984).

In the Adirondack highlands, the only clearly defined
example of a thrust fault occurs within the map area and is
located northwest of Whitehall. The thrust has been folded
and is preserved within the large F, Whitehall synform (fig.
1, WH). The upper plate of the thrust consists predomi-
nantly of garnetiferous charnockite, although garnetiferous
ferrogabbro occurs locally. Near the sole of the fault, strong
east-west-trending rodding and ribbon lineation are devel-
oped in both the upper and lower plate. These features are
accompanied by extensive ductile grain-size reduction,
resulting in mylonitic rocks and a fine-grained laminar
fabric in quartzofeldspathic lithologies. Detailed mapping
by the author has demonstrated that the upper plate trun-
cates lithic units and structures, particularly F, folds, in the
lower plate. At the same time, the upper plate has been
deformed by open, upright folds that have east-west axes
and are therefore assigned to the F, generation. If this
structural assignment is correct, then the relations suggest
that F, folding overlapped in time with thrusting.



GEOCHRONOLOGY

McLelland and others (1988a) report 22 new U-Pb
zircon ages for samples collected throughout the Adiron-
dacks. Several of these samples are from the map area of
figure 1 and have important implications for local and
regional geology.

Two critically important ages have been obtained
from samples of olivine metagabbro. The first sample is
from a roadcut exposure along the easternmost margin of
the Adirondacks immediately west of Dresden Station (fig.
1, DS). This metagabbro, which has been isoclinally folded
and contains granulite facies coronas (McLelland and oth-
ers, 1988a), yields a well-constrained U-Pb zircon age of
1144+7 Ma, which is interpreted as its emplacement age.
Embedded within the metagabbro is a xenolith of strongly
foliated khondalite whose fabric and mineral assemblages
clearly predate the metagabbro and document the existence
of an earlier high-grade metamorphism. It is the presence of
this metamorphism, together with the later granulite facies
event, that has made it so difficult to establish the original
sedimentary sequence in the region.

The Dresden Station metagabbro has a composition
much like that of other Adirondack metagabbros, and it
seems reasonable to suppose that all of these rocks were
emplaced at ~1140 Ma. To verify this age, a second
metagabbro was collected from North Hudson (fig. 1. NH),
near Schroon Lake, where it clearly intrudes the Marcy
massif anorthosite. Equidimensional, multifaceted zircons,
interpreted as metamorphic (Silver, 1969: McLelland and
others, 1988a), are present in this sample and give an age of
1052+4 Ma. This age agrees well with the sphene and
monazite cooling ages of 1030-950 Ma reported by Raw-
nsley and others (1987), as well as with ~1050-Ma ages
determined for other metamorphic zircons from the Adiron-
dacks (McLelland and others, 1988a). The North Hudson
metagabbro also yielded a small quantity of baddeleyite that
gave a *Pb/*”’Pb age of 1110 Ma. Thus a minimum
emplacement age for the anorthosite (>1110 Ma) is estab-
lished, which places its intrusion prior to the ~1050-Ma
granulite facies metamorphism. This result is consistent
with an ~1140-Ma emplacement age for the metagabbro.

An upper age constraint for the anorthosite is derived
from the previously described sheets of gabbroic anorthosite
that intrude granitic, charnockitic, and mangeritic rocks
along the southern margin of the Marcy massif and north-
west of Warrensburg (fig. 1, WA). The charnockitic gneiss
bordering the Marcy massif is part of a charnockite-granite
complex that has been dated from samples collected from
Whitney Point (fig. 1, WP) on the southwestern shore of
Schroon Lake. Here, pink granitic rocks give a U-Pb zircon
intercept age of 1125+10 Ma that is similar to the 1130-
to 1150-Ma ages determined for mangerite-charnockite-
granitic rocks elsewhere in the Adirondacks (McLelland
and others, 1988a) as well as to the 1113*+16-Ma age

obtained by Silver (1969) for charnockites of the Ticon-
deroga dome (fig. 1, T). This date fixes a maximum age for
the Marcy massif as well as for the Warrensburg sheet that
intrudes hornblende granitic gneiss identical to, and corre-
lated with, the Whitney Point sample. The foregoing results
constrain the emplacement of the anorthosite to the interval
1110-1135 Ma. It is believed that emplacement occurred
close to the upper part of this range and coeval with the
intrusion of mangeritic and charnockitic rocks whose
emplacement ages have been established at 1130-1160 Ma
(McLelland and Chiarenzelli, 1990).

