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PREFACE

Upon rccalling my first thoughts of a teaching job at SUNY at Plattsburgh
two impressions seem to have been important to me. One was the prospect of
living in a pleasent place with interesting landscape and variable climate and
secondly some intercsting geology at the doorstep. Someone who considers himself a
ficld petrologist is certain to be impressed with the notion of living and teaching
with the Green Mountains a few miles to the cast and the Adirondacks nearby in
the other direction. Those thoughts could not begin to represent the richness and
variety of the geology and its history to be found in the Champlain Valley. The
fact alone that this college is hosting the NYSGA for the second time in less than
twenty years is evidence of the interest in the geology of the Lake Champlain
region.

All of the trips that are offered here reflect work that has been
accomplished within the last ten years. Many of these works include efforts of
students who have surely benefitted greatly as have the authors and, we hope, so
will you. That this region continucs to be a spcctacular geological laboratory is
supported by the varicty of descriptions included herein.

I would like to thank all of those who contributed to this volume, in
particular Dave Franzi who personally prepared much of two of the trips and
solicited another and helped me in many other ways. Thanks is also due to
Carolyn Turner who assisted with some of the typing and to Dave Lawrence who
supervised production of the volume. Thanks is also due to the other [aculty in
the CENTER who helped in many ways and to Yngvar Isachsen who provided the
cover design. Finally recognition is due to Tom Wolosz of our department, current
NYSGA president and to Kate Chilton of the Center for Lifelong Learning,
Plattsburgh State who ran the meeting,. One does not have to rcad very lar to
realize that a number of important conclusions are reported here. The authors are
to be commended, and I also wish to thank them here.

Finally that this is the SIXTIETH annual mecting of this organization
attests to the vitality of the NYSGA and of gcology as a proflession in New York
State. In reviewing previous guidebooks I am impressed with them as a resource of
geological literature for New York and adjacent arecas. The NYSGA provides
important academic and professional service to the region and truly deserves this
recognition.
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ASPECTS OF THE GLACIAL GEOLOGY OF KEENE AND LOWER AUSABLE
VALLEYS, NORTHEASTERN ADIRONDACK MOUNTAINS, NEW YORK

JOHN A. DIEMER
Department of Geography and Earth Sciences
University of North Carolina at Charlotte
Charlotte, NC 28223

DAVID A. FRANZI
Center for Earth and Environmental Science
State University of New York at Plattsburgh
Plattsburgh, NY 12901

INTRODUCTION

The existence of Late Quaternary proglacial lakes in the Adirondacks has long
been suspected (Taylor, 1897; Kemp, 1898; Ogilvie, 1902; Alling, 1916, 1919; Denny,
1974; Craft, 1976; Gurrieri, 1983; Diemer, al., 1984; Gurrieri and Musiker, 1988).
Sedimentary deposits interpreted as dropstone-bearing varves and landforms
interpreted as incised outlet channels, deltas and wave-formed beaches have been
used as evidence for the existence of these intermontane proglacial lakes. On this
trip, we propose to document some of these features in Keene and lower Ausable
Valleys of the northeast Adirondacks. We will also discuss some constraints on the
history of deglaciation of this region. Much work on the glacial geology of the
northeast Adirondacks remains to be done and we hope you find this trip to be
provocative.

FIELD AREA

Kcene Valley extends northward 35 km (22 mi) from St. Huberts to Au Sable
Forks (Figure 1). Waters from the Upper and Lower Ausable Lakes feed the East
Branch of the Ausable River which flows northward through Keene Valley. The
elevation of the valley floor is 340 m (1117 ft) at St. Huberts (Figure 2), 254 m
(833 ft) at Keene (Figure 3), and 170 m (558 ft) at Au Sable Forks (Figure 4). The
West Branch of the Ausable River originates to the south of Lake Placid (Figure 1).
[t drops in elevation from 488 m (1600 ft) to 305 m (1000 ft) as it flows through
Wilmington Notch. At Haselton (Figure 5), the clevation is approximately 254 m
(832 ft). The confluence with the East Branch of the Ausable River is at the town
of AuSable Forks. Below the confluence, the Ausable River [lows east-northeast
for 25 km (15.5 mi) through the lower Ausable Valley and empties into Lake
Champlain (elevation 29 m (95 ft)) at Ausable State Park.

The mountains bordering Keene Valley are highest at the southern end (e.g.
Giant Mountain to the east of St. Huberts is 1410 m (4627 It)) and decrease in
elevation northward (e.g. Bald Mountain southeast of Au Sable Forks is 652 m
(2139 ft) (Figure 1)). Major cols along the drainage divides separating Keene
Valley from adjacent watersheds occur along lineaments. Two prominent sets of
lineaments trend approximatcly NE-SW and NW-SE. The elevations of the cols
decrease northward.
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Figure 1. Location map taken friom Lake Champlain 1:250,000 contour map,

USGS (1949). Field trip stops are numbered. The areas covered by Figures
2 (St. Huberts), 3 (Keene), 4 (Au Sable Forks), and 5 (Black Brook) are
indicated.



Figure 2

Figure 2. St. Huberts arca in south end of Keene Valley, from Keene Valley,
NY 1:25,000 metric map, USGS (1979). Grid overlay is | km by 1 km.
Possible outlet channels and paleoflow directions are indicated by arrows.
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Figure 3. _ '
Lake Placid, NY 1:25,000 metric maps, USGS (1979). Grid overlay is 1 km

by I km. Stops |1 and 2 are indicated by large arrows.



Figure 4. Ausable Forks area in northeastern Keene Valley, from Au Sable
Forks, NY 1:25,000 metric map, USGS (1978). The grid overlay is 1 km by 1
km. Possible outlet channels and paleoflow directions are indicated by
arrows.
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Figure 5. Black Brook and Haselton area in northwestern Keene Valley, from
Au Sable Forks, NY and Wilmington, NY 1:25,000 metric maps, USGS (1978).
Grid overlay is lkm by 1 km. Stops 3, 4 and 5 are indicated by large
arrows.



PREVIOUS WORK

Alling (1916) argued that proglacial lakes existed in the central Adirondacks.
Using altimeters to measure elevations, he correlated shoreline features such as
deltas, wave-cut notches, beach ridges and lake outlet channels throughout Keene,
Elizabethtown and Lake Placid valleys. He identified several lake stages, and
proposed outlet channels for the Keene Valley lakes through the Ausable Lakes to
the southwest (drainage channel 1 of Figures 2 and 6), Wilmington Notch and
Newman Pass to the west, Chapel Pond to the southeast (drainage channel 2 of
Figu:es 2 and 6), the South Gulf and Gulf to the east (drainage channels 3 and 4
of Figures 4 and 6), and several channels in the vicinity of Haystack and Ragged
Mountains to the east (drainage channels 5, 6 and 7 of Figures 4 and 6). Alling
(1916) proposed that outlet channels opened (in the order presented above) at
progressively lower elevations as ice tongues occupying Keene and Elizabethtown
Valleys retreated northward.

Denny (1974) worked mainly to the north of the area of this field trip.
However, he mapped two ice front positions that trend southeast to the lower
Ausable River Valley (ice-front positions 2 and 3,; Denny, 1974). He argued that
these NW-SE trending ice fronts resulted in ice-contact glaciofluvial deposits (e.g.
at Black Brook), incised channels and proglacial lakes in northward draining
valleys (e.g. Keene Valley). Denny (1974) proposed that Saranac River waters were
diverted southward by the ice front (position 2) into the lower Ausable River
Valley and were responsible for large deltaic deposits between the towns of
Ausable Forks and Clintonville. He tentatively correlated these deltaic deposits to
Lake Coveville. Denny (1974) identified broad terraces along the Ausable River at
Keeseville and interpreted them as deltaic deposits that were built into Lake Fort
Ann and the Champlain Sea.

Craft (1976) addressed the question of whether there was local glaciation in the
Adirondacks during the Late Wisconsinan. He worked primarily in the High Peaks
region at elevations above 610 m (2,000 ft). He found evidence for local glaciation
in the form of striations and pebble orientations at high angles to regional ice flow
directions, numerous cirques and associated moraines, and locally derived tills.
Craft (1976) identified several high-elevation moraines produced by local valley
glaciers in the High Peaks. He mapped only one moraine below an clevation of
610 m (2,000 ft). According to Craft (1976), part of this moraine can be traced
northwestward from an elevation of 732 m (2400 ft) in Roaring Brook Valley (on
the west side of Giant Mountain) down to an elevation of 366 m (1200 ft) near the
village of Keene Valley (Figure 2). He interpreted the moraine complex as a
product of a local glacier flowing west down Roaring Brook into the Keene Valley.
Craft (1976) included a prominent bench at St. Huberts (approximate elevation 412
m (1350 ft), Figure 2) as part of the moraine complex.

Craft (1976) also noted the presence of lacustrine sediments, deltas and beaches
at various locations in Keene Valley. An example of a delta mapped by Craft is at
the outlet of Johns Brook on the north side of the village of Keene Valley (Figures
1 and 2). He proposed that local glaciers, including the one which occupied Johns
Brook valley, flowed into the lake in Keene Valley and produced icebergs. He
suggested this calving-terminus mechanism to explain the scarcity of local-glacier
moraines at elevations below 610 m (2000 ft) in Keene Valley.
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THIS STUDY
Terraces

Working from topographic maps and aerial photographs, Diemer et al. (1984)
mapped constructional terraces on the side walls of Keene Valley (Figure 6). The
purpose of the study was to evaluate whether the terraces recorded proglacial lake
levels in Keene Valley as proposed by Alling (1916). The terraces are gently
sloping features of variable size, commonly located along tributaries to both
branches of the Ausable River. The range of surface elevations of some deposits
with multiple terraces is large (e.g. the deposits at St. Huberts, Figures 2 and 6),
however, relief on individual terrace treads is generally less than 10 meters. The
surfaces of major terraces cluster near elevations of approximately 500 m (1640 ft),
427 m (1400 ft), 348 m (1140 ft), 293 m (960 ft), 274 m (900 ft) and 256 m (840 ft)
(Figure 6). The maximum and minimum terrace elevations decrease northward
(Figure 6). Terraces in the Ausable River floodplain (presumably Holocene in age)
were not mapped.

Qutlet Channels

Diemer ¢t al. (1984) identified several deeply incised cols along the Ausable
River drainage divide (Figure 6; Table 1), which they interpreted as outlet
channels for proglacial lakes in the Keene Valley. Additional cols near Colby,
Sheep, and Little mountains, which have threshold elevations of approximately 315
m (1033 ft), 308 m (1010 ft) and 296 m (970 ft), probably also acted as outlet
channels (Figure 4). The distal ends of most of the outlet channels open onto
broad, gently sloping sand plains (e.g. The Plains in the North Branch of the
Bouquet River valley, 5 km (3 mi) north of Exit 32 on I-87). The distal ends of
other channels are characterized by bedrock-lined lakes, interpreted by Alling
(1916) as plunge pools (e.g. Copper, Nesbit and Round Ponds on the east flank of
Black Mountain, Figure 4). The elevations of the outlet-channel thresholds
generally correspond to the elevations of the terraces and also decrease northward
(Figure 6; Table 1).

Facies

The terraces that have been examined contain a variety of facies (Diemer et al.,
1984). In places, horizontally bedded, interlaminated muds and clays in millimeter
to centimeter thick laminae (i.e. rhythmites) occur at the bases of terrace deposits.
Rhythmites are most common at elevations near the floor of Keene Valley. The
overlying terrace deposits are composed of stratified sand and gravel that show a
general increase in grain size and scale of sedimentary structures up-section. Near
the base of the sand and gravel facies, the grain size is generally line to very fine
sand, sorting is moderate, and sedimentary structures include planar bedding,
climbing ripple cross-laminations, and deformed bedding. In the upper part of the
section, moderately well-sorted, planar bedded and trough cross-stratified, fine to
medium sands are common. Climbing ripple cross-laminations and soft sediment
deformation features are locally abundant. At the top of terrace deposits, trough
cross-stratified and channelized, poorly sorted, coarse sands to gravels are common.



Table 1. Qutlet channel locations and threshold elevations (from Diemer, et al.,
1984; see Figure 6).

Drainage Location Elevation

Outlet (meters) (feet)
1 Upper Ausable Lake 610 2000
2 Chapel Pond 500 1640
3 South Gulf 427 1400
4 Gulf . 348 1140
5 Southeast of Haystack Mountain 293 960
6 Between Haystack & Ragged Mits. 274 900
7 Mud Brook/Trout Pond 256 840

The coarse-grained deposits are typically separated from underlying fine-grained
deposits by major erosion surfaces. Decimeter-scale, rounded, laminated mud clasts
occur locally in the coarse-grained, channelized facies and in the underlying
moderately sorted, medium sand facies.

Rhythmite exposures on the floor of Keene Valley that are not associated with
terraces were also examined (Diemer, et al.,, 1984). These rhythmites contain
dropstones, soft sediment deformation features, and laminated sand layers. The
latter have sharp basal contacts and grade upward from horizontally bedded sand
to cross-laminated sands and asymmetrical ripples. The ripples are commonly
draped by rhythmites. The rhythmites conformably overlie diamictons, composed
of mud to boulder-size material, at some localities.

Origin of Terraces and Channels

The terraces examined to date are interpreted as deltaic deposits that prograded
into proglacial lakes. The rhythmites found at the base of some terraces are
interpreted as proximal lacustrine deposits. The moderately to well sorted, fine-
grained sand deposits represent deltaic foreset beds. The poorly sorted, coarser-
graincd, upper portions of terraces are interpreted as fluvial topset beds, possibly
formed in braided stream. The rounded mud clasts are reworked rhythmites from
higher elevation lacustrine deposits, or reworked fine-grained floodplain material.
The rhythmites which are not associated with terrace deposits are interpreted as
distal glaciolacustrine deposits, possibly varves. The laminated sand beds within
some rhythmite sequences are interpreted as tubidites. The diamictons underlying
the rhythmites are either glacial tills or debris-flow deposits associated with a
retreating ice front.

It is important to note that not all stratified terrace deposits are deltaic in
origin. For example, some terraces are not located along side valley tributaries.
An alternative depositional environment is subaqueous or subaerial glacial
outwash, possibly in contact with ice. These deposits may resemble deltas, and
thus, the sedimentology of the deposits must be understood to correctly interpret
their origin. Distinguishing features of ice-contact outwash deposits arc faults
(due to melting of buried or adjacent ice), coarse grain size, and interbedded
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diamictons (interpreted as glacial tills or sediment gravity flows originating from a
nearby ice front). Furthermore, paleoflow indicators of glacial outwash would
tend to be parallel to valley trend whereas paleoflow indicators of delta deposits
would tend to be normal to the main valley trend.

If it is assumed that most of the mapped terraces are deltaic in origin, the
northward decrease of terrace elevations can be interpreted as a product of ice
front retreat of an ice lobe in Keene Valley. As the ice front retreated,
progressively lower outlet channels were opened, allowing drawdown of the lake
level to the elevations of the outlet channels. The falling lake levels controlled the
clevations of active delta construction at the mouths of side valley streams. Deltas
at higher elevations would therefore be older than deltas at lower elevations.

Outlet channels deeply incised into bedrock probably carried large
(catastrophic?) discharges immediately after the channels opened. Sand plains at
distal ends of outlet channels probably formed where flow diverged, either on
outwash plains or into proglacial lakes.

The sequence of channels which opened as the ice front retreated as interpreted
here is similar to the sequence proposed by Alling (1916). The f{irst outlet channel
drained southwestward through the valley presently occupied by the Ausable Lakes
(drainage channel 1, Figure 2). Although we have not mapped terraces at the 610
m (2000 ft) level anywhere in Keene Valley, Alling (1916) does report the existence
of terraces at that elevation restricted to the valley occupied by the Ausable Lakes.
When the ice front retreated sufficiently to open the valley presently occupied by
Chapel Pond, drainage switched to a southeastward flow (drainage channel 2,
Figure 2). The lake elevation presumably dropped from 610 m (2000 ft) to 500 m
(1640 ft) (using present-day elevations and not correcting for isostatic rebound).

The 500 m (1640 ft) lake level persisted until the ice front retreated northward
sufficiently to open a channel through the South Gulf (drainage channel 3 (427 m
(1400 ft)), Figure 4) and then the Gulf (drainage channel 4 (348 m (1140 ft)),
Figurec 4). The ice front then retreated to positions east of Au Sable Forks where
outlets near Colby, Sheep, Little and Haystack mountains (drainage channels 5a
(315 m (1030 ft)), 5b (308 m (1010 ft)), 5¢ (296 m (970 ft)) and 6 (274 m (900 ft)),
Figure 4) controlled lake levels. Meltwater from proglacial lakes in the Saranac
River watcrshed may have built the terraces in the vicinity of Black Brook (Figure
5) at the time the ice occupied these positions.

The ice front then retreated down the lower Ausable River Valley sufficiently
so that the drainage channels along Mud Brook and Trout Pond (drainage
channel(s) 7 (256 m (840 ft)), Figure 4) controlled the lake level. Ice recession
from the highlands south of Keeseville allowed the regional proglacial lakes (and
later the Champlain Sea) in the Champlain Valley to inundate the lower Ausable
Valley. Terraces at 195 to 207 m (640 to 680 ft) near Clintonville and 152 to 165 m
(500 to 540 ft) near Keeseville correspond to lakes Coveville and Fort Ann,
respectively (Denny, 1974). Terraces at elevations below 107 m (350 ft), northeast
of Keeseville, were graded to levels of the Champlain Sea (Chapman, 1937; Denny,
1974).

11



- DISCUSSION

We agree with Alling (1916) that the cols near Ausable Lakes and Chapel Pond
were early outlet channels for proglacial lakes in the Keene Valley. We have not,
however, found evidence for westward drainage of the Keene Valley lakes through
Wilmington Notch. The ice tongue occupying the West Branch of the Ausable
River may have prevented westward drainage until after lower outlet channels
opened at Chapel Pond, the South Gulf and the Gulf. A single lake occupying
both the South Meadows/Lake Placid region and Keene Valley with a connection
through Wilmington Notch, as proposed by Alling (1916), probably did not exist.

Westward drainage through Wilmington Notch was restricted to discharge from
local, high-level proglacial impoundments or ice-marginal meltwater streams in the
upper West Branch of the Ausable River when ice occupied the eastern end of the
notch. This drainage interval is recorded by meltwater channels with plunge pools
(e.g. Marsh, Winch, Cooperas, Warren, Coldspring and Owens ponds) east of Lake
Placid. Ice recession from Wilmington Notch initiated eastward drainage from the
Lake Placid area to proglacial lakes in the Keene Valley.

In contrast to Craft (1976), we interpret the terraces in the vicinity of St.
Huberts as deltaic in origin rather than part of a moraine complex (Figures 2 and
6). These terraces could have been built where northward-flowing streams from
the Ausable Lakes valley entered Keene Valley. The South Gulf outlet channel
may have controlled the lake level into which the deltas were built. We did not
recognize terraces above the 500 meter (1640 foot) level in the St. Huberts area.
The features mapped by Craft (1976) at elevations above 500 meters in the Roaring
Brook Valley on the west side of Giant Mountain may be debris-slide levees or
lateral moraines associated with local alpine glaciation. The calving terminus
mechanism proposed by Craft (1976) may have prevented the formation of alpine
glacier moraines at lower elevations along Roaring Brook.

The evolution of the proglacial lakes occupying Keene and lower Ausable
Valleys as interpreted here is based upon data acquired primarily from aerial
photographs and topographic maps. Only a few terraces have been field-checked
to date. Additional terraces need to be examined in order to determine their
sedimentology. Only when the scdimentology is known can confident
interpretations be made concerning the origins of the terraces and the deglaciation
history of the region.

DESCRIPTIONS OF FIELD TRIP LOCALITIES
STOP 1. NORTON CEMETERY (Figures 1 and 3)

The borrow pits in the eastern part of the Norton Cemetery terrace contain
stratified sand and gravel deposits. In the lower parts of the pits, horizontally
stratified, trough cross-stratified and cross-laminated fine to medium sards in
bedsets decimeters thick are common (Figure 7A). Soft sediment deformation
featurcs are locally abundant (Figure 7B). The terrace deposit coarsens upward to
trough cross-stratified and channelized sands and gravels (Figure 7C). Channcls
are decimeters to a meter or so deep and meters wide. Channels are filled with
either stratified or massive sands and gravels (e.g. Figure 7C). Channel margins
have variable dips including nearly vertical (Figure 7C).
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Ncar the top of the Norton Cemetery terrace deposit, a sharp erosion surface is
overlain by trough and planar cross-stratified sands and boundary gravels [illing
small channels. The channels intercut and are decimeters deep and meters wide. A
concentration of boulders occurs immediately above the sharp erosion surface.
Rounded, laminated, mud clasts occur locally both above and below the sharp
erosion surface (Figure 7D).

The terrace deposits are interpreted as a upwardly coarsening delta deposit. The
lower part of the secquence consists of delta foreset beds with subagqueous channels,
partly filled by sediment gravity flow deposits, at their upper ends. Steeply
dipping channel margins may be duc to channel incision into a frozen substrate.
The prominent erosion surface is interpreted as the contact between delta foreset
and fluvial topset beds. The trough and planar cross-stratification above the
ecrosion surface are interpreted as the product of deposition by migrating dunes
and small bars. The abundant intercutting channel forms and bar remnants suggest
a braided stream origin. Rounded, laminated mud clasts are interpreted as either
reworked, higher-level, lacustrine rhythmites or as floodplain muds.

A second locality at Stop 1 is at the end of the access road to Norton Cemetery.
The access road to the south of the cemctery entrance has been closed as a result
of slumping. In the landslide scar, climbing ripple cross-laminated very fine sand
with abundant mud drapes can be seen. The bedding has been disturbed, either by
soft-scdiment deformation or by road construction. These sediments are the lowest
accessible terrace deposits and are interpreted as the distal portion of delta
foresets. A spring line marking the contact with underlying interlaminated muds
and clays (rhythmites) is located a few mcters downslope. The rhythmites are
centimeter-scale and interpreted as lacustrine deposits formed in a setting close to
a sediment source (i.e. a side valley tributary). Hence the rhythmites are
interpreted as delta toeset beds.

Figure 7A: Horizontally stratified, trough cross-stratified and cross-
laminated fine to medium sand coarsening up to stratified very
coarse sand and gravel. Photo is from lower part of borrow pit, cast
side of Norton Cemectery terrace. Scale bar is 10 cm.

Figure 7B: Soft sediment deformation features in fine to medium sands.
Location and scale is the same as for Figure 7A.

Figure 7C: Coarsening upward scqucnce in borrow pit, cast side of Norton
Cemctery. Note cross-stratified finc sand at basc of outcrop, large
channel form midway up outcrop, and stratified sand and gravel
near top of outcrop. The channel form has low slope margin on left
and steep margin on right. A promincnt erosion surface truncates
the massive channel {ill and is overlain by a concentration of
roundcd boulders. Scale bar is 1 m.

Figure 7D: Rounded, mud clasts in a stratified sand and gravel deposit.
Location is a small pit used as a trash dump to the north of the
borrow pit in Figures 7A, 7B and 7C. Scale bar is 10 cm.






STOP 2. D.O.T. SAND AND GRAVEL PIT, KEENE, N.Y. (Figure 3)

The Department of Transportation operates a sand and gravel pit 1| km to the
south of Keene, N.Y. The sediments are composed of stratified sands and gravels
interbedded with diamictons. Grain size ranges from sand to boulders in both the
stratified gravels and the diamicton. These sediments arc interpreted as ice-contact
glacial outwash in origin.

STOP 3. RHYTHMITE SEQUENCE AT HASELTON, N.Y. (Figurc 5)

The sediments at Stop 3 are composed of a diamicton overlain by a rhythmite
sequence. The diamicton contains boulders as large as 1 meter (Figure 8A). The
top of the diamicton has decimeters of relief and is conformably overlain by
millimeter to centimeter thick interlaminations of mud and clay (rhythmites).
Dropstones are common (Figure 8B). The rhythmites are typically horizontally
bedded, but may be locally deformed (Figure 8C). In places, rhythmites arc
interbedded with cross-laminated sands which have sharp basal contacts and grade
upward to asymmetrical ripple forms draped by mud laminations (Figure 8D). The
sediments at this stop are interpreted as glacial till or debris-flow deposits at the
base (diamicton), overlain by lacustrine sediments (rhythmites). The rhythmites
may have accumulated in a setting distant from a sediment source as they are fine
grained. The interbedded cross-laminated sand layers may be due to turbidity

currents. The deformed bedding may be a result of soft-sediment deformation on
a low slope.

Figure 8A: Roadcut on Black Brook Road 100 meters south of private
airfield. Sequence comprises diamicton (at feet of geologist) overlain
by rhythmite sequence (at knees of geologist). Rhythmites are
horizontally bedded and approximately 1 meter thick at this locality.

Figure 8B: Dropstone in rhythmites. Same location as Figure 8A. Scale is
in inches and centimeters.

Figurc 8C: Dclformed bedding in rhythmite scquence. View is parallel to
the fold axis. Overlying rhythmitcs are undelformed. Same location
as Figure 8A. Hammer for scalc.

Figure 8D: Laminated sand bed interbedded with rhythmites. Base of sand
is sharp. Sand is horizontally laminated at base and grades up to
cross-laminations and asymmetrical ripple forms. Rhythmites drape
ripple forms. Same location as Figure 8A. Scale is in inches and
centimeters.

STOP 4. BLACK BROOK SAND PLAIN (Figurc 5)

The Black Brook sand plain is a terraced accumulation of stratified drift at the
distal end of a bedrock gorge north of the village of Black Brook. The surface of
the sand plain is roughly triangular in map vicw and ranges in c¢levation from 329

m (1080 ft) at the mouth of the gorge to 275 m (902 ft) at the West Branch of the
Ausable River.



The cxposures in a gravel pit 0.64 km (0.4 mi) east of Black Brook contain meter-
scale beds of coarse sandy gravel to boulder gravel (Figure 9). The working face
of the pit is oriented east-west and is approximately 40 m (130 ft) long and 4 to 6
m (13 to 20 ft) high. The surface elevation of the sand plain at this location is
approximately 315 m (1033 ft). The lower unit consists of horizontally stratified,
and trough and planar cross-stratified sandy gravel, the base of which is obscured
by slumping. The sandy gravel is overlain by a 2.0 to 2.5 m (6.6 to 8.2 ft) thick,
massively bedded, very coarse boulder gravel layer. The gravel contains boulders
over 1.5 m (5.0 ft) in diameter, some of which are crudely imbricated. The gravel
unit can be traced laterally across the working face of the pit. The gravel is
overlain by 1.0 to 1.2 m (3.0 to 4.0 ft) of cross-stratified sandy gravel. The cross
strata are centimeters to decimeters thick and commonly extend from the top to the
bottom of the unit. Palecocurrent indicators indicate southward to southeastward
flow throughout the section.

The Black Brook terrace deposits are interpreted as a fluviodeltaic complex that
was built into falling levels of proglacial lake in the lower Ausable Valley (Figure
10). Base level was probably controlled by the outlet channels in the vicinity of
Colby, Sheep, Little, and Haystack mountains (outlet channels 5a, 5b, 5¢, and 6,
Figure 4).

The sand and gravel deposits at Stop 4 are probably glacioflluvial in origin and
may represent deltaic topset beds. The sandy gravel facies probably represents
fluvial deposition under near average meltwater discharges through the bedrock
channel north of Black Brook. The boulder gravel facies is interpreted as a high-
energy, catastrophic flood deposit. Discharge of this magnitude may have been
produced by the diversion of outflow from lakes in the Saranac Valley through the
Black Brook channel (i.e. a limnic hlaup).

STOP 5. (OPTIONAL) DIAMICTONS NEAR AUSABLE FORKS (Figure 5)

This stop includes roadside exposures along Ausable Drive, approximately 2.4 km
(1.5 mi) southwest of Ausable Forks. The sediments consist of massive to crudely
stratificd diamicton with thin sand, gravel and silt interbeds. The diamicton beds
arc commonly decimeters to meters thick, light colored and have sandy matrices.
The sandy interbeds are thin (centimeter-scale) and discontinuous and are either
nonstratified or contain horizontal or ripple-drift laminations. The bedding is
subhorizontal but may be deformed locally. These deposits probably accumulated
in a ice-marginal, subaqueous environment.

STOP 6. DELTAIC DEPOSITS NEAR CLINTONVILLE (Figure 1)

The gravel pit at Stop 6 is located on an extensive sand plain on the north side
of the Ausable Valley between Clintonville and Ausable Forks (Figure 1). The
surface of the sand plain slopes southward from approximately 204 m (670 ft) at
its northern margin to 198 m (650 ft) ncar the Ausable River.

The lower portion of the pit contains approximately 5 to 6 m (16 to 20 ft) of
southwardly dipping, fine to medium sand and sandy silt foreset beds. The bedsets
are centimeters to decimeters thick and commonly contain horizontal laminations
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Figure 9. Stratigraphy at the gravel pit ncar Black Brook.
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The Plains in the North Branch of the Bouquet River Valley.
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and ripple-drift cross-laminations. Thin silty deposits occur locally as draped
laminae over ripple forms. The upper portions of the foreset beds are truncated
and overlain by 1.0 to 1.5 m (3.0 to 5.0 ft) of horizontally stratified and trough and
planar cross-stratified sand and gravel.

The sediments at the Clintonville gravel pit arc interpreted as deltaic in origin.
The erosional surface between the lower sandy facies and the upper gravel facies
represents the contact between the subaqueous foreset beds and the fluvial topset
beds. The elevation of the topset-foreset contact is approximately 198 m (650 ft)
which indicates that deltaic sedimentation was graded to the level of Lake
Coveville in the Champlain Valley (Denny, 1974). Southward-flowing meltwater
streams from ice in the Little Ausable drainage basin north of Arnold Hill (Figure
1) provided much of the deltaic sediment in the eastern portion of the sand plain.
The western portion of the sand plain was probably built by eastwardly flowing
streams from the upper Ausable drainage basin. Southward drainage from
proglacial lakes in the Saranac River Valley into the lower Ausable Valley via the
Black Brook channel (Stop 4) may have contributed to delta construction near
Ausable Forks (Denny, 1974). '

STOP 7. LANDSLIDE SCAR ON THE AUSABLE RIVER AT KEESEVILLE
(Figure 1)

The section at Keeseville is exposed in a landslide scar on the south bank of the
Ausable River at Keeseville. The river is deeply incised into deltaic terrace
deposits which Denny (1974) correlated with Lake Fort Ann in the Champlain
Valley. The surface elevation of the terrace is approximately 155 m (510 ft).

The base of the section consists of massive, compact, calcareous, gray diamicton
with a silty to clayey silt matrix. The base of the diamicton is obscured by
colluvium. The upper surface of the unit has a few centimeters of relief and is
draped by 0.3 to 0.5 m (1.0 to 1.5 ft) of silt and clay rhythmites. The rhythmite
sequence contains 11 silt-clay sediment couplets. The rhythmites are conformably
overlain by approximately 6 m (20 ft) of fine to medium sand which coarsens
upward to gravelly sand near the terrace surface. Spring sapping at the sand-
rhythmite contact is responsible for slumping in the overlying sand unit.

The sediments at the Keceseville section record the ice recession from the mouth
of the Ausable Valley. The diamicton is interpreted as a basal till and thus
represents an interval of ice cover. The rhythmites are interpreted as varved
lacustrine deposits that record the initial, deglaciation of the lower Ausable Valley
and its subsequent inundation by Lake Coveville. The rhythmites, therefore, were
probably deposited contemporaneously with the Lake Coveville deltas near
Clintonville (Stop 6).

The overlying sandy deposits represent deltaic sedimentation by eastward-
flowing streams from the Ausable Valley into Lake Fort Ann. Regional lake level
fell approximately 43 m (140 ft) in the Champlain Valley with the initiation of
Lake Fort Ann. If the rhythmites are assumed to be Lake Coveville varves and the
overlying sandy facies to be part of the Lake Fort Ann delta, then the time
between the deglaciation of the mouth of the Ausable Valley and the initiation of
Lake Fort Ann was about 11 years. The ice-front in the Champlain Valley may
have receeded northward to the mouth of the Saranac River at the time Lake Fort
Ann was established (Denny, 1974).
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ROAD LOG

CUM. MILES
MILES F.L.P* DESCRIPTION

0.0 0.0 Assemble in the west parking lot of Hudson Hall on the
P.S.U.C. campus. Leave the parking area, turn right at
the entrance and proceed northwestward on Broad St.

0.4 0.4 Intersection of Broad and Cornelia streets. Bear left
onto Cornelia and proceed westward.

1.1 0.7 Junction I-87 (Northway) North; Continue westward on
Cornelia St. under Northway overpass.

1.3 0.2 Junction 1-87; Turn left onto entrance ramp and follow
the signs for I-87 South. Proceed southward on I-87 to
Exit 31 at Elizabethtown (Approximately 45 mi). Turn
right onto the exit ramp and proceed to Route 9N.
Reset road log at the junction of the Exit 31 ramp and
Route 9N.

0.0 0.0 Turn right at the end of the exit ramp and proceed
westward on Route 9N toward Elizabethtown.

3.8 38 Cross Bouquet River.

4.2 0.4 Intersection of Routes 9N and 9 in Elizabethtown.
Continue westward on Route 9N.

14,1 9.9 Intersection of Route 9N and Schaffer Rd. Turn right
onto Schaffer Rd. and proceed northward for 0.2 mi to
the entrance of the gravel pit (STOP 1) on the west side
of the road.

14.3 0.2 STOP #1. Norton Cemetary. Following the discussions
turn around and proceed southward on Schaffer Road to
Route 9N.

14.5 0.2 Intersection of Schaffer Rd. and Route 9N. Turn right
onto Route 9N and proceed westward.

14.9 0.4 Intersection of Routes 9N and 73. Turn right and

*From last point

proceed northward on Routes 9N and 73 (combined).
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CUM. MILES
MILES E.l..P. DESCRIPTION

16.1 1.2 STOP #2. D.O.T. Gravel Pit. Continue northward on
Routes 9N and 73 following the discussions at this stop.

16.7 0.6 Routes 9N and 73 diverge. Bear right and proceed
northward on Route 9N.

19.7 3.0 Cross Styles Brook. Continue northward on Route 9N,

22.9 3.0 Enter the village of Upper Jay. Follow Route 9N
through the village.

25.8 < | Enter the village of Jay. Continue northward on Route
9N.

26.2 0.4 Intersection of Routes 9N and 86. Turn left onto Route
86 and proceed northwestward toward Wilmington.

28.2 2.0 View of Beaver Bk. Valley and Whiteface Mt. Continue

‘ northwestward on Route 86.

29.1 0.9 Intersection of Route 86 and Bilhuber Rd. Turn right
onto Bilhuber Rd. and proceed northward.

30.9 1.8 Intersection of Bilhuber Rd. and unmarked road. Turn
right onto unmarked road and proceed northeastward.
The road follows the West Branch of the Ausable River.

326 1.7 STOP #3. Rhythmites at Haselton. This will also be the
LUNCH STOP.
Continue northeastward toward Black Brook after lunch.

339 1.3 Cross Black Brook. Thr road turns northward to the
village of Black Brook.

356 1.7 Intersection of unmarked road and Silver Lake Rd. at
Biack Brook. Turn right and proceed castward on Silver
Lake Rd.

35.7 0.1 Stop sign, continue castward on Silver Lake Rd.

36.1 04 STOP #4. Black Brook sand plain. The entrance to the

gravel pit is on the south side of the road. Continue
eastward on Silver Lake Rd. to Ausable Forks after the
discussions at this stop.
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CuUM., MILES
MILES EF.L.P. DESCRIPTION
39.6 35 Intersection of Silver Lake and Golf Course roads.

41.5

434

44.4

45.6

45.8

Follow inset road log to optional stop #5 or turn left
onto Golf Course Rd. and follow main road log.

o o ok e sk o sk sk e sk ke ok ke sk ke sk sk sk sk o she ke o ke o ok ol sk e ol ok o obe o sl ke sl ok sk ok s sk e sl sk ke e sk sk ke ke sk ok sk ok ke ke sk ke ok sk ok ke ke sk kol sk ke sk sk ok ok

CUM. MILES
MILES EF.L.P. DESCRIPTION

0.0 0.0 Turn right onto Golf Course Road and proceed
southward.

0.2 0.2 Intersection Goll Course Road and Route 9N at
Ausable Forks. Continue southward on Route
9N.

0.4 02, Intersection of Route 9N and Church St. Turn
right and proceed westward on Church St.

1.2 0.8 Intersection Church St. and Ausable Drive.
Turn left and proceed southward on Ausable
Drive. '

2.0 0.8 STOP #5. (OPTIONAL) Diamicton Exposures.

