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PREFACE

The papers presented in this Guidebook bring together many of the
approaches that have recently been utilized in geological investigations
in northeastern New York and northwestern Vermont. The variety of trips
offered certainly demonstrates that a large number of worthwhile projects
have been carried out in this area in recent years. Fortunately, many
of the people involved in these investigations are represented in this
Guidebook.

Due to the short time available for preparation of this Guidebook
authors were not able to see proofs of their articles.

The Editor wishes to express his appreciation to Miss Muriel
Burdeau of the secretarial staff of the State University College at
Plattsburgh for typing the final copy of many of the Guidebook articles.

Mr. Sherwood Keyser of the Office of College Publications arranged

for the printing of this volume and provided valuable technical advice.

Stockton G. Barnett
Editor
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Trip A

SEDIMENTARY CHARACTERISTICS AND TECTONIC
DEFORMATION OF MIDDLE AND UPPER ORDOVICIAN
SHALES OF NORTHWESTERN VERMONT NORTH OF
MALLETTS BAY

by

David Hawley
Hamilton College
Clinton, New York

INTRODUCTION

The central lowland of the Champlain Valley is underlain
by Cambrian and Ordovician sedimentary rocks, bordered on the
west by the Adirondack Mountains of Precambrian crystalline
rock upon which Cambrian sandstone lies unconformably, and
against which sedimentary rocks have been dropped along normal
faults. The lowland is bordered on the east by low-angle thrust
faults on which massive dolomite, quartzite, and limestone, as
old as Lower Cambrian, from the east over-rode weaker
Ordovician shale and limestone. The westernmost thrusts, the
Highgate Springs thrust in the north, and the overlapping
Champlain thrust in the south, trace an irregular line a few feet
to 3 1/2 miles inland from the east shore of Lake Champlain.
For most of the distance between Burlington and the Canadian
border, the high line of bluffs marking the trace of the
Champlain Thrust are composed of the massive, Lower Cambrian
Dunham dolomite.

The shales, youngest rocks of the autochthonous lowland
sequence, outcrop on most of the islands in Vermont, and the
mainland between the thrusts and the lake. Although exposures
on almost continuous shore-line bluffs are excellent, there are
few outcrops inland because of glacial cover and low resistance
of the shales to weathering. Fossils are rare in the older
calcareous shale (Stony Point) and absent in the younger non-
calcareous shale (Iberville). The lithic sequence was
established almost entirely on structural criteria. Where it can
be found, the Hathaway submarine slide breccia structurally
overlies the Iberville.



DESCRIPTION OF FORMATIONS

Glens Falls Limestone

Kay (1937, p. 262-263) named the lower Glens Falls the
Larrabee member, found it to be 72 feet thick on the Lake
Champlain shore in the northwestern part of South Hero Town-
ship, Vermont, and to be composed there of thin~bedded, some-
what shaly limestone. Fisher (1968, p. 27) has found the
Larrabee member to be 20 to 30 feet thick in the vicinity of
Chazy, N.Y., and to be coarse-grained, medium~ to thick-
bedded light gray limestone full of fossil debris (brachiopods,
crinoids, pelecypods, and trilobites).

The upper Glens Falls was named the Shoreham member by
Kay (1937, p. 264-265), and described as the zone of
Cryptolithus tesselatus Green, a distinctive trilobite. He found
30 feet of the Shoreham exposed in the lakeshore in northwestern
South Hero Township. Fisher (1968, p. 28) prefers to call this
the Montreal limestone member, following Clark's usage for the
Montreal area (1952), and has described it as medium dark gray
to dark gray argillaceous limestone with shale partings,
fossiliferous with trilobites, brachiopods, molluscs, and
bryozoa. He estimates it to be 150-200 feet thick in Clinton
County, N.Y.

Cumberland Head Formation

The "Cumberland head shales" was a term used, but not
carefully defined by Cushing (1905, p. 375), referring to the
interbedded shale and limestone forming a gradation between
the Glens Falls and the overlying Trentonian black shales.

Kay (1937, p. 274) defined it as "the argillaceous limestones

and limestone-bearing black shales succeeding the lowest
Sherman Fall Shoreham limestone and underlying the Stony Point
black shale”. He measured 145 feet on the west shore of South
Hero Island, Vt., just south of the Grand Isle-South Hero town
line. The lower 30 feet have 8- to 12— inch beds of gray
argillaceous limestone interbedded with dark gray calcareous
shale. Above that the shale is predominant, but limestone beds are
abundant, 3 to 12 inches thick with undulating surfaces, inter-
bedded with half~inch to 12-inch layers of black calcareous
shale. Less than one third of the Cumberland Head has more than
50 per cent shale, and about half has more than 60 per cent
limestone beds. Some units as thick as 15 feet have 80 per

cent limestone beds. The proportion of shale increases

gradually but not uniformly upward.



of silt and argillaceous material in harder argillaceous limestone
varies greatly. Intricate, fine, current cross-bedding occurs in
four thin zones, indicating currents flowing northeastward.

Above this zone rich in laminated argillaceous limestone
the proportion of calcareous shale increases, and 239 feet near
the top of the Stony Point is composed entirely of calcareous
shale. This shale section, 1.4 miles S 37° W from Long Point,
North Hero, Vt., is assumed to represent the uppermost part of
the Stony Point because it lies on the nose of a long, northeast-
ward-plunging anticline between a thick argillaceous limestone
section to the southwest, and a large area of Iberville shale to
the north and northeast.

In this field area it is not possible to measure the entire
thickness of the Stony Point, but from piecing together several
measurable sections a minimum thickness is 874 feet. The
total thickness is estimated to be 1000~1500 feet, allowing for
probable thicknesses that could not be measured in the middle
and upper parts of the Stony Point (Hawley, 1957, p. 83). In
the log of the Senigon well near Noyan, Quebec, about 4 miles
north of the international boundary at Alburg, shale apparently
equivalent to the Stony Point is 924 feet thick (Clark and
Strachan, 1955, p. 687-689).

Iberville Formation

The Iberville formation was named by Clark (1934, p. 5) for
its wide outcrop belt in Iberville County, southern Quebec,
about 10 miles north of the international boundary at Alburg, Vt.
Clark (1939, p. 582) estimated the Iberville to be 1000-2000
feet thick in its type area.

The base of the Iberville has a gradational contact and was
chosen on the basis of lithic criteria by which it can be most
easily distinguished from the Stony Point. The Stony Point is
entirely calcareous shale and argillaceous limestone with
occasional beds of light-olive-gray weathering, dark gray fine-
grained limestone. Above the lower transition section, the
Iberville is composed of interbeds of medium to dark gray
noncalcareous shale (1-12 inches, usually 2-4 inches), .
moderate~yellowish-brown weathering, dark gray laminated
dolomitic siltstone (one quarter inch to 10 inches, usually 1/2 -
1 1/2 inches), and occasionally moderate-yellowish-brown
weathering, dark gray fine-grained dolomite. The most
conspicuous change from the Stony Point is the appearance of
the yellowish-brown weathering dolomite beds, and the



Stony Point Formation

The Stony Point shale was defined by Ruedemann (1921,
p. 112-115) as "hard, splintery dark bluish-gray calcareous
shale" at Stony Point, 1 1/2 miles south of Rouses Point, N.Y.,
on the west shore of Lake Champlain, and correlated faunally
with upper Canajoharie shale of the Mohawk Valley (Middle
Trentonian).

The base of the Stony Point is exposed on the lake shore
0.55 miles south of the breakwater at Gordon Landing, the
eastern end of the Grand Isle~-Cumberland Head ferry. Depositi-
tion was continuous from the Cumberland Head up into the Stony
Point, and the contact is somewhat arbitrarily chosen where the
proportion of shale increases upward, and the wavy, irregular
limestone bedding of the Cumberland Head gives way upward to
smooth, even limestone beds of the Stony Point. The 215 feet
of Stony Point formation exposed here is interbedded dark gray
calcarecus shale with light-olive~gray weathering, dark gray
fine-grained limestone in beds of 1 to 12 inches, about 70 per
cent shale. Two units about 9 feet thick are about 80 per cent
limestone beds.

The thickest and least deformed measurable section of
Stony Point begins 0.6 mile north of Wilcox Bay and extends for
1.8 miles northward along the shoreline bluffs of northwestern
Grand Isle (Hawley, 1957, p. 59, 87-89). In this section of
635 feet, there are a few gross vertical lithic variations which
are recognizable throughout this field area. Above the lower
215 feet, as described above, the percentage of calcareous
shale decreases upward. Olive-gray to light-olive-gray
weathering, dark gray argillaceous limestone appears in
increasing proportion through the upper 400 feet of this section,
where the percentages are: argillaceous limestone, commonly
silty, 66 per cent; calcareous shale, 29 per cent; fine-grained
limestone beds, 5 per cent.

The argillaceous limestone commonly occurs in thin, even
beds (one quarter to three quarters of an inch) with fine lighter—
and darker—gray laminae, but occasional beds reach 10 inches.
Thicker-bedded zones suggest cyclic deposition: from
calcareous shale (1 to 4 inches) upward through 5 to 6 inches of
laminated argillaceous limestone, to a 1- to 3-inch bed of fine-
grained limestones then through 4 to 5 inches of argillaceous
limestone to 1 to 4 inches of calcareous shale. Where the
interval between calcareous shale beds is thinner, the fine-
grained limestone bed in the middle is missing. The proportion
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noncalcareous shale which is more brittle and more lustrous
cleavage surfaces than the calcareous shale. The transition
section is at least 72 feet thick at Appletree Point in northern
Burlington (Hawley, 1957, p. 64), and may be as thick as 200
feet. A section from Stony Point to Iberville is almost
continuously exposed, though somewhat deformed, along the
lakeshore southeastward for a half mile from Kibbee Point, in
northeastern South Hero Township, Vt. The base of the Iberville
is defined as the first appearance of the noncalcareous shale and
dolomite beds.

Iberville shale and dolomitic siltstone show remarkable
rhythmic bedding. The base of each cycle is a sharp contact,
sometimes a slightly scoured surface, on which a thin bed
(0.25-0.75 inch) of yellowish-brown weathering, dark gray
laminated dolomitic siltstone was deposited. The typical
siltstone layer becomes finer-grained upward with decreasing
quartz and dolomite, and increasing argillaceous and
carbonaceous material, and grades into dark-gray noncalcareous
thin-cleaving shale (1-4 inches). Usually at the top is an
eighth to three quarters of an inch of grayish-black shale
interlaminated with the dark gray. Occasionally the dolomitic
siltstone may be missing at the bottom of the cycle, or the
grayish-black shale laminae missing at the top. Ripple-drift
cross-lamination is a common feature of the dolomitic siltstone
layers. In some beds only.a single storey of ripples were built,
but in others down-current ripple drift continued long enough
to form two, and occasionally three or four tiered beds. Current
directions indicated by the ripple cross-lamination are
invariably southwestward in the Iberville, in contrast to north-
eastward in the Stony Point.

Six thicker (5-10 inches) non-laminated graded siltstone
beds with 1 mm. ~-long shale flakes in their lower parts are found
on northeastern Burton Island, southwest of St. Albans Point.
They grade finer upward, and some are laminated above the
lower third. One has large (5 by 1 1/4 inches is the largest)
angular shale fragments in the mid-portion. They commonly have
contorted lamination in the middle, above which lamination is
more marked, and they are topped with drift ripples grading
upward into shale.

The thickest measurable sections of the Iberville are 732
feet, with an estimated 2200 depositional cycles, on the west
side of Woods Island, and 304 feet with an estimated 1215
cycles on Clark Point, southwestern Hog Island, West Swanton,
Vt. The cyclic character of the Iberville layers, the graded
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beds, graded laminated beds, and convolute laminae, are all
characteristic of sedimentation by turbidity currents (Kuenen,
1953; Bouma, 1962, p. 48-54).

Hathaway Formation

The Hathaway formation, named for Hathaway Point on
southeastern St. Albans Point, Vt. (Hawley, 1957, p. 68),
designates argillite and bedded radiolarian chert, commonly
intensely deformed, with included small fragments to large
blocks of quartz sandstone, coarse graywacke, dolomite, lime-
stone, and chert. Some fragments strongly resemble dolomite
and dolomitic siltstone beds of the underlying Iberville, but
the coarse sandstone, chert and graywacke are unlike any strata
in the autochthonous formations of the Champlain lowland.
Where the Hathaway and Iberville are in contact or close
proximity, there is marked disparity in intensity and nature of
their deformation. The Hathaway appears to have deformed by
flowage without the development of good cleavage, commonly
with disintegration of less mobile beds into blocks and boulders.
The Iberville has undergone much less intense folding and
faulting,of a type normally associated with the regional structure.
For these reasons, the Hathaway is inferred to be a submarine
slide breccia initially deformed while its muddy constituents
were still soft.