Zircons recovered from a metatonalitic gneiss
exposed along New York State Highway 22 west of
Whitehall (fig. 1, WH) were also dated by the U-Pb
method. These zircons yielded an upper intercept age of
1329+36 Ma that corresponds closely to the **°Pb/*°’Pb
ages of greater than 1301 Ma and greater than 1336 Ma
determined for identical metatonalites from the southern
Adirondacks (McLelland and others, 1988a). It therefore
seems well established that these rocks represent an early
calc-alkaline igneous event in the Adirondacks and may
reflect a collisional event associated with the development
of the early metamorphism and fabric. Note that xenoliths
of metasedimentary rock occur within the metatonalite and
clearly predate these intrusives.

Pink alaskitic gneiss superficially resembles pink,
hornblende granitic gneiss and has often been interpreted as
genetically linked with these rocks (McLelland, 1986).
However, an alaskitic gneiss from Grasshopper Hill (fig. 1,
G) gives a U-Pb zircon age of 1077x11 Ma, which makes
it ~48 Ma younger than hornblende granitic gneiss dated at
1125+10 Ma. This younger age has been verified on five
additional samples of alaskitic gneiss collected from across
the Adirondack highlands (McLelland and others, 1988a).
It therefore appears likely that these rocks, which previ-
ously had been interpreted as metavolcanics (McLelland,
1986), are actually metamorphosed leucogranites intruded
during the ~1050-Ma granulite facies deformation and
metamorphism. These rocks are presently anhydrous, and it
appears they were intruded as hypersolvus granites. If this is
s0, then their emplacement temperatures would have been
near 1,000 °C and would have contributed substantial
quantities of heat to the ~1050-Ma metamorphism.

METAMORPHISM

The eastern Adirondack region is affected every-
where by a strong granulite facies metamorphism marked
by temperatures of 650 to 800 °C and pressures of 7 to 8
kbar (Bohlen and others, 1985). These conditions are
manifested by garnet coronas in metagabbroic and meta-
anorthositic rocks (McLelland and Whitney, 1980), by
garnet-sillimanite gneisses (Bohlen and others, 1983), and
by a variety of calc-silicate reactions (Valley, 1985). Many
charnockitic and mangeritic rocks frequently explained as
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metamorphic appear instead to involve inherited anhydrous
igneous assemblages whose igneous orthopyroxene recrys-
tallized during subsequent metamorphism (McLelland and
others, 1988b). The granulite facies metamorphism is dated
by the 1030- to 950-Ma sphene and monazite cooling ages
reported by Rawnsley and others (1987), as well as by the
~1050-Ma metamorphic zircon ages in mafic igneous rocks
(McLelland and others, 1988a). The orientation of high-
grade minerals (for example, sillimanite) indicates that the
formation of F, and F, folds accompanied metamorphism
(McLelland and Isachsen, 1986).

It now appears certain that the Adirondacks have a
polymetamorphic history. As originally proposed by Bud-
dington (1939) and then by Valley and O’Neil (1982), the
emplacement of anorthositic, mangeritic, and charnockitic
magmas resulted in contact metamorphism throughout the
Adirondacks. Uranium-lead zircon dating (McLelland and
others, 1988a) indicates that emplacement took place during
1150-1130 Ma and prior to the granulite facies event dated
at ~1050 Ma. McLelland and Husain (1986) have
described anatexis of metapelites associated with this
event, including mylonitic sillimanite-garnet-biotite-quartz-
oligoclase gneisses with leucocratic quartzose two-feldspar
interlayers exposed in roadcuts along Route 22 north of Fort
Ann (fig. 1, FA). Other examples can be found in the
corundum-spinel assemblages described from a xenolith
within olivine metagabbro (McLelland and others, 1988c)
near Dresden Station (fig. 1, DS), as well as from
sillimanite-rich metapelites at the contact of the Buck
Mountain anorthosite on the southeastern shore of Lake
George, directly east of the word LAKE on figure 1.

In addition to pregranulite facies contact metamor-
phism, McLelland and others (1988c) have presented evi-
dence for an early high-grade metamorphism that produced
a strong fabric defined by oriented sillimanite and deformed
garnets within the Dresden Station olivine metagabbro (fig.
1, DS). Uranium-lead zircon dating of the host rock yields
an emplacement age of 1144+7 Ma, thus placing the
fabric-forming event well before the ~1050-Ma granulite
facies metamorphism. This earlier, high-grade metamor-
phism is believed to be responsible for the pre-F; fabric
described previously.