Turn around and follow the inset road log in
reverse order to the intersection of Golf Course
and Silver Lake roads.

s sk sk o sk sk sk sk ke ok sl ok sk ok ok ok ok ok ok ok ok sk ol ok skl ok ok sk kel kok kol s skl skl ko sk ok sk ok ok sk sk sk ke sk ok sk e e ok e kol kokokok

1.9

1.9

1.0

1.2

0.2

Intersection of Golf Course and Palmer Hill roads. Bear
right and procced castward on Palmer Hill Road. The
road traverses the Lake Coveville deltas described by
Denny (1974).

STOP #6. Lake Coveville Delta. The entrance to the
gravel pit is on the south side of the road. Continue
eastward on Palmer Hill Rd. after the discussions at this

stop.

Intersection of Palmer Hill and Harkness-Clintonville
roads. Turn right (sharply) and proceed southward to
Clintonville.

Intersection of the Harkness-Clintonville Rd. and Route
9N. Turn left and proceed eastward on Route SN.

Intersection of Route 9N and small road to the village
of Clintonville. Turn right onto the side road and
proceed to the bridge across the Ausable River.
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CUM. MILES
MILES F.L.EB. DESCRIPTION

46.2 04 Bridge across the Ausable River at Clintonville, Turn
right across the bridge to the Dugway Road intersection
(0.1 mi).

46.3 0.1 Dugway Road Intersection. Turn left and procced
castward on Dugway Road.

51.3 5.0 Intersection of Dugway and Augur Lake roads. Turn
left and continue eastward on Augur Lake Road.

51.6 0.6 1-87 overpass. Continue eastward on Augur Lake Rd. to
the entrance of Keeseville Industrial Park (0.1 mi) on
the north side of the road.

531 (A 0.1 STOP #7. Landslide scar on the Ausable River.
Continue eastward on Augur Lake Rd. after the
discussions at this stop.

52.0 0.3 Intersection of Augur Lake Road and Route 9. Turn
left and proceed northward on Route 9 to Plattsburgh.

54.7 3.0 Ausable Chasm

55.1 0.4 Surface of Champlain Sea declta (upper marine limit).

33.7 0.6 Surface of Champlain Sea delta (Port Kent Stage).

56.9 1.2 Entrance to Ausable Point State Park on the delta of the
present Ausable River.

64.7 7.8 Skyway Plaza and Plattsburgh Air Force Base. Continue
on northward on Route 9 to next traffic light.

65.0 0.3 Intersection of Route 9 and Elizabeth St. Turn left onto
Elizabeth St. and proceed westward for 0.1 mi. Bear
right onto Platt St. and continue westward.

65.4 0.4 Intersection of Platt and South Catherine streets. Turn
right onto Catherinc St. and procecd northward across
the Saranac River.

65.9 0.5 Intersection of South Catherine and Broad streets. Turn
left onto Broad St. and procced westward toward the
P.S.U.C. campus.

66.3 0.4 Interscction of Broad and Beckman streets. Hudson Hall

is on the northwest corner of the intersection.

END LOG
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GZOLOGY AND PETROLOGY OF MOUNTS JOHNSON & ST.-HILAIRE,
MONTEREGIAN HILLS PETROGRAPHIC PROVINCE

G. NELSON EBY
Department of Earth Sciences
University of Lowell
Lowell, MA (01854

INTRODUCTION

The Monteregian Hills petrographic province consists of a group of small
igneous intrusions and associated dikes and sills which lie along a more or
less linear East-West trend extending from the Oka carbonatite complex
located 30 km west of Montreal to Mounts Shefford and Brome 70 km east of
Montreal (Figure 1). These plutons cut a number of terranes: the
Precambrian Grenville, the St. Lawrence Lowlands, and the folded rocks of
the Appalachian orogen. Mount Megantic 1ies 100 km east of Mounts Shefford
and Brome and its assignment to the Monteregian Hills province is somewhat
problematical. Petrographically and chemically Mount Megantic shows
stronger affinities with the White Mountain igneous province than with the
Monteregian Hills. On this field trip we will visit two plutons located in
the central part of the province which are representative of some of the
major magmatic trends in the Monteregian Hills.
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Figure 1. Location and generalized geologic setting of the
Monteregian plutons. 1-Oka carbonatite complex, 2-
Mt. Royal, 3-Mt. St. Bruno, 4-Mt. St.-Hilaire, 5-Mt.

Rougemont, 6-Mt. Johnson, 7 Mt. Yamaska, 8-Mt. Shefford,
9-Mt. Brome, 10-Mt. Megant1c



GEOLOGY AND GEOCHEMISTRY OF THE MONTEREGIAN HILLS

Geology and Petrography

Igneous activity in the Monteregian Hills is represented by a variety of
magma types ranging from strongly silica undersaturated to silica
saturated. There is a geographic pattern to the magmatism in that strongly
silica undersaturated rocks are concentrated in the western half of the
province while silica saturated rocks generally occur in the eastern half

of the province. The general ?eology of the Brov1nce has been described by
a number of authors (e.g. Philpotts, 1974; E 1987)

The Oka carbonatite complex is located at the western end of the
province and consists of a core carbonatite which has been intruded by a
variety of strongly silica-undersaturated rocks: okaite, melteigite,
ijolite, and urtite. Alnoitic rocks also intrude the complex and the
alnoitic phase of magmatism is confined to the Oka area. A recent review of
the Oka complex, and a field trip guide for the Oka area, can be found in
Gold et al. (1986).

Mounts Royal, Bruno, Rougemont, and Yamaska are mafic to ultramafic in
character. The dominant 1ithologies are pyroxenite and gabbro, and in the
field these two 1ithologies tend to be interlayered. This interlayering
generally occurs at the outcrop scale so that map units show the dominant
1ithology. Mappable gabbroic units occur in all of these plutons and they
often represent the later stages of igneous activity. None of the
pyroxenite and gabbro units carry nepheline, although they are often
slightly nepheline normative due to locally abundant amphibole, and quartz
occasionally occurs in contact zones due to crustal contamination. Layering
is often prominent due to the alignment of pyroxenes and plagioclases. This
layering is at moderate to steep angles which has led to the conclusion
that the rocks represent crystallization of the magma, in a convecting
system, from the walls inward. There is occasional evidence for movement of
material in the partly molten state, although the bulk of the rocks seem to
‘have crystallized at their current level of emplacement. At Mounts Royal
and Yamaska the gabbro-pyroxenite sequence is intruded by essexites and
nepheline-bearing syenites which define a late stage, strongly silica
undersaturated, period of magmatism. A recent review of the geology of
Mounts Royal and Bruno can be found in Eby (1984). Detailed geologic maps
for Mounts Bruno and Rougemont were published by Philpotts (1976). Field
trip quides for Mounts Royal (Gelinas, 1972) and Rougemont (Philpotts,
1972) were prepared for the 1972 International Geological Congress.

At Mounts St.-Hilaire, Johnson, Shefford, and Brome the dominant mafic
Tithlogies are gabbro, essexite, and diorite, pyroxenites are either absent
or occur as minor components. Syenitic units, either quartz-bearing or
nepheline-bearing are important components of these plutons. Mount
St.-Hilaire can be conveniently divided into a western half consisting
largely of gabbro and an eastern half consisting largely of nepheline- and
sodalite-bearing syenites. Mount Johnson largely consists of essexite with
an outer annulus of syenite and nepheline-bearing syenite. Mounts Shefford
and Brome are found in close proximity and are geologically similar.



Shefford has a large central core which is predominately diorite. The
diorites are intruded by arcuate bodies of syenite (pulaskite and foyaite)
and quartz-bearing syenite (nordmarkite). The core of Mount Brome is
pulaskite. To the south this core is partly surrounded by a large, layered,
arcuate gabbro body. The gabbro can be divided into a number of zones which
apparently represent cycles of magmatic activity. Quartz-bearing syenites
are found along the outer edges of the pluton. The central syenite is
intruded by late stage nepheline-bearing diorites and syenites. Recent
informetion on the geology of these plutons can be found in Eby (1984,

l985a; and Currie et al. (1986). Philpotts (1972) and Woussen & Valiquette
(1972) have published field trip guides for Mounts Johnson, Shefford, and
Brome.

Mount Megantic is located at the extreme eastern end of the province and
its assignment to the Monteregian Hills is questionable. The core of the
pluton consists of a two-feldspar granite plug which is surrounded by a
gabbro-diorite unit and an outer ring dike of nordmarkite. The central
granite is very similar in appearance and mineralogy to the "Conway"
granite of the White Mountains. The gabbros often carry two pyroxenes,
which is common for White Mountain mafic rocks but rare in the case of the
Monteregian Hills. A recent review of this pluton can be found in Eby
(1985a).

The plutons of the Monteregian Hills are intruded by a variety of mafic
and felsic dikes. Dikes are also widely distributed in the country rocks.
These dikes tend to 1ie along a northwest trend. The mafic dikes can be
classified as lamprophyres (alnoites, monchiquites, and camptonites),
alkali olivine basalts, and basanites. The felsic dikes can be classified
as bostonites, solvsbergites, nepheline syenites, and tinguaites. The
strongly silica undersaturated dikes are concentrated towards the western
end of the province.

bike nomenclature used in the Monteregian Hills is as follows. By
definition, Tamprophyres must be porphyritic rocks which do not have
feldspar phenocrysts. Alnoites contain melilite and biotite as essential
minerals and are feldspar free. Monchiquites have a groundmass of glass,
analcime or nepheline, and ferromagnesian silicates. Camptonites have a
groundmass of labradorite, amphibole, pyroxene, and subordinate alkali
feldspar, nepheline, and/or leucite. In the monchiquites phenocrysts are
commonly olivine or pyroxene while in the camptonites phenocrysts are
commonly amphibole. The basanites are mineralogically similar to the
monchiquites while the alkali olivine basalts are similar to the
camptonites, but these dikes do not carry phenocrysts. The bostonites are
" texturally distinctive felsic rocks which have a trachytic or flow texture
in which lath-shaped feldspar grains are arranged in rough parallelism or
in radiating patterns. Tinguaites are equivalent to phonolites and in the
Monteregian Hills often contain sparse feldspar phenocrysts.

Geochronology, Geochemistry, and Isotope Geology

A number of geochronologic techniques have been applied to the dating of
Monteregian igneous activity. Ages determined by Rb-Sr whole-rock methods,
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‘conventional K-Ar biotite and amphibole methods, and fission-track methods
(apatite and sphene) for the main plutons and dikes are summarized in Eby
(1987). These data indicated that there were two distinct periods of
igneous activity in the Monteregian province, one centered around 132 Ma
and the other around 120 Ma. These ages also seemed to have a petrogenetic
significance in that strongly silica-undersaturated rocks were confined to
the younger period of igneous activity. Recently Foland et al (1986) have
reported the results of Ar-40/Ar-39 geochronology on several of the
Monteregian plutons which indicate that the plutons had a short emplacement

history centered around 125 Ma. These data, while internally consistent,
are at variance with the data obtained from other radiometric methods.

Further work is required to rationalize these apparent discrepancies.

Chemically the rocks of the Monteregian Hills, with the exception of
some cumulates, plot in the alkali field on a total alkalis versus silica
diagram. Most of the rocks are nepheline normative, although the nepheline
normative character of the cumulate rocks is due to the presence of
abundant amphibole, rather than the occurrence of nepheline. In the
strongly undersaturated series of rocks there is a strong enrichment trend
in total alkalis with respect to silica which is mirrored by the occurrence
of abundant modal nepheline. REE abundance patterns show moderate to strong
enrichment in the LREE with respect to the HREE, with the strongly silica
undersaturated rocks showing the greatest enrichment. In agreement with
alkaline rocks from other parts of the world, the Monteregian rocks are
relatively enriched in alkalis and high-charge-density cations.

Both Sr and Pb isotopic data have been reported for the various
Monteregian plutons by Eby (1985b) and Grunenfelder et al (1985). These
data suggest the presence of a depleted subcontinental 1ithosphere which
served as the source of the Monteregian magmas. During the ascent of the
magmas to their level of crystallization interactions occurred with the
country rocks. The nature of the isotopic contamination was quite varied
since in some cases the country rocks were of Grenville age whereas in
other cases they were Lower Paleozoic in age. As a general rule, the rocks
emplaced last in any particular pluton show the most primitive isotopic
signatures, an observation which is generally explained by the earlier
formed magmas coating the magma conduits and isolating the later magmas
from the country rocks.

Petrogenesis

A variety of magmatic sequences can be jdentified in the Monteregian
Hi1ls and the details of their petrogenesis can be found in Eby (1984,
1985a, 1987). In brief the following sequences are delineated:

1. Carbonatite and possibly related (through liquid immiscibility)
nepheline-rich rocks plus alnoitic dike rocks.

2. Pyroxenite - gabbro - diorite sequences which occur as significant
components in a number of the plutons. These rocks are largely cumulate in
nature, and calculated magma compositions indicate that they formed from
alkali picrites.
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3. Gabbro - diorite - syenite sequences and chemically similar
camptonitic dikes. These rocks apparently represent the crystallization
products of alkali olivine basalts.

4. Nepheline-bearing diorites and syenites and chemically similar
mochiquite dikes. These rocks were apparently derived from basanitic
magmas .

5. Quartz-bearing syenite and granite.

Chemical, isotopic, and experimental data have been used to outline
possible petrogenetic histories for each of these sequences. The
carbonatites and related rocks are inferred to have been derived from a
carbonated garnet lherzolite mantle. The alkali picrite magmas are inferred
to have arisen by moderate degrees of partial melting of a garnet
lherzolite mantle. The basanitic and alkali olivine basalt magmas are
believed to have arisen by increasing degrees of partial melting of a
spinel Therzolite mantle. Given the strong enrichment in incompatible
elements found for the initial melts, and the depleted mantle signature
shown by the isotopic systems, it is concluded that mantle metasomatism
occurred either immediately before, or during, melting. During ascent these
magmas underwent various degrees of interaction with the crust producing
residua enriched in silica. Some of the quartz-bearing syenites and the
granite appear to have a crustal origin. In general, increasing degrees of
silica saturation (or decreasing silica undersaturation) are marked by
increasing initial strontium isotopic ratios, indicating the degree of
crustal interaction.

GEOLOGY OF MOUNTS JOHNSON AND ST-HILAIRE

Mount Johnson

Mount Johnson, the smallest of the Monteregian plutons, is roughly
circular in plan with an approximate diameter of 680 meters (Figure 2). The
bulk of the pluton consists of essexite with an outer annulus of syenite.
The major Tithologies can be subdivided into a number of units which are
arranged concentrically around the core. Pajari (1967) divided the pluton
into a core series (370 m in diameter) and a peripheral series. The central
part of the core series consists of a fine-grained essexite which grades
into a coarser-grained essexite carrying sparse pyroxene and plagioclase
phenocrysts. The mineralogy and bulk chemistry of the core series is
essentially constant with the exception of the disappearance of olivine in
the outer portion of the series. Pajari (1967) concluded that the contact
of the core series with the peripheral series is erosive in nature,
irdicating the intrusion of the core series into the pre-existing
peripheral series. A small arcuate body of kaersutite-rich essexite, found
within the core series, may represent the pre-existing material. The
peripheral series passes outward through an essexite with abundant cumulus
oligoclase, melanocratic essexite, transitional essexite, anhedral feldspar
porphyry, biotite pulaskite porphyry, and nepheline syenite prophyry. In
the peripheral series pyroxene is largely replaced by amphibole, presumably
indicating elevated water pressure during the crystaliization of this
series. Sphene is also found as an accessory in the peripheral series, but
is absent in the core series. The surrounding Ordovician Lorraine silstones
have been metamorphosed to the hornblende hornfels facies and near the
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: |PERIPHERAL ESSEXITES
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[/ ]CAMPTONITE DIKE

400 Meters

Figure 2. Geologic map (after Philpotts, 1972) showing field trip stops.

intrusion the hornfels dips in toward the contact.

A11 of the units of the pluton show a well-developed fabric. This fabric
consists of vertically aligned feldspar laths, concentric layering, and
cross-bedding in the essexites. These features indicate that the pluton
consists of a series of vertical shells centered about the core,
and that crystallization proceeded from the margins inward. Locally the
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essexite contains feldspar crystals which dip toward the center of the
intrusion giving an imbricate structure. This structure may be due to the
flow of magma down the walls of the magma chamber. Except for the anhedral
feldspar porphyry, in which fractured feldspar crystals show evidence of
movement in the solid state, all of the units appear to have been passively
emplaced. The fine-grained nature of the central portion of the core unit
suggests that the magma chamber may have been vented to the surface during
the emplacement of this unit.

Despite its small size and apparent geologic simplicity, the Mount
Johnson pluton has spawned a number of petrogenetic models. Wahl (1946)
suggested that the pulaskite resulted from the diffusion of felsic
components of the magma towards the cooler wall of the intrusion.
Bhattacharji (1966) suggested that the operative process was flowage
differentiation with the early crystallizing phases migrating towards the
center of the conduit forming the olivine essexite core. Pajari (1967)
envisioned the presence of two magmas, one which underwent crystal
fractionation in the conduit to produce the syenites and essexites of the
peripheral series and a second magma, of similar composition to the first,
which formed the core series rocks. Philpotts (1968) suggested that the two
major 1ithologies, essexite and syenite, were the result of the movement of
two immiscible liquids up the conduit, the mafic liquid being preceded by
the felsic 1iquid. Eby (1979) suggested that trace element data would
support a silicate-liquid immiscibility process, although he envisioned two
magmas being involved in the formation of the pluton. The first magma
behaved immiscibly forming the syenites and essexites of the peripheral
series while the second magma formed the core series. In the field sharp
contacts are not seen between the various units, an observation which
creates difficulties for most of the above petrogenetic models.

Mount St.-Hilaire

The Mount St.-Hilaire pluton (Figure 3) intrudes upper Ordovician
shales, silstones, and limestones. The pluton is surrounded by a narrow
biotite hornfels aureole. The Tow grade of contact metamorphism is somewhat
anomalous considering the apparently high temperatures of the magmas. Near
the contact the hornfels dips inward at moderate to steep angles suggesting
passive emplacement of the magmas into collapsed material.

Currie (1983) and Currie et al (1986) divided the rocks of the pluton
into several suites. The Sunrise and Pain de Sucre suites consist of mafic
to intermediate rocks and form the western half of the pluton while the
East Hill suite consists of peralkaline syenites and forms the eastern half
of the pluton. The contact between the western and eastern halves consists
of a variety of breccias including igneous and diatreme-like breccias.

The Sunrise suite is apparently the oldest of the igneous groups and
consists of pyroxenites and gabbros, with gabbro as the dominant 1ithology.
The rocks are strongly foliated, medium grained, and consist of poikilitic
amphibole, clinopyroxene, calcic plagioclase, and accessory minerals.
Although the rocks are nepheline normative, nepheline is not found in any
of the units. There is a regular variation in the mineralogy marked by the
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3

metres

CRETACEOUS
MONT SAINT HILAIRE PLUTON (Units 3-12)

East Hill suite (units 9-12, not necessarily in order of
emplacement

Fine grained nepheline syenite, nepheline syenite porphyry
and phonolite with trachytoid feldspar, nepheline and
sodalite phenocrysts and xenocrysts; locally contains
inclusions of units 3-8 and 11; grades to unit 9 by increase
in proportion of inclusions

Coarse grained peralkaline nepheline

pegmatite with feldspar, nepheline
phenocrysts; interstitial phonolite

Breccia, predominantly of units 2-3 with minor amounts
of 9, lland |2; fragments well rounded, and locally
somewhat altered

syenite and
and sodalite

Igneous breccia; rounded to contorted fragments and
xenocrysts of units 3-12 in a trachytoid, opaque-charged
matrix similar to 12

Pain de Sucre suite (units 7-8)

Nepheline diorite and monzonite; medium- to coarse-
grained rocks with tabular to granular plagioclase rimmed
by alkali feldspar, interstitial nepheline, and mafic clots
containing titanaugite, kaersutite, biotite and olivine

Biotite, trachygabbro; lath-like plagioclase with minor

alkali feldspar rims, intergrown titanaugite and biotite,
olivine and kaersutite

Sunrise suite (suites 3-6)

&  Anorthositic gabbro and leucogabbro; labradorite-rich,
foliated titanaugite-magnetite gabbro

5  Amphibole gabbro: strongly foliated coarse grained rocks
with minor titanaugite and biotite

4%  Amphibole-pyroxene gabbro; moderately to weakly
foliated granoblastic rocks with subequal amounts of
kaersutite and titanaugite

‘3 Pyroxene melagabbro and jacupirangite; strongly to
moderately foliated medium grained rocks with colour
index greater than 60 and abundant magnetite; pyroxenite
and perknite

2 Hornfels and metasomatic hornfels; fine grained to
aphanitic grey to black quartz-rich, commonly containing
abundant dykes

ORDOVICIAN
RICHMOND GROUP

I

Calcareous siltstone and shale, silstone, minor limestone
Strike and dip of bedding

Strike and dip of igneous foliation

Geological contact, defined-approximate, gradational

Geology by K.C. Rajasekeran 1966, H.M, Aarden 1970,
K.L. Currie 1971, 1972

Figure 3. Geologic map of Mount St.-Hilaire from Currie (1983) showing
field trip stops and paths of the Gault Estate.
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replacement of pyroxene by amphibole. These rocks are obviously cumulates
and originally occurred as a funnel-shaped mass near the center of the
pluton. Currie (1983) defined an igneous stratigraphy for this suite on the
basis of a regular decline in color index with distance from the contact.

The Pain de Sucre suite occurs as thick ring dike intruding the Sunrise
suite. The rocks are massive, slightly laminated, nepheline gabbros
(essexites), diorites, and monzonites. Variations within the suite are
gradational. Nepheline and occasional olivine occur along with amphibole,
biotite, pyroxene, sodic to intermediate plagioclase, and alkali feldspar.

The East Hi1l suite consists of peralkaline nepheline syenites and
porphyries. An early phase of this suite was a coarse-grained
nepheline-sodalite syenite which is now found as xenoliths in the younger,
flow-banded, nepheline syenites and phonolites. Acmitic pyroxenes and
Na-rich amphiboles are the major mafic phases. Ilmenite and magnetite are
rich in Mn, and both nepheline and/or sodalite are significant minerals,
locally comprising as much as 40% of the rock. Elpidite, eudialite, and
astrophyllite have been identified in a few specimens.

Currie et al. (1986) outlined a petrogenetic history for Mount
St.-Hilaire which required two separate magmatic events. The first magma
was believed to be an alkali picrite from which crystallized the cumulus
rocks of the Sunrise suite. The second magma was hypothesized to be
basanitic in composition and the nepheline gabbro - monzonite sequence was
formed from this magma through fractional crystallization of pyroxene,
magnetite, apatite, and plagioclase. For the East Hills suite they made the
rather provocative suggestion that these rocks were the result of the
interaction of a basanitic magma with a saline brine at crustal depths.
This brine would be rich in Na and C1, which would explain why nepheline
and sodalite are abundant in the syenites. Because their age data indicated
a significant hiatus between the emplacement of the Sunrise suite and the
other suites, they hypothesized that the magmas were derived by successive
melts formed in response to the upward progression of a thermal anomaly.
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ROAD LOG FOR MOUNTS JOHNSON AND ST.-HILAIRE
Note: To avoid unnecessary delay at Canadian customs, foreign nationals
in the United States should be sure to have credentials to reenter the
United States.

CUMULATIVE  MILES FROM

MILEAGE LAST POINT ROUTE DESCRIPTION

0.0 0.0 Leave Holiday Inn assembly point. Turn right
on Rt. 3.

0.05 0.05 Turn right into entrance ramp north of Rt.
1-87.

7.25 1«3 Exit 40 N. Y. Rt. 345, Spellman Road.
Continue on I-87.

16.5 23.8 Canadian Customs, I-87 becomes P. Q. Rt. 15.

13.1 36.9 Exit 21. Leave Rt. 15.

0.4 373 Turn right on P. Q. Rt. 219 toward Napierville.

2.6 39.9 Turn left in Napierville and continue on
Rt. 219.

12.2 52:1 Enter St. Jean and continue east on Rt. 219,
St. Jacques Street.

2.0 54.1 Turn right on Richelieu Street.

0.1 54.2 Turn left on St. Georges Street.

0.1 54.3 Turn l1eft on Place du Quai.

0.1 54.4 Turn onto bridge crossing Richelieu River.

0.3 54.7 Enter Iberville.

% § 54.8 Turn left at first traffic light off bridge
onto 1lst Street.

0.2 55.0 Turn right (east) onto 9th Avenue.

0.7 55.7 Turn left, cross RR, then right onto Rt. 104
(east). (You will see Rt. 104 signs in about
1/4 mile.)

0.4 56.1 Pass under P. Q. Rt. 35. Continue east on
Rt. 104.
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3.9 60.0 Village of Mont. St. Gregoire. Rt. 104 turns
east. Continue straight (north).

7% | 61.1 Turn left on road that runs along the south and
west sides of Mount Johnson (Mt. St. Gregoire).

0.4 61.5 STOP 1: Turn right into small parking lot
across road from Vasseur Campground. Please
note that this is private property that is
made available to the public through the
generosity of the owners. Walk up the marked

trail to the right of the information booth.
STOP 1. EXPOSURES OF HORNFELS COLLAR

Walk up the trail to the base of the waste-rock pile. Along the trail
are numerous exposures of the Lorraine siltstone, now metamorphosed to the
hornblende hornfels facies. The hornfels dips northward into the intrusion
with increasing steepness as the base of the waste-rock pile is approached.
Climb up the waste-rock pile to the first quarry.

STOP 2. QUARRY IN PULASKITE

Excellent exposures of the pulaskite are found in this small quarry. The
strong vertical foliation is clearly evident in the quarry wall. Climb up
through this quarry to a slightly larger quarry located at higher
elevation. Note the increase in the amount of amphibole in climbing from
the first to second quarry. The rock apparently grades from pulaskite to
essexite.

STOP 3. QUARRY IN RHYTHMICALLY LAYERED ESSEXITE

This quarry is located in the coarse-grained, layered essexite, that
comprises the outer edge of the core series. Along the road leading into
this quarry are outcrops of hornblende-rich essexite which are typical of
the essexite found in the peripheral series. This hornblende-rich essexite
contains sphene while the essexite in the quarry does not carry sphene. In
the quarry are found excellent exposures of rhythmically layered essexite
with cross-beds and trough-like structures. Climbing up out of the quarry
note the disappearance of the rhythmic layering. Continue on to the summit.
Note the decrease in grain size as the summit is approached.

STOP 4. SUMMIT OF MOUNT JOHNSON

At the summit the fine-grain size makes it difficult to distinguish the
foliation which was clearly visible on the climb from Stop 3 to Stop 4.
With the exception of the presence of olivine, the essexite at the summit
and in the quarry at Stop 3 is petrographically and chemically identical.
To the north of the summit is found an arcuate body of coarse-grained,
amphibole-rich essexite. On a clear day the summit of Mount Johnson
provides an excellent view of the Monteregian Hills. Return by the same
route to the parking lot. It is once again worthwhile to Took at the rocks
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to see if it is possible to distinguish any clear breaks between the

various petrographic units.

0.6

STOP 5. CAMPTONITE DIKE

62.1

STOP 5. Turn right out of the parking lot and
continue northwesterly along the road to a
lamprophyre dike cutting the Lorraine
siltstone. Park on the west side of the road.

The dike trends north-south along the western margin of Mount Johnson.
It is of somewhat older age than the main pluton but may be
petrogenetically related to the Mount Johnson magmas. The dike consists of
phenocrysts of titanaugite, partly altered to a mixture of green amphibole,
brown biotite and chlorite, and kaersutite in an intergranular groundmass
of plagioclase, biotite, kaersutite, opaques, apatite, and trace sphene.

2.0

1.9

| .
0.5
0.5

5.9

0.6

0.3

1.7

0.1

64.1

66.0

67.5
68.0
68.5

74.4

75.0

15.3

1

77.1

Continue northerly to the Juncture of P. Q.
Rt. 227. Turn left onto Rt. 227 north.

Cross P. Q. Rt. 10. Continue on Rt. 227. Mount
St.-Hilaire is directly ahead.

Marieville. Continue on Rt. 227.
Stop sign. Continue on Rt. 227.

Juncture P. Q. Rt. 112. Continue straight
across Rt. 112 on Rt. 227.

Juncture P. Q. Rt. 229. Rougemont Road to the
right. Continue north on Rtes. 227 & 229 toward
Mount St.-Hilaire.

Turn left on Rt. 229. Proceed west along
Rt. 229 toward Mt. St.-Hilaire

Rt. 229 turns right. Continue straight
(westerly).

Road turns sharply left with side road to the
right. Turn right.

Take second road to left. Note sign indicating
this is the Gault Estate, Center for Nature
Conservation, McGill University. Park on left.
Admission is $1.00 Canadian

NOTE: The Gault Estate is a nature preserve and the eastern half of the
mountain is closed to the general public. Permission for any collecting on
the Estate should be obtained from: Executive Director, Gault Estate, 422,
rue des Moulins, Mont-Saint Hilaire, Quebec, J3G 4S6, Canada.
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STOP 6. EXPOSURES OF IGNEOUS AND DIATREME BRECCIAS

Proceed north along the main trail which follows the valley between the
two halves of the mountain. Pass Lac Hertel. On the left (west side) of the
trail are scattered outcrops and boulders of both the igneous and
diatreme-1ike breccias. Most of the Tithologies of the pluton can be found
as blocks and fragments in these breccias.

STOP 7. GABBROS AND DIORITES OF THE SUNRISE SUITE

Retrace your path southwards to the intersection with the Pain de Sucre
trail. Proceed up this trail (west) towards the summit of Pain de Sucre.
Outcrops of gabbro and diorite of the Sunrise suite are exposed along this
trail. In places the rocks are extremely coarse-grained and outcrops are
found to carry clots of large radiating amphiboles. Foliation is generally
poorly developed in this part of the suite.

STOP 8. NEPHELINE DIORITES AND MONZONITES OF THE PAIN DE SUCRE SUITE

Continue on to the summit of Pain de Sucre. In the immediate vicinity of
the summit is an almost continuous exposure of relatively leucocratic
coarse-grained rocks of the Pain de Sucre suite. The rocks usually have a
bluish cast and visible laths of alkali feldspar. Olivine is present
locally and nepheline occurs as an interstitial phase. Return to the

parking lot.

0.1 712 The following road log guides you around the
north side of Mt. St.-Hilaire to a quarry
presently owned by R. Poudrette. Earlier
Titerature referred to this as the Unimix
Quarry. The remainder of the route will
return you to Plattsburgh via routes P. Q.
Rt. 15 and I-87 without retracing the route
through Iberville and St. Jean. Care must be
exercised or you will end up in downtown
Montreal via the Victoria Bridge. Turn right
as you leave the Gault Estate.

0.1 1.3 Turn left (easterly).
1.0 78.3 Sharp right then left, continue easterly.
0.9 79.2 Turn left onto Rt. 229 north.
Fsid 82.4 Bear left and continue northwesterly on
Rt. 229.
2.3 84.7 Left on road into Poudrette Quarry.
0.7 85.4 Quarry gate. Obtain permission to enter quarry.
0.7 86.1 Turn left onto Rt. 229.
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Intersection with P. Q. Rt. 116. Turn left
(west) on Rt. 116 toward Montreal through the
village of Mont St.-Hilaire.

Cross Richelieu River. Continue west on Rt. 116
(Blvd. Laurier) through the villages of Beloeil
and Basile.

Village of St. Bruno. Mt. St. Bruno on right.
Jct. with Rte. 30. Continue on Rt. 116.

Jct. Rt. 112 east. Continue west on Rt. 116.

Rt. 112 west merges with Rt. 116. Continue west
on Rts. 112 & 116.

Rt. 116 ends. Keep right for Rt. 112.

City of St. Lambert. Continue on Rt. 112.

Keep right for Rt. 132 north. If you want to go
into Montreal continue on Rt. 112 to the
Victoria bridge.

Right on Riverside Street. Must go north for
about two blocks to get Rt. 132 south towards
the U.S.A.

Turn left on Notre Dame under the bridge.

Turn left beneath bridge for ramp to Rts. 132 &
20 south.

Enter Rts. 132 & 20 south.

Jct. with Rt. 15 south. Rts. 10, 15, & 20 cross
Champlain bridge for Montreal. Continue south
on Rts. 15 & 132 for U.S.A. and I-87.

No stop at Canadian Customs. Continue south

about 1/4 mile for U. S. Customs. South on
1-87 about 24 miles to Plattsburgh.
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FORWLAND DEFORMATION AS SEEN TN WESTERN VERMONT

by
Rolfe S. Stanley
Department of Geology
University of Vermont
Burlington, Vermont, 05405

INTRODUCTILORN

Western Vermont is wunderlain by three distinctive sequences
of rocks that range in age from Late Proterozoic to Middle
Ordovician and are typical of the western part of +the
Appalachian Mountains. The lowest most sequence, which rest
with profound unconformity on the Middle Proterozoic of .the
Green Mountain and Lincoln massifs, largely consists of
metawackes, mafic volcanic rocks and phyllites that represent
a rift clastic sequence. These rocks grade upward into
giliciclastic and carbonate rocks of the platform sequence
which in turn are overlain by Middle Ordovician shales of the
foreland basin sequence. The Dboundary Dbetween the two
sequences 1is the based of the Cheshire Formation (fig. 1.)s
North of Burlington, Vermont the platform sequence grades
into shales, breccias and conglomerates of +the ancient
platform margin and eastern basin. These sequences have been
studied by a number of workers in the past (Cady, 1945; Cady
and others, 1962; Hawley, 1957; Brwin, 1957; Welby, 1961;
Stone and Dennis, 1964, for example) and are receiving
current attention by Mehrtens (1985, 1987) and her students
(Gregory, 1982; Myrow, 1983; Teetsel, 1985; Bulter, 1986;
MacLean, 1986, 1987). Agnew (1977), Carter (1979), Tauvers
(1982), DiPietro (1983) and Dorsey and others (1983) have
reexamined parts of the rift clastic sequence while Doolan
and his students are currently working in the same sequence
in northern Vermont and Quebec (Doolan and others, 1987;
Colpron and others, 1987). Figures 1 and 2 illustrate the
representative stratigraphic columns for western Vermont
north of the latitude of the Lincoln massif where the field
conference will be held. Additional information can be found
in Welby (1961) and Doll and others (1961).

The structure of western Vermont is dominated by major,
north-trending folds and imbricate thrust faults which are
well displayed on the Geologic Map of Vermont (Doll and
others, 1961). The rift clastic and platform sequences have
each been displaced westward on major thrust faults that
extend through much of Vermont. The larger of the two, the
Champlain thrust, extends from southern Quebec to Albany, New
York and places the older platform sequence over the younger
foreland basin seguence. Estimates of westward displacement
range from 15 km to 100 km. The smaller of the two, the
Hinesburg thrust, places transitional and rift clastic rocks
over the platform sequence and as such forms a boundary
between the synclinorial rocks of western Vermont and the
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Green Mountain anticlinorium. Dorsey and others (1983%) have
demonstrated that the Hinesburg thrust developed along the
overturned limb of a large recumbent fold (fault—propagation
fold of Suppe, 1985) and therefore is quite different from
the geometry of the Champlain thrust fault. Westward
displacement is estimated to be 6 kn.

Recent seismic traverses across western Vermont demonstrate
that the Champlain thrust dips eastward at approximately 15
degrees beneath the Green Mountain anticlinorium and that the
major folds of western Vermont are formed by duplexes and
related structure on this and other thrust faults which are
present both within +the platform and the foreland basin
sequences. High angle normal faults have been mapped along
the Champlain thrust fault and in many parts of the foreland
basin sequence (Welby, 1961; Doll and others, 1961). Seismic
information shows that some of the faults are older than the
Champlain thrust fault whereas others are younger. Stanley
(1980) has shown that several of the faults that cut the
eastern part of the platform sequence are Mesozoic in age.

The structure of western Vermont in the Burlington region is
best illustrated by the recent work of Dorsey and others
(1983) in the Milton quadrangle (fig. 3) and Leonard (1985)
in South Hero Island. The c¢cross sections for this region
show that the Champlain thrust fault is essentially planar
which is consistent with recent seismic studies at this
latitiude. Detailed surface mapping, however, has shown that
the overlying thrust faults are folded. Dorsey and others
(1983) therefore suggest that these folds are related to

duplexes in the Champlain slice (fig. 4). Based on this
configuration the highest fault, the Hinesburg thrust, is the
oldest and the Champlain thrust is the youngest. Thus the

thrust sequence developed from the hinterland (east) to the
foreland. Shortening as measured between the pin points in
section B-B' (fig. 4) is in the order of 55 percent with 6 km
of displacement on the Hinesburg thrust and 0.85 km of
movement on the Arrowhead Mountain thrust. The Milton cross
sections clearly show the change in structural style and
fabric that occurs as one crosses from the foreland to the
hinterland.