The best accessible exposures of the Hathaway are on
Hathaway Point, and extending north for 1200 feet from Beans
Point on the east shore of the lake, in northwestern Milton
Township, Vt. As fate would have it, the most impressive and
extensive exposures of the Hathaway are on Butler Island,
between St. Albans and North Hero, accessible only by boat.
Almost all of Butler Island is composed of the Hathaway, which
is usually a mashed, streaky light and dark gray argillite with
inclusions of dolomite, dolomitic siltstone, and occasionally
black chert and graywacke, from 1 by 2 to 8 by 24 inches. On
the southeast side of Butler Island are found the largest
inclusions in the Hathaway: blocks of dolomitic siltstone up
to 3 by 20 feet, and coarse-grained graywacke up to 15 by 50
feet. Argillite foliation wraps around these blocks, and around
innumerable smaller pebbles and boulders. Hawley has
described in detail these and other localities (1957, p. 68-75).

SUMMARY OF DEPOSITIONAL HISTORY

The fossiliferous limestones of the Glens Falls and older
formations in this area indicate rather shallow, clear-water
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carbonate deposition, often in an environment of considerable
wave and current turbulence (reefs, coarse calcarenites, and
cross~bedding in the upper Chazyan). In the Cumberland Head
formation fossils are much scarcer and there is a transition from
the shallow water carbonate environment to a muddier, deeper
water depositional environment. The lower two hundred feet of
the Stony Point is 70 per cent calcareous shale, and the next
400 feet is laminated argillaceous limestone (66%) interbedded
with calcareous shale (29%) and hard, purer fine-grained
limestone (5%) in a somewhat cyclic pattern. Current cross-
lamination indicates flow toward the northeast. The complete
absence of primary structures associated with shallow water,
and the fine lamination of the argillaceous limestone, and the
paucity of fossils, suggest a deeper, quieter, muddier
depositional environment.

Through the lower hundred feet (or more) of the Iberville, a
marked change in the character of the rock appears with dolomite
replacing limestone as the hard, fine-grained interbeds, and
noncalcareous shale replacing the calcareous shale of the
Stony Point. At some unknown distance above the base, a section
of at least 730 feet shows cyclic interbedding of noncalcareous
shale and graded, laminated dolomitic siltstone commonly with
current cross-lamination. The currents flowed toward the
southwest. This suggests the changed character of the rock is
at least partly the result of a change from a westward source of
sediment (for the Stony Point), to an eastward source for the
Iberville, and that turbidity currents dominated the depositional
character of the Iberville. Uplift of deep sea bottom east of the
Champlain Valley in late Mohawkian and early Cincinnatian time
could have provided the new source of sediment and the west-
ward slope down which the turbidity currents flowed. Some
simultaneous deepening of the Champlain Valley region also
occurred.

The Hathaway formation, composed of argillite and bedded
radiclarian chert, chaotically deformed, with included masses
of limestone, dolomite, dolomitic quartz siltstone and sand-
stone, coarse graywacke, and chert, is interpreted as a
submarine slide breccia. Some of the types of inclusions,
particularly the graywacke and chert, are unknown in
autochthonous underlying formations of the Champlain Valley,
nor in regions to the south and west. The slide (or slides?)
seem to have come from the east, down the slope suggested by
the direction of flow of turbidity currents which deposited
sediment in the Iberville. The Taconic orogeny was occurring
at this time, and some believe that the major thrusts of western
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and northwestern Vermont accompanied this orogeny. If this be
true, thrust fault escarpments on the sea bottom to the east of
the Champlain Valley could account for the slides and the
assemblage of inclusions in the Hathaway. Earthquakes
associated with the Taconic orogeny may have triggered the
turbidity currents of the Iberville.

TECTONIC DEFORMATION

The shales are complexly folded and sheared, with fold axes
trending a little east of north in the southern part of the area,
and swinging more toward the northeast (N 20°® - 30° E) in the
north. Although elongate narrow belts of intense deformation
parallel fold trends, separated by broader belts of more gentle
folding, general intensity of deformation increases toward the
Champlain and Highgate Springs thrusts. In areas underlain by
shale, particularly in North Hero and Alburg, the topographic
"grain” of long, low hills accurately reflects the trends of fold
axes. From Grand Isle northward the smaller folds plunge
northward and southward, but the pattern of structural elements
and formational boundaries indicates the northeastward plunge
is more prevalent and perhaps a bit steeper. The area might be
visualized as having northeastward trending folds imposed on an
eastward regional dip, though there are many individual
exceptions to this generalized picture.

Fracture cleavage is nearly everywhere present in the more
argillaceous beds of the Stony Point and Iberville formations.
The term is used here as defined by Swanson (1941, p. 1247),
"the structure is due to closely spaced planes of parting a
certain small distance apart, " and "as a rule it is possible to
see that the rock between the planes of parting . . . has no
structure parallel to them, or at most any parallel structure is
confined to a thin film along the parting planes.” In these
shales, cleavage planes are more closely spaced in belts of
intense folding, and, under the same structural conditions, they
are more closely spaced in more argillaceous beds than in more
calcareous beds. Fracture cleavage plates in the argillaceous
limestone of the Stony Point formation commonly range from one
half inch to 5 inches thick. Fracture cleavage in calcareous
shale is finer, and in the noncalcareous shale of the Iberville
the planes are so close as to resemble flow cleavage (Swanson,
1941, p. 1246), but in thin section cut perpendicular to the
finest cleavage, it is seen to be composed of somewhat
irregular and discontinuous joint-like fractures 0.02 to 0.06 mm.
apart. Bedding displacements of 0.01 to 0.04 mm. occur along
the cleavage planes (Hawley, 1957, p. 82).
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Although innumerable faults cut the shales, only a few
displace them enough to juxtapose different formations. On
most faults the rock of both walls is so similar that only minor
displacement can be assumed. Block faulting typical of the
western and southern Champlain Valley is distinct only in the
older Trenton, Chazy, and Canadian formations of western South
Hero, where Kay and his former students have mapped them
(personal communication). Shear along bedding surfaces,
cleavage surfaces, and at varying angles to both is very common.
In more intensely folded belts, multiple shears occur along
crests and troughs of folds. The bearing of slickensides is
remarkably constant, regardless of the attitude or type of
surface on which movement occurred. Of 119 slickensides
bearings measured in this area, only three lay outside the arc
between N 25 W and N 85 W (Hawley, 1957, p. 81).

FIELD TRIP STOPS

The best exposures of the shales and limestone are along
the lakeshore bluffs. During the spring months the lake may be
as much as five feet higher than normal, and many of these
exposures may be inaccessible. They are listed for those who
use the guidebook in the future, but some may have to be
omitted on the initial field trip. THE STOPS ARE ON PRIVATE
LAND. PERMISSION HAS BEEN OBTAINED FOR THE STOPS WE
WILL VISIT. THOSE WHO MAY WISH TO VISIT THESE
LOCALITIES IN THE FUTURE SHOULD GAIN PERMISSION FOR
EACH VISIT. GIVE GEOLOGY A GOOD NAME BY BEING VERY
THOUGHTFUL.

Stop 1. West shore of South Hero Island, extending for one mile
southward from the breakwater at Gordon Landing. The lower
215 feet of the Stony Point formation is exposed between the
breakwater and the top of the Cumberland Head formation, 2900
feet to the south. In the next 2300 feet of shoreline, the upper
145 feet of the Cumberland Head formation is exposed. These
sections are described in the text article. The south end of
this section is cut off by a right lateral wrench fault striking

N 59° W, dipping 79° NE. South of the fault the interbedded
limestone and shale (about 79% 1s., 30% sh.) have been mapped
as the Shoreham member of the Glens Falls formation (Erwin,
1957) on the basis of lithology and the presence of Cryptolithus.

Stop 2. Road cut on east side of U.S. 2 halfway between City
Bay (North Hero Beach roadside park) and Carrying Place. This
outcrop shows the interbedded laminated argillaceous limestone
and calcareous shale typical of the middle section of the Stony
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Point formation. It lies close to the axis of a major, northeast-
ward plunging anticline.

Stop 3. Middle point on north side of Carry Bay, North Hero,
2000 feet east of Blockhouse Point. Typical Iberville cyclic
bedding is exposed for about 1500 feet along this shore,
extending eastward from the place where the (.ccess road meets
the shore. From west to east are: an asymmetrical syncline,
an asymmetrical anticline , and to the east of a covered interval
is the east, overturned limb of a large syncline. These folds
are in the axial area of a large, northeastward plunging, over-
turned syncline. Relationships of cleavage to bedding, axial
surfaces, and direction of plunge are well shown. Small-scale
current cross-lamination on some beds indicates southwestward
flow.

Stop 4. Quarry in Iberville (mislabelled "gravel pit" on No.
Hero Quad. map), 1.6 miles S 10° E from east end of North
Hero-Alburg bridge. The beds are almost flat-lying, and only
about 15 feet of section is exposed, but it is typical cyclic
deposition, and the details are well shown, as described in the
text.

Stop 5. Unnamed promontory 1300 feet WNW of Coon Point,
south Alburg. Upper-middle Stony Point beds measuring 258
feet (Hawley, 1957, p. 60, 89-91), with the base of the section
on the southern tip of the point. It is composed of: olive-gray
weathering, dark-gray argillaceous limestone, frequently silty,
with light olive-gray weathering bands and laminae, in units of
3 inches to 40 feet, making up 96 percent of the section; light
olive-gray weathering, dark-gray fine—-grained limestone in beds
of half an inch to 12 inches, making up 4% of the section. There
are four thin (1/4 inch to 1 1/4 inch) beds of medium light-gray
weathering, medium gray fine-grained crystalline limestone.
Pyrite concretions are common. Trilobites (Triarthrus becki)

are fairly common on a few bedding surfaces, and a few
unidentifiable graptolite fragments were found. This stop is
relatively inaccessible, may be cut off by high water. and may
have to be omitted.

Stop 6. A small quarry, 3.3 miles north of Alburg-North Hero
bridge on the west side of highway U.S. 2. Stony Point
argillaceous limestone-rich section as described for Stop 5,
including a fair scattering of Triarthrus becki.

Stop 7. Upper Iberville beds on the south and west sides of
Clark Point, at the south end of Hog Island (Vt. Hwy. 78 crosses

i
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Hog Island), west Swanton. A 304-foot section has been
measured here (Hawley, 1957, p. 91-92). It is 97.8 per cent
thin-cleaving noncalcareous shale ( 1 to 3 inch beds ) with thin
laminated dolomitic siltstone (1/4 inch to 2 inch beds,
occasionally thicker) and homogeneous fine-grained dark gray
dolomite, weathering yellowish~brown, in beds up to 14 inches,
at intervals of 3 to 50 feet. Cyclic deposition is prominent here,
with an estimated 1215 cycles in this section. The thin
dolomitic siltstone beds commonly show cross-lamination and
ripple drift, with southwestward currents indicated.

Stop 8. Upper Iberville beds in quarry (mislabelled "sand and
gravel pit" on East Alburg Quad. map) 1800 feet north of Vt. Hwy
78 and 600 feet west of Campbell Road, northern Hog Island,
west Swanton. The rock is similar to that described for Stop 7.
The quarry exposes an overturned anticline, thrust faulted on the
upper, eastern limb, with adjacent syncline immediately west-
ward, also faulted.

Stop 9. Southernmost tip of St. Albans Point, on property of
Camp Kill Kare. Northeastward plunging asymmetrical anticline
with linked small syncline northwest of it, in Iberville
noncalcareous and calcareous shale with dolomitic interbeds.

Stop 10. Between Camp Kill Kare's access road and the lake,
about halfway between the private cottages and the Camp
buildings. There are 31 feet of white weathering, grayish-black
chert in beds of 2 to 6 inches, dipping steeply (69° ) southeast-
ward on the southeast flank of the anticline at Stop 9.
Structurally overlying the chert beds is black siliceous argillite
in which bedding is not apparent because of its irregular, chippy
foliation. The argillite contains rounded pebbles (avg. 1 by 2
inches) of gray dolomite and fragments of chert. Some
graptolites were found in the argillite, but smearing precluded
identification. This is part of the Hathaway formation. It is
likely that the chert beds here represents a larger mass involved
in a submarine slide.