The existence of two pregranulite facies metamor-
phic events further complicates an already complex regional
history. Caution must be exercised in interpreting field and
analytical data that might otherwise be attributed to a single
pulse of dynamothermal metamorphism. Although anhy-
drous metamorphic assemblages of the region are charac-
teristic of granulite facies conditions, it should be recog-
nized that they may have been inherited from earlier
high-grade regional or contact metamorphism, as well as
from the intrusion of anhydrous igneous suites.
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RELATION TO THE ADIRONDACKS AS A
WHOLE

The structural geology and metamorphic grade of the
region shown in figure 1 are similar to those encountered
throughout most of the Adirondack highlands. However,
the lithology of much of the area, especially the southern
third and the region east of Lake George, closely resembles
the southern Adirondacks exposed south of the Piseco
antiform (McLelland and Isachsen, 1986). Together, the
southern and eastern Adirondacks contain far more kinzigite
and less anorthositic rock than is found in the central
Adirondacks. Furthermore, metatonalites appear to be
restricted to the southern and eastern Adirondacks. This
configuration suggests that the southern and eastern Adiron-
dack highlands may represent an older, already metamor-
phosed, sequence of rocks that was subsequently intruded
by the anorthosite-mangerite-charnockite suite. Erosion has
now removed this original carapace from the central part of
the Adirondack dome, thus exposing the younger intrusive
complex.
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Magnetic and Gravity Expression of Cretaceous
Alkalic Plutonic Complexes at Cuttingsville and

Mount Ascutney, Vermont

By David L. Daniels’

Abstract

Prominent gravity and aeromagnetic anomalies are
associated with Cretaceous alkalic plutonic complexes in
central Vermont. An oval negative gravity anomaly coin-
cides with the syenite-granite body at Mount Ascutney. A
model, constructed to match the gravity field, has a
funnel-like cross section and a depth extent of about 4
kilometers. In contrast, a platelike cross section is inferred
for the associated gabbro-diorite pluton at Little Ascutney
Mountain immediately to the west. The magnetic data
indicate that the southeastern contact of the gabbro-
diorite must dip outward at a low angle before steepening
to near vertical at about 1 kilometer from the mapped
contact. The low dip suggests that the present erosion
level is close to the average position of the roof of the
mafic stock. A similar negative residual gravity anomaly
coincides with the alkalic rocks at Cuttingsville but is
broader than the surface exposure of the complex. The
depth extent at Cuttingsville may be similar to or greater
than that for the syenite and granite at Mount Ascutney.
The gravity anomaly minimum at Cuttingsville is associ-
ated with a gold-bearing, pyrite-rich zone of hydrothermal
alteration in the syenite; localization of the minimum may
be due to the lower densities of the altered rocks. An
aeromagnetic anomaly at Shrewsbury, north of Cuttings-
ville, encloses six lenticular bodies of alkalic igneous
intrusive breccia, porphyry, and plutonic rocks that are
probably related to the emplacement of the complex at
Cuttingsville.

INTRODUCTION

Several occurrences of the White Mountain intrusive
series (Foland and Faul, 1977) are found in the Glens Falls
1° X 2° quadrangle (fig. 1). The largest of these occurrences
are the Cretaceous alkalic plutonic complexes at Cuttings-
ville and Mount Ascutney, Vt. At both sites, the dominant
lithology is syenite, but each complex shows clear evidence
of multiple intrusions that have compositions ranging from

Manuscript approved for publication April 13, 1990.
' U.S. Geological Survey.

alkalic gabbro to syenite. Radiometric dates of 96.4 and
100x2 Ma (Armstrong and Stump, 1971) for the complex
at Cuttingsville and 122.2+1.2 Ma (Foland and others,
1985) for the complex at Mount Ascutney have been
obtained. At Mount Ascutney the intrusive center appar-
ently migrated about 6 km through time from west to east
and changed in composition from gabbro and diorite to
syenite to granite (Daly, 1903; Chapman and Chapman,
1940). The intrusive center at Cuttingsville, however,
remained relatively fixed in location through several intru-
sive events.

Density and magnetic properties of the rocks of these
complexes contrast strongly with those of the rocks they
intrude and result in prominent potential-field anomalies.
This report analyzes these anomalies, which have provided
new information about the shape and size of the intrusive
bodies. Limited in situ measurements of magnetic suscep-
tibility, measurements of density on collected samples, and
measurements of the approximate magnitude of remanent
magnetization (13 samples using a portable specimen mag-
netometer, see table 1), have aided in the study of the
anomalies. The intrusive rocks are important metallogeni-
cally and are the subject of mineral-resource studies (Cox,
this volume; Robinson, this volume; Slack, this volume).
The complex at Cuttingsville has a large hydrothermally
altered gold-bearing pyritic stockwork zone (Robinson, this
volume), which could have resource potential if significant
volumes of mineralized rock are present.