The foregoing conclusions are consistent with the character
of each of the fault =zones. The Champlain thrust fault is
marked by gouge, welded Dbreccias and pressure solution
features (Stanley, 1987). An estimate of the confining
presssure based on the stratigraphic thickness (2700 m) of
the hangingwall block is 0.73 kbars which corresponds +to
approximately 2.5 km below the earth's surface. This assumes
the fault 1is a Taconian feature. At this depth the
temperature would be in the order of 100 C assuming a
geothermal gradient of 20Y to 30° ¢/ km. (Strehle and
Stanley, 1986, fig. 5). The gouge and cataclastic features
are consistent with these estimates and suggest that if the
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hangingwall block at the 1longitude of Lone Rock Point did
involve a repeated section or tectonic load, the additional
section was small. The Arrowhead Mountain thrust fault, on
the other hand, 1is another story. The shaley dolostone
gslivers in the fault =zone are welded cataclasites that
contain a later, fault-related, pressure-solution cleavage.
In the quartzite near the fault surface the quartz shows

undulose extinction, deformation lamellae, and, limited
recrystallization whereas the feldspar is fractured and
twinned. Oriented sericite occurs along cleavage surfaces in

the quartzite (Strehle and Stanley, 1986). Because the
stratigraphy of +the hangingwall Dblock 1is only slightly
thicker (2900 m.) than the Champlain slice the fault-zone
fabric along the Arrowhead Mountain thrust fault should be
similar to the Champlain thrust. The fabric at Arrowhead
Mountain, however, has clearly formed at an higher
temperature and pressure because it involves
recrystallization of quartz and the growth of sericite.
Strehle and Stanley (1986, fig. 5) suggest temperatures in
the order 2000 ¢ to 250Y C which is in agreement with oxygen
and carbon isotope temperatures of 210»2950 C from calcite
and dolomite assemblages in the weakly metamorphosed
carbonate rocks directly west of the Lincoln massif 40 km to
the south. These temperatures correspond to pressures of
approximately 2.5 kbars or 7.5 - 8.0 km. These fabrics and
the corresponding estimates indicate +that the Arrowhead
Mountain thrust must have carried a tectonic load of more
than double the standard stratigraphic section. This 1load
would correspond to the hangingwall block of the Hinesburg
thrust (fig. 4).

The story for the Hinesburg thrust fault is again similar to
that of the Arrowhead Mountain thrust. At Hinesburg the

quartzite within 25 m. of the fault has been extensive
recrystallized and mylonitic textures ©become progessively
well developed as the fault contact 1is approached. An

ultramylonite marks the fault surface. Feldspar grains are
fractured and bent but show little signs of recystallization.
Sericite, chlorite, and stilpnomelane are present along the
fault - related cleavages. The deformation features in
quartz and feldspar indicate that deformation occurred below
4500 ¢ (Voll, 1976). Strehle and Stanley (1986; fig. 5)
suggest temperatures in the order of 3500 C which would
correspond to pressures in the order of 3.5 km or 11 to 12
km. Clearly the upper plate of the Hinesburg thrust must
have carried older thrust faults that rooted in the
pre-Silurian section to the east (Underhill slice of Stanley
and Ratcliffe, 1985, fig 2A, pl. i Thus the fabrics along
the Champlain, Arrowhead Mountain and Hinesburg thrust faults
developed under progressive more ductile <conditions as a
result of higher temperatures and pressures generated by an
increasing tectonic load.

Most of the deformation in western Vermont occurred during
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the Taconian Orogeny. This conclusion is based on regional
considerations (Stanley and Ratcliffe, 1985) and the analysis
of available isotopic data (Sutter and others, 1985).
Mesozoic deformation in the form of extensional faults and
igneous activity clearly affected the region (McHone and
Bulter, 1984; Stanley, 1980). Available evidence, however,
can not rule out limited Acadian or even Alleghenian
deformation.

Participants of +this field +trip will see the change in
structure and fabric as they cross the foreland from South
Hero Island to the western margin of the hinterland at the
Hinesburg thrust fault at Mechanicsville, Vermont.

ITINERARY

ALL STOPS ARE LOCATED ON GEOLOGIC OR TOPOGRAPHIC MAPS. A
MILEAGE LOG IS NOT INCLUDED.

Assemble at the Apple Store on the south side of Route 2 in
the village of South Hero at 8:30 AM. The first three stops
will be on South Hero Island (fig. 5). PLEASE DO NOT USE
HAMMERS ON THIS TRIP. LEAVE THEM IN THE CAR.

STOP 1 - West Shore of South Hero Island. This stop
illustrates the low level of deformation that characterizes
much of the west shore of +the Champlain Islands and the
eastern shore of New York in the area of Plattsburg. Local
areas of moderate deformation, however, do exist where
bedding plane faults and high-angle faults cut the bedrock.
These outcrops of shale and thin micrite beds are in the
Stony Point Shale. Note that +the bedding, which is nearly
horizontal, is cut by a poorly developed cleavage that 1is
only developed in the shale beds. The cleavage dips very
gently to the east and is interpreted to result from simple
shear parallel to the bedding. Thin layers of calcite are
present on some of the beds. Those layers that are marked by
prominent slickenlines are bedding plane faults. As we will
see at other outcrops today, the larger faults are marked by
thicker layers of lineated calcite. '

STOP 2 - Lessor's Quarry (fig. 6) - This quarry is located in
the fossiliferous Glens Falls Limestone. The quarry contains
some of the finest evidence of pressure solution in western
Vermont. The cleavage (S1), which is discontinuous and wavy,
is a classical pressure solution feature with well developed
selvedges that truncate fossils and offset bedding. A small
anticline at the south edge of the quarry contains adjustment
faults at its hinge that end along cleavage zones with thick
clay selvedges.

The major structures in the quarry are bedding-plane thrust
faults. These faults are marked by calcite layers with
west-trending slickenlines and a fault-zone cleavage (8t ).
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Near the larger faults the S1 cleavage is rotated (Sr) toward
the plane of the fault. Note that both St and Sr dip gently
to the east and indicate that movement on the bedding faults
was to the west. The St cleavage forms as a result of simple
shear on the faults. The anticline along the southwall and
edge of the quarry is formed from a small duplex.
Unfortunately, the best evidence for this duplex has been
excavated.

On the northeast side of the quarry (fig. 6) a syncline and
an associated blind , synformal thrust fault are truncated by
the major thrust fault that is continuous across the north
wall of the quarry. The origin of this structure is not
clear, but it is thought to be associated with a duplex or
ramp below the level of the quarry floor.

STOP 3 - "THE BEAM" - THIS IS A SUPERB OUTCROP THAT SERVES AS
A FIELD LABORATORY FOR RESEARCH AND TEACHING OF FORELAND
DEFORMATION. PLEASE STUDY IT. USE YOUR CAMERAS BUT NOT YOUR
HAMMERS. REFER TO FIGURES 7, 8, AND 9.

The outcrop 1s located in the Cumberland Head Formation
approximately 5 miles (8 km.) west of the exposed front of
the Champlain thrust fault or approximately 4600 ft. (1400
m.) below the restored westward projection of the thrust
surface. The major questions that will be discussed are: 1.
How do ramp faults form ?, 2. Are there criteria to determine
if dimbricate thrust faults develop toward the foreland or
hinterland ?, 3. What is the relation between faulting and
cleavage development ?, 4. What processes are involved in the
formation of fault =zones ?, 5. Are there criteria +that
indicate the relative importance and duration of motion along

a fault zone 7, 6. Is there evidence that abnormal pore
pressure existed during faulting ?, and finally 7. What is
the structural evolution of the imbricate faults 2 The

first six questions will be largely addressed by direct
evidence at the outcrop. The last question will be answered
by palinspastically restoring the imbricated and cleaved
sequence to its undeformed state (fig. 9).

THE OUTCROP

Five imbricate thrust faults and associated ramps are exposed
in profile section in a foot thick bed of micrite +that
extends 14 m along an azimuth of N 80 E (fig. 7a). The
imbricate fault can be further classified as a central duplex
of three horsts that are separated from two simple ramps at
either end of the outcrop by approximately 2.5 m of flats.
The micrite bed is surrounded by at least 1.5 m of
well-cleaved <calcareous shale. Bedding plane faults are
present along the upper and lower surface of the micrite
where they merge with ramp faults that cut across the micrite
bed at an angle of approximately 30 degrees. The 1lower
bedding plane fault or floor thrust is relatively planar and
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the fault zone is thick compared to the upper bedding plane
faults which are folded in the ramp areas, cut by ramp
faults, and the fault =zones are thin. The upper bedding
plane fault forms the roof thrust for the central duplex.
Along the intervening flats the upper faults are generally
planar although they are cut by the S1 cleavage in many
places. The lower bedding plane fault is the major
decollement across the outcrop. Older bedding planes faults
are also present throughout the shale where they are offset
by the penetrative S1 cleavage.

All +the fault surfaces are covered by layers of sparry
calcite that vary in thickness from several millimeters +to
4-6 cm. The thickest zone is found along the decollement or
floor thrust whereas the +thinest zone is found along the
older bedding plane faults in the calcareous shale (fig. 7a).
In all but the thinest layers, the calcite is arranged in
distinct layers that are separated by discontinuous selvedge
of dark gray shale. Each of the layers are marked by grooves
or slickenlines +that +trends N 56 W and are essentially
parallel from layer to layer (7b). In sections oriented
perpendicular to the layering and parallel to the
slickenlines the shale selvedges are more parallel to each
other than in sections cut perpendicular to the slickenlines
where the selvedges either anastomse or conform to the cross
section of the grooves. In the parallel sections, however,
some of the selvedge layers are truncated by more continuous
surfaces. One of these can be traced for 1.5 m or more along
the decollement. At a number of places along the different
fault zones small dikes of sparry calcite have intruded +the
lower part of +the <calcite-shale 1layers. The fault-zone
fabrics are most clearly displayed along the decollement
where the calcite-selvedge layers are more abundance.

Fractures are common throughout the micrite bed where they
are oriented at either a high angle or low angle to the
bedding. Most fractures are filled with sparry calcite.
The most prominent fractures are arranged in en echelon
arrays that c¢limb either to the west or the east. Most of
these arrays are located in ramps areas and along the
west-facing limbs or small flexures. A few are present in
th2 flat regions of the bed. The fractures in many of the
arrays in the ramp regions are folded and some are cut by
younger generations of en echelon fractures. In the eastern
ramp the hangingwall and footwall are cut by near-vertical
fractures that are filled with fragments of the surrounding
micrite embedded in sparry calcite so as to form clastic
dikes.

Two, well developed, pressure-solution cleavages are present

throughout the calcareous shale. The first and most
conspicuous one, S1, strikes N 20 E and dips 60 to the east
(fig. 7b). This orientation is an average based on

measurements taken across the vertical face of the outcrop
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because the individual S1 surfaces are quite wavy along
strike. As a result they form a distinct diamond-shape
pattern on the Dbedding surface. The acute angle of the
diamond pattern is approximately 30 degrees in the shale and
50 degrees in the micrite bed. This geometry indicates a
moderate level of cleavage development according to the
scheme of Alvarez and others (1976). S1 surfaces are covered
by a black, carbon-rich selvedge of illite and kaolinite
which is 1less than 0.5 e¢m thick. Although many of the
cleavage surfaces are vertically continuous through +the
shale, some of them are short and discontinuous with tapered
ends. The thickest selvedge occurs on the most continuous
surfaces. The surfaces of the selvedge are not 1lineated
although some are polished. The S1 cleavage offsets bedding
and the older bedding-plane thrust faults with a
down-to-the-east sense throughout much of the outecrop. This
displacement is greatest where a selvedge is the thickest and
it gradually is reduced to zero as a selvedge thins toward
the tapered ends of +the shorter cleavage surfaces. The
average width of the microlithons between the S1 surfaces is
5.6 cm thick. The 81 cleavage not only cuts the older
bedding-plane faults but cuts across most of the roof faults
on top of the micrite bed.

A second, well developed <cleavage, St, 1is resticted to a
foot-thick zone directly below the decollement (fig. 7a).
The individual cleavage surfaces are thinner (about 1 mm
thick), more closely spaced (about 1 cm or more), and are
covered with a thin selvedge (less than 1 mm). Furthermore,
St dips to the east at only 6 degrees compared to the steeper
dip of S1. St is also developed along the roof thrust of the
micrite bed, but the zone is thinner and it is more difficult
to recognize because the roof faults have been folded in the
ramp areas and deformed by S1. The St cleavage is definitely
related to movement of the thrust faults because it is only
. found near the faults and it is absent away from them.

In the zone near the decollement and the roof faults the S1
cleavage is rotated eastward so that the steeper 60 degree
dip in the shale is reduced to 25 degrees [fig. Th). The
strike of the rotated S1 (hereafter referred to as Sr) is the
same as S81 away from the faults. The counterclockwise
rotation of S1 +through an angle of shear of 35 degrees
indicates that movement on the decollement was east-over-west
along a direction of N 56 W as indicated by the slickenlines
along the decollement. This sense of displacement 1is
consistent with the orientation of St since the normal to St
would correspond to the direction of maximum finite
compressive strain.

Cleavage, similar to S1 and St, is totally absent from the
micrite Dbed. In a few places, however, a very thin (less 1
mm), styolitic to very irregular cleavage is oriented
perpendicular to bedding in the micrite. This cleavage is
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not developed uniformly throughout the micrite. Where it 1is
formed the cleavage surfaces are separated from each other by
at least 6-10 cm. The form, orientation and limited
distribution of this cleavage indicates that it formed very
early in the deformation sequence while compression was
essentially parallel to the planar micrite bed.

RAMP FAULTS

A1l +the east-dipping ramp faults develop from arrays of
west-climbing, en echelon fractures. Although a few of the
fractures are cavities covered by terminated calecite
crystals, most of +them are completely filled with sparry
calcite. The sequence by which these faults develop is well
displayed in a few gently folded parts of the micrite bed and
in the ramp regions where the en echelon arrays are folded or
cut by continuous ramp faults. These arrays appear to
nucleate along the west-facing limbs of slightly asymmetrical
buckle folds. The individual extension fractures within the
arrays dip more steeply to the west by values of 7 to 11
degrees than the nearby bedding at the ©boundary of the
micrite bed. The sequence continues with the rotation of the
extension fractures by distributed shear strain along the

west-climbing array. The - individual fracture continued ¢to
grow as the older central parts of the fractures were rotated
counterclockwise to produce S shaped fractures. Shear

strains along these arrays were calculated using equation 2.3
of Ramsay and Huber (1983) and are in the order of 1.4 (54
degrees). These strains indicate that at least 5.6 cm of
displacement occurs across the arrays before they fail along

a ramp fault. During this +time new arrays of planar
fractures were developed over the older arrays thus producing
a weakened zone along the trend of the array. As

generations of fractures were superposed they eventually
coalesced and developed into ramp faults as demonstrated by
deformed fracture arrays in the footwall and hangwall which
are truncated by the ramp faults. The presence of sparry
calcite and cavities in +the fractures indicates that the
fractures opened rapidly and at a shallow enough level in the
crust so that the micrite bed was strong enough to support
the shape of the cavities.

East-climbing, en echelon fracture arrays are also present in
the micrite where they +tend to concentrate in the ramp
regions. Unlike the fractures in the west-climbing arrays,
the individual extension fractures in the east-climbing
arrays are either parallel to or dip more steeply to the east
than bedding. These angular relations are important because
they indicate that the east-climbing arrays were not formed
at the same time as the west-climbing arrays. Although some
of the fractures in these arrays are deformed into g shapes,
none of the arrays developed into west-over-east faults or
backthrusts. Calculated shear strains along these arrays
give a maximum value of 1.1 (47 degrees). I suggest that
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they formed as a result of continued compression after the
ramp faults were locally locked and before failure developed
in another ramp zone farther to the west.

The orientation of the extension, or perhaps true tension,
fractures in +the micrite bed are important because they
indicate the relative position of the bedding relative to the
direction of maximum compressive stress (Sigma 1) which was
essentially horizontal during deformation. During the early
stage of deformation bedding was essentially parallel +to
Sigma i because the styolitic cleavage, which forms
perpendicular to sigma 1, 1is perpendicular to bedding. The
bedding then rotated eastward so that the extension fractures
in the west-climbing arrays formed at a more-westerly
inclined angle than bedding. East-over-west displacement in
bedding plane faults could occur at this time because the
finite shear stress was now high enough to overcome
frictional resistence. Subsequent formation of ramp faults
and their evolution 1led to the development of the east
climbing arrays as a result continued <compression. The
orientation of these extension fractures is then controlled
by the 1local orientation of sigma 1 in the ramp regions.
Single, bed-parallel fractures in the flat regions of the
micrite bed could have formed any time during the deformation
sequence.

FAULT CHRONOLOGY

The discussion here will concentrate on the chronology of
faults that are present within and in direct contact with the
micrite Dbed. The bedding plane faults in the surrounding
shales are clearly older than these faults because they are
cut and offset by the S1 cleavage. Although the bedding
plane faults that are in direct contact with the micrite bed
may have formed originally at this time there 1is abundant
evidence that they certainly were active long after those in
the shale. Their average age therefore is younger.
Furthermore, they play an essential role in the development
of the ramp faults.

The evidence for the relative age of each of the faults is
found in the regions where the ramp faults merge with the
roof and floor faults. For example, in the western part of
figure 7a the ramp fault (Tn-1) cuts across the upper-bedding
plane fault (Tn-2) of the hangingwall ©block but merges
asymtopically with the floor fault (Tn) of the footwall
block. Furthermore, the roof fault of the hangingwall block
is folded and cut by S1 cleavage. At the junction of the
ramp fault and the floor fault, the quasiplanar slip surfaces
in the calcite-shale fault zone cut across the fault zone of
the ramp fault. The relative age relations therefore are
clear - the oldest fault of the three is the roof thrust and
is designated Tn-2. The youngest fault is the floor thrust
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(Tn). This same relative chronlogy applies to all the ramps
and duplexes to the east.

Several important conclusions result from this analysis.
First, the imbricate faults which comprise the roof, ramp,
and floor fault system Dbecome younger to the west or the
foreland for the Northern Appalachians. This- conclusion is
based on direct evidence and not an assumption on the fault
sequence. Second, the floor fault is continually reactivated
during the evolution of the fault system. The average age of
the fault zone therefore becomes younger to the west. It is
a time transgressive sgstructure in very sense of the word.
Furthermore, it is the most continuous fault in the outecrop.
This second conclusion explains why the fault zone for the
floor fault is thicker than the fault zones along the ramp or
roof faults. The floor fault has been active for a longer
period of time than any of the other faults. The thickness
and continuity of a fault zone therefore are directly related
to the duration of motion of a given fault. How far +this
relationship can be carried to faults in other sequence is
uncertain. It does seems to hold true for the shale section
in western Vermont.

The geometry of the westward-younging faults in the micrite
bed is distinctive - a flat, continuous floor fault with
folded roof faults that are cut by ramp faults along their
steeper west-facing limbs (£18e¢ Tals This is +the standard
"piggyback" sequence described for many mountain chains in
which the thrust faults young toward the foreland (Boyer and
Elliot, 1982; for example). Would the geometry, however, be
different for an eastward-younging sequence or, in this case
of the Northern Appalachians, a sequence that would young
toward the hinterland? As shown in figure 8, the answer is
yes. Here the roof fault can take on various configurations
as irregularities caused by wearlier ramp anticlines are
eliminated by continued movement on the roof fault =zone.
Note +that each of the ramp faults are truncated by the
younger roof thrust. The floor faults are irregular and are
cut successively by each of the ramp faults to the east.
Ramps and duplexes with this geometry  have not been
recognized in the shales of western Vermont.

FAULT-ZONE DEPOSITS

With our understanding of fault chronology and importance, I
now consider the processes by which the sparry calcite and
shale are formed along the fault =zones. Because the floor
fault has been active throughout +the development of the
imbricate system one can find the most complete history there
compared to the other faults where +the history has been
shorter and less complex. The fact that the average age of
the fault zone along the floor fault is older to the east
than the west, further suggests that more of its history will
be recorded at the eastern part of the outcrop than the

61



FORELAND SEQUENCE

Foreland e Hinterland
e = =
o —
A
fleor thrusl
A
P —
e — Aclive Faull
HINTERLAND SEQUEMNCES —_— Insactive Fauits
Forsland Hinterland
rool thrust B e ;
i ) Sedimentary Contact

~ 7
lioor thiust
B
Forsland
roof thrusl B
—_ / A -

Hinterland

.
2 S e e sia,

29

Foreland

flaor thrusl

Hinterland

Stanley 1988

FIQUI‘B 8 Comparison between imbricate thrust faults that become
younger toward the foreland (foreland sequence) and those
that become younger toward the hinterland (hinterland
sequences). In all models the ramp faults are numbered
1, 2, and 3 in the direction of the ramp with the
youngest age. In A, the foreland sequence, the older
roof thruats are cut by the younger raap faults (loc. B)
wheress the ramp faults are cut by the floor thrust
nearest the foreland (loec. 4). The age and the
fault-zone fabric aleng the floor thrust become older and
more complex toward the hinterland. In the hinterland
sequaences each floor thrust toward the foreland is cut by
the ramp fault with the next higher number toward the
hinterland (loc. A, for example). The roof thrusts must
cut across folded bedding (not shown) along the 1limb
facing the foreland (loc. B) in B and C. D is considered
an unlikely possibility in nature because the roof thruat

. must cut acrosa the strong rocks of the “beam” rather
than follow the weak layer between the “"beam™ and the

{B\-\ N\L tump taull

fioor thiusl

overlying shale. In all hinterland sequences the age and
fault-zone fabrics along the roof thrust become older and
more complex toward the foreland. In C the number of
roof thrusts increases toward the foreland. Their
individual fault fabrics may be relatively simple since
they may not be involved with repeated movement during
each imbrication. The position of the sedimentary
contacts, here defined as a contact that is not involved
with shortening of the “beam™, 1is a very diamportant
criterion that gseparates foreland from hinterland
sequences. In the  hinterland sequences weither the
anticlinal limb facing the foreland (_B_ and E) or the full
raop anticline (2) are sedim2ntary contactas. In the
foreland sequence the ramp thrust caps all the
anticlines. A basic assumption in all these models is
that faults that have undergone repeated movement during
their evolution will be planar or gecmelrically simple.
These fault are the labelled the "active faults”™ 1n the
models.



western part. The fabric along the floor fault, however,
appears to be just as complex to the west as it is to the
east. I have not been able to identified any feature that
can be correlated directly with age. ' Other such factors as
fault junctions in the ramp or duplex areas and broad
flexures along the intervening flats control the thickness
and complexity of the fault zone and, hence, overshadow any
age-related fabric that might be preserved along the length
of the fault. Leonard (1985) studied the fault zones in the
field and in oriented thin sections cut ©parallel and
perpendicular to the slickenlines.

The important facts +that bare on the evolution of the
fault-zones are the following:

1) All the faults zones are filled with veins of sparry
calcite and minor quartz which are generally oriented either
parallel or at a low angle to the fault surface. Vertical
veins, which commonly Jjoin sills higher in the fault =zone,
are more common in the lowest layers of the fault zone and in
the shale directly beneath the fault zone. Here in the shale
some of the thinnest veins are filled with fibrous calcite
and shale chips which are alined parallel to the vein walls
in the typical "crack-seal" pattern of Ramsay (1980).

2) Discontinuous, dark, styolitic clay laminae with
concentrations of quartz adjacent to or within the laminae
are interlayered with the calcite in all but thinnest =zones.
The laminae are identical in appearance to the selvedges on
the S1 <c¢leavage surfaces. Some of +the <c¢lay laminae are
continuous with chips of shale which are either completely
enclosed within a <calcite layer or occur at the boundary
between two calcite veins. These shale chips ©preserve
varying degrees of pressure solution. For example, some of
the chips are similar to the undeformed shale in microlithons
away from fault zones whereas others have dark, thin
selvedges within the chip and along their edges.

) A relative planar surface decorated with shale
laminae cuts older surfaces in the fault-zone deposit and is
continuous for 1.5 or 3 m along the floor fault. Such

surfaces as this are called slip surfaces.

4) The size of the sparry calcite is directly
proportional to vein width. Most grains are bladed in form,
but their 1long axes 1is not prefferentially alined. The
calcite 1in all the 1layers is +twinned with the greatest
density occuring in the thinner layers between shale laminsae
where the grains are turbid and small. The larger grains in
thicker layers nearest the planar slip surface are generally
more twinnned than are those grains in veins further away.

5) Quartz occurs in a variety of forms. Large euhedral

quartz crystals are found here and there in the middle of
wide <calcite veins. The quartz 1is deformed by fracture

63



whereas the calcite 1is twinned. Small crystals occur along
the edges of selvedges. Very small grains with oriented C
axes and 1indistinect borders are oriented parallel to some
vein boundaries. In other areas calcite and quartz appear to
be randomly intergrown with indistinct and irregular
boundaries. The quartz in the microlithons in the shale away
from faults is equant whereas it is elliptical in the well
cleavage zone within a foot of the floor fault.

6) The slickenlines on each of the vein layers are formed
by grooves rather than calcite fibers.

7) The calcite-shale layers tend to be more parallel in
sections cut parallel to the slickenlines rather than they
are in sections cut perpendicular to the slickenlines where
the layers are irregular or anastomose.

It is clear from the foregoing information that the calcite
has been intruded along the faults after the initial cohesion
had been broken along the shale-shale or shale-micrite
contacts where the strength contrast is the greatest and the

cohesive strength the weakest. Once such a zone has
developed and is filled with calcite, it becomes a zone of
weakness. Subsequent failure 1likely occurred along the
calcite-shale interface and resulted in scabs and chips of
the shale being incorporated into the fault =zone. Other
shale fragments may have been sheared in along faults or
carried in along thick veins. During renewed movement the

calcite and quartz were dissolved from the shale to form the
black selvedges which are interlayered with the calcite and
decorate the slip surfaces. These boundaries then formed
weak planes along which subsequent movement occurred within
the fault zones. As the fault zone thickened movement could
occur along planar surfaces (slip surfaces) which smoothed
out the irregular geometry formed by ramp =zones and broad
folds in the intervening flat regions of the micrite bed.
Movement therefore was no longer reatricted to the
calcite-shale boundaries of thin fault zones, but could occur
along any favorably situated calcite-selvedge boundary. The
resulting clay selvedge then acted as a catalyst that
facilitated solution of calcite from the selvedge-calcite
bcundary of the surrounding veins. This process resulted in
the stylolitic form of the selvedge. Leonard (1985)
suggested that preferential solution in the direction of
fault movement produced the slickenline grooves and the
stylolitic selvedges best seen in sections cut perpendicular
to the slickenliness

Because the floor fault was continually active during the
evolution of the imbricate system, it is not surprising to
find evidence for repeated vein injection in the form of
numerous crosscutting veins in the thick fault zone deposit.
During each of these events the influx of fluid and the
subsequent crystallization were relatively rapid so that
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sparry calcite formed rather than fibered calcite. As the
fault zone thickened with 1layers of calcite and clay
selvedge, new veins could form along any surface of weakness
within the fault zone rather than being confined to the outer
borders with the country rock. Ags movement continued across
the fault zone, the calcite in the older veins became heavily
twinned and severely strained. Repeated solution of calcite
along their ©boundaries with +the adjacent clay selvedges
reduced their thickness and produced the common observation
that <calcite in many of the thinner veins are heavily
twinned.

The senario that has been inferred from the fault =zone
fabrics and the relative age relations among the faulis
suggests that fault movement was intermittent with each event
occuring rapidly. During the intervening time deformation in
the fault zone may have been restricted to twinning in the
calcite.

SHORTENING AND CLEAVAGE DEVELOPMENT

The shortening across the outcross is conveniently recorded
by the folds in the ramps areas and structural overlap across
the faults. The displacement on each of the faults in the
micrite bed ranges from 7.6 to 48.3% cm which adds up to a
total displacement of 134 cm (1.34 m) over a present
horizontal distance of 10.7 m. The five anticlines over
ramps and the ©broad folds along the flats account for
approximately 12.7 cm of additional shortening so that the
total shortening equal 146.7 cm (1.47 m). These values
correspond to a shortening of 13.7 percent of which folding
only accounts for 8.7 percent of the total reduction in
length.

In the shale the corresponding shortening 1is provided by
volume reduction across the cleavage surfaces, S1 and to a
far lesser degree St. It is <c¢clear that these <cleavages
formed by pressure solution because they are marked by
insoluble residue. Furthermore the abundance of calcite and
minor quartz in fractures and along the faults indicates that
these two minerals were dissolved from the calcareous shale
and deposited in nearby openings. In order to see if the
shortening determined from the micrite bed is comparable to
the shortening in the shale, an independent estimate
therefore was made for the shale by determining the
percentage of insoluble material. Samples of suitable
material from four different microlithons where immersed in
hydrochloric acid until all the soluble material was
eliminated. The final average residue was %6 percent of the
original mass (a range of 32% to 39% for 4 samples). The
number of cleavage selvedges was then counted across a
present outcrop width of 7.9 m measured perpendicular to the
cleavage. The total width of the selvedges (a range of 35.4
to 54 cm) was then multiplied by 2.8 to given an estimate of
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the original width now represented by the cleavages (99 to
152 cm). The original length of the present 7.9 m width was
then estimated to be 8.8 to 9.5 cm. Shortening was then
calculated to be in the range of 11 to 16 percent. Although
this range overlaps the shortening value determined from the
"beam", the shale value is 1less accurate because there is
more error 1in estimating the +thickness and number of the
cleavage selvedges.

I therefore conclude that the formation of the cleavage and
consequent shortening in the shale occurred during imbricate
faulting in the micrite bed. Although this conclusion may
seem intuitively obvious, it does have important implications
for the evolution of the cleavage. Because 1 have already
proven ®hat the faults represent a time-transgressive
sequence that developed from east to west, I must also
conclude that the cleavage in the surrounding shales
developed in a similar mannner. Unlike my earlier
conclusion, this relation is far from obvious if my
observations were restricted Jjust to the cleaved shale. In
fact it is the existence of the micrite bed and its fault
geometry that allows me to conclude that the cleavage in the
shale is indeed a time transgressive phenomena.

The next problem is the origin of Sr, the rotated cleavage,
and St the finely spaced cleavage below the floor thrust.
Because Sr is simply the dominant S1 cleavage that has been
rotated in simple shear near the floor and roof faults, it
had to form during subsequent displacement on these faults.
Measurements of cleavage rotation taken at 8 locations below
the micrite bed averaged 36 degrees whereas similar
measurements taken at 7 locations above the micrite bed
averaged 27 degrees (Table 1 )s These line rotations
correspond to angular shear strains of 51 degrees for the
floor thrust and 33 degrees for the various roof thrusts
using equation 2.3% of Ramsay and Huber (1983) in which Ganma,
the shear strain = cot alpha - cot alpha'. In this equation
alpha and alpha' are the angles of 51 and St respectively
from the fault surface. The fact that the Sr cleavage below
the thrust has been rotated in most cases through a greater
angle of shear than Sr above the thrust is consistent with my
earlier conclusion that the floor thrust was active
throughout deformation whereas the individual roof faults are
short 1lived and are only active during the time interval
between the formation of each of the imbricate faults.

The St cleavage clearly formed after Sr because it cuts
across Sr at a low angle and is not folded or rotated near
any of the faults. Although St is best developed below the
floor thrust, it is also present just above the roof thrusts
where the cleavage is less distinect and occupies a thinner
zone compared to the comparable cleavage along the floor
thrust. Because the St cleavage is confined to a narrow zone
near the faults, it most 1likely developed as a result of
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simple shear which rotated the S1 cleavage. In order to test
this hypothesis the angle between St and the nearby fault,
0', was measured and compared with a <calculated value
predicted by the Ramsay equation Tan 20'=2/gamma (Ramsay and
Huber, 1983, equation 2.4;Table 1, this paper). The values of
gamma were calculated from the rotation of the cleavage using
the equation described in the foregoing paragraph (Ramsay and
Huber, 1983, eq. 2.3). This equation predicts the acute
angle, 0', between the plane defined by Lamda 1 and Lamda 2
of the strain ellipsoid (long axis of the strain ellipse in 2
dimensions) and the plane of simple shear which in this case
is the fault surface. In the ideal case of simple shear the
5t cleavage will be parallel to the Lamda 1-Lamba 2 principal
plane of +the strain ellipsoid. Thus the calculated and
observed values should be the same within the margin of error
providing no mechanism other than simple shear was involved.
Along the floor fault the calculated angle between St and the
fault is an average of 29 degrees for 8 separate locations.
The observed value, however, was an average of 21 degrees.
Along the higher roof thrust the calculated angle between St
and the nearby fault was an average of 37 degrees for 6
locations whereas the observed value was 52 degrees.
Although the sample population was small and the
corresponding standard deviations large for both the
calculated and observed values, the differences do suggest
two important relations. First, the angle O' between the St
cleavage and the fault is larger along the roof thrust than
it is for the floor thrust. This relation simply reflects
the smaller shear strain along the roof thrust compared to
the floor thrust. Second, and more importantly, the
calculated angle O' between St and the nearby faults is
consistently larger than the observed angle by values that
range from 8 degrees for the floor thrust to 5 degrees for
the roof thrust. This relation is important because it
suggests either that the St cleavage has been subsequently
flattened by some sort of vertical loading after simple shear
or that the volume reduction, which has occurred during the
formation of the St c¢leavage, has indeed reduced the O'
angle. The volume reduction associated with the formation
of the B8t cleavage was probably 1less than the 10 percent
calculated for the 81 ©because the St surfaces are much
tkinner than S1 although they are more numerous.

Are Sr and S5t time transgressive? Because I have
demonstrated earlier that the floor fault and the respective
roof faults are time transgressive, it must follow that both
Sr and St are also time transgressive to the west. This
conclusion suggests that the amount of rotation of Sr should
also increase to the east particularly along the floor thrust
where the displacement is larger and has taken place over a
longer period of time. Although this feature was evaluated
across the outcrop, I could not detect within the error of my
measurements any such relation for Sr. This observation
suggests that the process by which the S1 cleavage is bent
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essentially work hardens and another deformational mechanism

progressively takes over as the angle of 1line rotation
increases during simple shear. This process appears to be
the formation of the pressure-solution St cleavage because it
is confined to the fault zone and is not bent like the older
Sr cleavage. My measurements suggest that the St cleavage
probably developed when the S1 cleavage was rotated somewhere
in the neighborhood of 35 degrees.

EVOLUI'ION OF STRUCTURES

The evolution of the 1imbricate faults and +the various
cleavages described in the foregoing section is illustrated
in a series of retrodeformed sections in figure 9. Section 1
shows the outcrop at South Hero in its present state.
Section 2 is developed by reversing the deformation
associated with the youngest ramp fault at the western part
of the outcrop. The remaining four sections are formed by
systematically unfaulting the micrite bed from west to east
in the reverse order of their formation. For example, in
section 2 the hanging wall block (B, section 2) is unfolded
as it 1is returned to 1its original position east of the
footwall block (A, section 2). During this time the active
fault which carried the eastern sequence westward was the
floor thrust below segments D and E, the ramp fault just
below segment C, and the roof thrust above segments B and A,
which were then undeformed. In the shale above and below
this active fault the S1 cleavage 1is shown in a flatter
position (sr) as a result of rotation generated by
east-over-west simple shear. Note that the rotated cleavage,
Sr, is absent below blocks A and B since, at this time, the
micrite ©bed 1is attached to the underlying shale. The
fault-zone cleavage, St, is also shown in the shale along the
active fault. I believe that this cleavage developed during
the evolution of the imbricate structures rather than after
all the imbricate faults had formed because St 1s present,
although poorly developed, along the roof thrust above each
segment of the micrite bed. If the fault-zone cleavage had
formed after all the imbricate faults had moved into place,
then it (St) would only be found along the floor thrust. The
St cleavage therefore must have developed during the
formation of each imbricate fault.