Stop 11. Hathaway Point, at the south end of St. Albans Point.
This is the type locality for the Hathaway formation. It has a
matrix of pale-greenish-yellow weathering rock seen on a polished
surface to be composed of small, irregular, curdled masses of
greenish-gray to olive~gray argillite. Streamed and isoclinally
folded in the matrix is black siliceous argillite similar to that
associated with the chert beds at Stop 10. "Floating" in the
matrix are small masses of grayish-black radiolarian chert

- which are commonly angular, as well as masses of bedded chert
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measurable in tens of feet. Fragments of dolomite and dolomitic
siltstone occur in the western part of the Hathaway point
exposure. Numerous slickensided tectonic shears are present
in a variety of orientations. One 40-foot wedge between shears
is composed of isoclinally folded calcareous and noncalcareous
shale with occasional boudinaged masses of fine-grained
limestone, resembling the transition beds at the base of the
Iberville. Both of the islands east of Hathaway Point, in the
middle of the bay, are composed of chaotically deformed
argillite and chert. It is assumed that St. Albans Bay may lie
over a deep synclinorium.

Stop 12. Lime Rock Point, on the southeast side of St. Albans
Bay. At the base of the bluff composed of the Beldens (Upper
Canadian) crystalline limestone with buff-weathering dolomitic
beds, there is a dramatic exposure of the Highgate Springs
overthrust; Iower Ordovician Beldens Limestone over Upper
Ordovician Iberville calcareous and noncalcareous shale with
occasional beds of yellowish~-brown weathering fine-grained
dolomite and silty dolomite. At the base of the high, steep bluff
about one half mile to the east is the Champlain overthrust, on
which the lower Cambrian Dunham dolomite is thrust westward
over the Beldens. South of Lime Rock Point the Highgate
Springs thrust slice is overlapped by the Champlain thrust for
two and a half miles. It reappears for four miles, and then
disappears again under the Champlain thrust, southeast of
Beans Point. This is as far south as the Highgate Springs slice
can be traced.

Stop 13. Beans Point, east shore of lake in northwest Milton.
The Hathaway crops out intermittently for 1200 feet north from
Beans Point. This is in a zone of intense deformation close to
the Highgate Springs thrust, the trace of which is covered,
probably about 600 feet back from the shore. The base of the
steep bluffs 2000 feet back from the shore marks the trace of the
Champlain fault, on which lower Cambrian Dunham dolomite has
been thrust over Beldens crystalline limestone and dolomite of
the Highgate Springs slice.

The Hathaway is composed of boulders and fragments
"floating” in mashed argillite. The argillite is mottled olive gray
to dark greenish gray to greenish black. On a polished surface
cut perpendicular to foliation the mottled colors are seen to
represent original bedding which has been folded most intricately,
and sheared with no development of slickensides or breccia.

The small-scale shearing has completely healed, and some
minute fold crests merge into the adjacent bed, a streaming of
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one bed into the next with no sharp boundary. Included in the
argillite are rounded fragments of moderate-yellowish-brown
weathering, dark gray fine-grained dolomite and cross-laminated
dolomitic siltstone, sub-angular to rounded, up to 4 by 7 by 20
inches in size. The long axes of the boulders are approximately
parallel, plunging about 55° toward S 45° E. Foliation causes
the argillite to split into irregular tapered chips. Thirty-six

feet of cover separates the north end of the Hathaway outcrop
from cyclic~bedded upper Iberville which lies overturned, dipping
46 ° northeastward.

Stop 14. Camp Watson Point, 3/4 mile south of Beans Point
(Stop 13). The core of a large, overturned syncline is exposed
on the point, plunging 18° toward N 56° E. The overturned limb,
dipping 29° southeastward, is exposed for 200 feet or more along
the shore to the south. The rock is lower Iberville transition,
with interbedded calcareous and noncalcareous shale,
argillacecus limestone, and silty laminated dolomite.

Stop 15. Clay Point, between Malletts Bay and the Lamoille
River, east shore of lake. THIS PROPERTY IS POSTED, AND
PERMISSION MUST BE OBTAINED. In the transition beds in the
lower Iberville {(interbedded calcareous and noncalcareous shale,
with argillaceous limestone, argillaceous dolomite, fine-grained
dolomite, and silty-laminated dolomite with current cross-
bedding) there is a small, overturned anticline cut by small thrust
faults. The relationship of cleavage to bedding, plunge of the
fold, identification of tops by cross-bedding, and the faulting
make this a worthwhile stop for a structural geology class.

Stop 16. From Kibbee Point (northeastern South Hero) southeast-
ward along the shore for 2500 feet, is exposed the transition

from Stony Point to Iberville formations. With a few minor rumples
the dip is southeastward all the way to a deep gully and small

bay which separate a steep bluff-point to the east from the shore
northwestward to Kibbee Point. This bluff, 2800 feet SE of Kibbee
Point is composed of Stony Point argillaceous limestone and
calcareous shale, overturned and dipping 55° southeastward.
Thus, the gully conceals the faulted core of an overturned
syncline. The fault is very likely a thrust, east side up.

West of the gully is Iberville, about 90% finely cleaved
noncalcareous shale, with interbedded silty cross-laminated
dolomite. Northwest from here to Kibbee Point the proportion of
noncalcareous shale and silty laminated dolomitic interbeds
decrease and the proportion of calcareous shale increases.
About 220 feet southeast of Kibbee Point the southeastward-
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dipping beds are massive calcareous shale (Stony Point fm.).
About 900 feet south of Kibbee Point on its west shore the
Stony Point beds still lower in the section are predominantly
argillaceous limestone, interbedded with calcareous shale.
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Trip B
RECENT SEDIMENTATION AND WATER PROPERTIES, LAKE CHAMPLAIN
by

Allen S. Hunt and E. B. Henson
University of Vermont

INTRODUCTION

Purpose

Within the last few years a considerable amount of research has been
done on Lake Champlain. The purpose of this trip is to show what type of
work is being carried out on the lake and to report some of the findings.
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PRESENT LAKE CHAMPLAIN

Lake Champlain is approximately 110 miles long and has a maximum
width of approximately 12 miles, measured from the Little Ausable River,
N.Y., to the shore of Malletts Bay, Vt. It has a mean elevation of 92.5
feet above sea level and a water surface area of 437 square miles (gross
area 490 square miles). The lake has a maximum depth of 400 feet near
Thompson's Point and a mean depth of approximately 65 feet.

The lake drains northward through the Richelieu River into the St.
Lawrence River. The mean discharge of the 8,234 square miles of the Cham-
plain basin at Chambly, Quebec, is 10,900 cubic feet per second. At its
southern end, Lake Champlain is connected, via several locks, with the
Hudson River through the Champlain Canal.
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The Champlain Valley drainage basin (excluding area of the lake) is
7,744 square miles, of which about 34 percent is in New York to the west
and 66 percent in Vermont and Quebec to the east and north., It may be
divided into five morphological regions (Fig. 1). These include the
Green Mountains, Adirondack Mountains, Vemont Valley, Champlain-St. Law-
rence lowlands, and the Taconic Mountains. Twelve sub-basins have been
recognized within the Champlain Valley drainage basin: Chazy, Saranac,
Ausable, Bouquet, Lake George and Mettawee in New York; the Pike in
Quebec; and the Missisquoi, Lamoille, Winooski, Otter, and Poultney in
Vermont. The Missisquoi and Chazy also drain portions of Quebec (Hunt,
Townsend and Boardman, 1968). Six tributaries, each with a catchment
area greater than 500 square miles, drain 52 percent of the entire
drainage basin., These are the Otter Creek, Winooski, Lamoille, Missis-
quoi, Saranac, and Ausable. As a first approximation the mean annual
discharge into the lake from the drainage basin is 11,900 cubic feet
per second, Given a mean discharge from the lake of 10,900 cubic feet
per second and an estimated lake volume of 9,12 x 1011 cubic feet (Board-
man, Hunt, and Stein, 1968), the mean retention period of the lake is
slightly less than three years. Some additional hydrological data have
been summarized in Figure 2.

West Side East Side Total Basin
Catchment area: 2,618 5,126 7,744 sq. mile
Percent of total area: 33.8 66.2 100
Mean discharge/sq. mile: 1.327 1.639 1.523 cfs/sq

mile
Calculated total discharge 3,474 8,402 11,876 cfs
into lake:

Percent of discharge into lake: 29 71 100

Figure 2, Provisional summarized hydrological data for Lake Champlain
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The bedrock geology surrounding the lake basin is made up of a diverse
assembledge of rocks (Fig. 3). High grade metamorphic rocks of the Adiron-
dack Mountains, mantled by unmetamorphosed sandstones and carbonate rocks,
border the western margin of the lake. Unmetamorphosed or low grade meta-
morphosed carbonates, sandstones, and shales border the eastern margin
and presumably underlie a large portion of the lake proper.

GEOLOGICAL HISTORY

The recorded geologic history of the Champlain basin started in the
lower Paleozoic when sediments were deposited in marine waters that in-
vaded eastern North America., These sedimentary rocks, which consist of
limestones, shales, and sandstones, form the present lake basin. Thrust-
ing from the east during the Paleozoic brought more highly metamorphosed
rocks, which define the eastern margin of the lake basin, into contact
with the relatively undisturbed basin rocks. The elongate shape of the
basin as well as the rapid change in the bedrock lithology across the
lake suggest that faulting may have played a part in deepening the basin.

The history of the lake from the Paleozoic to the Late Pleistocene
is not known, although for at least part of this interval the basin may
have served as a river valley.

Possibly several times during the Pleistocene, ice occupied the val-~
ley. To date, however, no Pleistocene deposits earlier than Wisconsin
have been identified in the Champlain basin. Evidence for glacial scour-
ing may be found today in the lake's ungraded longitudinal profile and
in basins more than 300 feet beneath sea level. The last lobe of ice is
believed to have been present in the Champlain Valley during the Mankato
substage (Stewart, 1961, p. 84). Although field studies are presently
being conducted by Dr. W. Philip Wagner (see Trip D of this guidebook),
the most complete study presently available of the Pleistocene history
of Lake Champlain was done by Chapman (1937) and the résumé given here is
taken from his work. Interpretations of the lake's Pleistocene history
are based primarily upon the recognition of former lake levels, which
today may be several hundred feet above sea level. The elevated shore-
lines are identified by finding ancient beaches, wave~cut and wave-built
terraces, river deltas, and outlet channels. These features do not occur
at random elevations, but form several planes which have been interpreted
~as ancient lake stands that formed as lake level temporarily remained
stationary. Chapman recognized three water planes. Two of these end
abruptly when traced northward through the Champlain Valley. The high-
est plane may be traced to Burlington and the middle plane to the Inter-
national Boundary. The two higher planes presumably terminate because
they formed in a water body which abutted against the retreating ice
margin. The lake in which these planes formed has been given the name
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Lake Vermont.l During the time when the highest plane recognized by Chap-
man was formed, which he called the Coveville stage, Lake Vermont drained
southward through an outlet channel at Coveville, New York, The lower
water plane, which also drained to the south, formed at a later time when
a new, more northerly outlet of lower elevation developed near Fort Ann.
The water level of Lake Vermont dropped about a hundred feet between the
Coveville and the Fort Ann stage. After the ice lobe had retreated from
the St. Lawrence Valley, the water level in the Champlain Valley dropped
several hundred feet and was continuous with marine water in the St. Law-
rence Valley.2 No appreciable tilting of the basin occurred (Chapman,
1937, p. 101) from the time that the Coveville plane was developed until
the invasion of marine water, correlated with Two Creeks interval (Teras-
mae, 1959, p. 335). Some time after the inundation by marine water,
however, the northern portion of the valley began to rise more rapidly
relative to the southern portion. In time, the Richelieu threshold

just north of the International Boundary became effective in preventing
marine waters from entering the valley and the existing fresh water lake
developed. Future tilting of only four-tenths of a foot per mile would
allow Lake Champlain to drain southward as during Lake Vermont (Chap-
man, 1937, p. 122). This is only a small fraction of the tilting which
has taken place since the Champlain basin was inundated by marine waters.