The potential-field data in this analysis are mostly
new. The magnetic data were obtained from an aeromag-
netic survey flown by the U.S. Geological Survey in
1983-84 along east-west flight lines spaced 0.5 mi apart
and at a nominal terrain clearance of 300 ft (Long, this
volume). Measurements were recorded digitally approxi-
mately every 45 m along flight lines. The International
Geomagnetic Reference Field was removed from the grid-
ded aeromagnetic data (unpublished computer program
IGRFDGRID, R.E. Sweeney, 1984, U.S. Geological Sur-
vey). The gravity data come from a survey of the Glens
Falls 1° X 2° quadrangle carried out between 1982 and 1986
(Daniels, 1988) and from surveys of the Mount Ascutney
area (Weston Geophysical Research, Inc., 1977) and the
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Figure 1. Index map of the eastern
part of the Glens Falls 1° x 2° quad-
rangle showing the location of Creta-
ceous intrusive rocks (in black). PH,
Pollard Hill area bodies (Chapman,
1939); CT, Charlestown body (Bill-
ings, 1955).

New England COCORP (Consortium for Continental
Reflection Profiling) seismic traverse (W.A. Bothner, writ-
ten commun., 1984). Standard formulas and a standard
density of 2.67 g/cm® were used to reduce the gravity data.
Within the study areas, the number of magnetic measure-
ments exceeds the number of gravity measurements by a
factor of about 100.

Because the syenite-granite pluton of Mount Ascut-
ney stands well above the general terrain (>600 m),
significant terrain corrections are needed for gravity stations
on the mountain. Terrain corrections were calculated for all
stations by using the program Bouguer (unpublished com-
puter program based on the method of Plouff, 1977, R.
Godson, U.S. Geological Survey) for zone radii from 0.895
to 166.7 km. This program calls files of digital terrain
elevations, the most detailed of which have a spacing of 30
seconds of latitude and longitude. Inner-zone terrain cor-
rections (radii of 0.053 to 0.895 km) were calculated for
stations only on Mount Ascutney by using the method
described by Hammer (1939). Total terrain corrections for
these stations range up to 18 milligals (mGal).

In contrast to Mount Ascutney, the syenite complex
at Cuttingsville does not stand above average terrain. Much
of the pluton is a topographic low except for a semicircular
ridge that follows the western and southern contacts.
Inner-zone terrain corrections were calculated for 20 sta-
tions clustered around the complex. Total terrain correc-
tions at Cuttingsville range up to 6.3 mGal.

COMPLEX AT MOUNT ASCUTNEY

The plutonic complex at Mount Ascutney (fig. 2)
consists of (1) a western gourd-shaped gabbro-diorite stock

C2  Summary Results of the Glens Falls CUSMAP Project
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Figure 2. Geologic map of the Mount Ascutney, Vt.,
area (from Chapman and Chapman, 1940, and Doll and
others, 1961). Profile A—~A’ modeled in figure 4.

that is cut by smaller syenite plugs at Pierson Peak and
Little Ascutney Mountain and (2) an eastern oval body of
syenite at Mount Ascutney that is cut by a circular plug of
biotite granite (Daly, 1903; Chapman and Chapman, 1940).
Geologic observations from both studies indicate that the
outer walls of the syenite and granite bodies are nearly
vertical at the surface. Contacts of the gabbro-diorite are not
well exposed (Chapman and Chapman, 1940).

On the complete Bouguer gravity anomaly map (fig.
3), an oval, 6-mGal, closed, negative anomaly closely
conforms to the geometry of the eastern syenite and granite
and reflects the low density of these rocks relative to the
country rocks of the Waits River and Gile Mountain
Formations (table 1). By using a density contrast of 0.09
g/em®, a cross-sectional model of the pluton was con-



Table 1. Measurements of density and magnetic properties of Cretaceous plutonic rocks and country rocks in the Glens

Falls 1° x 2° quadrangle

[Average density is weighted by lithologic proportions; number in parentheses indicates number of samples; D, Daly (1903); B, Bean (1953); N, new

measurements (this study)]