As a consequence of reversing the displacement on the fault
and unfolding the ramp fold, the volume in the adjacent shale
must be increased by eliminating much of the cleavage below
segments A and B of the micrite bed. Note, however, that the
density of S1 cleavage in the thrust plate above segments A
and B is essentially the same across section 2. This diagram
is drawn in this way because I believe that the upper plate
of the active fault was probably being shortened as a result
of ramps or irregularities along the fault surface farther to
the west. In actual fact, however, the density of S1 in the
upper plate must decrease to the west because, first, this is
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what is observed to the west across South Hero Island and,
gecond, the overall stress intensity during deformation in
theoretical models diminishes from the hinterland to the
foreland (for example, Hubbert, 1951; Chapple, 1979; Davis
and others, 1982). Thus at any one time the cleavage density
not only dimishes toward the foreland but it also changes in
the same way from +the wupper plate to the lower plate
(compared sections 2 through 5). As deformation progresses
older cleavage surfaces continue to grow in thickness and
lateral extent and younger surfaces nucleate in older
microlithons and grow essentially parallel to the older S1
surfaces. In the end the S1 cleavage is uniformly developed
across the outcrop and appears to the casual observer to be
coeval across the outcrop because its style and orientation
are the same. As can be geen in these series of sections,

however, that the S1 cleavage is clearly a time trensgressive
structure.

Sections 3, 4 and 5 show the retrodeformation continuing to
the east and are constructed in the same manner as section 2.
Thus the evolution of the imbricate system and its associated
structures can be 8een by studying diagrams 5 through 1.
Clearly all the structures are time transgressive from east
to west as they are traced through sections 5 to section 1.
During deformation the floor thrust or basal decollement
undergoes repeated west-directed movement. As a result the
Sr cleavage 1is rotated to a larger angle along the floor
thrust than it is along the roof thrusts. When this angle
reaches values in the range of 30 to 35 degrees, it appears
that pressure solution takes over as the dominant shortening
mechanism and the fault-zone <cleavage, ©St, begins to be
developed. Because the floor thrust continually moves the St
cleavage is better developed there than along the higher roof
faults.

STOP 4 - THE CHAMPLAIN THRUST FAULT AT LONE ROCK POINT,
BURLINGTON, VERMONT - The following discussion 1is reprinted
from The Centennial Field Guide, Volume 5, of the Geological
Society of America in 1986. All the figure numbers for this
stop refer to those figures in the reprint. The reprinted
discussion appears in Appendix 1. Figure 10 is a regional
map showing the 1location of the Champlain thrust fault in
western Vermont. The Long Rock Point locality is identified
as "LRP". The Arrowhead Mountain thrust fault is 1located
east of the Champlain thrust fault and is identified by the
letters "AMTF".

STOP 5 - THE HINESBURG THRUST FAULT AT HINESBURG, VERMONT -
This is the <classic and best exposed 1locality for the
Hinesburg thrust fault (fig. 10, "HTFM"). It contains many
fault related fabrics that have recently been studied by
Strehle (1985) and published by Strehle and Stanley (1986) in
a bulletin of the Vermont Geological Survey (Studies in
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Flgure 10 Interprecative Tectonie Map of Vermont and eastern New York
showing the general location of the Arrowhead Mountain thrust fault (AMTF),
the Hinesburg thrust fault at Mechanicsville (HTFM), and the Underhill
thrust fault at Jerusalem (UTFJ), and South Lincoln (UTFSL). The geological
map is taken from Stanley and Ratcliffe (1985, PL. 1, figqure 2a). Symbol T
in A6 is a glaucophane locality at Tilliston Peak. Short line with x's
(Woccester lMountains) and line with rhomoss (Mount Grant) in C6 and DS mark
the Ordovician kyanite-chloritoid zones of Albee (1968). Widely-spaced
diagonal lines in northcentral Vermont outline the region that contains
medium-high pressure amohibolites described by Laird and Albee (l1981lb).
Irreqular black marks are ultramafic bodies. Open teeth of thrust fault
symools mark speculative thrust zones. The following symools are generally
listed from west to east. Yad, Middle Proterozoic of the Adicrondack massif;
Yg, Middle Proterozoic of the Green Mountain massif; YL, Middle Proterozoic
of the Lincoln massif: Y, Middle Proterozoic between the Green Mountain
massif and the Taconic slices, Vermont; OCp, Cambrian and Ordovician rocks
of the carbonate-siliciclastic platform: rift-clastic sequence of the
Pinnacle (CZp) and Fairfield Pond Formations (CZf) and their equivalents on
the east side of the Lincoln and Green Mountain massifs, PhT, Philipsburg
thrust; HSoT, Highgate Springs thrust; PT, Pinnacle thrust; OT, Orwell
thrust, UT, Underhill thrust ; HT, Hinesburg thrust; U, ultramafic rocks;
CZu, Underhill Formation; CZuj, Jay Peax Memoer of Underhill Formation; OCr,
Rowe Schist; Om, Moretown Formation; ©h, ‘Hawley Formation and its
equivalents in Vermont; JS, Jerusalem slice; US, Underhill slice; HNS,
Hazens Notch slice; MVFZ, Missisquoi Valley fault zone; PHS, Pinney Hollow
slice; BMT, Belvidere Mountain thrustc: CHT, Cooburn Hill thruse; QOa,
Ascot-Weedon sequence in grid locaticn 7A.
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Vermont Geology No.3). This publication also contains
analyses of other fault zones of western Vermont which will
not be seen during this conference. The reader is referred

to this paper or an earlier NEIGC trip by Gillespie and
others (1972).

The Hinesburg thrust fault separates the Cambrian-Ordovician
rocks of the platform sequence from the older, highly
deformed metamorphic rocks of the eastern hinterland. As
shown in figure 4, the Hinesburg thrust fault developed along
the overturned, sheared limb of a large recumbent fold. This
fault probably broke out from the overturned 1limb of a
fault-propagation fold (Suppe, 1985) and therefore is similar
in origin to the Arrowhead Mountain thrust fault. To the
south the Hinesburg thrust fault dies out somewhere in the
overturned limb of the Lincoln massif (Tauvers, 1982;
DiPietro, 1983%; DelloRusso and Stanley, 1986).

At +the Mechanicsville 1locality the lower 40 m. of the
Cheshire Quartzite is structurally overturned along the base
of the upper plate of the Hinesburg thrust fault. Higher up
the c¢liff the quartzite grades into +the Fairfield Pond
Formation of Tauvers (1982). The 1lower plate rocks, which
are poorly exposed, <consist of <carbonates of the Lower
Ordovician Bascon Formation. Slivers of dark gray phyllite
of the Brownell Mountain Phyllite are found at several
localities along the fault trace. Chlorite, muscovite, and
stilpnomelane are present in the quartzite. Muscovite and
chlorite are present in the schist. Quartz is thoroughly
recrystallized, but feldspar grains are fractured and bent.

The following features should be studied here:

1) The change in fabric as the fault surface is approached.
The quartzite grades from a protomylonite away from the fault
to an ultramylonite near the fault. In thin section quartsz
becomes finer grained and quartz porphyroclasts decrease in
number toward to fault.

2) The presence of east-over-west or "S" shaped
asymmetrical folds. These folds are related to simple shear
along the fault and are not related to the overturned 1limb of
the older Hinesburg nappe. Parasitic minor folds related to
this older structure would show a west-over-east or "Z"
shaped asymmetry.

3) The prominent compositional layering. This layering is
not bedding but represents the axial surface schistosity of
the older parasitic folds related to the Hinesburg nappe. It
is overprinted by a younger schistosity that is associated
with the east-over-west folds. These two schistosities
become a composite mylonitic schistosity as the fault surface
is approached.
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4) The prominent mineral lineation consisting of elongate
quartz and guartz clusters.

5) "Z" shaped quartz veins that are associated with beds of
gquartzite. These structures are particularly interesting
because the record progressive shear strain and
mylonitization along the fault. The veins are confined +to
the metasandstone and metasiltstone layers and occur in at
least 3 orientations. The least defomed veins are oriented
¢ither perpendicular to the layering or dip steeply to the
west. They are filled with straight quartz fibers oriented
perpendicular to the vein walls and show no signs of
recrystallization except where they cross older "Z" shaped
veins (Warren, 1988, pers. comm. ). Here +the fibers are
reduced to smaller, nearly equant grains with undulose
extinction. The most deformed veins are "Z" shaped and dip
to the east. The older quartz fibers are completely replaced
by fine grained, recrystallized quartz that forms a mylonite
with distinet whitish layers oriented essentially parallel to
the vein Tboundary. The third get is intermediate in
orientation and deformation between the other two. The "Z"
pattern develops because the shear strain (8.5 or an angle of
shear of 84%) is higher in the pelitic units that surround
the metasandstones where the shear strain is 1.48 (angle of
shear of 569), Strehle and Stanley (1986) suggested that
these veins developed as shear fractures during
east-over-west shear. This interpretation is not consistent
with the fact that the youngest veins are vertical and
consist of gquartz fibers orientated essentially parallel +to
the layering (Warren, 1988, pers. comm.). It therefore
appears that the veins formed as extension fractures during
periods of vertical or near vertical loading. These periods
of flattening (pure shear) were then followed by longer
periods of east-over-west simple shear during which the veins
were rotated westward and the characteristic "Z" pattern
developed. The quartz, which was originally fibered, became
progressively mylonitized as the extension veins were rotated
into the favorable, east-dipping, shear position. Movement
on these east-dipping veins continued even after they were
cut by younger, unrotated veins because the fibered segments
of the younger veins are deformed and recrystallized.

6) Rare west-dipping shear bands. These structures deform
the younger schistosity which is parallel +to the axial
surfaces of the "S" shaped folds.

7) Westward displacement (N 75 W) of the upper plate of
the Hinesburg thrust is documented by "S" shaped folds, "Z"

shaped~-quartz veins, quartz porphyroclasts, and late shear
bands.

8) Late fractures and associated en echelon fracture
arrays. These structures thought to be related to Mesozoic
normal faults which cut the Champlain and Hinesburg slices.
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One of these faults is located about 1000 m. directly west of
this locality.

The interpretation of these structures and the thin sections
fabrics are discussed in Strehle and Stanley (1986).
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The Champlain thrust fault, Lone Rock Point, Burlington, Vermont

Rolfe S. Stanley, Department of Geology, University of Vermont, Burlington, Vermont 05405

LOCATION

The 0.6 mi (1 km) exposure of the Champlain thrust fault is
located on the eastern shore of Lake Champlain at the north end
of Burlington Harbor. The property is owned by the Episcopal
Diocesan Center. Diive several miles (km) north along North
Avenue (Vermont 127) from the center of Burlington until you
reach the traffic light at Institute Road, which leads to Burlington
High School, The Episcopal Diocesan Center, and North Beach.
Turn west toward the lake and take the first right (north) beyond
Burlington High School. The road is marked by a stone archway.
Stop at the second building on the west side of the road, which is
the Administration Builaing (low rectangular building), for writ-
ten permission to visit the field site.

Continue north from the Administration Building, cross the
bridge over the old railroad bed, and keep to the left as you drive
over a small rise beyond the bridge. Go to the end of this lower
road. Park your vehicle so that it does not interfere with the
people living at the end of the road (Fig. 1). Walk west from the
parking area to the iron fence at the edge of the cliff past the
outdoor altar where you will see a fine view of Lake Champlain
and the Adirondack Mountains. From here walk south along a
footpath for about 600 ft (200 m) until you reach a depression in
the cliff that leads to the shore (Fig. 1).

SIGNIFICANCE

This locality is one of the finest exposures of a thrust fault in
the Appalachians because it shows many of the fault zone fea-
tures characteristic of thrust faults throughout the world. Early
stidies considered the fault to be an unconformity between the
strongly-tilted Ordovician shales of the “Hudson River Group”
and the overlying, gently-inclined dolostones and sandstones of
the “Red Sandrock Formation” (Dunham, Monkton, and Wi-
nooski formations of Cady, 1945), which was thought to be
Silurian because it was lithically similar to the Medina Sandstone
of New York. Between 1847 and 1861, fossils of pre-Medina age
were found in the “Red Sandrock Formation™ and its equivalent
“Quebec Group” in Canada. Based on this information, Hitch-
cock and others (1861, p. 340) concluded that the contact was a
major fault of regional extent. We now know that it is one of
several very important faults that floor major slices of Middle
Proterozoic continental crust exposed in western New England.

Our current understanding of the Champlain thrust fault
and ite associated faults (Champlain thrust zone) is primarily the
result of field studies by Keith (1923, 1932), Clark (1934), Cady
(1945), Welby (1961), Doll and others (1961), Coney and others
(1972), Stanley and Sarkisian (1972), Dorsey and others (1983),
and Leonard (1985). Recent seismic reflection studies by Ando
and others (1983, 1984) and private industry have shown that the
Champlain thrust fault dips eastward beneath the metamor-
phosed rocks of the Green Mountains. This geometry agrees with
earlier interpretations shown in cross sections across central and
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Figure 1. Location map of the Champlain thrust fault at Lone Rock
Point, Burlington, Vermont. The buildings belong to the Episcopal Di-
ocesan Center. The road leads to Institute Road and Vermont 127
(North Avenue). The inferred change in orientation of the fault surface is
based on measured orientations shown by the dip and strike symbols.
The large eastward-directed arrow marks the axis of a broad, late syn-
cline in the fault zone. The location of Figures 2 and 3 are shown to the
left of “Lone Rock Point.” The large arrow points to the depression
referred to in the text.

northern Vermont (Doll and others, 1961; Coney and others,
1972). Leonard’s work has shown that the earliest folds and faults
in the Ordovician sequence to the west in the Champlain Islands
are genetically related to the development of the Champlain
thrust fault.

In southern Vermont and eastern New York, Rowley and
others (1979), Bosworth (1980), Bosworth and Vollmer (1981),
and Bosworth and Rowley (1984), have recognized a zone of late
post-cleavage faults (Taconic Frontal Thrust of Bosworth and
Rowley, 1984) along the western side of the Taconic Mountains.
Rowley (1983), Stanley and Ratcliffe (1983, 1985), and Ratcliffe
(in Zen and others, 1983) have correlated this zone with the
Champlain thrust fault. If this correlation is correct then the
Champlain thrust zone would extend from Rosenberg, Canada,
to the Catskill Plateau in east-central New York, a distance of
199 mi (320 km), where it appears to be overlain by Silurian and
Devonian rocks. The COCORP line through southern Vermont

79



226

shows an east-dipping reflection that roots within Middle Proter-
ozoic rocks of the Green Mountains and intersects the earth’s
surface along the western side of the Taconic Mountains (Ando
and others, 1983, 1984).

The relations described in the foregoing paragraphs suggest
that the Champlain thrust fault developed during the later part of
the Taconian orogeny of Middle to Late Ordovician age. Subse-
quent movement, however, during the middle Paleozoic Acadian
orogeny and the lute Paleozoic Alleghenian orogeny can not be
ruled out. The importance of the Champlain thrust in the plate
tectonic evoiution of western New England has been discussed by
Stanley and Ratcliffe (1983, 1985). Earlier discussions can be
found in Cady (1969), Rodgers (1970), and Zen (1972).
REGIONAL GEOLOGY

In Vermont the Champlain thrust fault places Lower Cam-
brian rocks on highly-deformed Middle Ordovician shale. North
of Burlington the thrust surface is confined to the lower part of
the Dunham Dolomite. At Burlington, the thrust surface cuts
upward through 2,275 ft (700 m) of the Dunham into the thick-
bedded quartzites and dolostones in the very lower part of the
Monkton Quartzite. Throughout its extent, the thrust fault is
located within the lowest, thick dolostone of the carbonate-
siliciclastic platform sequence that was deposited upon Late
Proterozoic rift-clastic rocks and Middle Proterozoic, continental
crust of ancient North America.

At Lone Rock Point in Burlington the stratigraphic throw is
about 8,850 ft (2,700 m), which represents the thickness of rock
cut by the thrust surface. To the north the throw decreases as the
thrust surface is lost in the shale terrain north of Rosenberg,
Canada. Part, if not all, of this displacement is taken up by the
Highgate Springs and Philipsburg thrust faults that continue
northward and become the “Logan’s Line” thrust of Cady
11969). South of Burlington the stratigraphic throw is in the order
of 6,000 ft (1,800 m). As the throw decreases on the Champlain
thrust fault in central Vermont the displacement is again taken up
by movement on the Orwell, Shoreham, and Pinnacle thrust
faults.

Younger open folds and arches that deform the Champlain
slice may be due either duplexes or ramps along or beneath the
Champlain thrust fault. To the west, numerous thrust faults are
exposed in the Ordovician section along the shores of Lake
Champlain (Hawley, 1957; Fisher, 1968; Leonard, 1985). One of
these broad folds is exposed along the north part of Lone Rock
Point (Fig. 2). Based on seismic reflection studies in Vermont,
duplex formation as described by Suppe (1982) and Boyer and
Elliot (1982) indeed appears to be the mechanism by which
major folds have developed in the Champlain slice.

North of Burlington the trace of the Champlain thrust fault
is relatively straight and the surface strikes north and dips at about
15° to the east. South of Burlington the trace is irregular because
the thrust has been more deformed by high-angle faults and broad
folds. Slivers of dolostone (Lower Cambrian Dunham Dolomite)
and limestone (Lower Ordovician Beekmantown Group) can be
found all along the trace of the thrust. The limestone represents
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Figure 2. A sketch of the Champlain thrust fault at the north end of Lone
Rock Point showing the large bend in the fault zone and the slivers of
Lower Ordovician limestone. The layering in the shale is the S1 cleav-
age. It is folded by small folds and cut by many generations of calcite
veins and faults. The sketch is located in Figure 1.

fragments from the Highgate Springs slice exposed directly west
and beneath the Champlain thrust fault north of Burlington (Doll
and others, 1961). In a 3.3 to 10 ft (1 to 3 m) zone along the
thrust surface, fractured clasts of these slivers are found in a
matrix of ground and rewelded shale.

Estimates of displacement along the Champlain thrust fault
have increased substantially as a result of regional considerations
(Palmer, 1969; Zen and others, 1983; Stanley and Ratcliffe,
1983, 1985) and seismic reflection studies (Ando and others,
1983, 1984). The earlier estimates were less than 9 mi (15 km)
and were either based on cross sections accompanying the Geo-
logic Map of Vermont (Doll and others, 1961) or simply trigon-
ometric calculations using the average dip of the fault and its
stratigraphic throw. Current estimates are in the order of 35 to 50
mi (60 to 80 km). Using plate tectonic considerations, Rowley
(1982) has suggested an even higher value of 62 mi (100 km).
These larger estimates are more realistic than earlier ones consid-
ering the regional extent of the Champlain thrust fault.

Lone Rock Point

At Lone Rock Point the basal part of the Lower Cambrian
Dunham Dolostone overlies the Middle Ordovician Iberville
Formation. Because the upper plate dolostone is more resistent
than the lower plate shale, the fault zone is well exposed from the
northern part of Burlington Bay northward for approximately
0.9 mi (1.5 km; Fig. 1). The features are typical of the Champlain
thrust fault where it has been observed elsewhere.

The Champlain fault zone can be divided into an inner and
outer part. The inner zone is 1.6 to 20 ft (0.5 to 6 m) thick and
consists of dolostone and limestone breccia encased in welded,
but highly contorted shale (Fig. 3). Calcite veins are abundant.
One of the most prominent and important features of the inner
fault zone is the slip surface, which is very planar and continuous
throughout the exposed fault zone (Fig. 3). This surface is marked
by very fine-grained gouge and, in some places, calcite slicken-
lines. Where the inner fault zone is thin, the slip surface is located
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DOLOSTONE

Figure 3. View of the Champlain thrust fault looking east at the southern end of Lone Rock Point (Fig.
1). The accompanying line drawing locates by number the important features discussed in the text: 1, the
continuous planar slip surface; 2, limestone slivers; 3, A hollow in the base of the dolostone is filled in
with limestone and dolostone breccia; 4, Fault mullions decorate the slip surface at the base of the
dolostone; 5, a small dike of shale has been injected between the breccia and the dolostone.

along the interface between the Dunham Dolomite and the Iber-
ville Shale. Where the inner fault is wider by virtue of slivers and
irregularities along the basal surface of the Dunham Dolomite,
the slip surface is located in the shale, where it forms the chord
hetween these irregularities (Fig. 3). The slip surface represents
the surface along which most of the recent motion in the fault
zone has occurred. As a consequence, it cuts across all the irregu-
larities in the harder dolostone of the upper plate with the excep-
tion of long wave-length corrugations (fault mullions) that
par: llel the transport direction. As a result, irregular hollows
alony the base of the Dunham Dolomite are filled in by highly
contorted shales and welded breccia (Fig. 3).

The deformation in the shale beneath the fault provides a
basis for interpreting the movement and evolution along the
Champlain thrust fault. The compositional layering in the shale of
the lower plate represents the well-developed S1 pressure-
solution cleavage that is essentially parallel to the axial planes of
the first-generation of folds in the Ordovician shale exposed
below and to t' e west of the Champlain thrust fault (Fig. 4). As
the trace of the thrust fault is approached from the west this
cleavage is rotated eastward to shallow dips as a result of west-
ward movement of the upper plate (Fig. 4). Slickenlines, grooves,
and prominent fault mullions on the lower surface of the dolo-
stone and in the adjacent shales, where they are not badly
deformed by younger events, indicate displacement was along an
azimuth of approximately N60°W (Fig. 4; Hawley, 1957; Stanley
and Sarkesian, 1972; Leonard, 1985). The S1 cleavage at Lone
Rock Point is so well developed in the fault zone that folds in the
original bedding are largely destroyed. In a few places, however,
isolated hinges are preserved and are seen to piunge eastward or
southeustward at low angles (Fig. 4). As these F1 folds are traced
westward from the fault zone, their hinges change orientation to

the northeast. A similar geometric pattern is seen along smaller
faults, which deform S1 cleavage in the Ordovician rocks west of
the Champlain thrust fault. These relations suggest that F1 hinges
are rotated towards the transport direction as the Champlain
thrust fault is approached. The process involved fragmentation of

<] cHamPLAIN
THRUST

Figure 4. Lower hemisphere equal-area net showing structural elements
associated with the Champlain thrust fault. The change in orientation of
the thrust surface varies from approximately N20°W to N14°E at Lone
Rock Point. The orientation of S1 cleavage directly below the thrust is
the average of 40 measurements collected along the length of the expo-
sure. S1, however, dips steeply eastward in the Ordovician rocks to the
west of the Champlain thrust fault as seen at South Hero and Clay Point
where F1 hinges plunge gently to the northeast. Near the Champlain
thrust fault F1 hinges (small circles) plunge to the east. Most slickenlines
in the adjacent shale are approximately parallel to the fault mullions
shown in the figure.
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the FI folds since continuous fold trains are absent near the thrust.
Much of this deformation and rotation occurs, however, within
300 ft (100 m) of the thrust surface. Within this same zone the S1
cleavage is folded by a second generation of folds that rarely
developed a new cleavage. These hinges also plunge to the east or
southeast like the earlier F1 hinges. The direction of transport
inferred from the analysis of F2 data is parallel or nearly parallel
to the fault mullions along the Champlain thrust fault. Stanley
and Sarkesian (1372) suggested that these folds developed during
late translation on the thrust with major displacement during and
after the development of generation 1 folds. New information,
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THE CAMBRIAN PLATFORM AND PLATFORM MARGIN
IN NORTHWESTERN VERMONT

Charlotte J. Mehrtens
Department of Geology
University of Vermont
Burlington, Vt. 05405

INTRODUCTION

The stratigraphy of northwestern Vermont is dominated
by sedimentary rocks of the Cambro-Ordovician platform and
basin sequence, which is part of an extensive belt of
similar facies extending from Newfoundland to Alabama.
These facies consist of carbonate and siliciclastic
deposits characteristic of a shallow water platform,
bordered to the east by a basinal sequence of shales and
sedimentary breccias. Rodgers (1968) recognized this
platform to basin transition as the margin of the Lower
Paleozoic platform in eastern North America.

Cambro-Ordovician sediments were deposited on a
passively subsiding shelf following late Precambrian
rifting. These sediments accreted at a rate which kept
pace with thermal subsidence as the shelf assumed the
morphology of an accretionary rimmed platform during the
Lower Cambrian. Examining the distribution of facies
comprising the shallow water platform indicates that the
interior regions were affected by tidal and wave processes
whereas the shelf margin regions were subtidal and wave
reworked (Gregory, 1982; Butler, 1986; Rahamanian, 1981;
Myrow, 1983; Chisick and Friedman, 1982; Braun and
Friedman, 1969). The adjacent deeper water basins accumu-
lated talus, debris flows, and turbidites composed of
detritus shed off the platform (Mehrtens and Dorsey, 1986;
Mehrtens and Borre, 1987; Mehrtens and Hillman, in review).

The Cambro-Ordovician sequence in northwestern Vermont
is unique in that the platform to basin sequence is intact
and undissected by faults. Looking at the Cambro-Ordovician
sequence throughout the Appalachians, only Pfeil and Read
(1980) describe a platform to basin sequence, but it has
been dismembered by faults and cannot provide information
on the original geometric relations on the platform.

This field trip guide describes the facies and
evolution of a portion of the Cambro-Ordovician carbonate
platform in northern Vermont (Figure 1). The Cheshire
Quartzite is the basal unit in the sequence (Figure 2),
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Figure 2. (previous page) Correlation chart for the
Cambro-Ordovician strata of northwestern Vermont. Chart is
based on biostratigraphic data by Palmer (1970), Palmer and
James (1980), Landing (1983), and Mehrtens and Gregory
(1984), and physical stratigraphic relationships by
Mehrtens and Dorsey (1986) and Mehrtens and Borre (1987).
Age relationships on the platform are approximate because
they are based on intertonguing relationships with the
basinal units. The Hawke Bay event is illustrated with
shaded bar within the Parker Slate. Pods of Rugg Brook
Dolomite extend from post-Dunham to Rockledge time. The
Skeels Corners Slate has been dated as Bolaspidella zone in
age but mapping relationships suggest it has a much broader
age range.

overlying Eocambrian rift-related sediments of the Pinnacle
and Fairfield Pond Formations (Tauvers, 1982), and it will
not be examined on this trip. The Cheshire is in grada-
tional contact with the overlying Lower Cambrian Dunham
Dolomite (Myrow, 1984), a carbonate unit which records
sedimentation in peritidal, subtidal and platform margin
environments (Gregory, 1982). The facies distribution and
paleogeography of the Dunham Dolomite influenced the
platform geometry and evolution in subsequent Cambrian
deposits, consequently it will be examined in detail.

Overlying the Dunham Dolomite is the lower Middle
Cambrian Monkton Quartzite, a mixed siliciclastic/carbonate
unit which also records tidal flat to platform margin
sedimentation (Rahmanian, 1981) . The Middle Cambrian
Winooski Dolomite has not been studied in detail, but a
review of sedimentary and biogenic structures suggests that
it also records peritidal to platform margin environments
of deposition. The Upper Cambrian Danby Quartzite overlies
the Winooski and contains a diverse suite of sedimentary
structures documenting tidal flat, shallow subtidal, and
platform margin environments, with significant storm over-
printing (Mehrtens and Butler, in review).

This field trip will look at each of these units and
examine evidence for their interpretation as shallow water
platform deposits. The trip will also examine one basinal
unit, the Rockledge Formation (Upper Cambrian). The
Rockledge Formation is a limestone-clast conglomerate unit
with associated massive sandstones and laminated siltstones
interpreted to represent high and low density turbidity
currents (Mehrtens and Hillman, in review).
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GEOLOGIC SETTING AND STRATIGRAPHY OF THE CAMBRO-ORDOVICIAN
SEQUENCE

The Cambrian to Lower Ordovician stratigraphic
sequence in western Vermont outcrops in a north-south
trending belt, a region bordered on the east by the Greeen
Mountain Anticlinorium, a belt of Precambrian rocks thought
to represent the easternmost occurence of the north
Am>rican craton in the Lower Paleozoic (Rodgers, 1968).

The north-south trending outcrop belt consists of several
major fold belts (St. Albans and Middlebury Synclinoria)
and thrusts (Champlain, Hinesburg, Pinnacle, Highgate
Springs). The north-western portion of the outcrop belt is
well suited for sedimentologic studies because it lies
within the Quebec Reentrant (Thomas, 1978), which kept
defoimation and metamorphism associated with the Taconic
and Acadian Orogenies to a minimum. The most complete
exposures of the Lower Paleozoic are contained within
thrust sheets in this region. Stratigraphy within the
thrust sheets is coherent, which enables us to reconstruct
original geographic relationships on the Cambro-Ordovician
platform.

The Cambro-Ordovician stratigraphic sequence (Figure
2) 1in northwestern Vermont was divided into two sequences
by Dorsey and others (1983). The Western Shelf Sequence is
composed of alternating siliciclastic (Cheshire, Monkton,
Danby Formations) and carbonate (Dunham, Winooski and
Clarendon Springs Formations) units of the platform.

The Eastern Basinal Sequence consists of units which
are coeval with the platform sequence, but were deposited
in deeper water adjacent to the platform. This Sequence
consists of shale (Parker and Skeels Corners Slates) and
conglomerates and breccias (Rugg Brook, Rockledge
Formations). Unlike the Western Shelf Sequence, correla-
tions are well developed in the Eastern Basinal Sequence,
with a trilobite zonation developed by Shaw (1959) and
Palmer (1970) and physical stratigraphic relationships
(Mehrtens and Dorsey, 1986) and Mehrtens and Borre (1987).

SUMMARY OF THE DEPOSITIONAL ENVIRONMENTS OF THE WESTERN
SHELF SEQUENCE

Pre—-Cheshire Units

The Pinnacle and Fairfield Pond Formations underly the
Cheshire Quartzite in central Vermont. The stratigraphy
and structure of these units was studied by Tauvers (1982)
and their depo-tectonic setting described by Dorsey and



others (1983). The Pinnacle and Fairfield Pond Formations
are interpreted as representing sediments which infilled
grabens formed during Eocambrian rifting. Doolan and
others (1982) have suggested that this rifting may have
occured around 560mybp. The proposed topography of the
rift basin resulted in deposition of coarse-grained
clastics, possibly alluvial fan in origin, overlain by
finer-grained siliciclastic sediments of the Fairfield Pond
Formation in marignal marine basins (Tauvers, 1982). The
contact of the Fairfield Pond Formation was shown by
Tauvers to be conformable. These units will not be seen on
this trip.

In northern Vermont, the Eocambrian syn-rift sediments
of the pre-Cheshire Oak Hill Group also record deposition
in a marginal marine setting (Dowling, et al, 1987). These
units will also not be seen on this trip.

Cheshire Quartzite

Myrow (1983) completed a study of the Cheshire
Quartzite in west-central Vermont. He recognized eight
lithofacies within the Cheshire, five within the lower
Cheshire and three from the upper Cheshire. The lower
Cheshire is composed of: (1) fine-grained, mottled grey,
argillaceous arkose with extensive bioturbation, thin white
rippled beds and shale partings; (2) fine-grained, white
subarkosic and fine-grained arkosic beds with ripple
bedding, wavy and lenticular bedding, thick and thinly
interlayered bedding, parallel laminations, cross strati-
fication, and U-shaped vertical burrows; (3) fine-grained,
white subarkosic beds with thin clay drapes and massive
parallel laminated and low angle tabular cross stratifi-
cation, lenticular beds, low angle trough cross strati-
fication, rippled beds, reactivation surfaces and low angle
erosional surfaces; (4) thin, lenticular, structureless
sand bodies with erosional bases and flat upper surfaces;
(5) tabular sand beds characterized by planar, non-erosive
bases and reworked tops.

The upper Cheshire is composed of: (1) a pink to
white, moderately sorted massive fine-grained arkosic to
quartz arenite sandstone; (2) shale clast conglomerate
composed of interbedded quartzite; (3) massive quartzite
beds, lenticular in shape, with large scale erosional
surfaces at their bases and trough cross stratification.

Interpretation:

These eight lithofacies can be interpreted to represent
sediments deposited on a newly formed shelf, at least in
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part within wave base, and partially tidally influenced.
The Cheshire Quartzite is thought to represent the marine
shelf sand blanketing the underlying rift basin topography.
Shelf sediments of the lower Cheshire exhibit periodic
storm sedimentation, and are capped by the prograding
strandline sediments of the upper Cheshire. These interpre-
tations are based on: (1) the stratigraphic position of the
Cheshire between the Eocambrian rift-related sediments and
e overlying Dunham Dolomite; (2) the absence of any
evidence of a supratidal environment; (3) a suite of
cedimentary structures indicating wave working of the sub-
strate, and the presence of tidal currents; and (4)
bedforms indicative of episodic high energy events
(storms?) .

7he Cheshire Quartzite will not be seen on this trip
as the best exposures of this unit are in west-central
Vermont. It is an important unit within the Cambro-
Ordovician sequence, for its presence marks the transition
from sedimentation associated with graben infilling to that
of the newly formed shelf (rift-drift transition).

Dunham Dolomite

The Lower Cambrian Dunham Dolomite will be seen at
Stops 1-3.

The lithofacies and depositional environments of the
Dunham Dolomite were studied by Gregory (1982) and Mehrtens
and Gregory (in review). These authors described the
Dunham Dolomite as a 400 meter thick unit composed of four
major lithofacies representing peritidal, channel, sub-
tidal/open shelf, and platform margin environments. Both
the lower and upper contacts with the Cheshire and Monkton
Quartzites, respectively, are conformable.

The peritidal lithofacies of the Dunham is charac-
terized by a bedding style termed "sedimentary boudinage",
which describes the rhythmic interbedding of dolomite and
dolomitic siltstone and subsequent differential compaction
to produce beds which exhibit pods or boudins. This
rhythmic interbedding is interpreted to be the result of
deposition in a tidally-influenced regime, possibly a tidal
flat. Bioturbation has disrupted the bedding, and early
cementation lithified horizons enough to have formed
intraclasts and local intraformational conglomerates.
Cryptalgalaminites also occur in this facies.

The subtidal/open shelf lithofacies is characterized
by shallowing-up cycles (SUC) 6 to 10 meters in thickness
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which have at their base massive, structureless beds of
bioturbated dolomite passing up into rhythmically inter-
bedded dolomite and silt-rich dolomite of the .peritidal
lithofacies. The bulk of the Dunham Dolomite is composed
of these shallowing-up cycles, indicating that tidal flats
prograded across the adjacent platform.

The third lithofacies, the channel deposits, are
interbedded with both the peritidal and subtidal/open shelf
lithofacies. Channels are best exposed in outcrops that
trend parallel to strike so they are not exposed at the
Route 2 outcrop but they are found in the Georgia and St.
Albans localities. A typical channel is several meters wide
and 0.5 meters deep, with a lenticular shape and a down-
cutting base. Channel sediments contain trough cross bedded
quartz sand and both intraformational and exotic clasts.

Rocks characteristic of the platform margin litho-
facies exhibit horizons of polymictic breccias within a
gquartz sand-rich dolomite matrix. These deposits are
interpreted as talus deposits and debris flows accumulating
off the edge of the Dunham platform. In the Milton,
Georgia and St. Albans regions the Dunham breccias grade
conformably into clast-rich horizons of the Parker Slate.
Analysis of the distribution of the platform margin
breccias is important in developing a model for the
geometry of the Lower Cambrian carbonate platform, since
these deposits very accurately place the position of the
platform-to-basin transition. The Dunham Dolomite passes
eastward, down dip into the Parker Slate and this facies
change marks the passage into the shale basin and deeper
water sediments of the Iapetus Ocean (seen for example at
Arrowhead Mountain). Platform margin breccias also pass
northward into a basin which Mehrtens and Dorsey (1986)
proposed represents a foundered graben within the shelf.
The distribution of platform margin facies defined the
platform-to-basin transition and led to the definition of a
horseshoe-shaped intrashelf basin, termed the St. Albans
Reentrant (Mehrtens and Dorsey, 1986). We see the config-
uration of the St. Albans Reentrant maintained throughout
the remainder of the Cambrian.

Montkton Quartzite

The Monkton has been dated as lower Middle Cambrian in
age by Palmer and James (1980) and its lithofacies were
first described by Rahmanian (1981). Seven lithofacies were
recognized in the 300 meter thick Monkton. Shallowing-up
cycles are characterized by repetitive packages of: (1)
basal subtidal sand shoals and channels overlain by, (2)
interbedded sand, silt, and carbonate intertidal flat
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sediments, capped by (3) carbonate muds of the high
intertidal and supratidal flat. These cycles are inter-
preted to represent prograding tidal flat deposits. Two
siliciclastic lithofacies were recognized: (1) sand bars
and tidal channels and (2) mixed rippled sands with mud
drapes of the intertidal. These supra-, inter-, and
shallow subtidal sediments exposed in the Burlington and
Winooski areas pass downdip to the east and north into
sub*-idal oolitic dolomites and platform margin breccias
exposed along Route 2 and the Milton region.

The high degree of similarity between the environments
of deposition and facies distribution of the Dunham
Dolomite and Monkton Quartzite suggests that the morphology
of the platform established in the Lower Cambrian was
maintained into the Middle Cambrian. Although composition
of the platform sediments changed from dominantly carbonate
(Dunham) to mixed siliciclastic and carbonate (Monkton),
the environments of deposition in which these sediments
were deposited remained the same.