WATER PROPERTIES

Temperature

The major portion of Lake Champlain can be considered to be a deep
cold-water mesotrophic lake. Technically, it is classed as a dimictic
lake (Hutchinson, 1957). This means that it has two periods during the
yvear when the water in the lake is of equal temperature and is mixing.
These periods of mixing are alternated by periods of thermal stratifi-
cation.

Thermal stratification begins to develop in June, and the strati-
fication is well established in July and August. During mid-summer the
metalimnion is at a depth of approximately 15 meters and includes the

Istewart (1961, p. 105) recognized a third water plane above the two that
formed in Lake Vermont which he correlates with the Quaker Springs stage
of Woodworth (1905, p. 193).

2MacClintock and Terasmae (1960, p. 238) have suggested that the St. Law-
rence Valley was subject to subaerial weathering after lake clays were
deposited, but before the deposition of marine sediments. If so, Lake
Vermont drained when the Fort Covington ice dam broke and the invasion
of marine waters had to await a eustatic rise in sea level.
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12° ¢ - 18° C isotherms. The period of summer stratification is short,
for the depth of the thermocline increases steadily through August and
September until the fall overturn takes place in October or November.
Bottom temperatures in deep water remain at or about 6° C during summer,
but may rise to 12° C at the onset of the fall overturn.

The waters in the southern end and in the northeastern region of the
lake are somewhat warmer than in the main lake, and warmer water is found
in the bays along both shores.

During the winter most of the lake freezes over, and inverse ther-
mal stratification develops, with 4° C water at the bottom and 0° C wa-
ter under the ice. Freezing begins in the narrow southern end, in the
northern end, and in the northeastern portion of the lake. The wide
main body of the lake is the last to freeze, In mild winters this por-
tion may remain open throughout the winter season. The duration and
intensity of the freeze depends on the severity of the winter,

Transparency

The transparency of the lake, as measured with a Secchi disc, ranges
from about 3 to 6 meters. The deeper readings are encountered in late
summer when algal growth is less. The disc reading in the southern part
of the lake is usually less than 1 meter. Legge (1969) measured the pen-
etration of light in the lake in 1966 and 1967, using a submarine pho-
tometer. Ten percent of incident light was usually found at a depth
of 3 meters, 5 percent at 5 meters, and 1 percent at approximately 10
meters. The level of 1 percent incident light is therefore above the
level of the thermocline.

pH and Alkalinity

Champlain is an alkaline lake., The pH of surface water is above
8.0, but in the deep water the pH may get as low as 7.3.

The total alkalinity in the main lake, predominantly as bicarbonate,
ranges between 38 and 46 mg/l, and averages 41 mg/l. Alkalinity values
are higher in the southern end of the lake, and minimal values are found
in the water in the northeastern sector. Abnormally high values are
sometimes encountered at stations close to shore, modified by tributary
inflow. The alkalinity at Rouses Point, near the outlet of the lake,
is actually less than that of the main lake.

Major Cations

The four major cations (Ca, Na, Mg, and K) have been measured in the
lake with some thoroughness, and the results are summarized in Potash,
Sundberg, and Henson, (1969a)l In the main lake the concentrations of
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these four cations are ranked in descending order as Ca, Na, Mg, and K,
with median values of 15.8, 3.9, 3.6, and 1.1 mg/l. In the southern
part the descending rank order is Ca, Mg, Na, and K, with median values
of 24.4, 5.8, 5.1, and 1.2. 1In flowing from the south to the central
lake, the water is diminished in the concentration of all four catioms,
especially in magnesium. The concentrations in the northeastern region
of the lake are significantly less than in the main lake. In this part
of the lake the descending rank order is Ca, Na, Mg, and K, the same as
for the main lake, but the median values are 13.2, 3.0, 2.9, and 1.3
respectively., It is suspected that these differences between the main
lake and the northeastern portion of the lake are influenced, in part,
by ground-water intrusion, while the differences between the main lake
and the southern lake are a result of surface inflow.

Ma jor Anions

The dominant anion in the lake water is the bicarbonate ion, which
is mentioned under alkalinity. A few determinations have been made of
the chloride and the sulphate ions. In the main lake the median concen-
tration of sulphate is 15.4 mg/l, and of Cl, is 5.7 mg/l. The pattern
for these anions is the same as for the cations; values are higher in
the southern end of the lake, and lower in the northeastern part of
the lake.

Dissolved Oxygen

The concentration of oxygen dissolved in the lake water is one of
the more significant parameters measured in lakes; it is essential for
respiration for all animals and most plants, it facilitates the decom-
position of organic matter in the lake, and it serves as an index for
the general quality of the lake water. The major sources of oxygen
dissolved in the water are from exchange with the atmosphere and from
photosynthesis by the plants in the lake. Oxygen is lost through res-
piration, decomposition, and increased temperature. The crucial test is
the amount of oxygen in the deep water below the thermocline. In the
deep water there is no source of new oxygen, and the supply that is
there when stratification begins must last for the entire summer until
the fall overturn mixes the water and carries down a new supply.

The trophic standard of a lake is sometimes measured by the concen-
tration of dissolved oxygen in the deep water. In an oligotrophic lake
the amount of organic material in the deep water during the period of
summer stratification is of such small magnitude that oxygen consumed
by decomposition has little effect on the concentration of oxygen in
deep water. 1In a eutrophic lake, however, decomposition in deep water
is great enough to reduce significantly the concentration of oxygen.

The main body of Lake Champlain is considered oligotrophic to meso-
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trophic by the oxygen standard. The lake water was more than 90 percent
saturated in April, 1967, after the break-up of the ice cover. The oxygen
in deep water from August through October was slightly less than 80 per-
cent of saturation.

In some sheltered areas of the lake, for example, Malletts Bay, deep-
water oxygen may be reduced to less than 1 percent of saturation (Potash,
1965; Potash and Henson, 1966; Potash, Sundberg, and Henson, 1969b).

These are considered to be eutrophic areas of the lake.

SEDIMENT PROPERTIES

In 1965 a reconnaissance survey was undertaken to determine the na~-
ture of bottom sediments in Lake Champlain. This work, which is sum-
marized here, is preliminary to future studies relating to recent sedi-
mentation and the geological history of the lake., Grab samples have
been collected (with control maintained by shore-located transits) from
predetermined stations located at the intersections of a half-mile grid
overlay of the lake. To date, about 1800 samples have been analyzed
for grain-size distribution (Fig. 4) and sediments from selected areas
have been analyzed for other properties including organic percent, clay
mineralogy, light-mineral and heavy-mineral composition, percent carbon-
ate, and several other geochemical properties.

Although the sediments show laterally gradational boundaries, they
have been separated here into six general types for purposes of dis-
cussion. These six general types have been defined primarily by the
physical property of grain size, although most samples within a group
have other mineralogical and chemical properties in common.

Gravels

Gravel deposits make up less than 5 percent of the sediments ex-
posed on the lake bottom. Gravels occur primarily in shallow, near-
shore water and at the mouths of rivers, although gravel-sized material
is also known to exist within the pebbly sandy clay deposits discussed
below. At some localities the mineralogy of the gravels suggests gla-
cial origin but at other localities, the gravels probably were formed
locally from the erosion of bedrock.

Sands

Sediments defined as sands constitute about 20 percent of the lake
bottom. As do the gravel deposits, the sands typically occur near shore
in shallow water. They are also found at the mouths of rivers lakeward
from gravel deposits. The heavy-mineral suite of the sands reflects the
igneous and metamorphic terraines which outcrop on either side of the
lake. Muscovite and chlorite, for example, are minerals typically found



31

on the Vermont side; whereas, garnet, hornblende, and hypersthene char-

acterize the heavy minerals of Lake Champlain on the New York side. The
organic percent of sands (estimated through loss by ignition) is low and
rarely exceeds a few percent; the carbonate percent is equally low.

Organic Muds

Muds cover about three-quarters of the lake bottom. Those which are
high in organic content (5-20 percent) are referred to here as organic
muds, The surface of the organic muds is a grayish brown - reddish
brown hydrosol. The reduced (unexposed) sediment is dark gray in
color. The organic muds are most common in deeper water (greater than
50 feet) where wave and current action are at a minimum, where fine
particulate matter can accumulate, and where the oxidation of organic
matter is low. Such areas occur primarily offshore, lakeward from gra-
vel and sand deposits, Core samples have shown organic muds to be quite
uniform in grain size and are generally without lamination or structures,
although carbon smears and mottling do occur.

Sandy Clays

Sandy clays are found only in a few isolated areas of the lake basin
today. They occur mostly on rises where erosion or non-deposition is
taking place and in deeper portions of the lake basin far from shore
where sedimentation rates are low. Wet, sandy clays are gray or brown
to yellow-brown in color, depending upon their state of oxidation. The
difference in color between the surface and the unexposed sediment is
not as striking as has been found in organic muds. The water-sediment
boundary is not a hydrosol and the deposit is so well-compacted that it
can be penetrated with a corer only with difficulty. Sandy clays are
very poorly sorted and their organic content, which averages no more
than a few percent, is much lower than that found in the organic muds.

An eight-food core taken on the rise north of the Four Brothers Islands
penetrated clay, clay containing shale fragments, and at the bottom bro-
ken shale fragments (beneath which presumably was bedrock). Present evi-
dence indicates that the sandy clays may be continuous with the sediments
described below.

Pebbly Sandy Clays

Sediments referred to here as pebbly sandy clays have been recog-
nized within a trough, defined approximately by the 200 foot contour in-
terval, which follows a sinuous course along the middle of the lake from
Valcour Island to the vicinity of Burlington. The sediments are ex-
tremely poorly sorted and contain material ranging from clay size to
cobbles several inches in diameter. The lithology of the gravel frac-
tion is varied and is similar to that of a glacial till. 1In other pro-
perties studied, the sediment resembles the sandy clays. These deposits
are surrounded by organic muds which contain no gravel-sized material and
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virtually no sand. It does not appear likely that this sediment, or even
the gravel fraction alone, could be forming today by ice or water trans-
port from shore across the organic mud facies, This suggests that the
pebbly sandy clays are not contemporaneous with the organic muds but

are probably tills or ancient ice-rafted deposits.

Iron-manganese Concretions

"Manganese nodules", first discovered during the 1966 field season,
are now known to occur in several areas of Lake Champlain. David G. John-
son, graduate student at the University of Vermont, has been working on
their origin and geochemistry. Only in the eastern part of the lake
where the sedimentation rate is low are the concretions found in great
concentration and with well developed concretionary structure. In other
areas the concretions are mixed with a terrigenous matrix which comprises
90 percent or more of the sample. Rarely are they found at depths of
more than 50 feet. At greater depths the concretions are found on slopes
that adjoin shallow-water shelves. This suggests that they may have
formed in shallow water and were subsequently redeposited by slumping.
The shapes of the nodules range from spherical, to reniform, to discoi-
dal. In diameter they vary from a few millimeters to greater than 10
centimeters., If well developed they reveal a concretionary structure
which consists of alternating light brown and black bands, with a sand
grain or rock fragment typically forming the nucleus. Chemical analy-
sis of several dozen nodules indicates the composition to be about 10
percent manganese (MnO) with a range of 1 percent to 30 percent, and
40 percent iron (Fey03) with a range of 10 percent to 60 percent. The
algae Cladophora sp. commonly is found attached to one surface of the
concretion, indicating the orientation of the concretion on the lake
bottom. Cores taken in nodule-occurring areas show that they are lim-
ited to the top 8-10 cm. of the sediment column. Scuba divers have
observed a very thin veneer of silty material covering the concretions.

