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Trip B-5

ANALYSIS AND CHRONOLOGY OF STRUCTURES ALONG THE CHAMPLAIN THRUST
WEST OF THE HINESBURG SYNCLINORIUM

by
Rolfe Stanley and Arthur Sarkisian

Department of Geology 
University of Vermont

INTRODUCTION
The Champlain thrust has long attracted the attention of 

geologists. Prior to the discovery of fossils along this belt 
the thrust was considered an unconformity between the strongly- 
tilted Ordovician shales of the "Hudson River Group” and the 
overlying, gently-inclined dolostones and sandstones of the "Red 
Sandrock Formation" (Dunham, Monkton, Winooski formations of Cady, 
1945) . The "Red Sandrock Formation" was thought to be Silurian 
in age since it was lithologically similar to the Medina Sand
stone of New York. Between 1847 and 1861 fossils of pre-Medina 
age were found in the "Red Sandrock Formation" and its equivalent 
"Quebec Group" in Canada. Based on this information, Hitchcock 
(1861, p. 340) stated that "it will be necessary to suppose the 
existence of a great fault, extending from Quebec through the 
whole of Canada and Vermont and perhaps to Alabama. Its course 
through Vermont would correspond very nearly to the western boun
dary of the red sandrock formation." Since then, although its 
extent has been greatly limited, its importance has not dimin
ished.

Our understanding of the Champlain and associated thrusts 
is primarily the result of studies by Keith (1923, 1932), Clark 
(1934), Cady (1945), and Welby (1961). Current interest in 
earthquake research on the character, movement, chronology, and 
mechanics of faults requires a closer, more detailed study of 
such well mapped faults as the Champlain thrust.

Acknowledgements
The work of Cady (1945) and Welby (1961) along the Cham

plain thrust in western Vermont is very valuable in providing 
the framework for detailed work that is presently being done at 
the University of Vermont and Middlebury College. Although many 
geologists have contributed to our present understanding of this 
region, syntheses by Cady 1969, Doll and others 1961, Rodgers 
1968, and Zen 1967, 1968 are particularly helpful.

Many students at the University of Vermont have contrib
uted information for the localities in this trip. Data on 
fractures, faults, and quartz deformation lamellae at the Shel
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burne Access Area were collected by Charles Rubins, John Mil- 
lett, Edward Kodl, Robert Kasvinsky, Evan Englund, and Jack 
Chase. The analyses at locality S9 and Mount Philo are large
ly the work of Arthur Sarkisian. Richard Gillespie, Roger 
Thompson, Jack Chase, Greg McHone, and Gary French provided in
formation for Pea3e Mountain.

REGIONAL GEOLOGY
The Champlain thrust extends for approximately 75 miles 

from Cornwall, Vermont, to Rosenberg, Canada, and places Lower 
Cambrian dolostone with some quartzite on highly deformed Mid
dle Ordovician shale and minor beds of carbonates. Throughout 
its northern part the thrust is confined to the lower member 
(Connors facies) of the Dunham Dolostone. At Burlington the 
thrust apparently rises 2000 feet in the section to the dolo
stones and quartzites of the lower part of the Monkton Quartzite. 
It then truncates major structure in the Ordovician rocks of the 
lower plate south of Mount Philo to Cornwall, Vermont (Doll and 
others, 1961). The upper part of the Dunham only reappears 
along the thrust just south of Buck Mountain (Welby, 1961). The 
Champlain thrust appears to be primarily restricted to the first 
massive dolostone interval above the Precambrian.

Throughout most of its extent north of Pease Mountain 
(figure 1) the trace of the Champlain thrust is somewhat straight 
and the surface strikes to the north and dips gently to the east 
at angles less than 20 degrees. South of Pease Mountain the 
trace of the thrust is irregular because of subsequent folding 
and faulting (Doll and others 1961, Welby 1961). At Mount Philo, 
for example, the rocks of the upper plate are folded gently into 
an east-plunging syncline. Between Burlington and Snake Moun
tain the thrust is cut by a number of cross-faults that are in
terpreted as normal faults by Welby (1961, p. 204). Our work 
indicates that the displacement on some of these faults is pre
dominantly strike slip (Stanley 1969, Sarkisian 1970).

The stratigraphic throw on the Champlain thrust is in the 
order of 8000 feet at Burlington. To the north the throw de
creases as the Champlain thrust is lost in the shale terrain 
north of Rosenberg, Canada. Part, if not all, of this displace
ment is taken up by the Highgate Springs and Philipsburg thrust 
which continues northward and becomes the "Logan's Line Thrust" 
(Cady 1969). South of Burlington the stratigraphic throw is 
in the order of 5500 feet. As the throw decreases on the Cham
plain thrust near Cornwall the displacement is again taken up 
in part by the Orwell, Shoreham, and Pinnacle thrusts, which 
place Upper Cambrian and Lower Ordovician rocks on each other 
and eventually on the Middle Ordovician rocks to the west (Cady 
1945).
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The configuration of the Champlain thrust at depth is 
speculation. Where it is exposed the thrust surface is essen
tially parallel to the gently-dipping beds in the upper plate. 
This thrust geometry persists for at least 2-3 miles east of 
its most western limit since the thrust is still essentially 
parallel to the bedding in the Monkton Quartzite at the base 
of the upper plate in the center of the recess of the thrust 
trace on the Monkton culmination. Further to the east the 
thrust must eventually steepen in dip and pass into Precambrian 
basement since it does not reappear at the surface on the west 
side of the Precambrian core of the Green Mountains. This over
all configuration is shown in the cross sections accompanying 
the geologic map of Vermont (Doll and others 1961).