In the Burlington and Winooski areas the shallow water
platform sediments of the Monkton Quartzite are grada-
tionally overlain by the Winooski Dolomite. In the Milton
and Georgia areas the Monkton platform margin facies pass
into the Rugg Brook Conglomerate and undifferentiated
Parker and Skeels Corners Slates (Mehrtens and Borre, 1987)
basinal deposits.

Winooski Dolomite

The environments of deposition and lithofacies of the
Middle Cambrian Winooski Dolomite have not been studied in
the detail of the other units, but initial studies indicate
that it is approximately 300 meters thick and composed of
the following lithofacies: (1) interbedded rippled fine--
grained sand and silt with minor clay; (2) dolomite with
planar cryptalgalaminite structures; (3) dolomite with LLH
stromatolites; (4) dolomite with disseminated quartz sand;
(5) quartz arenite beds with a dolomite matrix, and (6)
polymictic breccia beds with a matrix of dolomite and
quartz-rich dolomite.

Lithofacies 1 through 5 are arranged in a vertical
stratigraphic sequence in Whitcomb’s Quarry in Winooski.
Lithofacies (1) and (2) are interbedded with the underlying
Monkton Quartzite and are interpreted to represent peri-
tidal deposits. Lithofacies (3), (4), and (5) overlie
facies (1) and (2) and they make up the bulk of the
Winooski stratigraphic sequence seen along the Winooski
River (Stop 6). Due to an absence of any diagnostic
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sedimentary structures and a position overlying lithofacies
(1) and (2) these lithofacies are interpreted as shallow
subtidal in origin. Lithofacies (4), (5) and (6) are
recognized as composing the uppermost horizons of the
Winooski Dolomite, and are interpreted as representing
subtidal and platform margin deposits.

As also seen in the Dunham and Monkton, the Winooski
exhibits significant north-south facies changes parallel to
depositional strike. In the Burlington and Winooski region
the Winooski is gradationally overlain by the platform
deposits of the Danby Quartzite while along Route 2 and in
the Milton area the Winooski is overlain by the basinal
deposits of the Rugg Brook Conglomerate (Mehrtens and
Borre, 1987). Thus, the platform geometry first observed in
the Dunham Dolomite was maintained into the Middle
Cambrian.

Danby Quartzite

The Danby Quartzite (Upper Cambrian) is a 35-80 meter
thick mixed siliciclastic/carbonate unit. The Danby is
composed of a basal un-named sand-rich unit and the upper
Wallingford Member. Significant variations in sand--
carbonate ratios occur from southern to northern Vermont;
the Danby is thinner in northwestern Vermont and more
carbonate-rich while to the south it is thicker and
dominantly sandstone in composition. Four lithofacies have
been recognized by Butler (1986): (1) intertidal to shallow
subtidal; (2) subtidal, (3) open shelf sand shoals and (4)
platform margin. The inter- to shallow subtidal facies is
characterized by interbedded sandy dolomites, sandstone and
shales with mudcracks, vertical burrows, wave and current
ripples, cryptalgalaminites, and oncolites. The subtidal
sediments are composed of thick-bedded sandy dolomites, and
pure dolomite with herringbone cross stratification,
oncolites, pinch and swell bedding, upbundling of ripples,
and LLH stromatolites. These features will be seen at Stop
7 along the Winooski River. The open shelf facies is
characterized by thick-bedded, coarse-grained dolomitic
sandstones and sandstones with large scale tabular cross
stratification interpreted as sand shoals.

Platform margin facies include polymictic breccias in
a dolomite matrix and ball and pillow sands and shales.

The Danby Formation is characterized by complex facies
mosaicing and compositional heterogeneity. Butler (1986)
proposed that storms on the platform were a major factor
influencing the distribution of sand.
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The distribution of facies of the Danby is identical
to that of the underlying units: platform margin facies are
found in the Milton region, bordering the St. Albans
Reentrant, while shallower water platform sediments occur
to the south.

Rockledge and Rugg Brook Formations

Bedrock mapping by Mehrtens and Dorsey (1986) and
Mehrtens and Borre (1987) documented the distribution of
these units in northwestern Vermont. Previous workers had,
on the basis of map patterns and dolomite lithology,
interpreted the Rugg Brook to be a lateral equivalent of
the Middle Cambrian Winooski Dolomite. Mehrtens and her
coworkers documented, however, that the Rugg Brook is not a
time-stratigraphic unit and it occurs at several horizons
interbedded with the Parker and Skeels Corners Slates
(Figure 2). The Rugg Brook was recognized as consisting of
four lithofacies: dolomite with sparse dolomite clasts,
dolomitic sandstone, sandy matrix dolomite clast conglom-
erate, and shaley-matrix dolomite clast conglomerate. All
of these lithofacies are interpreted to represent various
types of sediment gravity flows accumulating basinward of
the shallow-water platform.

The distribution of the Rockledge Formation was also
studied by Mehrtens and her coworkers. Previously thought
to be confined to a narrow time-stratigraphic horizon
(Shaw, 1958), Mehrtens was able to document its occurence
at several stratigraphic horizons. The Rockledge is an
easily recognizable deposit of limestone clast conglom-
erates within undifferentiated Parker and Skeels Corners
Slates. It is also interbedded with the Rugg Brook
Formation. Mehrtens and Hillman (in review) described four
lithofacies within the Rockledge, including: limestone
clast conglomerate, massive sandstone, laminated and
rippled siltstone, and structureless micrite. These
lithofacies are all interpreted to represent sediment
gravity flows formed along a slope apron adjacent to the
platform. Because the clasts of the Rockledge are not
dolomitized they have been valuable in describing the
pre-dolomitization composition of the shallow water
platform sediments from which they were derived. Five
dominant clast compositions were recognized. These
include: pelsparites, algal boundstone, oomicrites,
calcareous sandstone and micrite, indicating that the Upper
Cambrian shelf was characterized by agitated, shallow water
conditions.
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PLATFORM GEOMETRY

Figure 3, taken from Dorsey and others (1983) summar-—
izes the geometry of the Cambrian platform in northwestern
Vermont. Several important features are shown on this
diagram, constructed from a view looking southeast. The
St. Albans Reentrant, the shale basin lying along deposi-
tional strike in the shelf, is shown. Note also the
north-to-south, and west-to-east facies changes present
within every Cambrian platform deposit. The shallow water
facies are present in the south, and they pass northward
and eastward into subtidal and platform margin deposits,
and ultimately into the shale basin. The diagram also
shows the localization of the platform margin from Dunham
through Danby time. This is important because it indicates
that the platform was up-building throughout the Cambrian.
Platform facies did not build out into the basin, nor did
the platform founder to produce significant onlap of
shales. What could have caused the localization of the
platform margin? If the St. Albans Reentrant is indeed a
graben within the shelf which foundered as a result of
movement of an underlying Eocambrian rift-related lystric
fault, then these localized deposits accumulated along the
fault scarp. Sedimentation on the platform
itself was able to keep pace with thermal subsidence on the
young, hot, recently-rifted margin, and the sediment built
vertically, with an abrupt pinchout into the adjacent
basin. The timing of initial movement of the graben which
formed the St. Albans Reentrant is thought to be late-to--
post-Dunham time, based on the fact that the Dunham
Dolomite is the only shelf unit which continues across what
becomes the shale bsin. Following deposition of the
Dunham, the facies on the northern rim of the Reentrant are
different than those to the south (Mehrtens and Dorsey,
1986) .

Figure 3. (following page) Block diagram from Dorsey, et
al (1983) illustrating the proposed paleogeography of the
southern margin of the St. Albans Reentrant. Diagram shows
the platform deposits pinching out to the east into the
marginal Iapetus Ocean, and to the north into the St.
Albans Reentrant; the latter platform margin is character-
ized by thick conglomerate and breccia deposits. The field
trip will be viewing sections D (Winooski River) and E
(Route 2).
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FIELD TRIP ITINERARY

Several stops require parking on the shoulders of
roads, and space is often at a premium. Please try to
condense into as few cars as possible. Visits to private
farms (Stop 8) require permission.

Assembly point: Sand Bar State Park on Route 2, Vermont

Mileage

1.6 Stop 1- Abandonned quarry on the north side of Rt.
24

Park on the southwest (right) shoulder, cross Rt 2,
and ascend overgrown driveway into quarry. The
Champlain Trust floors the quarry as the Dunham
Dolomite is emplaced on the Middle Ordovician Stony
Point Shale. The Dunham Dolomite exposed here is
the basal facies of the Dunham, characterized by
the rhythmic interbedding of dolomite (white) and
silty dolomite (pink). This bedding style is
interpreted to be the result of alternating
sedimentation in a tidal flat setting, producing
"ribbon bedding". Look for: undisturbed horizons
of the dolomite and silt-rich dolomite, horizons of
intraclasts, burrows, and cryptalgalaminites. Note
that many of the clasts show rips and tears in
their margins, others are bent. Many clasts are
cored by calcite. Greiner (1982) recorded
occurences of gypsum in this facies in sub-

surface cores.

Return to cars and continue east on Route 2.

2.4 Stop 2 Shallowing-up cycles in the Dunham
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This roadcut on the left (north shoulder) exposes 3
shallowing-up cycles within the Dunham. They are
recognizable in the large roadcut because of the
characteristic pink and white ribbon bedding of the
peritidal caps of the SUC’s. One SUC can be studied
in detail on the northwest corner of the roadcut.
The SUC (Figure 4) is composed of a basal subtidal
dolomite overlain by the ribbon bedding of the
peritidal cap. The cycles in the Dunham are similar
to "muddy shallowing-up cycles" of James (1983) and
they consist of 6-10 meters of bioturbated, sandy
dolomite passing up into ribbon-bedded dolomite and
silt-rich dolomte and local intra-formational
conglomerate. What is the origin of the sand
within the Dunham subtidal muds? SEM work led
Gregory (1982) to suggest that frosting micro-
textures on quartz grains recorded an eolian
history to the sediment. However, channels within
the Dunham are sand-filled, and provide a mechanism
for the transport of sand across the platform. This
is similar to the tidal channels of Shark Bay,
western Australia, where channels are infilled with
a mixture of carbonate mud and quartz sand from
eroded Pleistocene bedrock.

Return to cars and continue driving east on Route
2.

Stop 3- Dunham subtidal and platform margin facies.

Pull off about 100 yards beyond the speed limit
sign on this long roadcut. At the base of this
outcrop (west end) there are good exposures of the
subtidal facies of the Dunham with the character
istic mottled texture, thought to be produced by
burrowing. Burrow mottles are irregular in shape, 1
to 8 cm in diameter, and lack sand. The
segregation of siliciclastic material is one
property that implies bioturbation produced this
mottled texture. Between the white burrows the red
matrix is very clay and sand-rich, and Stone and
Dennis (1964) attribute this color variation to
differing concentrations of trace metals. Specimens
of Salterella conulata (Mehrtens and Gregory, 1983)
were found in this facies. The platform margin
facies is exposed on the east end of the same
outcrop. This facies is composed of chaotically-
bedded, laterally discontinuous horizons of breccia
in a sand-rich dolomite matrix. Clast composition
is highly variable, and includes chert pebbles,
sandstones, sandy-dolostones, and dolomitic
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Figure 4. Shallowing-up-cycles in the Dunham Dolomite.
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3.8

sandstones. Breccia beds are structureless and very
poorly sorted. Graded beds of sandstone are also
present.

Return to cars and continue east on Route 2.

Stop 4- Monkton Quartzite, subtidal and shelf edge
facies

This roadcut exhibits the subtidal and shelf edge
facies of the Monkton, as evidenced by the overall
thickness of the individual beds, increasing
amounts of shale between sandstone beds, presence
of relict oolites in some dolomite horizons, and
occurences of large scale tabular cross
stratification. Many of these beds probably
represent shelf edge sand shoals. Note
characteristics of the Monkton here for comparison
to the shallower-water deposits seen at Stop 6.

Walk east 0.3 miles to the small knoll beyond the
road sign. Here the polymictic breccia of the
platform margin facies is exposed. The clasts are
floating in a matrix of sandy dolomite and are
interbedded with cross-bedded sandstones. Clast
composition includes dolomite, sandstone and
dolomitic sandstones. Beds are structureless and
poorly sorted. These breccias are interpreted to
represent talus deposits formed at the edge of the
platform. These breccias can be traced to the
north, where they form a rim around the St. Albans
Reentrant. Mehrtens and Borre (1987) have
documented that the Monkton passes laterally into
the Rugg Brook Conglomerate within the basin.

Return to cars and continue east on Route 2.

T-intersection with Routes 2 and 7 at Chimney
Corners.
Turn left.

Pull off into commuter parking lot.
Stop 5- Winooski platform margin facies

Walk from the parking lot back to, and across the
intersection, to the outcrop on the southwest side.
This is an exposure of recyrstallized dolomite,
cross-bedded, and in places oolitic, of the upper
most Winooski. Cross the road to the low-lying
outcrop on the east side of Route 7. Note the
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Stop 6-

variable clast composition and abundance of sand

in the dolomite matrix in this Winooski platform
margin breccia. These outcrops of Winooski at
Chimney Corners and the adjacent I-89 exit ramps
are the northernmost outcrops of Winooski Dolomite
in northwestern Vermont. Immediately to the north
on I-89 and Route 7 are exposures of the Rugg Brook
Dolomite, a breccia deposit within the St. Albans
Reentrant.

Return to cars and head south to Burlington.

Southbound entrance ramp on I-89. Outcrops of the
Monkton Quartzite occur as roadcuts all along I-89.

First outcrop of Winooski Dolomite on the median of
I-89

Exit off I-89, southbound onto Routes 2 and 7.

Intersection in Winooski with Routes 2, 7 and 15.
Continue straight ahead on Routes 2 and 7.

Bridge over the Winooski River (Stop 6 is below
us) .
Bear right at the "y".

Park in the small pull-off on the right, or if
there are many cars, across the street in store
parking lots.

Salmon Hole- tidal flat facies of the
Monkton, Winooski and Danby Formations.

Descend the pathway down to the broad bedding
planes of the Monkton in the south bank of the
river. This beautiful outcrop of Monkton is in
danger of being destroyed by dam construction.
Examine the multitude of rippled surfaces, and note
the multiple paleoflow directions. Examine these
rippled beds in cross section and note that they
are composed of rippled dolomite, silty dolomite,
and fine-grained sandstone with shale drapes, a
typical tidal bedding style. Examining bedding
planes again, look for both vertical and horizontal
burrows. Mudcracks can also be found. The thick,
structureless buff-colored dolomite bed near the
top of the Monkton is interpreted to be supratidal
in origin (carbonate mud washed up onto the tidal
flat during a storm?). This implies that the
section of Monkton just examined would be the upper
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portion of a shallowing-up cycle, which
characterize the Monkton Quartzite. From having
seen the subtidal and platform margin facies of the
Monkton at Stop 4 you can now compare the features
seen at the two outcrops. The tidal flat facies
seen here and at other localities around the
Burlington and Winooski areas were prograding
northward towards the platform margin in the Milton
region. The Monkton/Winooski contact is under water
here but can be examined at Whitcomb’s Quarry at
the I-89 interchange. It is gradational over about
10 meters, with progressively decreasing amounts of
sand up section into the Winooski.

Return to cars. Turn around to head back across
the river.

Drive across the river to the entrance to the
Winooski Mill shopping mall. Drive to the back
parking lot adjacent to the river. Carefully
descend to the river bank on the upstream side of
the building.

Stop 7 - Danby Quartzite and Winooski Dolomite

You are now on the bedding planes of the shallow
subtidal facies of the Danby Quartzite (Figure 5),
which is a dolomitic sandstone at this exposure.
There are many exposures of sedimentary structures
at this outcrop,including hummocky cross stratifi
cation, complexly-woven ripple bundles, bedding
planes with interference ripples, and graded beds.
Biogenic structures include small LLH stromatolites
and oncolites. Most of these features suggest that
the sediments of the Danby were frequently reworked
by storm action, resuspending and reworking the
substrate, and rapidly depositing sediment during
post-storm surge ebb flow.

During low water levels the entire Danby can be
walked out from its contact with the Winooski on
this side (upstream) of the bridge. The contact is
gradational and is characterized by increasing
amounts of quartz sand in dolomite until it becomes
a dolomitic sandstone. The Winooski Dolomite does
not exhibit many features but thin wisps of
carbonaceous material with sand grains concentrated
along the laminae are interpreted to be
cryptalgalaminites.
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Stop 8-

34.2

35.1

Return to cars and exit shopping mall to Route 7.
Ascend Route 7 to I-89, passing Whitcomb’s Quarry.

Head north on I-89, passing (at 23.3 miles) an
exposure of Rugg Brook Conglomerate and at 25.1 and
25.7 miles, exposures of folded Skeels Corners
Slate.

Exit 18 Georgia Center/Fairfax.

Head north on Route 7 to Georgia Center
Left at Center Market towards Georgian Plains
(west) .

Go straight at Y in road. Knoll to your right
(north) is Rockledge Conglomerate.

Knoll of Rockledge on the right. Pull off onto
shoulder.

You must ask permission to visit this outcrop.

Rockledge Conglomerate

In the field immediately to the north of the road
are scattered outcrops of the Rockledge
Conglomerate limestone clast facies. Examine
exposures of the conglomerate and the poor sorting
and angularity of clasts, and the sandy limestone
matrix. Pods of the conglomerate, interpreted as
individual flows of high density turbidity
currents, are surrounded by the laminated
siltstones of the Skeels Corners Slate.

Time permiting, it is possible to continue west
along this road and examine several facies of the
Rugg Brook Formation.

Small ridges 100 yards to the north are composed of
massive dolomitic sandstone facies of the Rugg
Brook Formation.

Skeels Corners Slate occurs across the street to
the west.

Turn right at the stop sign and head north

In the fields behind the yellow farm house are
exposures of various facies of the Rugg Brook,
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35.

37 .

41.

49.

53.

primarily the massive dolomite with scattered
clasts and dolomitic sandstones.

Continue north

Turn Right

Intersection with Route 7. Turn right (south)
Intersection with I-89. Head southbound

Route 2 Champlain Islands exit ramp off I-89. Head
west (right).

Return to Sand Bar State Park and meeting place for
start of trip.
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GRENVILLE CALC-SILICATE, ANORTHOSITE, GABBRO, AND IRON-RICH
SYENITIC ROCKS FROM THE NORTHEASTERN ADIRONDACKS

By

ELIZABETH B. JAFFE and HOWARD W. JAFFE
Department of Geology and Geography
University of Massachusetts, Amherst

INTRODUCTION

The Marcy anorthosite massif is delineated by a major NW-SE-trending lobe and
a smaller N-S-trending lobe which coalesce to the S to form a heart-shaped outcrop
pattern covering 5000km~“. (Fig. 1). In section , the major NW-trending lobe
approximates a piano bench or slab 3-4.5 km thick with two legs or feeder pipes
extending at least 10 km down according to the geophysical model of Simmons
(1964), whereas Buddington (1969) favored an asymmetrical domical shape based on
extensive field mapping and other considerations. The massif consists of a
coarsely crystalline core of apparently undeformed felsic andesine anorthosite
thrust over a multiply deformed roof facics consisting of gabbroic-noritic
anorthosite, gabbroic anorthosite gneiss, and quartz-bearing ferrosyenite-
ferromonzonite facies (Pitchoff Gneiss). Remnants of a siliceous carbonate- and
quartzite-rich metasedimentary sequence and associated garnet-pyroxene-
microperthite granulites form discontinuous screens and xenoliths in the roof
facies. Xenoliths of any kind are very rare inside the felsic anorthosite of the
core, but abound in the gabbroic anorthosite of the roof facies.

We will visit ten outcrops which include all of the major rock types (Fig. 1) of
the massif, and that lie principally in its multiply deformed roof facies.

That regional mectamorphism took place at high pressure, in the range of 8-10
kbar at about 800°, is indicated by the occurrence of orthoferrosilite, Fs95 +
quartz, and the absence of any vestiges of fayalite in the ferrosyenite facics of the
Pitchoff Gneiss (Jaffe et al., 1978). Because recent Sm147-Nd143 age dating yields
1288 M.Y. for the age of magmatic crystallization of the Marcy anorthosite
(Ashwal and Wooden, 1983), and older Pb-U age dating by Silver (1969) yields
about 1130 M.Y. for crystallization and about 1100-1020 for metamorphism, the
Grenville orogeny may have spanned as much as 200 M.Y. and it is difficult to fix

the peak of metamorphism with a specific thermal or tectonic event within this
time span.
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Stop I. FAYALITE-FERROHEDENBERGITE GRANITE, AUSABLE FORKS
AREA, 15 AUSABLE FORKS QUADRANGLE, LOCALITY AF-1-A

Iron-rich granitic-syenitic-quartz monzonitic rocks, ascribed to a charnockitic
gneiss scries, are abundant in the northeastern and central Adirondacks, where
they occur in close association with anorthositic and metasedimentary calc-silicate
rocks in the Marcy Massif. Most of these contain iron-rich orthopyroxene (eulite
or orthoferrosilite) with quartz, an assemblage stabilized at the high operable
rcgional metamorphic pressure of about 8 kbar, with T = 700-770°C (Jaffe,
Robinson, and Tracy, 1978: Bohlen and Boettcher, 1981), Other members of this
alkali-feldspar-rich series contain fayalite and quartz in place of orthoferrosilite
and quartz. From tables 1, 2, 3, 4, and Fig. 9 and Table 7 from Jaffe, Robinson
and Tracy (1978), (Appendix I) it is recasonable to assume that both of these rock
types were recrystallized under similar metamorphic conditions. Work by Bohlen
and Essene (1978) and by Ollilla, Jaffe, and Jaffe (1988) indicate that these rocks
had igncous precursors that crystallized above 900°.

JAFFE ET AL IRON-RICH PYROXENES (197 8)

Table 1 Modes of pyroxcne-microperthite gneiss Table 2. Optical properties of iron-rich pyroxenes
Po-1 50 Po-17 FFG-6 =1 -
Sl il = AF-14  Po-2 Po-11 5C-6 Po-17 Fesio,*
Quartz Q.1 9.1 13.8 18.4 ©9.\ L5 ==
Microperthite 37.2"% 46.5% 52.6% 69.2%* 20.5 845 Orthopyroxenes
PO Trace 3.6
Plagloclase 32.7 25,1 18.2 3.3 | " 1.7763 1.785 1.786 Z=pale 1.789
Augite 6.2 8.7 6.6 3.7 55 4. blue-
Orthopyroxene 3.9 2. 1.9 None 24 green
Oltvine None None None 0.6 3.0 None 8 1.7765 1.774 1.774 Y=pink- 1.780
Horablende 3.8 2.1 4.1 3.9 Trace 1.8 yeLlow
faaas i 5 i i fionc Nove 08 a 1.7560 1.764 1.765 X=pale 1.772
| Jo pink
Magnetite + 3.0 1.9 0.8 0.5 I .
figcriie Fruca Y- 0.0203 0.021 0.020 0.017
0.3 Trace "
Zircon 0.2 0.3 0.1 0.1 W 8L 88%, (+) 79, (+) 86", (+)
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Table 4

JAFFE ET AL IRON-RICH PYROXENES (1998

Table 3. Lattice parameters of natural and synthetic

ortholerrosilite

Synthetic FeSi0

3
Po-17 Burnham (1965) Sueno et al.(1973)

a (k) 18.42 18,431 18.418

b (A) 9,050 9,080 9.078

e (A) 5.241 5.718 5.217

v (&Y 873.68 876.60 875.14

Representative clectron probe analyses of coexisting
pyroxenes and olivine, and compositions of theoretical

end members

Po-13A

Po-13B

$C=6  Po-17  FFG-6 CaFeS1,0, Po-13A Po-13B  SC-6  Po-17 FFG-6  FeSl0,

Augite Orthopyroxene Fayalite l‘-zsizt)s

$10, 47.81  47.84 4B.S51  48.69 47.66  48.44 540,  46.15 45.90 45.65 45.50 28.62  45.54

AL,Cy .31 117  1.00 1.00 .65 AL 0, .30 -3 .27 .36 .08

Ti0, .12 .10 .09 .14 .06 T10, .06 .08 .13 .11 .00

Cr 0, .05 .05 .00 .06 .03 Cry0, .06 .02 .05 .06 .03

Mgo 3.78 3.08  2.07 1.17 91 Mg0 4.62 3.52 2.48 1.36 .39

zn0 .09 .07 .14 .19 .01 zno .28 .26 .38 .37 .3

FeO 25.73  26.75  27.68 29.18 29.14  28.96 FeO 46.36  47.60 49.28 49.81 69.51 54.46

HnO .27 .38 ) .43 .58 HnO .51 .86 .12 1.10 1.57

ca0 19.5¢ 19.92 19.4) 19.07 20.32 22.60 Ca0 .80 .75 .79 .84 .03

Ba®) .00 Ba0 .06

Na,0 .73 .72 78 12 .73 Na,0 .00 .00 .00 .03

K,0 .00 .00 .00 .00 K,0 .00 .01 .00 .00

Total 99.43 100.08 100.07 100.65 100.09  100.00 Toral 99.14 99.31 99.75 99.60 100.56 100.00

Augite Orthopyroxene Fayalite “251206

Si 1.926 1.925  1.965 1.917 1.949 2.000 51 1.969 1.971 1.969 1.980 .964 2.000

Al -062 -056 035 023 L0311 Al 015 .016 .014 .019 .003

el o2 _ow £ P Fe¥ Lo _ow3 _oir oot _.on

Total  2.000 2,000 2.000 2.000 2.000  2.000 Total 2.000 . 2.000 2.000 2.000 1,000  2.000

Al -013 025 T4 .002 .003 004 .004

Ti . 004 .003 .003 004 .001 cr .002 .001 .002 .002 0

Cr -002 -002 -002 -000 Fe?® .025 .023 022 .014 .036

et 122 L1246 .078 .04k .106 e 294 .225  .159  .088  .019

Mg 227 .185 +125 .071 .054 Zn .009 .008 .012 .012 . 007

Zn -003 -002 - 004 006 000 Fe?* 1613 1.676 1.739  1.798  1.892 2.000

Fv.-2+ .733 .757 . 860 947 .871 1.000 Mn .018 .031 .026 L041 L 045

Hin .009 .013 013 015 .020 ca 037 035 037 .09 001

Ca LBL4 .859 .B43 .B30 .891 1.000 Ba .001

Ha_ 057 _.056 .06l  _.057 _.087 Na .003

Total 2.001 2.001 2.000 2.001 2.000  2.000 X .00l -
Tatal 2.000 2.001 2.001 2.000 2.000 2.000
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Here, at Stop 1, we will visit outcrops of the fayalite-ferrohcdenbergite granite
and later, at Stop 4, we will visit a culite-Ierrohedenbergite sycnite gneiss on
Pitchoff Mt. in the 15" Mt. Marcy quadrangle.

A circular outcrop area, about 1 km in radius from the center of Ausable Forks
village, was mapped by Kemp and Alling (1925) as an olivine-bearing quartz
nordmarkite. They located several quarries within this outcrop area. On a fresh
break, the rock shows the greenish cast typical of the ferrosyenites and
charnockitic rocks of the northeastern and central Adirondack region. It is a
medium-grained (1-5mm) hypersolvus granite, in places gneissic, with a color index
of 5-15. Similar fayalite-bearing granitic rocks were described by Buddington and
Leonard (1962) from the Cranberry Lake quadrangle, near Wanakena, from the St.
Lawrence Co. magnetite district of the central Adirondacks. At Wanakena, and
very likely at Ausable Forks, culite- or orthoferrosilite-ferrohedenbergite granitic-
quartz-monzonitic gneiss is closely associated with the fayalite-ferrohedenbergite
granitic rock. Fayalite and ferrosilite, together with quartz, have not thus far
been found in the same specimen; if they were it would provide a precise
geobarometric value for the pressure of regional metamorphism. From Fig. 9 and
Table 7, Jaffe, Robinson and Tracy, (1978) (sce Appendix I) it will be seen that the
assemblage orthoferrosilite + quartz gives a minimum P, whereas fayalite + quartz
gives a maximum P. A range of 7-9 kbar at 600° or 10-12 kbar at 800° outlines the
cxtremes of the metamorphic P-T conditions. Recent work by Ollila, Jaffc and
Jaffe (1988) indicates that the orthoferrosilite in Pitchoff Mt. syenite gneiss is
actually an inverted pigeonite crystallized from a magma above 9 kbar and 900%,
conditions in excess of those accepted for the regional metamorphic peak.

In the Ausable Forks area, fayalite-ferrohedenbergite granite contains only trace
amounts of hornblende: in outcrops where hornblende becomes abundant, fayalite
is pseudomorphously altered to a brown fibrous serpentine or talc. The granitic
rocks are cut by dikes of hornblende granite pegmatite and diabase.

The fayalite-ferrohcdenbergite granite differs from the orthoferrosilite-
ferrohedenbergite granitic-syenitic gneisses in several important aspects;

1) the fayalite granite is massive to poorly foliated, while the ferrosilite
granitic gneiss 15 well loliated.

2) the fayalite granitc is hypersolvus, carrying only a "strip" or "striped"
microperthite that is slightly unmixed to sodic plagioclase and orthoclase, whereas
the ferrosilite granitic gneiss is subsolvus, containing blebby and patchy
microperthite more unmixed to sodic plagioclase and partly inverted to microcline,
and this microcline microperthite coexists with an intermediate plagioclase,

3) the fayalite granite does not contain garnet because of the absence of
intermediate plagioclase, whereas the ferrosilite granitic gneiss always carries
garnct.

All of this suggests that the fayalite granite might be younger than the

ferrosilite granitic gneiss. We concur with Buddington and Leonard (1962) who
suggested that the fayalite granite could have originated from the fractional
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remelting at depth of the pyroxene granitic gneisses, with its intrusion occurring
during the waning stages of deformation.

Stop 2. ANORTHOSITE NEAR COVERED BRIDGE AT JAY, 15 AUSABLE
FORKS QUADRANGLE

Outcrops just beyond a covered bridge about 0.32 km E of Ausable Forks center
show the characteristic textures of anorthositic rocks along the margins of the
Marcy Massif. In the roadcut, anorthositic block structure shows up to 2m blocks
of coarse, cumulate-textured andesine anorthosite, and coarse hypersthene (to 25 x
15cm) enclosed in a gabbroic anorthosite. Dark layers, up to 2.5cm thick, occur
within the country rock. Outcrops in the East Branch of the Ausable River are
principally of coarse andesine anorthosite with a megacryst index of about 20-30
and a color index of only 1. Numecrous shear veinlets crisscross the anorthosite,
trending N4OE and N10W for the most part.

Stop 3. GRENVILLE-ANORTHOSITE HYBRID GNEISS 3.4 KM $ OF
UPPER JAY ON RTE 9N IN THE 15' LAKE PLACID
QUADRANGLE

We arec located in a 6.4 x 1.6 km north-trending scction of Grenville strata
consisting largely of calc-silicatc-amphibolite-marble assemblages. Graphitic
marbles occur across the Ausable River to the W of this roadcut. All these have
been intruded and pervaded by sills of gabbroic anorthositic composition, resulting
in the formation of Grenville-anorthosite-hybrid gneisses. Subsequently these were
intruded by a sill of gabbro that forms the center of the E side of the large road
cut on Rte. ON (Fig. 2).

The section may be divided into three parts:

1) a lower unit consists principally of a mottled granular black and white
sphene-augite-andesine calc-silicate gneiss discontinuously interlayered with black
hornblendite-amphibolite lenses presumably of volcanic origin. The granular
mottled host rock consists of white andesine, An32-39, black augite, and 5-10% of
red-brown to yellow-brown sphene. The black amphibolitic layers contain mostly
brown hornblende along with white plagioclase now altered to prchnite and calcite.
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2) a central unit is a biotite-hornblende-hypersthene-augite-garnet-plagioclase
mctagabbro sill. The abundance of garnct, 20%, suggests that the gabbro sill may
have been olivine-rich. The sill shows sharp contacts above and below with the
anorthosite-calc-silicate-hybrid gneiss.

Figurc 2. Grenville calc-silicate anorthosite hybrid.
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3) above the upper contact of the gabbro sill, the rock is augite-andesine An39-
40 gabbroic anorthosite gneiss intercalated with dark amphibolite and calc-silicate
layers,

Sporadic large garncts up to 6 ¢m in diameter occur along contacts of
anorthositic and mafic layers.

The outcrop on the W side of the road shows a well-developed high strain pencil
lineation, oriented N25E.

Stop 4. THE PITCHOFF GNEISS - FERROSYENITE FACIES, PO-2

Turn right (north) on Route 73, and go through Keene Village, where Route 73
turns west. Follow it about 4.5 miles (7.2 km) to the foot of Lower Cascade Lake.
Park at the lakesidc in the second parking arca on the left, just past a sign
FALLEN ROCK 1 1/2 MILE. Be very carcful cutting across traffic: this is a busy
high-speced highway. Recross the road on foot, again with great caution. Walk
back toward the FALLEN ROCK sign, to a rough trail up the talus just short of
the sign. The talus and cliff are both steep and (ull of loosc rocks: be considerate
of thosc below and behind.

The prominent, southeast-facing cliff we arec climbing to is a ferrosyenite gneiss
that crystallized from a melt prior to its metamorphism. It is one of a group of
quartz-poor, alkali-feldspar- and ferroan-pyroxcne-rich igneous rocks that acquired
their gneissic fabric during an episode of isoclinal and recumbent folding
associated with the Grenville orogeny at about 1100 M.Y. The persistent proximity
and intimate intercalation of these gneisses with "Grenville" supracrustal rocks
suggests that they may have initially been iron-rich felsic volcanics, or perhaps
sills, interlayered with siliceous dolomites, calcareous quartzites, marls and basaltic
flows comprising a Proterozoic series of rocks deposited aboult IB?Q M.Y. This
Grenville age is estimated from Ashwal’s (1983) recent Sm!47/-Nd143 date of 1288
M.Y. believed to represent the age of crystallization of the Marcy anorthosite
massil-core facics. Following the modcl of Mcleclland and Isachsen (1980) for the
southern Adirondacks, we suggest that, in the High Peaks Region of the
northeastern Adirondacks, a "typical" Grenville supracrustal sequence correlative
with rocks of the Central Mctasedimentary Belt (Wynne-Edwards, 1972) was buried
in a plate-tcctonic event or ¢vents to a depth of about 70 km (42 mi), that of a
doubly thickened crust. Following Emslic (1977), we cnvisage the birth of an
anorthositic magma from the fractionation of copious amounts of orthopyroxene
from an already-fractionated Al-rich gabbroic magma. Under these deep-seated
conditions, the high pressures and temperatures plus the availability of Grenville-
strata-derived CO~-rich fluids initiated the formation of potassium- and iron-rich,
relatively quartz-poor, melts of syenitic to monzonitic composition (Wendlandt,
1981). Ascent, intrusion, and emplacement of the syenitic melt at levels on the
order of 25-35 km (15-21 mi) and temperatures of 800-900° induced deep contact
metamorphism of appropriate Grenville rock types. Here, at the easternmost part
of the PO-2 outcrop, designated PO-2Gv (Fig. 3), a calc-silicate sequence infolded
with the ferrosyenite contains the assemblage: wollastonite-diopside-grossular-
quartz. Because anorthosite is absent, the contact-metamorphic origin of the
wollastonite must be attributed to the intrusion of syenitic melt. Further, because



the ferrosyecnite contains relict inverted pigeonite, which now consists of host
orthoferrosilite, 100F¢/(Fe+Mg)=85-92, the melt must have crystallized at
temperatures of 850-900° (Lindslcy, 1983 and Ollila, Jalfc and Jaffe, 1988).
Alternatively, shallow emplacement with

Figure 3. PO-2gv. Folded amphibolite, marble, and wollastonite-
bearing calc-silicate rock in ferrosyenite gneiss. Pitchoff
Mt. cliff, above north end of Lower Cascade Lake. Mt. Marcy
quadrangle.

PO-2 Gv and PO-2 [
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crystallization of fayalite and quartz, later deeply buried and converted to
orthofcrrosilite and quartz, is conceivable, yet unlikely, because no relict olivine,
whatsocver, has been observed by Jaffe or by Ollila in guartz-bearing syenitic
rocks ol the Mt. Marcy and the Santanoni quadrangles. Fayalite (Fags) plus
quartz, but with orthopyroxenc absent, has been described from quartz-syenitic
rocks in the Cranberry Lake quadrangle to the west (Buddington and Leonard,
1962, Jaffe et al. 1978) and in the Ausable Forks quadrangle to the northeast
(Kemp and Alling, 1925 and Jaffe et al, 1978). A deep emplacement with high
pressure crystallization is consistent with field observations and experimental data
for all of these rocks.