BIOLOGICAL ASPECTS

Phytoplankton

The phytoplankton is dominated by diatoms and blue-green algae.
Asterionella, Diatoma, Melosira, and Fragilaria are dominant genera dur-
ing the spring. Ceratium may become the dominant organism during mid-
summer and the late summer-autumn plankton is characterized by the
abundance of Tabellaria, Gomphosphaeria, and Anabaena., Overall, the
phytoplankton is characteristic of a mesotrophic lake. Muenscher
(1930) described the algae of the lake for 1928.
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Zooplankton

Muenscher (1930) conducted a survey in 1928 and enumerated 9 genera
of Cladocera, 4 genera of copepods and 15 genera of rotifers. Among the
Cladocera, Bosmina, Daphnia, and Diaphanosoma were the most abundant and
widely distributed. Diaptomus and Cyclops were the only ubiquitous cope-
pods. Dinobryon was found to be the most common Protozoa. Legge (1969)
has described the seasonal distribution of the calanoid copepods in the
lake. )

Benthos

The shallow-water (littoral) benthos consist of the usual communi-
ties of molluscs and insect larvae. The deep-water fauna in organic silt

consists of small worms, the glacial relict shrimp Pontoporeia, small
clams, and a larval chironomid,

Relict Pleistocene Fauna

The fauna of Lake Champlain includes several species that are con-
sidered to be relicts of the Pleistocene. Most of these animals are
small invertebrates associated with the cold, deeper waters of the lake.
They are mainly among the Crustacea. The schizopod species Mysis relicta
(Opossum shrimp), a form common to the Atlantic Ocean, is found. Another
inhabitant is the amphipod shrimp, Pontoporeia affinis, which was dis-
covered in this lake only within the last five years. Both of these an-
imals are common in the Great Lakes, but apparently are not very abundant
in Lake Champlain. According to present thought these two species were
able to inhabit the Pleistocene proglacial lakes and migrated from the
Baltic Sea area during the Pleistocene Epoch, using a path around the
Arctic Ocean, down through the Canadian chain of lakes, through the
Great Lakes, to Lake Champlain (Ricker, 1959; Henson, 1966). Lake
Champlain represents a terminus for these animals. Pontoporeia has
been recorded from a lake in the State of Maine, but it has not been
found north of the St. Lawrence River east of the Ottawa River. Pre-
sumably an ice block prevented their migration into this area of the
continent. There are some other animals in the lake which also are con-
sidered to be glacial relicts. Among the small crustacean zooplankton
would be included Senecella calanoides, which was first described from
one of the Finger Lakes of New York, and Limnocalanus macrurus.
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FIELD TRIP STOPS

Stop 1. This stop, along with stops 2 and 3, will constitute a west-east
traverse designed to show differences in thermal patterns, benthos, and
sediment types across the lake, At stop 1, a bathythermogram will be
taken to demonstrate water temperature differences with depth. A grab
sample will be taken and sieved for macro-organisms, and a core sample
will be collected. The sediments at this stop are organic muds which
contain no gravel, less than 10 percent sand, and equal amounts of silt
and clay., The mean phi size is about 8, the standard deviation 2.5 phi.

Stop 2. A bathythermogram and core will be taken and a grab sample will
be sieved for benthos. The sediment at this stop is described under
"sediment properties' as a pebbly sandy clay. An average sample con-
tains 25 percent sand and gravel, 10 percent silt, and 65 percent clay.
The mean grain size is 8 phi, the standard deviation 4.5 phi.

Stop 3. A bathythermogram will be taken at this station to complete the
traverse profile, the benthos will be sampled, and a plankton haul will
be made. Water samples will be taken from selected depths and analyzed
for alkalinity, pH, and dissolved oxygen. The sediments at this stop
consist of organic muds. The mean grain size is 8 phi, and the stan-
dard deviation just over 2 phi. Sand makes up less than 5 percent of
the sample with silt and clay equally divided among the remaining por-
tion.

Stop 4. This is a shallow-water stop at the mouth of the Winooski delta.
Grain-size analysis has shown sediments to be about 90 percent sand, 10
percent silt, and 1 percent clay. The mean grain size is 2 phi, the
standard deviation just over 1 phi. Note the absence of an interface

on the sediment surface.

Stop 5. This stop is to collect sandy clay sediment, The sandy clays
have much in common with the pebbly sandy clays of stop 2 in that both
are poorly sorted, and both have a high percent of sand and clay with
only a small percentage of silt. The pebbly sandy clay and the sandy
clay may be facies of the same sediment.
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Trip C

BEDROCK GEOLOGY OF THE SOUTHERN PORTION OF THE
HINESBURG SYNCLINORIUM

by

Rolfe S. Stanley
Department of Geology
University of Vermont

INTRODUCTION

Purpose

The geology of west=-central Vermont has attracted the attention of
geologists since the early work of Hitchcock, et al. (1861), and Logan
(1863), to mention only two. During this century notable contributions
have been made by Perkins (1910), Keith (1923, 1932, 1933) and, in par-
ticular, Cady (1945, 1960). The mapping of Welby (1961) west of the
Champlain thrust, and Stone and Dennis (1964) in the Milton quadrangle
just north of Burlington, completes the present state of knowledge of
the Hinesburg synclinorium and immediate surrounding areas (Fig. 1, in-
set map). These works are incorporated in the Centennial Geologic Map
of Vermont (Doll, et al., 1961).

Among several major problems still remaining to be resolved ig a
clearer understanding of the effects of the Acadian and subsequent oro-
genies or disturbances on the structures of west-central Vermont. Inas-
much as rocks of Upper Ordovician through Devonian age are not present
in western Vermont, it becomes most difficult to evaluate the relative
importance of Taconic and younger events,

Answers to this central problem with its many corol laries can hope-
fully be provided by detailed studies involving a combination of strati-
graphic, petrologic, geochronometric, and structural approaches. It is
the purpose of this trip to examine the geology of the Hinesburg syncli-
norium and to show how recent work may be helpful in answering these
problems in the future.

Acknowledgements

It goes without saying that the results of the many studies in west-
ern Vermont and Quebec must be acknowledged in forming the background for
the present and future work in the Hinesburg synclinorium and adjacent
areas. Although each of these cannot be mentioned individually, under-
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standing of this area has been greatly assisted by syntheses of Cady (1945,
1960, 1968), Doll, et al. (1961), Rodgers (1968) and Zen (1967, 1968).

Recent work in the southern portion of the Hinesburg synclinorium
has been carried out by various students at the University of Vermont in
conjunction with my own work in the area. Information on the Shelburne ac-
cess area is largely drawn from an unpublished research report by Charles
Rubins. Quartz deformation lamellae studies have been done, in part, by
Charles Rubins, John Millett, Edward Kodl, Robert Kasvinsky, Arthur Sar-
kisian and Evan Englund, whereas the drag fold data from localities 4 and
5 (Fig. 1) was collected by John Pratt. Data at stop 4 was provided hy
James Dinger., Charles Doll, State Geologist of Vermont, and E-an Zen
kindly reviewed this paper and made several important suggestions. The
geologic map of the Burlington quadrangle (available only to participants)
was kindly provided by the Vermont Geological Survey. Mistakes in inter-
pretation of the existing knowledge of the area are my responsibility.

REGIONAL GEOLOGY

The geology of western Vermont forms the northern extension of the
Ridge and Valley provinces of the Appalachians. Carbonates and quartz-
ites with minor amounts of shale, except in northwestern Vermont, charac-
terize the autochthonous Cambrian and Lower Ordovician section and rep-
resent shallow-water shelf sediments of the miogeosynclinal belt., The
Lower and Middle Cambrian part of this section wedges out to the west
with rocks of Upper Cambrian age resting with angular discordance on the
Precambrian vrocks of the Adirondack dome., To the east in Vermont the
Cambrian and Ordovician section thickens drastically and changes facies
to graywacke and shale which represent the western part of the eugeosyn-
cline belt of New England. Volcanic rocks, which are totally absent in
the miogeosynclinal belt, are present here and become more abundant far-
ther to the east in New Hampshire. In most places the change in sedimen-
tary facies has been complicated by subsequent deformation, but in such-
areas as Milton (15 miles north of Burlington) it is relatively undeformed
and appears abrupt. Rodgers (1968) has recently suggested that this
change represents the eastern edge of the carbonate shelf which dropped
off rapidly into the eugeosyncline to the east much like the present
eastern edge of the Bahama Banks.

The upper part of the autochthonous section is composed of several
thousand feet of shale with thin beds of silty dolostone and limestone,
commonly graded and current rippled (Hawley, 1957), which represent the
westward advance of the eugeosynclinal or transitional zone over the car-
bonate shelf during Middle Ordovician time (Cady, 1960; Zen, 1968). At
present these rocks underlie most of the western part of the Champlain
Valley whereas the older carbonate and quartzite underlie the central
part of west-central Vermont (Cady, 1945).
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The structure of the autochthonous part of the Champlain Valley con-
sists of a series of east-dipping, imbricate foreland thrusts and west-
facing asymmetrical or overturned folds somewhat typical of the Ridge and
Valley province although the belt here is much narrower than in the central
and southern Appalachians. Major culminations near Monkton and near Mil-
ton divide the belt into three synclinoria which are known from south to
north as the Middlebury, Hinesburg and St. Albans synclinoria (Cady, 1945).
Allochthonous rocks exist in both the Middlebury (Taconic klippen) and the
St. Albans synclinoria (8 small isolated outliers) whereas no such struc-
ture has been recognized in the central Hinesburg synclinorium.

Although numerous thrusts of varying extent have been recognized in
the Champlain Valley, the Champlain and Hinesburg thrusts are the largest
and bound the three synclinoria on the west and east respectively (Fig.
1,). The Champlain thrust (Keith, 1923), first recognized as such by
William Logan (1863) and hence part of Logan's line, extends for a dis-
tance of approximately 120 miles and places Lower Cambrian dolostone and
quartzite (Dunham Dolomite north of Burlington, Monkton Quartzite to the
south) of the Rosenberg slice (Clark, 1934) on Middle Ordovician shale to
the west, North of Shelburne this fault dips eastward at less than 15°
but to the south it is gently folded and offset by high angle faults (Welby,
1961). The Hinesburg thrust (Keith, 1932) is the easternmost thrust in
the Champlain Valley and extends for approximately 60 miles. It places
the Lower Cambrian Cheshire Quartzite and the older Underhill Formation
(schist and phyllite) of the western edge of the eugeosyncline (transi-
tional sequences of Zen, 1968) on the eastern limb of the Hinesburg and
St. Albans synclinoria. Although the stratigraphic throw is probably
not as great as the Champlain, which is estimated at 9000 to 10,000
feet (Shaw, 1958, Stone and Dennis, 1964), the Hinesburg brings to the
surface older rocks than the Champlain thrust. In contrast to the gentle
eastward dip of the Champlain thrust, the Hinesburg dips both east and
west at various angles and in such areas as the southern part of the Mil-
ton quadrangle definite evidence of folding of the fault surface has been
found (Stone and Dennis, 1964).

Minor thrusts and high angle faults of either normal, reverse, or
strike-slip displacement further complicate the geology in west-central
Vermont, Such thrusts as the Muddy Brook north of the Winooski River
and the Monkton south of Lewis Creek disrupt the stratigraphic contin-
uity within the Rosenberg slice (Doll, et al., 1961) in the Champlain
Valley. West of the Champlain thrust in northwestern Vermont a series
of parallel thrusts (Hawley, 1957, Fisher, 1968) repeat the Ordovician
section and can be interpreted as imbricate faults or possibly offshoots
to the eastern master faults, Southwest of Middlebury a series of imbri-
cate faults also mark the southern end of the Champlain thrust (Cady,
1945, Welby, 1961)., Steeply dipping longitudinal and cross faults of
either normal, reverse, or wrench origin further complicate the geology
between the Champlain thrust and the Adirondacks (Welby, 1961, Doll, et
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al., 1961).

The rocks of western Vermont have been regionally metamorphosed with
the grade increasing from chlorite in the Champlain Valley to biotite or
higher in the Taconic and Green Mountains. The pattern of isograds accords
with those of the rest of central New England in which Middle Paleozoic
rocks are involved and hence is thought to be related to recrystalliza-
tion during the Acadian orogeny (Thompson and Norton, 1968). However, iso-
topic age dates older than 400 m.y. in Quebec (Richard, 1965), along the
Sutton-Green Mountain anticlinorium in northwestern Vermont, (Cady, per-
sonal communication; cited by Richard, 1965, p. 530) and in the Taconic
allochthon (Harper, 1967) strongly suggest that pre-Silurian metamorphism
and deformation are responsible for the fabric in that part of the Appa-
lachians.,

Igneous rocks are limited primarily to minor east-west dikes and are
predominantly bostonite and lamprophyre (Welby, 1961). A small laccolith
of syenite underlies Barber Hill in Charlotte (Migliore, ms; Dimon, ms).
These bodies are clearly post orogenic inasmuch as they cut the folded
and faulted country rocks. K-Ar determination on biotite from one such

lamprophyre on Grand Isle yielded a radiometric age of 136 ¥ 7 MY (Zart-
man et al., 1967) and thus suggests a late Mesozoic age for its emplace-

ment.