Approximate

Density Average Magnetic remanent Sources
3 density susceptibility o of
(g/em’) (g/cm?) (cgs unitsx1073) magnetization data
(emux1073)
Mount Ascutney area
Intrusive rocks 2.66
Hornblende-biotite syenite 2.67 (4) 0.5 (150) 0.3 (3) N
Granite 2.62 (1) D
Gabbro-diorite 3.00' —
Stratified metamorphic rocks 2.76
Waits River Formation 2.76 (34) B
Gile Mountain Formation 2.76 (39) B
Standing Pond Volcanics 3.02 (6) B
Chester dome gneiss 2.69 (7) B
Bull Hill Gneiss 2.69 (2) 2.5 (8) N
Cuttingsville area
Intrusive rocks 2.69
Syenite 2.66 (4) 2.3 (20) 0.5 (4) N
Altered syenite 2.61 (4) 24 Q) N
Hornblende-biotite syenite 2.68 (1) 1.0 (10) N
Essexite 2.96 (5) 3.5 (6) 4.0 (3) N
Middle Proterozoic rocks
Green Mountain massif
Mount Holly Complex 2.76
Biotite gneiss 2.76 (4) 0.0 @& N
Amphibolite 3.08 (2) 1 @) N
Quartzite 2.68 (1) 0 (1) N
! Estimate.

structed (fig. 4) that matches the complete Bouguer gravity
anomaly data along a northeast-trending profile (A-A’, figs.
2, 3). A semiautomatic magnetic-gravity computer inver-
sion program (program SAKI, Webring, 1985) was used to
generate the model. The best fitting model shows an
asymmetric funnel of syenite-granite that extends to a depth
of about 4 km (fig. 4). In this model, the southwestern
contact of the syenite and the Waits River Formation dips to
the northeast in the upper kilometer of the pluton and then
assumes a near-vertical dip. The maximum vertical extent
of the felsic rocks occurs along the northeastern edge of the
pluton. Weston Geophysical Research, Inc. (1977), calcu-
lated a depth extent of 6 km. The difference in depth extent
for these two studies may be due to several factors; the
Weston Geophysical study used a different modeling tech-
nique, a larger density contrast (0.3 g/cm’), and smaller
terrain corrections. Mafic rocks of the Standing Pond
Volcanics (fig. 2) apparently are the primary source of the
low-amplitude gravity highs on either side of the pluton
(fig. 44), even though the volcanics are not continuous
along the eastern side. Because the strike of the Standing
Pond Volcanics is not perpendicular to the profile, the
representation of these rocks in the model is schematic only.
The high shoulder on the southwestern side of the low also

may be partly due to the attraction of the gabbro-diorite
pluton (fig. 2), which is not intersected by the profile and
not represented in the model. The mismatch between the
observed and calculated curves on the southwestern end of
the profile is probably due to the low density gneisses of the
Chester dome, the effects of which were partly removed
with the regional gradient.

A smaller 2- to 3-mGal positive anomaly is associated
with the gabbro-diorite intrusive to the west (fig. 3). A
much larger anomaly would be expected if the structure
were similar to that of the syenite-granite pluton, given the
probable large density contrast between the mafic intrusive
rocks and the country rocks of the Chester dome (3.00 and
2.69 g/cm3, respectively, table 1). No stations are located in
the center of this body where the Bouguer gravity may reach
a maximum. On the basis of the existing station distribu-
tion, the small amplitude of the anomaly indicates that the
volume of mafic rock is relatively minor; a platelike shape
is inferred for the intrusive. The syenite, which is exposed
at Pierson Peak and Little Ascutney Mountain (fig. 2), may
produce only a small negative anomaly because the density
is only slightly less than the densities of the Chester dome
rocks. Therefore the amount of subsurface syenite cannot be
distinguished by analysis of gravity data alone.

Magnetic and Gravity Expression of Plutonic Complexes at Cuttingsville and Mount Ascutney, Vermont  C3
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Figure 3. Complete Bouguer gravity anomaly map of
the Mount Ascutney, Vt., area. Contour interval, 1
mGal. Gravity station locations shown by open trian-
gles. Geology generalized from figure 2. Profile A-A’
modeled in figure 4.

Both the western gabbro-diorite and the eastern gran-
ite plutons produce prominent magnetic anomalies (fig. 5).
However, unlike the gravity field anomaly, the western
magnetic anomaly has much greater amplitude. The intense
aeromagnetic anomaly associated with the gabbro-diorite
has gradient maxima that closely conform to the contacts as
mapped by Chapman and Chapman (1940), except in the
southeastern quadrant. Whereas the surface outline of the
pluton is gourdlike and has an eastward-projecting neck, the
magnetic data suggest that the subsurface outline is more
rectangular. In the southeastern quadrant, the maximum
magnetic gradient lies up to a kilometer beyond the contact
of the pluton with the country rocks. This configuration
indicates that the contact dips away from the center of the
body at a low angle before steepen<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>