At the PO-2 outcrop, we will split into several smaller groups: the footing can
be a bit tricky. Remember not to step back for a better look at the outcrops. The
[irst or westernmost cliff consists of strongly foliated ferrosyenite gneiss,
N45E30W, with a large inclusion of shonkinite granulite (Fig. 4, Table 5). The
foliation continues through the inclusion. The southwest end of the inclusion is
sharply cut of f by the gneiss but the northeast end fingers out. The inclusion is
cut by a discordant vertical tongue of gneiss which becomes a subhorizontal
pegmatite vein. At the northeast end of this cliff, the ferrosyenite gneiss is cut by
an unfoliated aplite dike. Small amphibolite inclusions can be seen in the gneiss.

trace of foliatio
N4SE 30NW

Crain size of host 2.0 mm
Grain size of inclusion 0.5 mm

= bolit emnant in quartz
Figure 4, Xenolith of folded shonkinite layer PO-2m and amphibo e ¥

ferrosyenite gnelss PO-2. Aplite dike cuts syenite gnelss. Pitchoff Mt. cliff
above north end of Lower Cascade Lake, Mt. Marcy quadrangle.
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TABLE 5 . Modes of rocks at Stop4 , locality PO-2
Ferrosyenite gneiss Shonkinite Amphibolite Aplite

P0O-2 host rock PO-2m inclusion Inclusion PO-2d dike

Q 1.5 2.0 = = 23.0
Mp 84.5 84.0 50.0 - 60.0
Plag 3.6 4.0 13.0 30.0 16.0
Aug 4.1 4.0 12.7 = -
Hy 2.4 2.0 16.6 = -
Hb 1.8 2.0 4.1 58.0 0.9
Ore 1.0 1.0 2.6 + 0.1
Gt 0.8 1.0 + = 0.0
Ap 0.3 + 1.0 2.0 tr
s o + + #+ - -
Bio - = i 10.0 -
100.0 100.0 100.0 100.0 100.0
An 21 vl
Fs(opx) 83-89 75
cI is 40 88 1

Mineral assemblages infolded in ferrosyenite gneiss
host rock at locality PO-2Cv.
Amphibolite: hornblende and altered plagioclase.
Calc-silicate: hedenbergite-plagioclase-quartz
hedenbergite-plagioclase-quartz-scapolite-sphene

diopside-grossular-quartz-sphene
wollastonite-diopside-grossular-quartz

wollastonite-calcite-prehnite

diopside-calcite
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We will proceed cautiously about 300° (91.5 m) along the base of the cliff to the
northeast, across a stream and a gully. Here we see several larger folded
amphibolite inclusions in the ferrosyenite gneiss (Fig. 3). The axial planes of these
folds arc approximatcly parallel to the pervasive foliation. We will now crawl a
Few [eet up the gully: in its cast wall arc exposed marbles and calc-silicates
intimatcly infolded in the ferrosyenite gneiss. Wollastonite occurs in these calc-
silicate beds (Fig. 3). If we make allowance for the plasticity of the marble, these
folds are also approximately parallel to the pervasive foliation. There is a cave in
the marble a little higher up this gully. On the opposite side of Lower Cascade
Lakec, in the anorthosite, another cave can be found a few hundred feet higher up.
Caves are common in New York State, but these two must be among the few in
Precambrian rocks.

Stop 5. GRENVILLE MARBLE-SYENITE-ANORTHOSITE SECTION SOUTH
OF KEENE

Drive five miles (8 km) northeast on Route 73 to the first right turn after a
Gulf gasoline station and almost into Keenc village center. Turn right (south) on
the westernmost of two small roads that parallel both sides of the East Branch of
the Ausable River. Drive about 0.75 (1.2 km) miles south on this western side of
Hulls Falls Road and park judiciously along the edge of this little travelled road.
Descend about 25° (7.6 m) to the bank of the river watching out to avoid standing
or sitting in Rhus toxicodendron which commonly grows in Grenville marble
terrain. A fine river outcrop of folded Grenville marble consists of calcite (white),
diopside (green), fluopargasite (black), and minor glistening flakes of phlogopite
(brown) along with less abundant graphite. Pink quartz leucosyenite and black-
streaked gray-white gabbroic anorthosite gneiss have been dragged into highly
contorted syntectonic folds enhanced by the plasticity of the marble and the
probable molten state of the quartz syenite and gabbroic anorthosite (Fig. 5).
Occasional tongues of gabbroic anorthosite cross-cut the syenitic rocks. A major
vertical fracture zone, the Keene Fault Zone
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runs parallel to the river in a N-S direction, and is well exposed about one-half
mile (0.8 km) south in a granulated anorthosite outcrop. The Keene Fault has
dragged the precxisting, gently north dipping, isoclinally folded strata into fairly
steeply plunging folds at this locality. A late, brittle stage of movement on the
same fault has granulated and retrograded all of the brittle rock types. Feldspar
in syenite is sericitized, intermediate plagioclase in gabbroic anorthosite has been
albitized and veined by calcite, grossular-diopside calc-silicate rocks have been
prchnitized and chloritized, but marble merely goes along for the glide.

ro
.v\‘
-6-
-~

p Y

After Kemp. 1921

Contorted folding in diopside-calcite-pargasite-calcite marble, quartz leucosyenite

and anorthosite gneiss in the West Branch of the Ausable River south of Keene, N.Y.
Mt. Marcy quadrangle.

Fipure 5,

pneiss,
A camptonite dike cuts the marble-gneiss section. After Kemp, 1921.

At the northernmost end of the outcrop, the diopsidic marble and the quartz
syenite are transected by a 4’ (1.2 m) wide N80W90 trending lamprophyre dike (Fig.
5) which displays good chilled margins. It is a classic lamprophyre: a dark, dense,
porphyritic dike rock in which the ferromagnesian minerals occur in two
generations and in which only the dark minerals form the phenocrysts. It consists
of 1-5 mm diameter phenocrysts of partially serpentinized magnesian olivine, and
zoned clinopyroxene with augite cores and titanaugite rims, which display
spectacular zoning, intense anomalous interference colors and dispersion, and
hourglass structure. The groundmass contains a second generation of
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microphcnocrysts of titanaugite, kaersutite, titanian biotitc and abundant very thin
ncedles ol apatite in a quasi-isotropic base that has too high an index of refraction
to be analcime or leucite; it has a mcan index of refraction = 1.525 and is cither
untwinned anorthoclase or a zeolite. The dike may be classified as either a
camptonite or a monchiquite, but exactly conforms to neither.

Notes:

Stop 6 THE 1063 MYLONITE

On the west side of Route 73, 1.3 miles (2.1 km) south of the village of Keene
Valley at BM 1063 and opposite the Beer Bridge across the Ausable River, the
anorthosite is cut by a well-developed mylonitic zone about 2’ (0.6 m) wide which
trends N5SS5E35NW. Park on the west shoulder of the road south of the outcrop and
walk back. The anorthosite herc appears to be the normal gabbroic type; however,
the mafic minerals occur in clots and aggregates of augite+apatitc, many of which
are bent into mini- and microfolds. These clots and the sparse mcgacrysts of
labradorite form a foliation which trends N70W70SW. The coarse grained
contaminated felsic anorthosite and the mafic clots of partially assimilated
augite+apatite represent cither remnants of a Grenville phosphate-rich calc-silicate
rock, or a mafic cumulate segregated from a gabbroic anorthosite melt. The iron
content of the augite, 100Fe/(Fe+Mg) = 47, while too high for felsic anorthosite, is
rcpresentative for anorthositic gabbro. Further, the profusion of "100" and "001"
metamorphic pigeonite exsolution lamellae in the host augite (Jaffe et al., 1975)
suggest that the clots may derive from anorthositic gabbro, where such are
common, rather than from a Grenville calc-silicate lithology, where they are rare.
Labradorite megacrysts in this rock are nevertheless higher in anorthite than felsic
anorthosites of the Marcy region, and show Angg 5 54 5 rather than the typical
ANy6.48> suggesting a probable assimilation of calcium from the augite-apatite-rich
clots ol xenoliths. For this reason we classify such rocks as a percalcic subfacics
ol the gabbroic anorthosite facies.

Just north of a small waterlall, the outcrop changes dramatically: the rough
foliation gives way to [ine layering along which the dark minerals occur as strcaks
and schlieren, though occasional megacrysts have escaped granulation and appear
as [laser. The mylonite is focused in a 2° (0.6 m) zone which dies out gradually to
the north after about 20° (6 m) giving way again to percalcic anorthosite, Just
beyond a covered interval, the north end of the outcrop contains a mafic rock, in
rudecly vertical attitude, but somewhat bent about a sub-horizontal axis, perhaps
carlier than the mylonitization. It has been named "aproxite” by onc of the
authors, in allusion to its bimineralic apatite + pyroxene composition, which is
identical with that comprising the mafic clots in anorthosite host rock at the south
cnd of the outcrop. The mineralogy thus suggests that the "aproxite" is a folded
layer in anorthosite rather than a mafic dike.
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The mylonitic zone does not retain any of its primary magmatic or high grade
metamorphic mineralogy but is totally retrograded to a fine-grained mixture of
albite, prehnite, sericite, quartz, chlorite, pumpellyite, epidote, and calcite.
Labradorite is altered by the following probable retrograde reaction:

4[Naj 5Ca 5A1 | 5515 50g] + KA1Siz0g + 2H50
4 Lab + Or + Water
= 2[NaA1Si30g] + CayAI[AISi50,(I(OH)+ KAl5[A1Si307l(OH), +Si0,
= 2 Ab + Prehnite + Sericite + Qz
Augites have been drawn out into clongate lenses, spindles, and schlieren, and

totally retrograded to a mixture of fibrous, isotropic chlorite and pumpellyite with

a little calcite. Apatite, alone, remains unaltered, appcaring as microflaser in the
mylonitized basc (Fig. 6).

zone in gabbroic anovbthosike on \\

NY Rte 73 S of Keene Valley \

Stop(g. Welevation . <2 \
\\ ~

This wet assemblage is inconsistent with deep, ductile shear and suggests that the

mylonitized zone originated by brittle shear or cataclasis in a wet, relatively
shallow crustal setting.

That the shear zone was initially a deep, ductile mylonite, later retrograded,
remains a possibility.

Stop 7. CHAPEL POND ANORTHOSITE, EAST CENTRAL MARGIN OF 15
MT. MARCY QUADRANGLE
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Qutcrops on the E side of Rte. 73 consist of andesine anorthosite containing

shear zoncs of scapolite gneiss and a garnetiferous aplite dike (Fig. 7). For a
detailed description of these outcrops, see Kelly (1974).

Most of the rock here is Marcy facies andesine anorthosite.

Tee Diat 41 Conrne Foap . ofter Kally (147%)

Scarsiive Gt

%
3
T
NOEYAY SXYId HDHH AHL 40 UDOTOHED)

Figure 7. The dike at Chapel Pond, after Kelly (1974).

It consists of 30-40% dark blue-gray megacrysts of calcic andesine, An45-49, set
in a matrix of white andesine, hypersthene, augite, and a little hornblende.
Plagioclase makes up about 90% of the rock. A fine-grained aplite dike, up to 1 m
thick, trends roughly parallel to the road where it may be seen to crosscut the
foliation marked by aligned megacrysts of plagioclase in the anorthosite. The
aplite contains about 60% microperthite, 25% quartz, 10% altered plagioclase, 3%
magnetite, and 1% each of garnet and altered ferromagnesian silicates.

Along anorthosite-dike contacts, fracture zones in the anorthosite contain clear
andesine, And44-47, abundant scapolite, Me36-47, dark olive hornblende, and a little
hypersthene. Fluids carrying Cl and CO2 apparently migrated into fractures in
the anorthosite to convert plagioclase into scapolite.

The abundance of the plagioclase megacrysts here and the overall texture of the
rock is typical of the anorthosite that forms the core of the Adirondack high pcaks
to the west.

Stop 8. GABBROIC ANORTHOSITE PROTOMYLONITIC GNEISS, SOUTH
CENTRAL ELIZABETHTOWN QUADRANGLE

The prominent outcrop on the W side of Rte. 9 is a gabbroic anorthosite
protomylonite or straight gneiss located in one of the prominent northeast-trending
fault zones that abound in the NE Adirondacks. Note that the size reduction and
mylonitization of this gabbroic anorthosite are not so intense as that seen at Stop 6,
the 1063 mylonite.
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The rock consists of very fine crenulations and streaks of hornblende, garnet,
ilmenite, and augite in a fine matrix of white andesine, An32, and anorthoclase.
Reccrystallization took place under dry conditions, and all minerals are fresh.

The high strain nature of the gabbroic anorthosite gneiss is evident, and is
illustrated by the total granulation and virtual absence of plagioclase megacrysts.
An occasional block or xenolith of felsic anorthosite is present. Punky grey veins
of finely altered rock occur in fracture zones.

Notes:

123



Stop 9. MULTIPLY DEFORMED LAYERED GABBROIC ANORTHOSITE
GNEISS, RTE. 9,2 KM S OF ELIZABETHTOWN

The prominent cliff on the W side of Rte. 9 is a hydrothermally altered layered
gabbroic anorthosite or leucogabbro located in one of the prominent northeast-
trending fault zones that abound in the NE Adirondacks.

i '
\._~_ ~ Figure 8. Refolded layered gabbroic anorthosite neiss.

The rock contains kaolinitized andesine, titanian brown hornblende, augite, and
garnct, with a little ilmenite and apatite. Compositional layering is marked, with
more mafic layers rich in augitc and garnet, and more felsic layers richer in
altered andesine and hornblende and without garnet. Many thin veinlets of white
prehnite, calcite, and chlorite crosscut the gneiss. The layered gneciss was
subsequently intruded by onec or morc aplite dikes, composed of altered albitic
plagioclase, potassium feldspar, and quartz, along with garnct, and small amounts
ol apatite. Garnet is altered to chlorite. The rock is sliced on a mm scale, and
slickensided, fracturc surfaces often being coated with bright green pistacite.
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The gneiss was rccumbently folded under a high strain rate and then subjected
to open [olding (Fig. 8). Do the conspicuous open folds delineated by the pink
aplite represent:

1) rclfolding of the recumbently folded gneiss?

2) a sheath fold squeezed or squirted up inside the
gneiss?

3) are therc one or two aplite dikes, and does the
aplite layer close into a fold hinge beneath the
road?

Just across Rte. 9 on the E side, the rock has a completely different texture.
About half the rock consists of 0.5-5¢cm green, euhedral kaolinite pscudormorphs
after plagioclase phenocrysts lying in a foliated matrix of brown hornblende,
quartz, anorthoclase, augite, magnetite, and apatite. The fine black matrix is
unaltered, in contrast to the large plagioclase phenocrysts. The green kaolinite
pscudomorphs show good albite and Carlsbad twinning, but under the microscope
only trace amounts of unaltered plagioclase remain. Compositionally, the rock is a
quartz gabbro or quartz diorite. However, it may represent a porphyritic gabbro
with its groundmass recrystallized to a metamorphic assemblage,

Stop 10. THE WOOLEN MILL GABBRO AND ANORTHOSITE, RTE. 9N,
15" ELIZABETHTOWN QUADRANGLE

On Rte. 9N about 1.6 km W of the intersection of Rtes. 9 and 9N at the golf
course on the southern edge of Elizabethtown are outcrops of gabbro and
anorthosite at the site of an old, long disused broken dam. Recent reconstruction
of the dam and installation of a penstock along the Branch River just N of the
road may limit our examination of a fine exposure of anorthosite block structure
along the river.

On the S side of the road, a prominent clif f exposes the very irregular contact
of a garnet- and magnctite-rich gabbro with a white gabbroic anorthosite in which
almost all of the plagioclase megacrysts have been granulated. A rude foliation
may be obscrved in both rocks. Modes of the gabbro and optically determined
compositions of plagioclase, augite and hypersthene from the gabbro and
anorthosite are given in Table 6. The contrast in Fs content of coexisting clino-
and orthopyroxene in gabbro and anorthosite is marked. Note that the iron-rich
gabbro has abundant garnet, while the relatively iron-poor anorthosite has none.
The presence in the gabbro of isolated blue-gray, well-twinned (Carlsbad and
albitc) labradorite xcnocrysts and occasional xenoliths, as well as contact relations,
suggests that the gabbro has intruded the anorthosite before regional deformation.
Toward the center of the roadcut, a pink aplite dike has intruded both the
anorthosite and the gabbro.

The complexity of the contact relations here has led different geologists to

different interpretations. Kemp and Ruedemann (1910) and Kemp (1921) reported
that river outcrops showed "anorthosite tonguing in to the dark supposed gabbro"
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Table €. MODES AND MINERAL COMPOSITION OF GABBRO AND ANORTHOSITE
FROM THE WOOLEN MILL LOCALITY, RTE 9N,1.6 KM W OF
ELIZABETHTOWN

Mineral metamorphosed gabbro anorthosite

orthoclase [) H=—ms 0.5 tr
1/ 27

andesine 43.0————= a0 ;1 An andesine An

33,5 44 .5

3/ 4/

augite L2 Qo 16.4 Fs augite Fs

48 29

S/ 6/

hypersthene R 4.1 Fs hypersthene Fs

60 40.5
almandine L 10,2 none
ilmenite B . 2 230 BE
magnetite 15 . 0==——== 10.0 none
apatite B, Q=== 6.0 none

100.0 100.0

1/ mol % An from optical meas., (= 1.546
‘:J‘L i m " ¥ i o( — 1.5520
3/ mol % Fs, Fe/(Fet+Mg) from meas. of \r'=l.730
4—£ ] " ] " ] ] ! ] 'Y‘: 1'717
‘5'.{ (N} [N} [} L[] 1A ] " [N} _T—-: 1'740
Qé " " " " n " i " ’Y—: 1.715

A plagioclase xenocryst in gabbro has (X = 1.555, An

50.5
For optical composition curves, see Jaffe, Robinson, Tracy
and Ress (1975). Amer- Mimeral. 60, 9-2%.
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and suggested that the gabbros might represent "surviving inclusions of Grenville
scdimentary gncisscs impregnated with matter from the anorthosites." They
suggested that the Woolen Mill gabbro was thus an old Grenville rock hybridized
by later intrusion of anorthosite. Commenting on this interpretation, Miller (1919)
assigned these plagioclase-megacryst-bearing gabbros to the Keene gneiss, which he
belicved to be a sycnitic magma containing assimilated anorthosite! Buddington
(1962) described the Woolen Mill gabbro as a typical olivine gabbro intrusive into
anorthosite, in which olivine was extensively converted to garnet during regional
mctamorphic recrystallization. No evidence of relict olivine could be found under
the microscope.

How would you interpret the outcrop relations?
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ROADLOG

AND TIMETABLE--H.W. & E.B. Jaffe Adirondack High Peaks

TETEH -
MILES COMUL TIME
0.00 0.0 STOP 0.Arby parking lot, Plattsburagh,R 8130
0.3 on Rt .3W to 1878 ,turn L
14.25 14 .55 to Ex.34 ,Ausable Forks 8:45
turn L on Rt.SN
1086 25.15 STOP 1. Rt.9N 1.3 miles E of Ausable Fks, 9:05-9:35
1.8 26.45 Turn L at blinker in Ausable Fks.
with Rte.9N
6.1 32.55 Turn L off Rte.9YN in Jay, cross
covered bridge, park KR
u;2 33.15 STOP 2.0utcrop in river,on bank. 9:50-10:20
8,2 33.25 Continue W on Y9N through Jay to Upper
6.6 39.85 Jay, where we turn L¢3 with 9N
3,9 43.75 STOP 3.Rock cut 3 of Upper Jay 10%35~11.206
Go 5 on Rt.9N to Rt.73 in Keene.turn R
2.8 46.05 (W) on Rte.73
4.5 50.55 STOP 4 .Park on L at Cascade lLks., creoss 11:20-12:05
Rt .73 @wautiously, foellow path up to eliftdf
4.4 54 .95 Turn E on Rte.73, return to Keene
Turn R(3) on small road before bridge
0.75 55.70 STOP S.Park,E side ot road, scramble 12:15-12:55
down to river,see outcrop, lunch
1.8 5% .51 Proceed S on small road to Rte 73,
4.0 Bl Bl go 3 through Keene Valley.
STOP 6.Roadside,Rte.73 183:07-13: 37
3.0 64 .50 Continue S on Rte 73 to Chapel Pond.
STOP 7.Walk N to E side outcrop. 153:43-14:13
Continue S to Rte.9 intersection,
4.1 68.60 turn L on Rte 9
BB 70.90 STOP 8.Park R, cross to outcrop 13:26-14:56
Continue N on 9 through New Russia
6.4 77 .30 STOP 9,Park on right 15 +26~15:56
1.3 78.60 At Rt. 9N, turn L
1.4 79,60 STOP 10.Park on right ,Rte.9N 16:00-16:20
I .10 80.60 Return E on Rt 9N to Rt 9, turn L

Return wvia I-87 to Plattsburgh by either 9N to
exit 31¢(5 mi),or 9 to exits 32(Hbmi) ,33(10mi) or
34 (20 mi) ., Exit 37 in Plattsburgh returns you
te the Arby parking lot where vyou started, in about an hour.
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APPENDIX I.

JAFFE ET AL IRON-RICH PYROXENES 61578)

500 600 700 a00 300 1000 [Hlels]
r v 1 AT v g = el
21 v "x) J
i >
bRy e
ai View B~

|£d|
L . : g

fig. 9 P-T diagram with isopleths showing the compositions of
orthopyroxene in equilibrium with olivine and quartz, based on
experimental work of Lindsley (1965) and Smith (1971b) in the
sy e Mg$i0,-FeSi0,. Determination of Fs,q isopleth by Bohlen
eral (1978) and a calculation of its position by Wood and Strens
(1971 ) are also shown. the former with an inflection consistent with
the high-low quartz inversion. Also shown are the low temperature
stability of pigeonite on the join hedenbergitey—lerrosilite,, as
determined by Smith (1972) and the stabilities of the ALSIO,
polymorphs based on Richardson er al. (1969). Newton (1966).
and Holdaway (1971). Outlined areas indicate brackets for
minimum pressure cstimates for metamorphism of Mt Marcy
orthoferrosilite according to data of Smith (hachures) or of Bohlen
et al. (long dashed). Sec text for detailed interpretation.

In order to estimate pressures for the Adirondacks,
the calculated ferrosilite contents of orthopyroxenes
have been applied to the isopleths of Smith (1971b)
on Figure 9. The Smith calibration was used rather
than the Wood and Strens calibration because the
Fsio0 curve of Smith s in reasonable agreement with
the Fs,oo curve of Bohlen er al. (1978), especially
considering Smith’s suggestion that his pressures are
probably slightly high due Lo the mechanical behav-
jor of the solid-media apparatus.

T he ferrosilite content of the most iron-rich ortho-
pyroxene of this study, Po-17, is calculated Lo be Fs
95 and ks 90 respectively, using the two extreme
calculation methods. I equilibration occurred at
8007C, then minimum pressure wis 9 kbar and could
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have been as high as 11 kbar, Equilibration at 600°C
implies minimum pressure of 7 kbar to 9 kbar (Table
9). These limiting minimum pressure values based on
experimental data of Smith (1971b) are outlined on
Figure 9, together with adjusted values estimated
from the Fs,e ¢xperiments of Bohlen er al. (1978).
Similar reasoning based on optical data for the eulite-
bearing (Fs 88) specimen FFG-2 from near Wana-
kena, Cranberry Lake quadrangle. yields the mini-
mum pressure estimates given in Table 9.

On the other hand, composition of olivine in the

Table 7. Lstimates of pressure of metamorphism of selected
Adirondack rocks*®

Estimates of minimum pressure (kbar) based on ortho-
pyroxene composition in olivine-free assemblage.

“Fa" 620°C 800°C
Po-17, Mt. Marcy quad., probe analyses
Fe/(Fe + Mg) .95 9 11
re? /2,00 .90 7 9
FFG-2, Cranberry Lake quad., optical estimates
Fe/(Fe + Mg) .88 6.3 9
Fe?*/2.00 .84 4.5 7

Estimates of maximum pressure (kbar) based on olivinme-
augite assemblage where "hypothetical orthopyroxene”
composition has been estimated.

“Fa" 600°C 800°C
FFG-6, Cranberry Lake quad., probe analysas
Fe/ (Fe + Mg) .97 9.5 12
2+
Fe™ /2.00 -91 1.5 10
AF-1A, Ausable Forks quad., optical estimates
Fe/(Fe + Hg) -97 9.5 12
Fel*72.00 .91 7.5 1n
*To accord with the experimenta of Bohlen et al. (19878)
thers valure shoull f¢ adjueted gpproximately -0.8 +bar
it 600% amd =1.7 #lir ar HODY




METASEDIMENTARY AND METAVOLCANIC ROCKS OF THE AUSABLE SYNCLINE,
NORTHEASTERN ADTRONDACKS

PHILIP R. WHITNEY
Geological Survey, New York State Museum

JAMES F. OLMSTED

Center for Earth and Environmental Sciences
State University of New York College at Plattsburgh

INTRODUCTION

On this trip we will examine two sections of granulite facies
metamorphic rocks, exposed in stream cuts in the southern and central
Ausable Forks 15' quadrangle (Figs. 1,2). The first section is
dominated by calc-silicate rocks, marbles, and quartzites, typical of
metasedimentary rocks in the northeastern Adirondacks. The second
includes both metasedimentary rocks and the Lyon Mountain Gneiss, an
unusual lithologic unit comprising a diverse suite of rocks which we
believe are chiefly metavolcanic. Points for discussion on the trip
include possible protoliths, the tectonic and sedimentary environment
at the time of deposition, the metamorphic environment(s), and contact
relationships with olivine metagabbros and anorthositic gneisses.
Both stops on this trip involve moderately long hikes along scenic
Adirondack brooks. While the hikes are not particularly arduous, we
recommend sturdy boots and the exercise of caution; some of the stream
banks are quite steep, and frequent crossings of streams on slippery
rocks will be necessary.

Geological Setting

The Ausable Forks quadrangle (Figs. 1,2) in the northeastern
Adirondack Mountains, near the border of the Marcy anorthosite massif,
contains four major rock units (Fig. 2). Several large bodies of
metanorthosite and gabbroic anorthosite gneiss , roughly damical in
shape, are the lowermost exposed rocks. Overlying the damical
metanorthosites is a complex of layered metamorphic rocks several
kilometers thick. These layered rocks dip away from the metanorthosite
domes; foliation and layering in them are parallel or subparallel to
foliation in the outermost parts of the domes. Individual lithic units
within these supracrustal rocks are locally well defined, but exhibit
large variations in thickness along strike, and ordinarily cannot be
traced for more than a few kilometers. The layered camplex includes the
metasedimentary rocks which will be described in detail below, as well
as diopside-bearing quartzofeldspathic gneisses, granitic gneisses,
jotunites (monzodiorite ‘gneisses), and anorthosite and gabbroic
anorthosite gneisses.

The third major unit in the quadrangle is a heterogeneous
quartzofeldspathic gneiss that crops out over an area of nearly 1000
km? in the northeastern Adirondacks. This has been named the Lyon
Mountain Granitic Gneiss by Postel (1952); we have shortened this to
Lyon Mountain Gneiss (ILMG) because it contains substantial amounts of
rock that are not of granitic composition. This unit underlies much of
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TARLE 1.

rocks of the Ausable Forks quadrangle.

Carbonate-free assemblages
Cpx

Assemblages with carbonates
Cec

Ce—-cpx
Cc-cpx—gt
Cc—cpx-sc
Cc—cpx-sc-kf
Ce-cpx-sn—gt
Cc-sn

Cc-sn-ph

Cc-wo
Cc—-wo—cpx
Cce-wo—gt
Cc—cpx-wo—gt
Cc—ch-sp
Cc—-cpx-wo—gt-id
Do

Cpe=k £

Cpx-kf—-qgz

Cypx-pf

Cpx—pf-qgz

Cpx-pf-tn

Cpx-pf—gt

Cpx—sc

Cpx=sc—=tn

Cpx—-wo

CpxX-wo—]z

Cpx-wo—gt

Cpx-ph

Qz-ph

Qz-ph-opx

Ge—=tr

Oz—opx—~cpx Ccpx

Q7 ~opx—Ccpx—tr opx

Qz-opx-cpx—tr-ph qz

Pf-cpx-wo—gt-qz kf

rf-cpx-opx-ph pf

Gt gt

Gt-wo WO

Gt-cpx tr
bi
ph
€c
se
tn
sn
sp
ch
id
do

clinopyraxene (Di-Hd ss)
orthopyroxene

quartz

microcline or mesoperthite
plagioclase

garnet (Gr-And ss)
wollastonite

tremolite

biotite

phlogopite

calcite

scapolite

titanite (sphene)
serpentine (after forsterite)
spinel

chondrodite

idocrase

dolomite

Graphite and pyrite are commonly present in minor amounts.
alteration products include prehnite, chlorite, and sericite.
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the northern third of the Ausable Forks Quadrangle, and forms the core
of a tight, upright, north-plunging synform (the Ausable Forks Syncline
of Balk, 1931) in the central third (Fig. 2). North of the Ausable
River, the IMG is host to numerous small, and a few rather large,
bodies of low-Ti magnetite iron ore that were worked throughout much of
the nineteenth century and the first half of the twentieth (Gallagher,
1937; Postel, 1952). The first three units are intruded by a fourth,
coronitic olivine metagabbro, which occurs as several large bodies in
the snuthern half of the quadrangle, and as smaller pods and lenses in
the layered rocks throughout the area. The metagabbro ordinarily
retains primary igneous textures in the interiors of all but the
smallest bodies, and is metamorphosed to garnet amphibolite or mafic
granulite near the contacts. All four units display mineral assemblages
consistent with granulite facies metamorphism, except for local
retrograde assemblages in the vicinity of late, brittle faults.

Locations of the field trip stops are shown on a generalized geologic
map (Fig. 2). The first stop is a traverse along a stream that drains a
cirque on the north flank of Jay Mountain, crossing a section of
metasedimentary rocks of the layered complex. The second, along Doyle
Brook in the central part of the quadrangle, begins in the core of the
Ausable Forks Syncline where sevaral variants of the Lyon Mountain
Gneiss are exposed, and continues into some of the underlying
metasedimentary rocks.

Metasedimentary Rocks

The metasedimentary rocks in the layered camplex consist principally
of diopside-rich calcsilicate granulites, together with impure
quartzites and calcite marbles. Phlogopite and biotite schists are less
common, and there is one occurrence of dolomite marble. At the top of
the layered complex, directly underlying the Lyon Mountain Gneiss, is a
thin, graphitic, sillimanite-garnet-quartz-microcline metapelite.
Substantial amounts of quartzofeldspathic gneiss of granitic
composition, and lesser amounts of amphibolite and biotite-rich mafic
granulite are interlayered with the metasedimentary rocks; these rocks
probably are the metamorphic equivalents of felsic and mafic volcanics,
respectively.

Most individual layers within the metasedimentary sequence are
relatively thin (less than a few tens of meters). Accurate measurement
of thicknesses 1is prochibited by scarcity of outcrop. Iayers are
comonly discontnuous along strike, possibly due in part to tectonic
disruption. Because of these factors, and the cammon presence of
interlayered gabbroic and anorthositic rocks, it has not been possible
to recognize a coherent stratigraphy. It is concievable that there is
repetition due to folding or faulting.

Table 1 lists observed mineral assemblages in the calcsilicate
granulites, quartzites, and marbles. The dominant mineral in most of
the calcsilicate rocks is diopsidic clinopyroxene, ranging from nearly
colorless to dark green. The color, which depends largely on ferrous
iron content, may vary widely within a few cm. With the clinopyroxene
are variable amounts of alkali feldspar, quartz, plagioclase, calcite,
scapolite, phlogopite, wollastonite, and titanite. Rocks with over 90%
diopside ("diopsidites") are common, as are diopside-microcline rocks.
Wollastonite-rich rocks occur locally in economic quantities. At the
Lewis wollastonite mine (Fig. 2), the ore is a wollastonite—diopside-
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garnet rock, with numerous nearly monomineralic zones. The high-
variance mineral assemblages, as well as the cammon absence of either
quartz or calcite with the wollastonite, suggest that this ore, like
that at Willsboro in the next quadrangle east, is partly metasomatic in
origin (Buddington, 1939; DeRudder, 1962).

With the addition of quartz, the calcsilicate rocks grade into
impure quartzites that are commonly tremolite-bearing. The magnesium-
rich assemblage tremolite-enstatite-diopside-(phlogopite)-quartz is
locally present. Calcite marbles, usually with abundant calcsilicate
minerals, tend to occur in lenses and irregular layers. In the central
part of the quadrangle west of Black Mountain, prominent marble "dikes"
crosscut a stratiform metanorthosite body, illustrating the ductile
behavior of the marble relative to that of anorthosite during
deformation. Graphite and pyrite are common accessory minerals in all
asssenblages, with the exception of wollastonite- and garnet-rich
rocks, which tend to be relatively oxidized.

Several features of these metasedimentary rocks suggest the former
presence of evaporites. The preponderance of diopside-rich calcsilicate
rocks, the metamorphic equivalent of silicious dolostones, is
significant in that dolomite is camonly a product of hypersaline
depositional ernvironments (Friedman, 1980). The diopside-rich rocks
locally contain major amounts of microcline, possibly the metamorphic
equivalent of low temperature, authigenic or diagenetic microcline. The
latter, in part pseudamorphous after evaporite minerals, has been
reported from late Proterozoic, evaporite-bearing dolamitic rocks in
South Australia (Rowlands and others, 1980) and in the Damara Orogen of
Namibia (Behr and others, 1983). Magnesium-rich metasedimentary rocks,
in particular phlogopite schists and enstatite-diopside-tremolite-
phlogopite-quartz rocks, are likely granulite facies equivalents of
evaporite-related talc-tremolite-quartz schists, such as those found
near Balmat in the northwest Adirondacks (Brown and Engel, 1956), in
stratigraphic association with diopside-rich 1rocks and bedded
anhydrite. Magnesite-dolomite~-chlorite-quartz rocks are a possible
sedimentary protolith. The common presence of scapolite in both marbles
and calcsilicate rocks 1is another possible indicator of former
evaporites (Serdyuchenko, 1975). Granulite facies metasedimentary rocks
similar to those of the Ausable Forks quadrangle occur in the Caraiba
mining district of Brazil (ILeake and others, 1979), and in the Oaxacan
Complex of southern Mexico (Ortega-Gutierrez, 1984); in both localities
anhydrite is present in the subsurface.

Lyon Mountain Gneiss

The Lyon Mountain Gneiss (IMG) comprises three distinct facies.
Granitic (sensu lato) gneisses (GG facies) consist chiefly of quartz
and mesoperthite with minor amounts of biotite, hornblende,
clinopyroxene, or garnet and up to 5 percent magnetite. Locally present
is a potassium-rich variety with microcline as the principal feldspar.
Modal compositions are widely variable, both with respect to
proportions of quartz and feldspar present, but also with respect to
the amount and identity of the mafic minerals (Table 2). These
heterogeneous rocks are common throughout the outcrop area of the LMG.
A second facies, leucocratic albite gneiss (LAG), is camposed of quartz
and albitic plagioclase (Abgg-Abgg), minor clinopyroxene with up to 40
percent acmite component, and as much as 4 percent magnetite. Both the
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TARLFE 3. CHEMICAL ANALYSES OT LYON MOUNTATIN GNEISS

LAG FACIES (6) MAG FACIES (9)
Element Mean Maximum Minimum Mean Max imum Minimum
Sin2 71.63 + 2.63 75.07 58,45 64,39 + 5,78 78.24 59,24
Ti02 .48 ¥ .08 .62 .38 .94 + .16 1.16 .63
Al203 12.71 + .81 13.49 11.47 13.17 ¥ 2.22 16.46 8.01
Fe203 4,13 + .85 5.48 2.91 2.85 ¥ 1.18 4,72 1.36
FeO ' 2.11 ¥+ .46 2.86 1.65 2.15 ¥ .58 3.00 1.25
Mno .02 ¥ .01 <03 01 .04 ¥ .02 .08 .02
MgO 31 + .11 .45 i 3.05 + .69 379 s 7E
ca0o 1.28 + .71 Z.857 .43 S.od 4 1,92 7.66 2.69
Na20C 6.81 ¥ .91 7.76 5.54 6.98 + 1,92 8.69 3.24
X20 «48 + .29 .99 . Al 68 £ 98 2.99 15
P205 .07 ¥ .04 14 .02 .16 + .07 .22 I o i
Rb 7 + 4 12 2 19 ¥+ 31 80 2
Sr 31 ¥ 9 42 18 61 + 43 153 25
Ba 55 + 28 101 29 121 + 174 501 10
7 1015 + 228 1320 653 290 + 54 385 195
Y 137 ¥+ 50 210 75 55 + 19 85 34
Nk 40 + 11 48 18 18 + 5 23 10
Ce 223 + 106 342 75 68 + 19 103 47
Ga 29 + 4 33 24 18 + 5 25 10



L¥l

TABLE 3.
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Figure 3 A. Modal quartz, plagioclase, and K feldspar (microcline or
perthite) in rocks of the Lyon Mountain Gneiss.