REGIONAL GEOLOGIC HISTORY

Although the interpretation varies somewhat, the geologic history
of western Vermont has been well portrayed in recent papers by Zen (1967,
1968) and Cady (1960, 1967, 1968). Interested readers are referred to
these and other papers (mentioned by these authors) for more information
on the subject. As an aid to the reader, however, a brief summary fol-
lows of those events which are perhaps best exhibited in the Middlebury
synclinorium where the Cambrian and Ordovician section is most complete.

During the Cambrian and Lower Ordovician most of western Vermont
was the site of shallow-water deposition on a carbonate bank whose east-
ern edges dropped off steeply into the deep-water facies of the eugeo-
syncline. The first signs of tectonism appeared in the late Early or
Middle Ordovician when, according to Zen (1967, 1968), high angle faults
apparently divided the shelf into a series of grabens and horsts. Ero-
sion ensued, accompanied by a short interval of carbonate deposition.
Gradually the carbonates in the post-unconformity, Middle Ordovician sec-
tion became more shaly, heralding the wave of argillaceous material that
was spreading westward from the now uplifted former eugeosyncline. Dur-
ing this time (Zone 13 of Berry, 1960) the first segments of the Taconic
allochthon were emplaced, The remaining slices (a total of six comprise
the Taconics, Zen, 1967) followed during the Ordovician and were possibly
in place before the formation of the three synclinoria in the autochthon



42

TABLE I,

COMPOSITE STRATIGRAPHIC SECTION FOR THE HINESBURG SYNCLINORIUM AND AREA

WEST OF THE CHAMPLAIN THRUST AND EAST OF THE HINESBURG THRUST

(Cady, 1945; Doll, et al., 1961)

Middle Ordovician

Hathaway Formation¥*
Missing but present north of the Lamoille River.
Iberville Formation

Noncalcareous shale, rhymthically interbedded with thin beds of silty
dolomite and in the lower part with calcareous shale.

Stony Point Formation

Calcareous shale that grades upward into argillaceous limestone and
rare beds of dolomite.

Cumberland Head Formation
Missing but well exposed in Grand Isle County.
Glens Falls Formation

Thin bedded, dark blue-gray, rather coarsely granular and highly fos-
siliferous limestone.

Orwell Limestone
Missing but present south of Charlotte.
Middlebury Limestone

Missing but present south of Charlotte,

*Only those formations encountered in the course of the trip will be de-
scribed. Kindly refer to the Centennial Geologic Map of Vermont for
other formation descriptions.



43

Lower Ordovician

Chipman Formation

Missing in the Hinesburg synclinorium but present south of Charlotte.

Bascom Formation

Beds of light bluish gray calcitic marble with laminae and thin beds
of siliceous phyllite. Beds of brown-orange weathering dolomite 1

to 3 feet thick. The upper part becomes more phyllitic and is

mapped separately as the Brownell Mountain Phyllite., Contact against
typical Cutting dolomite is gradational.

Cutting Dolomite

Massive whitish to light grayish weathering dolostone, dark gray on
the fresh surface. Sand-size quartz grains present in places es-
pecially near the base where sandy laminae are more abundant and
brecciated in places. Black chert nodules are found in the upper
part. Contact is sharp with sandy dolomite above and white calci-
tic marble of the Shelburne Formation below.

Shelburne Formation

Massive whitish gray weathering calcitic marble that is white on the
fresh surface. Laminae of green phyllite present in the eastern part
of the Hinesburg synclinorium. Contact is sharp with typical calcitic
marble above and gray dolomite with quartz knots below.

Upper Cambrian

Clarendon Springs Dolomite

Massive, gray weathering dolomite with numerous knots of white quartz
crystals. Black chert commonly found in the upper part. Contact
gradational with the Danby Formation.

Danby Formation

Beds of gray sandstone interlayered with beds of dolomite 1 to 2 feet
thick and sandy dolomite 10 to 12 feet thick., Sandstones are cross
laminated. Beds 1 to 3 feet thick. Contact gradational,
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Middle Cambrian?

Winooski Dolomite

Beds of very light gray to buff weathering dolomite, gray to light
pink on the fresh surface. Thin siliceous partings characteristi-
cally separate beds of dolomite which range in thickness from 4
inches to 2 feet. Contact with the Monkton Quartzite is grada-
tional and is placed above points where quartzite beds over 1 foot

thick are separated by beds of dolomite less than 25 feet thick
(Cady, 1945, p. 532).

Lower Cambrian

Monkton Quartzite

Beds of fine to coarse grained pink and brick red quartzite inter-
layered with minor beds of pink and red dolomite and thin laminae
of red, green and purple shale. Beds of dolomite are more numerous
in the lower part than the upper. Contact with the Dunham Dolomite
is gradational and is placed where quartzite beds 1 foot thick are

separated by beds of dolomite less than 25 feet thick (Cady, 1945,
p. 532).

Dunham Dolomite

Massive, buff weathering dolomite that is pink and cream mottled or
buff to gray on the fresh surface. Siliceous veins and laminae are
present in places. Grains of sand size material common in places.
Basal contact with the Cheshire Quartzite is gradational. Upper

part of the Dunham north of Burlington is sandy and has been mapped
separately as the Mallett Member.

Cheshire Quartzite

Massive, very thick bedded, white quartzite. Lower part is brown
weathering and is more argillaceous and less massive. East of the
Hinesburg thrust the Cheshire is more argillaceous. There the con-
tact with the Underhill Formation is gradational and placed above
"the frankly phyllitic, dark gray to greenish phyllite and below
the rather characteristic mottled gray silty impure quartz schist
of the Cheshire'" (Stone and Dennis,; 1964, p. 26).
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Cambrian

Underhill Formation

Fairfield Pond Member: Predominantly green quartz - chlorite - seri-
cite phyllite. Quartz grains common,

White Brook Member: Chiefly brown-weathered whitish, tan and gray
sandy dolomite.

Pinnacle Formation

Schistose graywacke, gray to buff, with subordinate, quartz-albite-

sericite-biotite-chlorite phyllite. Includes the Tibbit Hill Vol-
canic Member,
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of western Vermont.

It is still not clear, particularly in the eastern part of western
Vermont, to what extent the synclinoral folding and foreland thrusting
continued into the Silurian or Devonian, possibly blending with some of
the events in the Acadian orogeny. On the western edge of the allochthon,
however, an upper age can be assigned to the Taconic orogeny. At Becraft
Mountain in the Hudson Valley relatively undeformed Lower Devonian rocks
(Manlius Limestone) rest with angular discordance on rocks of both the
Taconic allochthon and shales of the autochthon (loc. 16 cited by Pavlides,
et al., 1968, p. 69). To the east the termination of Taconic orogeny is
marked by the unconformity separating the Silurian and Devonian rocks from
the Cambrian and Ordovician in central New England (for series or stage
assignments see Pavlides, et al., 1968). Here, however, deformation and
metamorphism of the Acadian orogeny has overprinted and greatly obscured
the structures of the Taconic orogeny. Herein lies the problem of dating
the structural and metamorphic events in western Vermont. Specifically,
how far west does Acadian deformation and metamorphism extend and, con-
versely, how far east does Taconian deformation and metamorphism persist?
Present investigators are divided on the problem. Cady (1945, 1960) and
Crosby (1963) believe that most of the foreland thrusts and folds are
Acadian, whereas Clark (1934) and Richard (1965) believe similar features
in Quebec are Taconian. Zen (1967, 1968) favors a pre-Acadian age but
admits that Acadian movements could have modified the structures. The
fact that the metamorphic isograds are not deformed in western Vermont
as they are in central New England (Thompson, et al., 1968) suggests
that the structures are older than Acadian metamorphism. Isotopic age
dates from the Taconics (Harper, 1967, 460-445 my) and the Sutton
Mountain anticlinorium in Quebec (Richard, 1965, 440-~420 my) also favor
a Taconian age for the deformation in western Vermont.

The degree to which post-Taconian or post-Acadian events (normal
faulting and regional tilting) have further complicated the picture 1is
not known.,

GEOLOGY OF THE HINESBURG SYNCLINORIUM

The Hinesburg synclinorium is separated from the Middlebury and St.
Albans synclinoria by the Monkton cross anticline (Cady, 1945, p. 562)
and the Milton culmination respectively. As seen on the geologic map
of Vermont the smaller anticlines and synclines of the southern part are
not mirrored by the single synclinal hinge of the northern part. This
may be due to poor exposure to the north but it is probably a result of
the configuration of the synclinorium and the fact that the eastern part
is covered by the upper plate of the Hinesburg thrust., Minor faults,
such as the Muddy Brook to the north and the Shelburne Pond to the south,
partially disrupt the fold continuity of the synclinorium. These rela-
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tions are well shown on the Geologic Map of Vermont (Doll, et al., 1961)
and generalized in figure 1,

A composite stratigraphic section and correlation chart for the area
is shown in Table 1 and Table 2 respectively. The rocks east of the Hines-
burg thrust form the base of the composite section and mainly consist of
metagraywacke and phyllite of the Pinnacle and Underhill formations. Iso-
lated slivers of the Cheshire Quartzite (more argillaceous than to the
west) appear just east of the Hinesburg thrust. Between the Winooski
River and the Canadian border, outcrops of the Cheshire Quartzite form part
of the upper plate of the thrust. The rocks in the synclinorium itself
range in age from Lower Cambrian to Lower Ordovician (Dunham Dolomite
through the Bascom Formation) and are characterized chiefly by carbon-
ates which are predominantly dolomitic in the Cambrian and calcitic in
the Lower Ordovician,

Quartzite beds occur in the Monkton Quartzite and the Danby Formation,
and shale or phyllite is present as thin beds in the Monkton, Shelburne,
and Bascom formations. The rocks west of the Champlain thrust are pre-
dominantly shales of the Stony Point and Iberville Formations and rep=-
resent the argillaceous wedge that advanced westward on the carbonate
shelf of western Vermont during the Middle Ordovician.

Current Work

In order to clarify the chronologic problems in the tectonic history
of western Vermont, a long term project of detailed mapping and fabric
analyses has been undertaken in the Hinesburg synclinorium and areas to
the west, south and east of it. During the last four years students in
Field Geology at the University of Vermont have been remapping parts of
the synclinorium near Charlotte and Hinesburg. Although these studies
are just a beginning in the long-term effort of refining the tectonic
history of the area, it is already apparent that the structural relations
in such areas as along the Champlain thrust and in the central part of the
Hinesburg synclinorium are different from those shown on existing maps.
For example, at least two generations of minor folds have been delineated
in the southern part of the synclinorium and beneath the Champlain thrust.
Although the styles of these folds differ in the shale and marble, the
youngest generation of folds beneath the Champlain thrust shows the same
northwesterly slip direction as does the older generation of folds in the
Hinesburg synclinorium. The axial surfaces of these folds are in turn
folded about northward-plunging axes of the younger generation. This sug-
gests that the youngest movement s on the Champlain thrust were followed
by subsequent folding in the eastern part of the Hinesburg synclinorium.
Furthermore, analysis of fractures, such as described at stop 2, indicates
a sequence of events that can be related to the Champlain thrust. The
inferred orientation of the principal planes of stress, however, does not
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coincide in symmetry with other localities on the Champlain thrust, Elab-
orating and clarifying these relationships, as well as answering questions
to other related problems, will hopefully culminate in a sequence of struc-
tural events for western Vermont that can be related to the orogenic his-
tory of the region.

STOP DESCRIPTIONS
General

The trip will consist of eight stops which are located on figure 2
and plate 1. The geologic relations along the route of the trip can be
followed on figure 1 and plate 1.

Stop 1, Champlain thrust at Long Rock Point, Burlington - (Note: The
Episcopal Diocesan Center has been kind enough to allow us to visit this
locality. Please do not litter.) This locality is perhaps one of the
finest exposures of the Champlain thrust in Vermont and Canada. Here the
Dunham Dolomite (Conners facies) of Lower Cambrian age overlies the Iber-
ville Formation of Middle Ordovician age. The thrust contact is sharp and
marked by a thin discontinuous zone of breccia in which angular clasts of
dolostone are embedded in a highly contorted matrix of shale. Slivers,
several feet thick, of limestone are found along the fault and may rep-
resent pieces of the Beekmantown Group (Beldens Member of the Chipman
Formation?). The undersurface of the Dunham Dolomite along the thrust

is grooved by fault mullions which plunge 15° to the southeast (Fig. 3
diagram 1 and 2a). The average southeasward dip of the thrust is 10°.