B. Nommative quartz, albite and orthoclase in the Lyon
Mountain Gneiss. Contours show percentages of 137 analyses of
Adirondack granitic rocks. After Whitney and Olmsted (1988).
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GG and 1AG facies commonly appear as fine- to medium— grained
grancblastic rocks, massive to weakly foliated but with locally strong
compositional layering. Colors range from white to pink or buff; mafic
varieties are locally gray. Table 2 shows modal data for these rocks,
and figures 3A and 3B illustrate the variability of both modal and
normative quartz and feldspar.

These quartzofeldspathic gneisses are interlayered with lesser
amounts of a third facies, mafic albite gneiss (MAG). The latter is a
distinctive albite-pyraxene rock, with varying amounts of quartz and a
blue-gray sodic amphibole, plus minor titanite. The pyroxenes are dark
green and acmite-rich (up to 35%). Oxide minerals are uncamon; where
they do occur they consist of laminar intergrowths of hematite and
ilmenite or rutile, in contrast to the ubiquitous magnetite of the GG
and IAG facies. These MAG rocks are commonly pink to gray, fine-
grained, with a sugary grancblastic texture. In some outcrops, they
display a prominent pinstripe layering, with alternating mm-scale
pyroxene-rich and albite-rich layers. More cammonly the MAG facies is
massive. Both banded and massive varieties locally contain pink
megacrysts of nearly pure albite, up to 5 cm across. Quartz content is
commonly under 5 percent, but one sample contains 45 percent,
suggesting admixture of a quartz-rich sedimentary camponent. Scapolite
is locally present.

Table 3 shows the average chemical composition of several facies of
the Lyon Mountain Gneiss. Notice in particular the high Naj0, low K0
nature of the LAG and MAG facies. In contrast, the microcline-bearing
variant of the GG facies (not exposed on Doyle Brook) is KpO-rich.
Whitney and Olmsted (1988) attribute the heterogeneity of these rocks
and the extreme alkali metal ratios to diagenetic alteration of felsic
volcaniclastics in a hypersaline environment such as a playa lake.
Possible unmetamorphosed analogs of these rocks are found in several
areas in the southwestern United States, where rhyolitic tuffs of
Pliocene to recent age have been altered in a playa setting to produce
rocks with diagenetic analcite (Na-rich), zeolites, or K feldspar
(Surdam, 1981). A weakly metamorphosed analog of the MAG facies is
present in the Damara orogen of Namibia, in the form of albite-
dolomite—quartz rocks, locally with albite porphyroblasts. These late
Proterozoic metasedimentary rocks also originated in a playa
environment (Behr and others, 1983).

In the section we will see, in the southermmost, tightly folded part
of the Ausable Forks Syncline, all three facies of the IMG are
interlayered with amphibolite, at least some of which has been derived
irom intrusive olivine metagabbro.

ROAD 1OG
Mileage Cumulative Remarks
0 0 This trip will assemble in the parking lot

at the west end of Hudson Hall. As you

leave, turn R (west) into Broad Street and
continue west about two miles to the entrance to
I-87 south.

1.8 1.8 Turn L into entrance to I-87. Keep right after
you make this turn so as to elect I-87 south.
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Take exit 34 to NY 9N.

Turn L onto NY 9N south toward Whiteface
Mountain.

Clintonville. This hamlet is a former iron mining
town said to have had a population of over 10,000.

Outcrops in roadcut on right are an unusual
ferrohedenvergite—-fayalite granite, first described
by Buddington (1939). This may be a reduced facies
of the Lyon Mountain Gneiss, or a subsequent
intrusive rock.

Village of Ausable Forks.
Turn L at red blinker onto Main St.

Route 9N turns R at bridge. We will leave 9N
briefly to examine a spectacular exposure of
metasedimentary rocks in a roadside outcrop.

Turn R at other end of bridge onto Sheldrake Road.

Stop at several small outcrops in a bank on the L
(east) side of the road, directly downslope fram a
house. Cameras are a must at this stop, but no
hammers, please. This informal stop illustrates the
differing mechanical properties of various rock
types, including marble, diopsidite, amphibolite,
and granitic gneiss. This exposure has been called
"The Snake", for obvious reasons.

Turn R on Stickney Bridge Road.
Cross bridge and turn L on 9N.
Village of Jay.

Turn L at intersection with route 86, toward the
"0ld Covered Bridge".

Covered bridge. Drive across bridge and bear R up
hill. Exposures on R in the bed of the Ausable
River are metanorthosite of the Jay Dome, cut by
several unmetamorphosed mafic dikes.

Y intersection; continue on L fork.

Bear R at yellowish house.
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0.1 36.8 Turn L on Nugent Road (unpaved).

1.75 38.55 STOP 1. Gelina Basin.

The road forks at this point, with the R fork leading steeply
uphill. There may be a gate across the L fork. This is private
property, owned by Ward Lumber Co. in Jay. If you come here on your
own, get permission. We will park here and proceed on foot up the R
fork. If you have an altimeter, set it for 1280 feet. After about a
half mile, the road ends at a hunting cabin in a clearing. Walk to the
R of the cabin past the john, where you will find a trail that follows
the top of a steep bank. Follow the trail S to about 1800 feet
altitude, and work your way down the bank to the stream at the bottom.
This unnamed, north-flowing stream drains a cirque (Gelina Basin on the
15' quadrangle map) on the north flank of Jay Mountain. We will attempt
to hit the stream at about 1700 feet and traverse upstream ~ver a well-
exposed section of NNE-striking metasedimentary rocks.

1730-1750"' (altitudes approximate) Calcsilicate rocks with diopside and
wollastonite, locally rusty weathered, with quartzite layers.

1750-1760' Strongly foliated amphibolite, owverlain by coarse, rusty
calcite-diopside-phlogopite—graphite marble.

1780-1820" First of three waterfalls. At the base of this falls,
layered diopside-wollastonite calcsilicates (WoDi) and quartzite are
exposed. The caprock is tremolite-bearing quartzite; just above this is
Mg-rich enstatite-diopside-tremolite—quartz rock.

1830' 5' cascade over diopsidite and diopsidic marble with thin
quartzite layers.

1840-1870' Interlayered metasedimentary rocks (diopsidites and WoDi)
and thin amphibolites.

1880-1900"' Amphibolite, overlain by metasedimentary rocks, including a
calcite-diopside-wollastonite—-grossular-idocrase marble at the base of
a second waterfall. The cap of this falls is a dark, feldspathic
diopsidite with locally abundant sphene. The amphibolite here may be a
sill or dike of olivine metagabbro satellitic to the larger body
exposed just upstream.

1910-1960"' Third falls. The lower part of the falls is a cascade

over banded WoDi rock; the upper part is olivine metagabbro locally
mixed with granitic gneiss. The gabbro contact here appears to have a
steep easterly dip, truncating the more gently dipping metasedimentary
layers. Thin sections of the WoDi rock here show thin rims of
grossularitic garnet around wollastonite, possibly a result of the
reaction wollastonite + plagioclase = grossular + quartz.

0.0 38.55 Turn around and retrace route on Nugent Road.

1L.75 40.3 Turn R on The Glen Road.
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0.1 40.4 Fork in road, bear L toward Village of Jay.

1.3 41.7 Turn R just before covered bridge.

0.5 42.2 Turn L on North Jay Road.

4,2 46 .4 Turn R on Green Street.

5.4 51.8 Turn R on Trout Pond Road.

5.0 56.8 Stop 2. Clear Pond Park and Doyle Brook Gorge.

Park on R side of road. To reach the traverse up Doyle Brook we will
walk along a private logging road (permission needed) that runs SW from
Trout Pond Road. [Note: the 1953 USGS topographic map (1:62,500) is
accurate in this area; the 1980 1:25,000 version is not]. Proceeding SW
along tle logging road, we will pass Copper Pond, which occupies a
small basin in albite gneisses of the IAG and MAG facies. Just S of
Nesbitt Pond, a short trail leads S to Doyle Brook. From here, we will
traverse upstream. The stream gradient is small, so altitudes are not
listed. The first rocks encountered in the streambed are amphibolites.
A short distance upstream, Doyle Brook emerges from a slot formed at an
ENE-trending fault here occupied by an unmetamorphosed mafic dike of
indeterminate age that shows evidence of multiple episodes of
intrusion. The walls of the gorge are MAG facies albite gneisses, with
massive, banded, and megacrystic variants all present. Notice the
complex folding in the banded gneisses.

After leaving this first slot, continue upstream along a flat
stretch with occasional outcrops of the GG and LAG facies, some quite
magnetite-rich. Then enter a second gorge, walled by heterogeneous,
intensely fractured IMG, mostly of the GG facies. Shortly beyond the SW
end of this gorge, the stream crosses a concealed contact between the
IMG and the underlying metasedimentary rocks. The first outcrop of the
latter is a rusty-weathered, graphitic, sillimanite-garnet metapelite.
Continuing upstream, the course of the stream swings around to a nearly
NS direction, with outcrops of garnetiferous granitic gneiss. At the S
(upstream) end of this segment are several marble outcrops, including a
coarse white calcite marble with serpentine and graphite, and a nearly
pure, gray, tan-weathering dolamite marble. A large spring marks the
underground outlet of Lawson Pond, located just to the south and about
80' higher in elevation. The surface outlet shown on the map does not
exist. The rocks here strike NNE and dip east; the marble overlies the
granitic gneiss seen in the previous outcrop. Another bend in the
stream leads first SW and then W (downsection) over outcrops of
amphibolite and rusty calcsilicate rocks, back into garnetiferous
granitic gneiss, followed by gabbroic anorthosite gneiss. The latter is
part of a large, irregular lens of metanorthosite within the layered
metamorphic rocks. At this point we will leave the stream and walk back
to the access road, following the N rim of Doyle Brook gorge.

To return to Plattsburgh, follow the Trout Pond Road south about
three and one half miles to Route 9. A left turn here will take you
north toward Plattsburgh. You may get on I87 (north) at exit 33,
located at the intersection of routes 9 and 22 about one mile north of
Poko-Moonshine Park.
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Introduction

Developments in mining and iron smelting in the Adirondack-
Champlain region (Figure 1) commenced with effective American
settlement after the 1812-1814 war, and in some instances
preceded it. Iron ore had been observed on the lakeshore near
Crown Point as early as 1749 by Swedish naturalist Peter Kalm
ELI70) .

The crude ironworks on the manor of British military
officer, Philip Skene, at Skenesborough (Whitehall, NY) at the
head of Lake Champlain smelted ore from the vicinity of what
later became the Cheever Mine a few miles north of Port Henry,
NY (Morton, 1959). At the mouth of the Saranac River on Lake
Champlain, Zephaniah Platt and associates operated a Catalan
forge or bloomery in 1798 using ore from Vermont. 1In 1801, an
ironworks was erected at Willsboro Falls on the Boquet River.

Catalan Forge

Adirondack and Champlain iron makers employed two methods
for smelting iron, each with centuries-old European
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antecedents. The Catalan forge or bloomery, the older and
simpler apparatus, resembled a blacksmith's hearth (Hunt,
1870). The raw materials of finely crushed and calcinated or
roasted ore, crushed limestone or marble, and charcoal were
shoveled into a heavy cast iron firebox that was surrounded by
fire brick and provided with a chimney (Glenn, 1987). An
activated bellows forced an updraft that intensified the heat
while a bloomer stirred the charge with a long-handled rod.
The ore was heated to a semi-molten state as the smelting
process separated impurities from metal. The metal was
gradually worked into a pasty, ball-like mass that was
repeatedly hammered on an anvil to expel impurities. Heavy
trip hammers, driven mechanically by water-driven wheels, were
used for this. Following successive reheatings and
hammerings, the loupe or iron mass was shaped into a bloom or
billet, a nearly pure, malleable form of wrought iron
(Chahoon, 1880). These blooms were in great demand among
regional blacksmiths and nail factories (Chahoon, 1875 and
Egleston, 1880).

Blast Furnace

The alternate technique employed a blast furnace (Figure
2), a hollow inner chamber or tunnel open on both ends, lined
with fire-brick, and supported by a stack of heavy cut stone.
The stack, square at the base and top, tapered upward in the
shape of a truncated pyramid. All raw materials were fed
through the tunnel head or top from a "charging bridge". As
the alternating layers of iron ore, limestone, and charcoal
(later coke) descended through the furnace, they encountered
the forced ascent of heat and gases liberated by the burning
of charcoal/coke lower down in the tunnel (Richards, et. al.,
1895). The rising gases (including carbon monoxide) readily
united with oxygen in the ore, thus leaving a spongy mass of
iron. The hot gases formed by that process were expelled from
the top of the stack into the atmosphere in the early years,
but were later captured and conducted through downcomer pipes
to be used as fuel in heating ovens.

The metallic iron and the limestone melted along with the
various impurities it absorbed. This molten matter then
trickled into a catchment basin or hearth at the base of the
furnace. The more dense iron settled on the bottom while the
liquid lime-rich impurities floated on top as scum. A clay
plug in the hearth wall was removed periodically, allowing
molten iron to pour forth to cool in molding troughs. The
scum was drained through a separate taphole and allowed to
solidify as slag. The solid metal, pig iron, a carbon-rich
and relatively brittle product, required subsequent reworking
in a puddling furnace or refining forge to remove excess
carbon and render the metal strong and malleable.

Although the blast furnace technique entailed a two-step
process, it was more efficient for smelting large gquantities
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of ore. Both processes were employed in the Adirondack-
Champlain region. The bloomery was widely favored, and during
the second half of the 19th century this region became the
greatest and last stronghold of the bloomery smelting process
in the United States. The reasons for this included: (1)
initial investment and operating costs were low; (2) it
produced the quality of iron sought by regional blacksmiths
and nail-makers; (3) many smelting operations were of
necessity small in scale because it was impractical to haul
the large quantities of charcoal required for blast furnaces
long distances; (4) it was subject to practical operation on
an intermittent and seasonal basis and thus could be
successfully synchronized with seasonal farming, lumbering and
charcoal making; (5) given the abundance of local ore,
efficiency with respect to raw-material consumption was not an
overriding priority; and (6) advances such as the introduction
of the hot-air blast improved the efficiency of the process
and extended its useful life in the Adirondack-Champlain
region.

Raw Materials

The iron industry spread westward from the shores of Lake
Champlain as settlement advanced up the river valleys. 1In
many instances, iron accounted for initial settlement, spurred
population growth, and promoted overall economic development
in these remote areas. Although this region offered
relatively little in the way of agricultural assets, it was
well endowed with the resources needed for an iron enterprise.
First, numerous deposits of magnetite were discovered in the
granitic gneisses of the Adirondack foothills. These deposits
were variously described as occurring in bodies, shoots,
masses, pods, beds, veins, sheets, and lenses. They were
readily detected by the behavior of a simple surveyor's
compass and later by magnetic dipmeters. Secondly, the high-
gradient rivers that emanate from the hundreds of lakes and
ponds in the mountains and flow to Lake Champlain and the
Hudson River offered excellent water-power to drive bellows,
air compressors, trip-hammers, and other machinery. The great
mantle of virgin forest formed the third ingredient as it
offered an ample supply of wood for making charcoal. Charcoal
was the primary smelting fuel used throughout most of the 19th
century in this region. Finally, an availability of Grenville
marble in the Adirondack region and Ordovician limestone in
the Champlain Lowland provided the necessary fluxing material
for the smelting process (Kemp and Ruedeman, 1919).

Primitive transportation methods made it difficult to
import iron products from outside of the region. Thus,
ironmongers seized the opportunity to supply local markets.
The Adirondack-Champlain region eventually grew to attain a
national ranking in the iron business, however, it was not
unusual in its possession of all prereguisites for iron
making; many regions throughout the eastern United States
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maintained iron-working enterprises of varying magnitudes in
the late 18th and early 19th centuries.

Early Years

Thus, with a superb resource base at hand and settlers
arriving in the early 1800s, the growth of the iron industry
was inevitable. The early ironworks were concentrated along
the Saranac, Ausable, Bouquet, and Schroon Rivers. Later the
Chazy Valley in northern Clinton County and the Towns of
Moriah and Crown Point in Essex County emerged as important
centers of iron making.

By 1820, significant mining operations were being carried
on at Arnold Hill, which opened in 1806, in south-central
Clinton County (Hardy, 1985) and in Essex County's Town of
Moriah at Cheever north of Port Henry (Warner and Hall, 1931)
and in the Town of Newcomb (at Tahawus near the headwaters of
the Hudson River (Masters, 1923). Small surface pits had
yielded modest quantities of ore in a number of widely
scattered localities elsewhere.

Major regional development was inaugurated in the 1820s by
the imposition of a tariff on imported iron and by the opening
of the Champlain Barge Canal at Whitehall in 1823. The latter
provided an all-water transport connection between the
Champlain Valley and the Hudson River. Direct access to the
burgeoning industrial city of Troy, New York provided a major
market for Adirondack-Champlain ores and smelted iron.
Additional markets were also secured further south in the
Hudson Valley, throughout southern New England and in
Pennsylvania and Ohio.

Middle Years

By the mid-19th century, the iron industry was a multi-
million dollar enterprise. It attained a position of
dominance in parts of the Adirondack-Champlain region and
ranked among the leading iron regions of the country. The
basic geographic pattern was an elaboration of that
established earlier. The primary mining operations were
mostly subsurface drifts such as those at Arnold Hill and
nearby Palmer Hill in the Ausable River Valley, the Cheever
Mines, and the Mineville-Witherbee developments. Numerous
secondary and relatively small enterprises were active in and
near the Saranac River Valley and at points scattered across
northern, eastern, and southern Essex County (Glenn, 1977).

The Ausable Valley stood out as the prominent corridor of
iron-making, rolling mills, foundries, and fabricating
industries. Horse-shoe nails were the chief finished product.
Ausable Chasm, Keeseville, Clintonville, Ausable Forks, Black
Brook, and Lower Jay were all thriving centers of iron making
and/or fabricating. To the north, the Saranac Valley formed
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another primary subregion (Hurd, 1880). South of the Ausable
Valley, Port Henry stood out as the dominate node of smelting,
with smaller works located inland in the Town of Moriah; at
Ticonderoga; and in the Schroon Valley of south-central Essex
County (Watson, 1869 and Smith, 1885).

The Peak Period - Mining

The peak period of the Adirondack-Champlain iron enterprise
was ushered in by and during the Civil War. Iron markets
continued to remain strong after the Civil War in response to
the rapid urban-industrial growth of the Northeastern United
States and the birth of the Steel Age which significantly
increased the demand for iron. Continued expansion of the
nation's rail network and the replacement of iron trackage
with steel rails created huge new markets. These factors
sustained favorable conditions for the Adirondack-Champlain
iron industry until the early 1880s.

In 1880, when the United States Bureau of the Census
officially recognized the region as one of the ten leading
iron regions of the country (Pumpelly, 1886), Clinton and
Essex counties together produced 724,000 tons of iron ore
(slightly over nine per cent of the national total). This
represented 30% of the Nation's magnetite production. In 1870
and 1880, New York was the third most productive iron ore
producing state, surpassed only by Pennsylvania and Michigan
(Moravek, 1976).

Essex County's output of 631,800 tons of iron ore exceeded
Clinton County's 92,200 tons, but even Clinton County ranked
13th among iron-ore producing counties in the country. Essex
County was only surpassed by Marquette County, Michigan, whose
output of 1,346,400 tons represented 16.9% of nation's iron
ore. Three of the most productive mines in the United States
were located in Essex County in 1880. The Mineville-Witherbee
complex, centered in the Town of Moriah, constituted the most
significant mining district in the Adirondack-Champlain
Region, as its production of 465,740 tons of ore accounted for
nearly two-thirds of the total. The Cheever and Lee mines
also in the Town of Moriah produced 51,000 tons of ore in
1880, and a new group of mines opened at Hammondville in the
west-central portion of the Town of Crown Point in 1872,
yielded 112,000 tons of ore in 1880 (Kemp, 1908).

In Clinton County, the Palmer Hill mines continued to
produce with an output of 36,670 tons of ore in 1880. The
Williamsburgh-Petersburgh (Tremblay) mines near the junction
of the north and south branches of the Saranac River produced
8,850 tons of ore. Arnold Hill, long an important mining
center, was only active for a small part of the census year,
yielding a mere 1,845 tons.



Those sites had been joined by a major new enterprise at
Lyon Mountain (Miller, 1926) in the west-central portion of
the county. There in the Town of Dannemora, 30 miles west of
Lake Champlain, plans for a substantial enterprise were laid
in the late 1860s and implemented in the next decade (Linney,
1934). Lyon Mountain emerged as a leading mining center after
rail connections were secured in 1879 and the operation became
the object of vigorous promotion by the Chateaugay Ore and
Iron Company. 1In 1880, Lyon Mountain yielded nearly 45,000
tons of ore. A more representative picture of the status of
the Lyon Mountain enterprise can be seen by examining the
production figures for the years following the 1880 census.

In 1882, the first full year of operation by the Chateaugay
Ore and Iron Company, production soared to more than 240,000
tons. Production for the three years from 1882-84 inclusively
averaged 216,500 tons per year. In addition to the above, a
number of small pits, scattered throughout the two-county
region, were worked, but their aggregate yield was
inconsequential in the overall industry (Pumpelly, 1886).

The Peak Period - Smelting

The iron content of the ore approached 70% iron in a few
cases in the Mineville-Witherbee area, not far below the 72.4%
iron in pure magnetite. It averaged 55% region-wide. In some
areas it dropped to as low as 25-30%. Regardless of its iron
content, all Adirondack non-titaniferous ores were considered
exceptional in the sense that even the leanest could be
beneficiated by magnetic separation and concentration
processes to 65%-70% iron content.

The zenith of iron-smelting and associated enterprises also
occurred in the 1860-1885 period. No fewer than 50 blast
furnace and bloomeries operated in 1880. The region's
relative position in iron-smelting was far less impressive
than it was in mining. Although Clinton County accounted for
nearly 85% of the nation's bloomery iron in 1880, the vast
bulk of American iron was being made in blast furnaces by that
date. By 1890 Clinton was the only county in the country
still producing wrought iron by means of the antiquated
Catalan forge. The U.S. Census noted that its charcoal blooms
and billets were highly esteemed in outside markets for use in
the manufacture of plate, sheet iron and fine grades of steel.
Clinton County's production of pig iron in 1880 was minimal,
but Essex County produced 66,725-ton of iron. While it was
important locally, this represented slightly less than one
percent of the national total of 7,265,140 tons.

The heart of iron smelting and associated fabricating
industries during the 1860-1885 peak period was still found in
the Ausable Valley. To the south the primary centers of pig-
iron making included the long-established blast furnace
operations at Port Henry and two modern, coke-fired works
producing Bessemer pig iron near the shores of Lake Champlain
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in the Town of Crown Point that opened in the early 1870s.
Those blast furnaces were operated by the Crown Point Iron Co.
in conjunction with its major mining activities at
Hammondville. The established smelting and secondary works
north of the Ausable Valley continued unchanged from that of
mid-century with a number of new enterprises. The principal
new enterprises were established in the Chazy Valley at Altona
and vicinity, at Standish (Figure 3) a few miles south of Lyon
Mountain, and at Popeville, on the outlet of Lower Chateaugay
Lake 12 miles northwest of Lyon Mountain. Popeville's 22-fire
bloomery operation, reportedly the largest of its kind in the
world, converted the low-phosphorus Chateaugay magnetite from
Lyon Mountain into superior quality blooms and billets (Pope,
1968) .

Throughout this peak period, significant quantities of
regionally produced bloom iron were rolled, slit, and
converted into horse-shoe nails at Saranac and Plattsburgh on
the Saranac River and at Ausable Chasm, Keeseville,
Clintonville, and AuSable Forks on the Ausable River (Moravek,
1976). The region's pig iron was shipped to markets
throughout the Northeast.

If we consider all the phases of the iron industry
together, including mining, ore processing, charcoal-making,
smelting and product fabrication, the industry dominated the
region during the peak period. A labor force of 8,000-10,000
was engaged in one or more phases of the iron industry which
formed the lifeblood of some 50 villages and hamlets. The
enterprise dominated life in whole corridors and subregions as
levels of prosperity paralleled the ebb and flow of economic
tides in the iron industry. In some townships, up to 85% of
the labor force was engaged in iron, and the products of that
endeavor constituted nearly 95% of the value of all
manufactured goods. At its zenith, the iron industry stood
unrivaled as the economic cornerstone of the region. 1In
numerous iron townships, the 1880 levels of population and
relative prosperity remain all-time highs to this day
(Moravek, 1976).

The Industry in Decline

The momentum gained by the iron industry during the Civil
War was sustained into the early 1880's by the brisk markets
generated by railroad construction and by great urban-
industrial developments of the northeast. It declined rapidly
thereafter. Many Adirondack-Champlain ironmongers blamed the
collapse of the industry after 1885 on detrimental tariff
policies. A nation-wide financial panic in 1893 was a mortal
blow to many struggling enterprises. Nationally, the iron and
steel industry was undergoing revolutionary change. Sweeping
changes made the Adirondack-Champlain region an industrial
dinosaur wholly ill-adapted to the new industry. Bigness
emerged as the hallmark of the new era. The scale of both
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mining and smelting in new iron regions created economies of
scale that were unattainable in the Adirondack-Champlain
region.

In the mining phase, production shifted to the Lake
Superior Region with the opening of the Mesabi, Vermillion,
Cuyuna, Gogebic, Marquette and Menominee iron ranges of
northeastern Minnesota in the 1890's (Walker, 1979). Immense
quantities of rich, untapped ores could be surface-mined,
handled in bulk by modern power machinery, and shipped via
Great Lakes freighters. Mining and delivery costs per unit
were a small fraction of those incurred in the small-scale
underground mines of the Adirondack-Champlain region.
Moreover, in numerous cases ore deposits once viewed as
"inexhaustible" in the Adirondack-Champlain region had in fact
become largely depleted.

The westward migration of mining was accompanied by a
geographic shift in the smelting phase. The Steel Age was the
result of the development of the modern Bessemer process in
the mid-19th century (McHugh, 1980). By the late 19th century
steel production was highly concentrated in a few districts on
the shores of the Great Lakes and in the Upper Ohio Valley.
These areas had marked advantages with the Great Lakes
providing access to ore, coal for fuel as coke and markets.
The smelting process itself had assumed a gigantic scale that
resulted in major economies. These revolutionary developments
spelled the permanent doom of local, small-scale,
geographically dispersed, antiquated iron-making ventures such
as those largely characteristic of the Adirondack-Champlain
region and gave rise to modern, integrated, heavily
capitalized industrial-corporate behemoths as symbolized, by
the United States Steel Corporation, formed in Pittsburgh in
1901, as the nation's first billion-dollar corporation.

The Final Years

By 1900, with two exceptions, the smelting phase was nearly
over. Blast furnace operations were continued at Standish and
Port Henry until the mid-1930's, but only a few bloomeries
remained active after the turn of the century. The last
bloomery of record in this region and in the United States
survived until 1907 at Standish. Twentieth-century mining was
restricted to the Mineville-Witherbee-Fisher Hill area in
Essex County and Lyon Mountain in Clinton County. The early
nineteenth century mining venture at Tahawus was reactivated,
after lying abandoned_for a century, during World War II to
produce ilmenite (Ti0“) for strategic purposes. The
titaniferous iron ore associated with ilmenite was a byproduct
and during the 1940's over 100,000 tons per year of this
byproduct was shipped to blast furnaces. Greater amounts of
concentrated iron ore were sold for use in making high-density
concrete and for various other purposes (Stephenson, 1945).
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Production levels at Mineville and Lyon Mountain fluctuated
in accordance with national economic conditions and the
relative competitiveness of other mining regions. The impact
of the Great Depression was especially severe. The Witherbee-
Sherman Co., long the controlling force in the Town of Moriah,
made a decision in 1937 to lease its properties and facilities
to the Republic Steel Corporation. Republic was the first
national firm to operate in the eastern Adirondack region and
it was to control the destiny of the eastern Adirondack iron
industry during its final three decades of activity. After
purchasing the Mineville-Witherbee-Fisher Hill physical plant
and ore properties, Republic modernized and expanded the scale
of mining, but shut down the blast furnace at Port Henry.
Republic shipped sinter and lump ore directly to its
sprawling, modern iron and steel works in Cleveland and to
Buffalo and Troy. In 1939, Republic followed the same pattern
when it leased and, in 1943, purchased the Chateaugay mines at
Lyon Mountain and the blast furnace at Standish (Figure 4).
This division was administered separately until the 1950's.
Port Henry and Chateaugay were subsequently consolidated into
the Adirondack Division of Republic Steel Corp.

The advent of World War II confirmed the wisdom and timing
of Republic's Adirondack ventures and full-scale operations
continued. By the late 1940s the Adirondack share of the
national iron ore output had risen to nearly three percent, up
from an estimated 0.6% for the decade from 1918-28.

Production of concentrates and sintered ore averaged
approximately a million and a half tons per year during the
1940's to 1957 in the Port Henry District alone. While levels
of activity fluctuated considerable from year to year, they
remained quite stable over the long run until the late 1950's.
Production fell to a half million tons in 1958 from an all-
time high of nearly two million tons in 1953. It rebounded to
some 800,000 tons in 1954 but varied greatly from year to year
thereafter. Only in 1965 and 1966 did output ever return to
one million tons per year. Comparable data for the Chateaugay
enterprise are not available, but the level of activity at
Lyon Mountain, while typically well below that of the Town of
Moriah, paralleled the trends of the latter. The production
gyrations of the late 1950s and 1960s were symptomatic of
increasingly troubled times and the weakening competitive
position of the Adirondack Division within Republic's
international iron-ore mining framework. In the face of
declining profitability, Republic decided to phase out its
Adirondack operations altogether and permanently. The final
shutdowns occurred at Lyon Mountain in 1967 and four years
later at Mineville. Substantial reserves of ore remain
(Postel, 1952) at both sites and some estimate that the
reserves exceed the total extracted. However, mining costs
are considered prohibitive under current market conditions and
there is little likelihood that either mining center will be
reactivated in the foreseeable future.
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ROAD LOG FOR THE IRON INDUSTRY
OF THE EASTERN ADIRONDACK REGION

CUMULATIVE MILES FROM
MILEAGE LAST POINT ROUTE DESCRIPTION
0 0 Begin the trip at the corner of
Broad Street and Draper Avenue,
Plattsburgh, NY just west of the
Hudson Hall Parking Lot, SUNY-
Plattsburgh campus. Head west
on Broad Street, which runs into
Cornelia Street (Route 3) and
continue west.
10 146 Cross under I-87 cn Route 3.
Fow 1 2.l Intersection of Route 3 and 22B.
Turn right and continue west on
Route 3.
8.0 4.9 Intersection of Route 3 and 374.
Cross the intersection and turn
left to head west on Route 374
toward Dannemora, New York.
CUMULATIVE MILES FROM
MILEAGE LAST POINT ROUTE DESCRIPTION
13.6 5.6 Pass Main Gate of the Clinton
Correctional Facility in
Dannemora, New York.
265.8 12.2 Enter Lyon Mountain, New York on
Route 374.
26.1 0.3 Turn left at Belmont Street when
Route 374 turns north. Belmont
Street becomes Standish Road.
26.3 Q42 Turn left at Depot Street.
26.6 0.3 Follow Depot Street uphill with

Separator Brook on your right to
the gate that marks the entrance
to the mine property and park.

STOP 1. LYON MOUNTAIN MINES
Lyon Mountain was the site of the Chateaugay ore beds.
During its century-long life as a mining center, it produced

more ore in aggregate than any other area in the Adirondack-
Champlain Region, except for the Mineville-Witherbee complex

164



of Essex County. The Prall Vein or Mine 81, an open pit
situated two and a half miles to the southwest, was the
probable source of ore that supplied a bloomery operating on
the Chateaugay River to the north as early as 1803, but the
Chateaugay deposits at Lyon Mountain were not discovered until
1822-1823. Development lagged for a full half century due to
the remoteness of the area.

In 1868, a group of four Saranac Valley speculators
purchased the ore beds and devised plans for an extensive
enterprise. 1In 1873, this interest was transferred to the
newly organized Chateaugay Iron Ore Company. Substantial
quantities of ore were shipped to the large bloomery erected
in 1872 at Popeville. The Chateaugay Railroad Company was
formed to construct a railrocad from Lyon Mountain east to the
rail terminus from Plattsburgh at Clinton Prison in Dannemora.
This was completed in 1879. The railroad, mining, and
smelting interests were consolidated into a powerful new firm,
the Chateaugay Ore and Iron Co. in 1881. This creation
launched development on a great scale (Figure 3).

Our excursion will walk by the head frames of the later
works and a former employee of Republic Steel who is familiar
with the structures will describe their purpose at the time
that operations were closed in 1967.

In Lyon Mountain, New York century-old residential
structures border the mines, together with the 1920s-vintage
standard "company" houses that line Route 374 (Belmont
Street). Today's inhabitants, descendants primarily of
Lithuanian, Polish, Russian, Italian, Spanish, Irish, and
French-Canadian immigrants who labored in the mines and mills,
are either retired or, if employed, commute to jobs on the
outside, or since 1984, have found jobs on Belmont Street
itself at the former public school house, now converted to a
minimum-security state prison.

CUMULATIVE MILES FROM
MILEAGE LAST POINT ROUTE DESCRIPTION
26.6 0 From Stop 1 follow Depot Street
downhill.
26.9 043 Turn left at the Standish Road
and immediately cross Separator
Brook.
30.9 4.0 Turn right on Ross Street in
Standish.
314 0.2 Park at the end of Ross Street
in front of the only house on
the left.
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STOP 2. ©SITE OF CATALAN FORGE AT STANDISH

The Chateaugay Ore and Iron Company had an 8-fire bloomery
at Standish by 1883. This was enlarged several times until it
was shut down in 1907. 1In 1885 the company constructed a
blast furnace (Figure 4) at Standish to produce pig iron in
addition to bloom iron (Linney, 1934). The trade name
"Chateaugay" quickly gained a highly favorable reputation for
excellence. Blooms, pigs, and the celebrated low-phosphorus
magnetite were widely sought after, and commanded premium
prices everywhere. The crude ore was/is rather lean,
averaging only 26%-28% iron content, but was practically free
from phosphorus, sulfur, and other chemical impurities, and
could be readily beneficiated to 65-70% iron content. Iron
and high-grade alloy steels made from Chateaugay ore were
renowned for toughness and strength and widely used for the
fabrication of wire rope, munitions, ordnance, and other
specialties. For such purposes, it was considered unsurpassed
in all the world, and steel cables made of Lyon Mountain's ore
can be found today in such mighty and notable structures as
the Brooklyn bridge, the Golden Gate Bridge in San Franciscc,
and the George Washington Bridge in New York City.

CUMULATIVE MILES FROM
MILEAGE LAST POINT ROUTE DESCRIPTION
31.1 0 From Stop 2 retrace your route on

Ross Street.

238 0.2 At the corner of the Standish Road
continue east and then south toward
Clayburg.

41.6 1043 Route 3, Clayburg. Turn left.

41.7 0.1 Turn right onto the Silver Lake Road

and immediately cross the Saranac
River North Branch.

42.0 0.3 Turn left into the NYS Department of
Environmental Conservation fishing
access parking area and park.

STOP 3. CALDWELL MINE SITE

Ore was discovered at the Caldwell site in 1840 and mining
began in 1841. This was the first iron ore discovery in the
Saranac River valley and it resulted in the establishment of a
settlement named after the original property owner Leander
cadwell. Early newspapers and subsequent histories managed to
misspell his name.

Leander Cadwell and Lawrence Myers erected four forges and
a separator at the site in 1844. By 1846 this was expanded to
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six forges, two separators, two trip hammers and a finishing
hammer. About 100 men were employed. Myers became the sole
owner in 1855 and by 1860 the mine was yielding 1500 tons of
iron ore per year. The property changed ownership in 1863 and
again in 1873 and the mine was considered "mined out" and
closed in 1881.