A variety of minor structures are found in the Iberville Formation
whereas joints are the only structures in the Dunham Dolomite. Faults
and joints are oriented in a number of attitudes in the shale, but they
have not been analyzed as yet. Many of these fractures are filled with
calcite and grooved with slickensides. The minor folds in the shale are
numerous, and are easily grouped into two age generations. The early
folds have a well developed slaty cleavage which offsets the bedding and
attests to differential flow parallel to the axial surface. Although
only a few fold hinges are present, the slaty cleavage forms the dominant
layering and is concordant to the undersurface of the Dunham Dolomite.

The younger generation consists of asymmetrical drag folds with short
gently curved hinges and rather open profiles. The axial surface is rarely
marked by cleavage but when it is developed, fracture cleavage, which is
commonly filled with calcite, is typical., These folds deform the slaty
cleavage of the older generation and hence are younger in age, The or-
ientation of 59 axes with their sense of rotation is shown in diagrams
1, 2a and 2b of figure 3.
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Slip line orientations The drag folds of the younger generation can be
used to determine a slip surface and direction according to the method de-
scribed by Hansen (1967, p. 390-397). The analysis assumes that these
folds are in the truest sense drag folds and have formed by movement of
one layer or zone over another. 1In this locality the drag folds in the
shale presumably were formed by Dunham Dolomite moving over the Iberville
Formation, Because the shale is highly anisotropic, consisting of thin
layers of compact shale separated by thinner layers of extremely fissile
shale, the folds are confined to zones several feet in thickness and are
disharmonic in profile,

A slip plane and line were determined for three separate localities
at Rock Point (Fig. 3, diagrams 1, 2a, 2b). For each place the 18 to 23
fold axes with their respective senses of rotation were plotted on a lower
hemisphere equal area net. The great circle that best approximates the
spatial distribution of axes defines the slip plane. 1In all the diagrams
of figure 3, clockwise folds cluster along one part of the slip plane
whereas counterclockwise folds cluster along the other. The bisector of
the arc separating the two groups of folds is the slip line. The loca~
tion of clockwise and counterclockwise arrows on either side of the sep-
aration arc determines whether the upper layers moved up or down along
the slip line. 1In diagrams 2a and 2b (Fig. 3) the upper layers moved to
the northwest along a line striking N 40 W for 2a, and N 54 W for 2b. 1In
contrast the upper layers moved downward along a line striking N 86 E for
the southern part of the Champlain thrust at Long Rock Point. (diagram
1, Fig. 3).

Discussion of Results The kinematic basis for this analysis has been
worked out in such geologic enviromments as tundra and sod slides, gla-
cial lake clays, lava flows and metamorphic rocks of all grades (Hansen,
1967; Hansen, et al., 1967; Howard, 1968). It can be shown that the sep-
aration arc contains the movement direction of slip line and that the

drag folds which locate this direction are a product of one movement event.
One can further deduce the likely position of the principal axes of stress
©1, 09, 03)1 by analogy to slip systems. o2 would lie in the slip plane
perpendicular to the slip direction. 01 and 03 would define the deforma-
tion plane which is perpendicular to the slip plane and parallels the slip
direction.,

0 1would be oriented approximately 459 from the slip plane in a di-
rection permitted by the sense of shear indicated by the drag folds. The
slip line would then parallel the direction of maximum resolved shear
stress.

1 . ; . . .
In all subsequent discussions 0] is the maximum compressive stress, g2

is the intermediate compressive stress and 03 is the minimum compressive
stress,
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Figure 5 Lower hemisphere equal area projections showing

fractures present in the Monkton Quartzite at the Shelburne

Access area (fig. 4), Diagram A shows 248 poles to joints.

Contour intervals are 0.4, 1.2, 2.0, 2.8, 3.6 respectively

per 1 percent area. Diagram B shows planes corresponding to

the 3.6 percent maxima of diagram A. Diagram C shows the

trend and sense of shear of feather joints. Diagram D shows

the orientation and apparent movement of 13 faults. Modified

from an unpublished research report of Charles Rubins.
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Diagrams 1 through 3 (Fig. 3) were determined at localities in the
Iberville Formation beneath or just west of the Champlain thrust. With
the exception of diagram 1, the slip directions indicate movement to the
northwest (see diagram 7, Fig. 3 for synopsis). This direction is ap-
proximately parallel to fault mullions at Long Rock Point and slicken-
sides on calcite-veneered surfaces at Shelburne Point (diagram 3) and,
therefore, suggests that the deformation plane containing oy and o3
for this phase of movement did trend northwesterly. A unique explanation
for the easterly slip direction in diagram 1 is not known at present, but
several possibilities will be discussed.

Stop 2. Shelburne Access Area This locality is one of several places in
the Monkton Quartzite that displays a sufficient number of joints, faults
and feather joints for dynamic analysis. The location and orientation of
faults and feather joints are shown on the geologic map (Fig. 4). At each
numbered station the orientation, relative abundance, and surface features
of approximately 10 joints were recorded. Diagram A of figure 5 shows the
poles to 248 joints and diagram B shows four planes corresponding to the
maxima in diagram A. The trend of each of the 10 feather joint arrays and
their sense of shear are shown in diagram C.

Diagram D shows 13 faults with letters or arrows indicating the ap-
parent movement. All faults trend approximately eastward (hereafter called
cross faults) except for one that is striking to the north. As indicated
on the map the dip slip displacement of each fault is only several inches
whereas the strike slip displacement on one of these faults is 9 feet
(fault 13,2 Fig. 4). Feather joint arrays adjacent to several cross
faults further attest to strike slip displacement. This relationship is
further emphasized by comparing diagram C and D (Fig. 5). Although Welby
(1961, p. 204) assumes that all cross faults are normal faults, the above
data definitely supports a wrench fault interpretation. Petrofabric anal-
ysis of quartz deformation lamellae in three samples (M1, M3, M4) further
confirms this conclusion (Fig. 6).

Dynamic Analysis  Discussion of the stress configurations for each struc-

ture is based upon techniques and principles summarized by Friedman (1964).
In stress analysis only the direction and relative magnitudes of the prin-

cipal stresses can be evaluated. Furthermore, it is assumed that the man-

ner in which these structures formed in nature is similar to the way analo-
gous structures are formed in the laboratory.

Joints: The planes in diagram B (Fig. 5) corresponding to the maxima of dia-
gram A can be interpreted in several ways. The acute angle between joints 1
and 3 is 80 degrees and the acute angle between joints 2 and 4 is 83 degrees.

2Faults are identified by the station number nearest them on the geologic
map (Fig. 4).
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Hypothesis 1: Joints 2 and 4 formed in the shear position. Joints
1 and 3 formed as extension and release joints respectively.

Hypothesis 2: Joints 1 and 3 formed in the shear position. Joints 4
and 2 formed as extension and release joints respectively. 1In both hypo-
theses gy is defined by the intersection of all joints. In hypothesis 1,

o1 would parallel joint 1 and trend to the east whereas in hypothesis 2
01 would parallel joint 4 and trend to the southeast. Hypothesis 1 is pre-
ferred because joint 1 is commonly filled with calcite. Furthermore, this
configuration is similar to the stress configurations deduced from the
other structures (Fig. 6).

Feather joints: The 10 feather joint arrays in diagram C (Fig. 5) with
their respective senses of shear indicate that ¢ is oriented east-west.
o3 is oriented north-south and gy is oriented vertically. Because the
dip of the feather joint array could not be measured, the inclination of
the principal stress axes could not be pinpointed. Although the princi-
pal stress directions are not as accurately known for feather joints as
they are for other structures, their symmetrical relationship to the
cross faults support a wrench fault interpretation and thus suggest that
those faults. trending north of west are left lateral whereas those trend-
ing north of east are right lateral.

Wrench Faults: The apparent vertical movement on all faults trending
north of west is up to the north., This movement can be realized on left
lateral wrench faults if g1 dips more steeply to the east than the bed-
ding. Those faults trending north of east that are downthrown to the
north would then be right lateral wrench faults.

The apparent vertical movement of faults 4 and 13 trending north
of east is up to the north, These faults are right lateral wrench faults
if the movement on 4 is assumed to be the same as the displacement of fault
12 by 13. The horizontal and vertical components of the actual movement
at these faults could be caused by o trending westward and dipping east-
ward more gently than the bedding.

North-South Fault: This fault cuts several of the wrench faults and hence
is younger in age. It could result from the following two stress configura-
tions:

Hypothesis 1: 1If the fault is a normal fault downthrown to the west,
then gy would be vertical or steeply inclined to the north so as to produce
the right lateral movement. o3 would trend eastward or dip gently westward.
09 would trend northward.

Hypothesis 2: 1If the fault is a wrench fault, then ¢; would trend
northeasterly, 03 would trend northwesterly and ¢ 9 would be appro ximately
vertical,
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Quartz Deformation Lamellae: Approximately 380 deformation lamellae from
3 oriented samples have been measured from this outcrop. For each sample
100 (50 for M4) quartz grains were measured from each of three mutual per-
pendicular thin sections. For each grain the orientations of the ¢ axis
and deformation lamellae (if present) were measured. The results were
analyzed using methods described by Carter and Friedman (1965), and Scott,
et al., (1965). The deduced orientation for o1, 02, and o3 are shown
in figure 6. In M3 and M4, o3 lies in the bedding and g, appears to be
equal to o3 in magnitude. In Ml ¢y is inclined 40° to the east, ad»
dips 50° to the west and 03 trends northward and is horizontal. Although
these orientations are not parallel in all samples, they are consistent
with the stress positions deduced from the megascopic structures and sup-
port the conclusions on the cross faults and joints,

Structural and Stress History Based on the above information it is pos-
sible to develop a structural history for this outcrop. This sequence is
divided into the following three phases,

Phase 1l: During this time all the wrench faults formed except fault
13, 4 and 10 (north-south fault), oy was inclined more steeply to the east
than the bedding so that faults trending north of west are upthrown to the
north and faults trending north of east are downthrown to the north. 03
was oriented northward and 0) was inclined steeply to the west.

Phase 2: During this time faults 13 and 4 developed with o either
horizontal or inclined more gently eastward than the bedding. This orien-
tation permitted the right lateral faults (13 and 4) to be upthrown to
the north. It should be emphasized at this point that the change in
orientation of 07 relative to the bedding in the Monkton Quartzite can
equally be attributed to a rotation of the bedding within a stress sys-
tem of constant principal stress orientation.

Phase 3: During this time the north-trending fault developed and can
be interpreted as a normal, wrench, or reverse fault,

The feather joints and deformation lamellae are thought to have formed
during phase 1 and 2, although definite evidence for their timing is lack=-
ing at present, The formation of the joints shown in diagram A and B in
figure 5 could well have spanned the first two phases.

Relationship to the Champlain Thrust Wrench faults are commonly associa-
ted with thrust faults. Both can be related to the same o; direction and
only require a switch of 09 and 03 in the stress configuration during
thrusting to develop wrench or tear faults. In the same manner the small
wrench faults in the Monkton Quartzite are thought to bear the same re-
lationship to the Champlain thrust and as such suggests that other cross
faults shown on the Geologic Map of Vermont (Doll, et al., 1961), may also
be wrench faults.
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The different stress orientations deduced at Long Rock Point (stop 1)
and the Shelburne access area suggest several explanations., It is pos=-
sible that they formed under the same stress system but have assumed their
present orientation by subsequent deformation., Alternatively, they could
have formed at different times under stress systems of different orienta-
tions. Future work will resolve this problem.

Stop 3. This locality is a fine exposure of the Winooski Dolomite in
fault contact with the upper portion of the Monkton Quartzite, The bed-
ding in both these units dips gently eastward. The most conspicuous of
several northeastward-trending faults is downthrown to the north placing
the Winooski Dolomite in fault contact with the upper portion of the
Monkton Quartzite south of the fault,

Stop 4. Shelburne Falls just southeast of the village of Shelburne The
Danby Formation dips gently eastward at this locality and is cut by several
sets of joints. Ripple marks of varying sizes, cross beds and fossil bur-
rows are well displayed in the quartzite and sandy dolomite on the west
bank of the river. Current directions based on current ripples in the
upper layers along the southern part of the exposure indicate flow to the
southeast (S 10 E to S 40 E) whereas current directions based on cross
bedding in the lower layers exposed near the falls to the north indicate
flow to the north and west.

Stop 5. Jones Hill This stop is located just west of the Champlain thrust
and shows several large folds and minor thrusts exposed in the Iberville
Formation., A lamprophyre dike, striking N 78 W and dipping 75 degrees to
the northeast, is exposed in the southern part of the outcrop. The lacco-
lith of syenite on Barber Hill is located approximately a mile southeast

of here near the village of Charlotte.

The orientation of fold axes, slaty cleavage and faults is shown on
figure 7; most of the faults are thrusts dipping eastward or southeastward
at gentle to moderate angles, As shown on plate 1 the trace of the Cham~-
plain thrust is sinuous and offset at several places in the area. Welby
(1961, Plate la) shows normal faults at each of these places but the or-
ientation of bedding, particularly between Jones Hill and Pease Mountain,
suggests that the eastward reentrants can be explained equally well by
anticlines plunging gently to the east, Minor folds with this orientation
are present on the north side of Jones Hill.

Stop 6. This stop will consist of a short traverse through the fields
north of the road, The Clarendon Springs Dolomite, the Shelburne Forma-
tion, and the Cutting Dolomite will be crossed. If time permits the
traverse will be extended northward into the Bascom Formation. At least
two generations of folds are present in this area. Axes of the earlier
generation plunge to the southeast, east and northeast and possess a
well developed axial surface cleavage which commonly dips eastward ex-
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cept when it is deformed by folds of the younger generation. The slip line
orientations of diagrams 4 and 5 (Fig. 3) were determined from drag folds
of the earlier fold generation at localities 4 and 5 on figure 1. These
slip lines are almost parallel to those to the west of the Champlain thrust
discussed under stop 1 and, therefore, strongly suggest that they may have
formed contemporaneously as a result of the same stress system. The young-
er generation of folds plunges northward and folds the cleavage of the
earlier fold generation.

Stop 7. Hinesburg thrust northwest of Mechanicsville This locality is
one of the finest exposures of the Hinesburg thrust., The Bascom Forma-
tion forms the lower plate and the argillaceous facies of the Cheshire
Quartzite forms the upper plate. Minor folds can be found in both these
units., Inasmuch as only 4 folds could be found in the Bascom Formation
little significance can be attached to southwestward movement direction
shown in diagram 6 (Fig. 3).

Stop 8. The Bascom Formation crops out on several small hills just west
of Brownell Mountain. To the east the Bascom grades into the Brownell
Mountain Phyllite, a member of the Bascom Formation only recognized in the
Hinesburg synclinorium, This stop may be cancelled if insufficient time
is available. -

End of Trip. Return to Burlington.
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Trip D
THE LATE PLEISTOCENE OF THE CHAMPLAIN VALLEY, VERMONT

by

W. Philip Wagner
Department of Geology
University of Vermont

Burlington, Vermont

INTRODUCTION

The existing knowledge of Pleistocene events in the Champlain Valley
can be discussed in terms of glacial stratigraphy, areal distribution of
glacial deposits, and water planes of Lakes Vermont and "New York", (this
paper) and the Champlain Sea. The purpose of this field trip is to ex-
amine new evidence of glacial and post-glacial events as recently deduced
from field study of the Champlain Valley between Burlington and Middle-
bury, Vermont.

Included in the list of references are recent papers which pertain
to the Pleistocene and Recent history of the Champlain Valley. The top-
ographic quadrangles, in order of their first appearance on the field
trip, are as follows: Burlington; Fort Ethan Allen; Essex Junction;
Mount Philo; Hinesburg; Bristol; Monkton. Acknowledgement is made to
Chester A, Howard, Jr. and William R. Parrott, Jr, for data on Stop 16,
to Howard for information about surficial deposits near the mountains
north of the Winooski River (Fig. 1), to Robert Switzer for field as-
sistance in 1967 and 1968, and to Allen S. Hunt for a review of the
manuscript, The work upon which this paper is based was supported in
part by funds provided by the U. S. Department of Interior as author-
ized under the Water Resources Research Act of 1964, Public Law 88-
379.

GLACTIAL DEPOSITS

Four kinds of glacial deposits can be distinguished. Two varieties
of till are found, including a lower, compact, gray-colored till, and a
brown, but otherwise similar upper till. At one locality (Stop 16) near
Shelburne, Stewart (196la) has interpreted primarily fabric differences
between gray and brown till units as indicative of multiple glaciation.
Thus far no evidence of a relatively warm climate separating glacial
episodes has been found in Vermont.

In several places is found a highly variable, poorly sorted and
washed material that resembles both till and gravel. The deposit is in-
formally referred to in figure 1 as "mantle material', indicating the
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tendency for the deposit to form a non~descript veneer on the terrain.
Mantle material can be definitely related to glaciation by a few scattered
exposures of interbedded masses of till; presumably the material in a super-
glacial drift, Mantle material appears to be most extensive on the south
sides of large river valleys.

A fourth glacial deposit is distinguished from mantle material by a
distinctive, constructional topography here informally termed "hummocky
dead ice terrain'. The pattern of this unit on Figure 1 suggests one
or possibly more ice margin locations. The scattered patches of hummocky
dead ice terrain may delimit an ice margin along the foothills of the
Green Mountains. It is tempting to correlate such a margin with morainic
features in southern Quebec (Gadd, 1964; McDonald, 1968), and on the
north flank of the Adirondack Mountains (Denny, 1966; MacClintock and Ter-
asmae, 1960), thus completing a picture of ice lobation in the Champlain
Valley. Although this may be more or less wvalid, a slightly different,
alternative explanation involves successively younger ice marginal fea-
tures northward in the Champlain Valley. At the core of this problem is
the nature of ice retreat in the area. For example, Stewart (196lb) con-
siders regional versus marginal zone retreat of stagnant ice. MacDonald
(1968) favors retreat of an active ice front in southern Quebec. Also in-
volved is the degree of geological resolution possible for glacial events.

WATER PLANES

Retreat of the continental ice margin in the Champlain Valley was
accompanied by the development of proglacial lake stages of Lake Vermont
(Chapman, 1937), 'Lake New York'" (this paper), and lastly the Champlain
Sea (Karrow, 1961). Numerous shoreline features have been identified
in this study (Figs. 1 and 2; Appendix). Figure 2 is a cross-sectional
plot of the elevation of shoreline and other features against distance
along a line oriented N20W, approximately perpendicular to previously
determined isobases in the area (Chapman, 1937; Farrand and Gajda, 1962).
The positions of enumerated features on Figure 1 were extrapolated along
a S70W direction to the cross-section, thus making it possible to com-
pare items of similar uplift and to depict the true rather than apparent
tilt of water planes.

The elevation ranges of individual features on Figure 2 reflect the
contour intervals of the topographic maps used to determine elevations;
more accurate determinations are desirable. Beaches and spits provide
relatively precise markers of former water levels but in many cases they
are difficult to identify and unquestionable beaches and spits are not
numerous. Deltas are relatively inaccurate strandline indicators, but
on the other hand they are abundant. Delta elevations given on Figure 2
refer to the delta surface, not the foreset - topset bed contact which,
although a better indicator, is rarely observed in this area.
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The correlations of the shoreline features, shown by various lines on
Figure 2, are made assuming that the orientations of water planes in the
Valley are somewhat as previously described by others.l Although higher,
older shoreline features do exist, there is not enough evidence to deter-
mine whether or not they are related to major, early stages of Lake Ver-
mont (such as Woodworth's, 1905, 'Quaker Springs Stage') or to local,
small, and separate lakes. The features here identified as Coveville
could be related to local lakes, but the upper limit of lacustrine cover
on hummocky, dead ice terrain fits nicely with a distinct, widespread
level (Fig. 2).

The tilted (5.8 feet per mile) Coveville plane was purposely drawn
to intersect a Coveville delta at Brandon (Chapman, 1937), south of the
area mapped, and to coincide with the previously recognized outlet chan-
nel near Coveville, New York (Woodworth, 1905). The northward extent
of the Coveville plane is problematical and a variety of lines of evi-
dence must be considered. Item 1 . The 560-580 foot Bristol delta
(No. 50, Figs. 1 and 2), which lies on the Coveville plane, can be cor-
related upstream via an outwash plain and longitudinal projection into
hummocky dead ice terrain at Starksboro. Thus, the position of an ice
margin is located at Starksboro during Coveville time. Item 2. ' Another
Coveville delta exists at Hollow Brook (No. 46), north of Starksboro.

In order for Hollow Brook to be confluent with Coveville waters an ice
margin north of Hollow Brook is likely, an interpretation which con-
flicts with Item 1. TItems 1 and 2 can be reconciled if: a) northward
ice retreat occurred during Coveville time; or b) the configuration of
the continental ice margin was highly irregular and complex; or c) the
Starksboro hummocky dead ice terrain was constructed by a mass of ice
separate from the main body of continental ice; or d) at least one of the
deltas is misidentified as Coveville. Item 3. In any case, because the
Hollow Brook deltas probably were formed by ponded water which escaped
from the Winooski Valley via the Huntington River and Hollow Brook Val-
leys, an ice margin blocking the Winooski Valley (east of Williston) is
indicated. Item 4., Other evidence of ice in the lower Winooski Valley
during Coveville time includes: absence of a lacustrine sediment veneer
on hummocky dead ice terrain below the Coveville level near Williston
(No. 58); presence of a low-level delta (No. 59) formed by escape of
local lake water from Winooski Valley via the Oak Hill outlet channel
(No. 68); absence of a Coveville-level delta in the Winooski Valley.
Item 5. However, Connally (1967) has identified a Coveville delta in the
Lamoille Valley (Fig. 1). Also, a problematical delta occurs at the
Coveville level in the Huntington Valley. Obviously the problem of the
location of the ice margin during Coveville time is complex and cannot
be resolved at the present time.

lother interesting hypotheses include: control of Fort Ann level by the
present Champlain - Hudson divide (147 feet) near Fort Edward, New York;
merger of Lake Albany and Coveville water to form a single level with a
hinge line, or temporary blockage of the Fort Edward divide by ice or
drift, forcing Coveville drainage through South Bay or Lake George low-
lands.
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Below the Coveville stage are a few shoreline features which may or
may not be correlative as a single plane., However, if connected as shown
on Figure 2, the southward projection of the tilted (6.7 feet per mile)
plane coincides with the outlet for the Fort Ann stage of Lake Vermont
(Chapman, 1937). Thus, the level may be tentatively identified as Fort
Ann. However, the slightly greater tilt of this level compared to the
Coveville plane suggests an erroneous identification of either Fort Ann
or Coveville planes, or both.

Numerous slightly lower shoreline features lie on a well-defined
plane (5.3 feet per mile tilt) which also extends to the Fort Ann out-
let. The abundance and well-developed character of shoreline features
at this level suggest that a major episode of Lake Vermont is repre-
sented. No evidence is available to delimit the ice margin during this
time but apparently it was north of the area of study.

Below the major Fort Ann level are numerous shoreline features,
many of which are too scattered to clearly define any planes. However,
several water planes are relatively well documented. 'Lake New York"
levels (Fig. 2) are so tilted (5.0 feet per mile) that their south-
ward projection intersects Lake Champlain near its southern extremity.
In these cases, therefore, southward drainage of Champlain Valley wa-
ters into the Hudson Valley is precluded. An alternative, that the
southward-projecting planes pass through a hinge line and hence to the
Fort Ann outlet, is rejected because of the absence of detectable
hinges on Lake Vermont strandlines. It is suggested that after the
Fort Ann stage of Lake Vermont, Champlain Valley drainage shifted north-
ward to the St. Lawrence lowland, creating a new system of proglacial
lakes informally referred to here as ''Lake New York'. Progressive ice
retreat probably opened successively lower drainage routes on the north-
west slope of the Appalachian uplands. The similarity between the tilts
of the lowest Fort Ann stage and Lake New York suggests that no signi-
ficant differential isostatic uplift occurred during this time. Physio-
graphic considerations require that Lake New York drainage must have de-
veloped immediately after the lowest Fort Ann water plane on Figure 2,
or in other words, that no Lake Vermont level below that shown on Fig-
ure 2 could have existed. The northern extent of the Lake New York
planes is unknown.

Influx of saline water of the Champlain Sea into the Champlain Valley
is indicated by the oc