Historical archaeological research has been conducted by
Gordon C. Pollard (Pocllard, 1985). The research has produced
a map of the eleven-acre site (Figure 5) and has documented
the mine, ore processing site, charcoal production and
storage, residences and company store. Dr. Pollard will be on
hand to guide this portion of the field trip.

CUMULATIVE MILES FROM
MILEACE LAST POINT ROUTE DESCRIPTION
42.0 0 From Stop 3 turn left out of the

fishing access parking area and head
south on the Silver Lake Road.

457 3.7 Cross the Saranac River.

47.6 1.9 Stop sign at Hawkeye, corner of the
Union Falls Road and Silver Lake
Road. Turn left and stay on the
Silver Lake Road.

55.3 Tl Cross Black Brook in the hamlet of
Black Brook.

58.5 3.2 Turn left on the Palmer Hill Road.

59.1 0.6 Turn left on the Palmer Hill Tower
Road.

59.8 0.7 Park at the gate.

STOP 4. PALMER HILL MINE SITE.

Iron ore was discovered at Palmer Hill, in the Town of
Black Brook, in 1824-1825 by Zephaniah Palmer. In 1829 he
sold a three-eights interest, the eastern extension of ore, to
the Peru Steel and Iron Company. Later he sold the western
five-eights interest to the J. and J. Rogers Iron Company of
Au Sable Forks, NY.

Mining commenced about 1830 and continued to 1892-1893.
The Palmer Hill Mines were initially excavated as open pits
but as time passed increasing depth rendered impractical the
removal of overburden, and drifts were developed as the
companies followed bands of ore ranging in thickness from 10
feet to 20 feet. The deepest set of workings bottomed at a
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depth of 2,200 feet, down a dip slope that began at 60° and
flattered to a nearly horizontal position at the bottom.
Other pits extended to a depth of 1,000 to 1,200 feet down
dips of roughly 30°. In some cases workings followed shoots
of ore across the dip. The texture of Palmer Hill ore was
rather fine, and in appearaiice and mode of occurrence
resembled the Chateaugay ores at Lyon Mountain.

Our stop will briefly explore the honeycombed southern brow
of Palmer Hill, with its numerous irregular openings and
chambers and piles of rock and mine rubble. This site
continues to hold a certain fascination, and remains
potentially dangerous, to local explorers and students. 1In
places the surface workings have caved in and are
inaccessible, but numerous pits do allow access and invite
cautious investigation. Deep water fills the lower parts of
these "caves," and in some pits ice can be found at any time
of the year.

CUMULATIVE MILES FROM
MILEAGE LAST POINT ROUTE DESCRIPTION
59.8 0 From Stop 4 retrace your route

down the Palmer Hill Tower Road.
60.5 047 Turn left at the Palmer Hill Road.

61.1 0.6 Continue straight at the intersection
of the Palmer Hill Road and the Golf
Course Road.

65.7 4.6 Turn very sharply to the right at the
road to Clintonville.

66.9 1.2 Turn left on Route 9N in
Clintonville.

STOP 5. DRIVING TOUR OF CLINTONVILLE.

The Peru Steel and Iron Company was heavily engaged in
smelting and iron fabrication in Clintonville, New York and
reached its peak prosperity in the 1850s and 1860s when 900
men were employed (Moravek, 1976). The bloomeries, separator
and rolling mill occupied more than a mile of the north bank
of the Ausable River.

The national decline of the iron industry in 1873 was hard

on Clintonville and by 1880 the activities of the Peru Steel
and Iron Company at Palmer Hill and at Clintonville were over.
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CUMULATIVE MILES FROM
MILEAGE LAST POINT ROUTE DESCRIPTION

T2 24 5.5 At intersection of Route 9N and
I-87 (Exit 34) turn right and
head south on I-87.

94.1 27147 Leave I-87 at Exit 31 and turn
right on Route 9N to head
toward Elizabethtown.

97.6 3.5 As you enter Elizabethtown, at
the foot of the hill, turn left
on the Lincoln Pond-Moriah Road.

101.1 3.5 Cross I-87 on a bridge.

106.4 5.3 Bear left toward Mineville at
the Witherbee-Mineville
intersection.

108.3 1.9 Enter Mineville.

108.6 0.3 Turn left on the Bartlett Pond
Road.

108.9 ;o3 Turn left on the Cook
Shaft/Mountain Spring/Nichols
Pond Road.

1102 1:3 Just after the road crosses a

culvert over a small stream,
flowing from left to right, pull
over and park. The old
Fletcherville furnace is the
overgrown mound on the left side
of the road.

STOP 6. FLETCHERVILLE BLAST FURNACE AND SHERMAN MINE.

Friend P. Fletcher joined with Silas H. Witherbee and
Jonathon G. Witherbee to manufacture ircen in a furnace on
Fletcher's 4000 acres of land. Jerome B. Bailey of
Plattsburgh, New York built the blast furnace in 1864-1865.

It was a stone stack 42 feet high, later increased to 61 feet,
on a 42 foot square base. Nearby ten enclosed rectangular
brick charcoal kilns were constructed, each capable of
charring 65 cords at a time (Allen, 1975).

The town (Figure 6) that sprang up was known locally as
Fletcherville, but people in Westport referred to it as
Seventy Five because it was thought to be in Lot 75 in the
Town of Elizabethtown. A survey showed that it was really in
Lot 48 of Westport which then received the taxes.
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In the early 1870s much of Fletcher's pig iron was shipped
from Port Henry to Troy, New York where it was used in the
experimental Bessemer steel process for railroad track
(Witherbee, 1874). The early success began to fade in the
1870s and after Fletcher's death in 1874 the works closed
down.

The Sherman Mine and other small mines on the Fletcher
property were occasionally revisited with activity at the
Sherman continuing as late as 1921.

Our visit will examine the remains of the blast furnace,
charcoal beds, ore roasting kilns, various out buildings and
perhaps the Sherman Mine.

CUMULATIVE MILES FROM

MILEAGE LAST POINT ROUTE DESCRIPTION

L6 2 0 From Stop 6 retrace your route.

1311:8 13 Turn right at the Bartlett Pond
Road.

111.8 003 Turn left at the Lincoln Pond
Road and enter Mineville.

112.2 0.4 Turn right at the Rexall
Drugstore onto the road to
Witherbee.

113:3 i N Intersection of Powerhouse Road

and Dalton Hill Road.
STOP 7. DRIVING TQUR OF WITHERBEE

The mines of the Mineville-Witherbee-Fisher Hill area in
the Town of Moriah have been the most productive iron ore
producers in the eastern Adirondacks. Our drive will circle
through the sites of the "0ld Bed," "21," "Barton Hill,K"
"Harmony," and "Joker" mines of the extensive Mineville Group
(Kemp, 1908). These mines were greatly expanded in the 1860s
by the Port Henry Iron Ore Company after their initial
discovery about 1825 (Warner and Hall, 1931). A variety of
interests including the Witherbee, Sherman and Company
operated in the area until Republic Steel Corporation took
control from 1937 to 1971. Be sure to note the concrete block
buildings that incorporate tailings material (Lincoln, 1909).
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CUMULATIVE MILES FROM
MILEAGE LAST POINT ROUTE DESCRIPTION

T13:3 0 After tour of Witherbee turn
right off the Powerhouse Road
from Mineville onto the Dalton
Hill Road and immediately turn
left onto the Tracy Road. The
Tracy Road is marked with signs
for I-87 and North Hudson.

120.9 7.6 Turn right onto Route 9 and
immediately turn right onto I-87
northbound at Exit 30.

169.2 48.3 Leave I-87 at Exit 37 and follow
the off ramp to Route 3.

170.2 .0 Turn right onto Route 3.

171.6 1.4 Bear right at the Y intersection

of Route 3/Cornelia Street and
Broad Street onto Broad Street.

172...0 0.4 Trip ends at Broad Street and
Draper Avenue where it began.
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LATE WISCONSINAN LACUSTRINE AND MARINE ENVIRONMENTS
IN THE CHAMPLAIN LOWLAND, NEW YORK AND VERMONT

by

David A. Franzi
Center for Earth and Environmental Science
State University of New York
Plattsburgh, New York 12901

Thomas M. Cronin
United States Geological Survey
M.S. 970 National Center
Reston, Virginia 22092

INTRODUCTION

The Champlain Sca was a Late Wisconsinan marine incursion into the
isostatically depressed St. Lawrence and Champlain Lowlands following ice
recession from the castern St. Lawrence Lowland (ca. 12.5 to 10.0 ka (kilo anno)).
The marine episode followed a freshwater proglacial lacustrine interval in the
Champlain and western St. Lawrence Lowlands (Fulton and others, 1987; Chapman,
1937). Sedimentary scquences containing till, ice-contact gravel, subagueous
outwash, and sparsely fossiliferous lacustrine sediment overlain by fossiliferous
marine sediment record the transition from glacial to lacustrine to marine
conditions in the basin.

This trip will examine the nature of the transition from freshwater to marine
conditions and the palecoenvironments of the Champlain Sca as shown by the
lithostratigraphic and biostratigraphic records in the Champlain Lowland. Faunal
assemblages are used to reconstruct the areal and temporal distribution of water
tcmperature and salinity within the basin. Emphasis is placed on the microfauna,
particularly thc ostracodes, and how changing microfaunal assemblages record
cnvironmental changes in this part of the Champlain Sea. The data summarized
here are taken primarily from detailed faunal studies of foraminifers (Cronin,
1979) and ostracodes (Cronin, 1981) which concentrated in the southern arm of the
sca in the Champlain Lowland of northwestern Vermont, northeastern New York,
and southern Qucbec. It should be stressed, however, that the sequence of faunas
found in this region arc not necessarily the same as those in other parts of the
Champlain Sca where different hydrologic conditions caused a distinctly different
scquence of palcoenvironments (Rodrigues and Richard, 1986; Rodrigues, 1987).

PHYSIOGRAPHIC AND GEOLOGIC SETTING

Late glacial ice flow and deglacial sedimentary environments in the northern
Champlain Lowland were influenced by the regional physiography. The St.
Lawrence and Champlain lowlands form a broad, contiguous lowland underlain by
Cambrian and Ordovician sedimentary rocks (Fig. 1). The lowlands are bounded
on the north and southwest by the Precambrian metamorphic rocks of the
Laurentian Highlands and the Adirondack Upland, respectively, and on the
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southcast by the Prccambrian and Lower Paleozoic metamorphic rocks of the Green
Mountain Uplands. The Champlain L.owland narrows to the south where it merges
with the Hudson-Mohawk Lowland.

Late Wisconsinan ice {low was concentrated in the lowland regions creating
terrestrial ice streams (Hughes and others, 1985). One ice stream flowed southward
through the Champlain and Hudson lowlands, while a larger ice stream flowed
southwestward through the St. Lawrence and Ontario lowlands. Deglacial
drawdown of ice into lowland ice streams caused thinning of ice in uplands and
lobation of the ice front., Analyses of striae, drumlins, grooved drift, and dispersal
trains in the Champlain Lowland and adjacent uplands generally conform to a
model of southward flow at the Late Wisconsinan glacial maximum and more
complex localized flow patterns during deglaciation (Denny, 1974; Ackerly and
Larsen, 1987). The local flow patterns are associated with the formation of the
Hudson-Champlain Lobe during deglaciation.

Digitate sccondary lobes along the margin of the Hudson-Champlain Lobe
penetrated tributary valleys and created local upland proglacial lakes. The
drainage chronologies of these impoundments are complex and imcompletely
understood. Documentation of upland proglacial lakes in the northeastern
Adirondack region includes work by Alling (1916), Denny (1974), Clark and
Karrow (1984), Diemer, Olmsted, and Sunderland (1984), and Diemer and Franzi
(this volumc). Upland-lake studics in northwestern Yermont include Stewart and
MacClintock (1969), Connally (1972), and Larsen (1972, 1987).

DEGLACIATION OF THE CHAMPLAIN L OWLAND

Recent investigations in the Champlain lowlands (Connally and Sirkin, 1971,
1973; Parrott and Stone, 1972; Denny, 1974; Connally, 1982; DeSimone and LaFleur,
1986) favor a deglacial model that involves a single Late Wisconsinan glaciation
followed by stagnation-zone retreat that may have been interrupted by minor ice-
front oscillations. The terminus of the Hudson-Champlain Lobe lay in deep,
proglacial lakes that expanded northward with ice recession. Backwasting of the
ice front was probably enhanced by calving. Deposits of till, subaqueous outwash,
and ice-contact stratified drift record the passing of the ice front during its
northward retrcat (Denny, 1974; DeSimone and LaFleur, 1986).

Minor readvances of the ice front in the Champlain Lowland have been
proposcd based upon morphologic relationships of glacial and lacustrine landforms
and stratigraphic scquences containing intercalated glacial, lacustrine, and marine
scdiments (Table 1). The Luzurne (ca. 13.2 ka) and Bridport (ca. 12.8 ka)
rcadvances were documented by Connally and Sirkin (1971, 1973). DeSimone and
LaFleur (1986) have questioned the validity of the Luzurne readvance based upon
their reconstructed ice margins in the northern Hudson Lowland. Wagner (1972)
presented evidence for a minor readvance in the northern Champlain Lowland that
may have temporarily reestablished freshwatcr conditions following the initial
formation of the Champlain Sea. Denny (1974) proposed that several ice-front
oscillations ncar Covey Hill alternately opened and closed drainage from proglacial
lakes in the St. Lawrence basin to the Champlain Lowland. The discharge events
removed previously deposited sediment and produced large areas of bare rock such
as Flat Rock, ncar Altona.
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Table 1. Comparison of lacustrine and marine water levels and biostratigraphy in
the St. Lawrence and Champlain lowlands.

Lacustrine & Marine Water Levels Biostratigraphy
St. Lawrence Lowland ! Champlain Lowland2 Champlain Lowland3
Lake Champilain
Port Henry
@ Plattsburgh Mya Phase
c% Burlington
= Port Kent Hiatella arctica
Level V © Beskmantown Phase
3
@ Upper Marine Limit Transitional
P
O Phase
Level IV
Level Il
Lake Fort Ann
(multiple levels
v proposed) )
Level i Nonmarine
Level |
Lake Coveville

1. Clark and Karrow (1984)
2. Chapman (1937); Wagner (1872); Denny (197 4)
3. Elson (1969); Cronin (1977)
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PROGLACIAL WATER BODIES

Chapman (1937) proposed a generalized chronostratigraphic framework of
proglacial lake stages in the Hudson and Champlain lowlands. Chapman
rccognized two principal stages of Lake Vermont in the Champlain Lowland, the
Coveville and Fort Ann stages, named for their presumed outlet channels (Fig. 2).
An carlier stage, the Quaker Springs Stage, proposed by Woodworth (1905), was
rein.roduced by later authors (e.g. LaFleur, 1965; Stewart and MacClintock, 1969;
Wagner, 1972; Connally and Sirkin, 1973). LaFleur (1965) demonstrated that the
Quaker Springs, Coveville, and Fort Ann lake stages in the Champlain Lowland
were contiguous with impoundments in the Hudson Lowland. Connally and Sirkin
(1973) recommended that use of the name Lake Vermont be discontinued and that
the previously defined stages be considered as independent lake levels. Other
modifications to Chapman’s deglacial lake sequence have been pronosed {e.g.
Wagner, 1972; Connally, 1982; DeSimone and LaFleur, 1986) and these are
summarized in Table 1. Denny (1974) and Clark and Karrow (1984) discussed
drainage relationships between lakes in the St. Lawrence and (Champlain lowlands
(Table 1).

The freshwater proglacial lakes persisted until continued northward ice
rccession allowed marine water to inundate the isostatically depressed St. Lawrence
and Champlain lowlands (Fig. 3). Stratified sediment containing marine fossils
documents the marine episode, which is referred to as the Champlain Seca. The
oldest radiocarbon dates from shell material within the Champlain Valley include
11.7 ka (Parrott and Stone, 1972), 11.8 ka (GSC 2338) and 11.9 ka (GSC 2366)
(Cronin, 1979). Thc Champlain Sca episode has been subdivided based upon the
recgional distribution of shorecline deposits (Chapman, 1937) and the temporal
distribution of faunal assemblages (Elson, 1969; Cronin, 1977; Rodrigues and
Richard, 1986). Regression of marine water from the region was caused by
isostatic uplift and ended with the establishment of Lake Champlain, ca. 10.0 ka.

Stratified sediments of variable thickness and composition were deposited into
the proglacial lake and marine water bodies in the Champlain Valley during
deglaciation. Littoral zone sedimentation is characterized by extensive
fluviodeltaic sandplains, cobbly to bouldery beach deposits, wave-cut and wave-
built terraces, and spits (Chapman, 1937; Denny, 1974). Finc-grained sediment was
dcposited in deceper water and in quiet-water embayments. Bathymetric lows
scrved as scdiment sinks and accumulated thick sequences of bottom sediment, icc-
ralted debris, and sediment-flow deposits.

PALEOZOOGEOGRAPHY OF THE CHAMPLAIN SEA

The faunal asscmblages of the Champlain Sca have been the subject of studies
lor over 150 years and continue to rcceive attention today. Among the most
notablc palcontologic studics are those of the dwarfed or stunted molluscan fauna
by Goldring (1922), the marine mammals by Harington (1977), the
macroinvertebrates by Wagner (1970), and thc benthic microfaunas, especially the
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foraminifers and ostracodes (Cronin, 1979, 1981; Guilbault, 1980; Rodrigues and
Richard, 1986; Rodrigues, 1987). Wagner (1967) listed published references to the
Champlain Sea faunas from 1837 to 1966, while Cronin (1981) and Rodrigues and
Richard (1986) provide references to more recent work.

Postglacial faunas from northeastern North America

Ostracodes from the eastern Goldthwait Sea of western Newfoundland, the
western Goldthwait Sea of Quebec, the Presumpscot Formation of Maine, and the
Boston "blue clay" of Massachusetts have been studied and compared to ostracodes
from three regions of the Champlain Sea; the southern region in the Champlain
Lowland, the western region in eastern Ontario, and the eastern region between
Montreal and Quebec City (Cronin, in press). Intraregional and extraregional
comparisons of the ostracode assemblages were made using the binary Otsuka
coefficient of faunal similarity. The results showed that three of the four highest
similarities were among the three Champlain Sea regions. Within the Champlain
Sea regions, the highest similarity between the western and southern regions was
highest and that between the eastern and western regions was next highest. The
third highest similarity was found between the faunas from the eastern Champlain
Sea and the western Goldthwait Sea.

The results indicate that the Champlain Sea faunas are distinct from other
postglacial faunas because of the predominance of eurytopic species and the
presence of non-marine taxa. Atlantic coast postglacial ostracode assemblages are
distinct and reflect their location adjacent to open North Atlantic water. The
results also indicate that the constriction in the St. Lawrence Lowland near Quebec
City did not serve as a barrier for marine invertebrates since the assemblages from
the eastern Champlain and Goldthwait seas are similar.

Extraregional Comparisons

The combined postglacial ostracode fauna of northeastern North America,
including the Champlain Sea, was compared to other high latitude faunas (Cronin,
in press) to provide a large-scale zoogeographical perspective. The northeastern
North American faunas display the highest similarity to the modern fauna at
Novaya Zemyla, with 29 species in common. A relatively low but still significant
similarity was observed between the North American postglacial faunas and the
Late Pliocene fauna of the Daishaka Formation of northern Honshu, Japan
recently studied by Tabuki (1986). The Daishaka Formation contains a cold water
marine fauna, the Omma-Manganji fauna, that represents an interval of cool
climate during which high latitude specics migrated southward as they did in the
western North Atlantic during glacial periods. Cronin and Ikeya (1987) recently
studied the Omma-Manganji fauna from other formations in Japan and found at
least 26 circumpolar ostracode species common to both the western North Pacific
and North Atlantic oceans. At least 11 ostracode species occurring in the Omma-
Manganji fauna also occur in the Champlain Sea deposits and another 10 species
occur in the Goldthwait Sca deposits and the Presumpscot Formation.
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In summary, the microfaunal record of the Champlain Sca has not only
provided important insight into local and regional palcocnvironments during the
final withdrawal of continental ice from the Champlain Lowland region it also
contains important information concerning the evolution and paleozoogeography of
circumpolar species.

DESCRIPTION OF FIELD TRIP LLOCALITIES

STOP #1: Town Gravel Pit, Isle LaMotte, Vermont

The predominant lithofacies consists of thinly bedded, molluscan-rich sand
with minor gravelly sand and sandy to silty mud interbeds. The sands are
generally medium to coarse grained and are cross bedded or horizontally laminated.
Individual beds range rom a few centimeters to about 20 ¢m thick and can be
traced laterally for several meters. The sandy facics contains two biofacies, a
Macoma balthica Facies and a Mytilus edulus facies. The faunal assemblages were
previously described by Cronin (1977 (loc. 11), 1979, 1981 (loc. 33)). Articulated
valves of both specics are commonly found in living position. Occurrences of
Mytilus in living position in Champlain Sca deposits are rare since this mollusc
usually lives attached to the substrate by a byssus and its two valves have an adont
hinge that disarticulates easily.

Ostracodes and benthic forminifers are rare in these sands. The following
species occur;

Cyprideis sp.

Cyvthere lutea (Mueller, 1785)

Cytheromorpha macchesneyi (Brady and Crosskey, 1871)
Cvtheropteron latissimum (Brady, Crosskey, and Robertson, 1874)
Cytherura gibba (Muecller, 1875)

Eucvthere declivis (Norman, 1865)

Finmarchinella logani (Brady and Crosskey, 1871)
Hetecrocyprideis sorbyana (Jones, 1857)

Ilvocypris gibba (Rahmdohr, 1808)

Leptocythere guebecensis (Cronin, 1981)

Palmenclla limicola (Norman, 1865)

Sarsicytheridea bradii (Norman, 1865)

Sarsicvtheridea macrolaminata (Elofson, 1939)
Sarsicvtheridea punctillata (Brady, 18653)

Semicvtherura cf. similis (Sars, 1865)

These deposits probably represent the latest phasc of the Champlain Sea in this
rcgion known as the Mya arenaria Phase (Elson, 1969; Cronin, 1977). Mya arenaria
is abscnt at this locality because it is usually found in clay substrates in low-lying
areas west of Lake Champlain. Bascd on modern temperature tolerances of the
ostracode specics, the annual temperature range is estimated to have been about 0°
to 20°C. Salinities during the Mva Phase werc oligohaline to mesohaline (1 to 18
ppt) and all the ostracode species occurring at the Isle LaMotte locality tolerate,
and often thrive in brackish water environments.
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A coarse gravel facies that contains decimeter-scale foreset beds that range
from poorly sorted coarse pebbly sand to open-work cobble gravel was recently
exposed in a small excavation at the south end of the pit. The facies contains
marine fossils that are commonly disarticulated and fragmented. The gravel facies
underlies the fossiliferous sand facies described above and may be related to coarse
gravel in an excavation 0.5 km to the west. Gravel foresets at both localities
indicate a southward to southeastward paleocurrent. It is difficult to reconstruct
the sedimentary environment that existed at the time the gravel facies was
deposited because of the limited extent of the exposure at this locality. The gravel
facies may be related to a high-energy littoral marine environment during the late
regressive phase of the Champlain Sea. Alternatively, it may represent ice-
proximal subaqueous outwash that was deposited during ice recession or possibly
an ice readvance. A readvance of this nature had been previously proposed by
Wagner (1972) based upon stratigraphic evidence from northwestern Vermont.

STOP #2: Beach Ridges of the Champlain Sea. Sciota, New York

The ridges consist of coarse, flaggy gravel that is derived from the underlying
Potsdam Sandstone. Qutcrops of sandstone can be observed in drainage ditches
nearby and presumably bedrock underlies the ridges at a shallow depth. These
ridges were mapped and described by Denny (1970, 1974) who traced them over a
distance of 0.3 km. They trend roughly north-south but curve westward at their
northern ends along the margin of a former hecadland. The elevations of the ridge
crests lie between 91 and 98 m.

STOP #3: Ingraham Esker, Ingraham, New York

The sedimentology and stratigraphy of the Ingraham Esker was summarized by
Denny (1972, 1974) and more recently by Diemer (in press). The esker consists
predominantly of upwardly fining subaqueous outwash that was deposited in a
series of esker fans at the terminus of the northward retreating ice front. The
ridge is overlain by fresh water rhythmites which are in turn conformably overlain
by a massive mud facies. Diemer (in press) attributes the massive mud facies to an
carly, transitional phase between fresh (Lake Fort Ann) and marine conditions
(Champlain Sea). The section is unconformably overlain by coarse, fossiliferous
gravel that probably represents wave-reworking of the previously deposited
sediment during the marine regression. Denny (1972, 1974) attributed the low
relief of the ridge to extensive wave erosion, however, Diemer (in press) suggests
that the morphology of the ridge is a consequence of its origin as subaqueous
outwash.

The faunal assemblages at this locality were described by Cronin (1977, loc. 18,
1979, 1981, loc. 4). Hazel studied ostracodes from several localities in the esker
and found a total of nine species (in Denny, 1972). The esker’s faunas represent
the Hiatella artica Phase of the Champlain Sea (Elson, 1969; Cronin, 1977) which
occurred between 11.6 to 10.6 ka The following ostracodes were found at this
locality in the shelly marine gravels that cap the rhythmite facies.
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Candona sp.

Cythere lutea (Mucller, 1785)

Cvtheromorpha macchesneyi (Brady and Crosskey, 1871)
Cytheropteron champlainum (Cronin, 1981)
Cytheropteron latissimum (Norman, 1865)
Finmarchinella logani (Brady and Crosskey, 1871)
Heterocyprideis sorbvana (Jones, 1857)

Sarsicvtheridea bradii (Norman, 1865)

Sarsicvtheridea punctillata (Brady, 1865)

The annual range of bottom-water paleotemperature was probably 0° to 12°C
and salinities were polyhaline, between 18 and 30 ppt, as indicated by the faunal
assemblages. This salinity was the closest to normal marine conditions that was
reached in this part of the Champlain Sea, at least for shallow-water environments.

STOP #4: Korths Farm Section, East Beckmantown, New York

This stop will involve two sections along the east bank of Ray Brook. Cronin
(1977, loc. 34; 1979, 1981, loc. 84) described the faunal assemblages from the
northern scction approximately 100 m upstream from the Korths Farm road.
Marine clays (formerly known as the Leda clay) overlie rhythmites and contain the
mollusc Portlandia arctica and the following ostracodes;

Cvytheromorpha macchesneyi (Brady and Crosskey, 1871)
Cvtheropteron latissimum (Brady, Crosskey, and Robertson, 1874)
Heterocyprideis sorbvana (Jones, 1857)

Sarsicytheridea bradii (Norman, 1865)

Sarsicvtheridea macrolaminata (Elofson, 1939)

Sarsicvtheridea punctillata (Brady, 1865)

The faunas at this locality represent the Transitional Phase of the Champlain
Sca (Cronin, 1977), which has been dated betwecen 11.6 and 12.0 ka, however, the
age [or the carliest marine inundation in the region is not yet certain. The bottom-
water temperatures ranged annually from about -2° to 10°C. Normal marine and
polyhaline ostracodes are absent from the Transitional Phase and salinities
(luctuated between O and 18 ppt. The term "Transitional Phase" was given to this
interval because the faunas indicate a lacustrine to marine transition during which
there was mixing of pre-Champlain Sea freshwater with the carliest influx of
marinc water that entered the region via the St. Lawrence estuary.

The southern section, 50 m downstream from the Korths Farm road, resulted
from recent cutbank crosion. Approximately 3 m of flow-slide colluvium, derived
primarily from the marine clay unit described above, overlie intact marine clay.
The base of the colluvium is marked by an erosional unconformity that includes
buried logs. The freshwater rhythmites were not observed at this section but may
occur on or below the strcam bed. Geomorphological evidence for other flow-slides
cxists throughout this part of the Ray Brook valley.
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STOP #5: Slump-carthflow, Whallonsburg, New York

The Whallonsburg slump-earthflow (Fig. 4) occurred during the night of 28
July, 1987, following localized, light to moderate thunderstorm activity. The slump
involved the castward displacement of 0.9 ha of Plcistocene lacustrine sediment on
a cutbank of the Bouquet River. This portion of the Bouquet Valley has a history
of landslide activity (Newland, 1938; Whitcomb, 1938; Buddington and Whitcomb,

1941). The 1987 Whallonsburg slump was described by Franzi, Bogucki, and Allen
(1988).

The slump is roughly rectangular in plan with an average length of 85 m and
an average width of 110 m. The crown is 16 m above stream level. A 0.2 ha toe
bulge, composed of highly plastic clay and alluvial sediment, was raised to a height
of 4.5 m in the stream channel. The slump consists of a primary mass that was
involved in the initial slump and two smaller retrogressive slumps (Fig. 4).

The slump exposed 0.5 to | m of coarse sand and gravel over 4 m of
nonfossiliferous lacustrine clay and silt at the headscarp. The lacustrine section is
estimated to be 23 m thick based upon seismic refraction data from the crown.
The clays are characterized by high plasticity and natural water content with low
bulk density and shear strength (Fig. 5). The lacustrine unit grades upward from
soft, blue-gray, thinly laminated, clay and clayey silt rhythmites to stiff, brown,
thinly beddcd silt and clay. The textural variation probably reflects the effects of
shoaling or infilling during the waning stages of the lake’s history. The overlying
gravel is part of a large terrace that may be graded to Late Plcistocene marine
deltas near Willsboro.

Hillslope reconstructions based on slide-deposit morphometry and laboratory
analysis of the long-term shear strength of undisturbed clay samples were used to
determine the geological controls on slope stability (Franzi, Bogucki, and Allen,
1988). The factor of safety (FS = resisting forces/driving forces) of the
reconstructed preslide slope was calculated using the slope stability model STABR
(Duncan and Wong, 1985) under a range of "likely" pore pressure conditions. The
results indicate that the preslide factor of safety was close to the threshold value
of 1.0 (range 1.0 to 1.2). Although the slump may have been triggered by the
rainstorm activity, the actual cause is probably related to pore pressure conditions
at the clay-bedrock contact and long-term processes such as cutbank erosion at the
toe of the slope and fissure development in the upper, overconsolidated clay.
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CUM. MILES

ROAD LOG

MILES F.L.P* DESCRIPTION**

0.0 0.0 Assemble in the west parking lot of Hudson Hall on the
P.S.U.C. campus. Leave parking area, turn right at
entrance, and proceed northwestward on Broad St.

0.1 0.1 Traffic light, continue northwestward on Broad St.

0.2 0.1 Traffic light, continue northwestward on Broad St.

0.4 0.2 Traffic light at intersection of Broad and Cornelia streets.
Bear left onto Cornelia and proceed westward. Continue
westward on Cornelia St. through two traffic lights.

1.1 0.7 Junction I-87 North; Turn right onto entrance ramp and
proceed northward to Exit 42 in Champlain.

6.3 5.2 Qutcrop of the Cumberland Head argillite.

14.4 8.1 Qutcrop of the Chazy Gp.

21.8 7.4 Exit 42, Champlain, N.Y.; Exit I-87 and proceed to the
Route 11 intersection.

219 0.1 Turn right onto Route 11 and proceed eastward to Rouses
Point.

23.1 1.2 Bridge over Great Chazy River.

26.6 15 Intcrsection of Routes 11 and 9B. Turn left at stop sign
and proceed northward through the village of Rouses
Roint.

277 1.1 Intersection of Routes 11, 9B and 2. Turn right and
proceed castward toward the Korean Veterans Memorial
Bridge.

28.3 0.6 Korean Veterans Memorial Bridge (formerly Rouses Point

¥
From last point
** Refler to Fig. 6 for stops 1-4 and Fig. 4A for stop 5.

Bridge). The¢ ruins of Fort Blunder (Ft. Montgomery), an
American fort that was originally built on Canadian soil,
can be seen on your left. The "blunder" was corrected by
moving the border northward.
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cumMm. MILES
MILES F.L.P. DESCRIPTION

28.6 0.3 Vermont state line. Continue castward on Route 2 to the
village of Alburg.

32.2 3.6 Alburg, Vermont.

T3 1.1 Route 2 bears to the left; turn sharply right onto
unmarked road and procced southward along lake shore.

37.5 4.2 Qutcrop of Stony Point argillite.

377 0.2 Intersection of unmarked road and Vermont Route 129.
Turn right at stop sign and proceed southward across
causeway to Isle LaMotte.

40.3 2.6 Route 129 ends in the village of Isle LaMotte at a
crossroad. Turn right adjacent to a large, gray limestone
building onto unmarked road and proceed westward.

40.7 0.4 STOP #1. Isle LaMotte Landfill.

41.1 0.4 Gravel pit. Coarse gravel foresets indicating a southerly
paleocurrent are exposed in the working face of the pit.

41.2 0.1 Stop sign at a "T" intersection. Turn right and proceed
northward along the lake shore.

42.3 1.1 St. Anne’s Shrine. The road takes a 90° turn to the right
(east) immediately north of the shrine entrance.

43.3 1.0 Intersection of unmarked road and Vermont Route 129.
Turn left at stop sign and proceed northward on Route
129.

443 1.0 Isle LaMotte causeway. Continuc northward across
causcway on Route 129.

44.4 0.1 Intersection with unmarked road. Turn left onto
unmarked road and procced northward along the lake
shore to Alburg.

48.7 4.3 Intersection of unmarked road and Route 2 in Alburg.
Turn left onto Route 2 and proceed northward through
town.

53.7 5.0 Korcan Veterans Memorial Bridge. Continue eastward

across bridge to Rouses Point, New York.
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CUM. MILES

MILES FL.P. DESCRIPTION

54.2 0.5 Intersection of Routes 2, 11, and 9B. Turn left and
procced southward on Routes 11 and 9B through Rouses
Point.

554 1.2 Route 11 turns westward, turn right and continue on
Route 11.

58.9 35 Bridge over Great Chazy River. Continue westward on
Route 11.

59.5 0.6 Intersection of Routes 9 and 11. Turn left onto Route 9
and proceed southward.

62.7 3.2 Intersection of Routes 9 and 9B and LaValley Road.
Turn right and procced westward on LaValley Road.

67.0 4.3 Cross Great Chazy River and continue westward on
LaValley Road.

67.7 0.7 Intersection of LaValley and McBride roads. Turn left
and procecd southward on McBride Road.

68.0 0.3 Cross Great Chazy River and continue southward on
McBride Road.

69.1 1.1 McBride Road bears sharply eastward. Turn right onto
George Duprey Road and proceed southward.

69.7 0.6 Intersection of George Duprey and Blair roads. Turn
right onto Blair Road and proceed westward.

70.0 0.3 STOP #2. Champlain Sea beach ridges. Continue
westward following the discussion at this stop.

70.3 0.3 Intersection of Blair Road and Route 22. Turn left onto
Route 22 and proceed southward to Scioto.

TLT 1.4 Intcrsection of Routes 22 and 191 in Scioto. Turn left
onto Route 191 and proceed eastward.

762 4.5 Intersection of Route 191 and Sand Ridge Road at the

W.H. Miner Agricultural Institute. The Miner Institute is
affliated with the Center for Earth and Environmental
Scicnce at PS.U.C.

Turn right onto Ridge Road and proceed southward. The
road follows the crest of the Ingraham Esker. Note that
in places gravel operations have removed nearly all the
esker material except for that under the road.
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CUM. MILES
MILLS | P DESCRIPTION

77.4 1.2 Lake Alice, named for Alice Miner. Continue southward
on Ridge Road.

78.9 1.5 Intersection of Ridge and Clark roads. Turn left onto
Clark and proceed castward to Old Route 348.

79.0 0.1 Intersection of Clark Road and Old Route 348. Turn left
onto Old Route 348 and proceced northeastward.

793 0.3 Intersection of Old Route 348 and Ashley Road. Turn
right onto Ashley Road and proceed southward along the
crest of the esker.

80.2 0.9 Cross the Little Chazy River and continue southward to
the Slosson Road interscction.

80.3 0.1 Interscction of Ashley and Slosson roads. Turn left onto
Slosson road and procced eastward.

80.6 0.3 Cross the Little Chazy River and continue eastward to the
Esker Road intersection.

80.7 0.1 Intersection of Slosson and Esker (Ridge Road on some
maps) roads. Turn right and proceed southward on Esker
Road. The road follows the crest of the esker.

80.8 0.1 Cross the Little Chazy River and continue southward.

82.2 1.4 STOP #3. Ingraham Esker. Continuc southward to the
Stratton Hill Road intersection following the discussions
at this stop. The next stop will be at Point Au Roche
State Park for lunch.

82.7 0.5 Intcrsection of Eskcer and Stratton Hill roads. Turn left
and proceed castward across 1-87 overpass on Stratton Hill
Road.

82.9 0.2 Intersection of Stratton Hill Road and an unmarked road.
Turn right at the stop sign and proceed southward on
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