The age of the Champlain thrust is debatable. Cady (1969, 
p. 75) believes the thrust developed in the Acadian Orogeny al
though the youngest rocks exposed below the Champlain thrust are 
Middle Ordovician in age. Welby (1961, p. 221) believes the 
thrust developed during the Taconic orogeny of Middle to Upper 
Ordovician age. Thrusting predates the emplacement of the Meso
zoic dikes which clearly cut the structures of the Champlain 
thrust.

Our work shows that the Champlain thrust has undergone an 
extensive structural history involving possibly more than one 
period of thrusting. Perhaps the most compelling evidence for 
a multiple history of displacement is the presence of prograde 
chlorite in recrystallized fractures in the Monkton on the upper 
plate and the absence of prograde chlorite throughout the pelitic 
rocks directly below the thrust. We tentatively suggest that the 
Champlain thrust was originally developed during the Taconic oro
geny, metamorphosed and then reactivated to place a metamorphosed 
upper plate on an unmetamorphosed lower plate. Although the sec
ond event may also be Taconic in age, since rocks of Silurian and 
Devonian age arevbt present below the thrust, the additional 
structural events may have occurred during the Acadian orogeny. 
These speculations will be discussed during the trip.

STRATIGRAPHY
A composite stratigraphic section and correlation chart 

for the area of the Champlain thrust and the Hinesburg synclin
orium are shown in Table 1 and Table 2 respectively.
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STOP DESCRIPTIONS
General

The trip consists of five stops along the Champlain thrust. 
These stops are located on figure 1.
Stop 1. Lone Rock Point, Burlington (1, 2a, 2b, figure 2) - This 
ocality is perhaps one o I the finest exposures of the Champlain 

thrust in Vermont and Canada. Here the Dunham Dolomite (Conners
) of Lower Cambrian age overlies the Iberville Formation 

of Middle Ordovician age. The thrust contact is sharp and mark
ed by a thin zone of breccia in which angular clasts of dolo
stone are embedded in a highly contorted matrix of shale. Sliv-

several feet thick, of limestone are found along the fault
and may represent pieces of the Beekmantown Group (Beldens Mem
ber of the Chipman Formation ?). The undersurface of the Dunham 
Dolomite along the thrust is grooved by fault mullions which 
plunge 15* to the southeast (figure 2, diagram 1 and 2a). The

southeastward dip of the thrust is 10 degrees.
A variety of minor structures are found in the Iberville 

Formation whereas fractures are the only structures in the Dun
ham Dolomite. Many of these faults are filled with Calcite and
grooved with slickensides. The minor folds in the shale are num
erous, and are easily grouped into two ages. The early folds 
have a well developed slaty cleavage that forms the dominant lay
ering in the Iberville and is concordant to the thrust surface at 
the base of the Dunham Dolomite.

The younger generation consists of asymmetrical drag folds 
with short, gently curved hinges and rather open concentric pro
files. The axial surface is rarely marked by cleavage but when
it is developed, fracture cleavage,filled with Calcite, is typi
cal. These folds deform the slaty cleavage of the older gener
ation and are related to movement of the Champlain thrust since 
they decrease in abundance away from the thrust surface. The 
orientation of 59 axes with their sense of rotation is shown in 
diagrams 1, 2a, and 2b of figure 2.

line orientations. Drag folds of the younger generation
ave been used at 5 localities to determine a direction of move

ment on the Champlain thrust. Two of these localities are in 
the Iberville or Stony Point Formations directly below the thrust 
and 2 localities are in the Monkton Quartzite just above the 
thrust (diagrams 1, 2a, 2b, 3, 7, 8, figure 2). The remaining 
locality at Shelburne Point is along a fault zone in the Stony 
Point Formation less than a mile west of the Champlain thrust.
At each of these localities numerous younger folds are developed 
with nonparallel hinges and short limbs facing in a variety of 
directions.
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A slip line or movement direction was determined at three 
stations along the 2000 feet of exposure at Rock Point (diagram 
1, 2a, 2b, figure 2) using the methods described by Hansen (1967, 
1971) . The hinge orientation and sense of rotation for 18 to 23 
younger folds were plotted at each station on a lower hemisphere 
equal area net. The great circle that best approximates the spa
tial distribution of axes defines the slip plane which is approx
imately parallel to the older cleavage and the Champlain thrust. 
At Rock Point this cleavage is of compact shale separated by 
thinner layers of extremely fissile shale. In all the diagrams 
in figure 2 clockwise or dextral folds occupy one part of the 
great circle, whereas counterclockwise or sinistral folds occu
py the other. The arc that separates the opposite senses of rot
ation contains the slip direction. This is uniquely defined when 
the separation arc is zero. In most localities the separation 
arc is greater than zero and the bisector of the separation arc 
is arbitrarily designated as the slip direction. The overall 
symmetry of the fabric is monoclinic with the plane of symmetry 
oriented parallel to the slip direction and perpendicular to the 
slip plane.

The location of clockwise and counterclockwise arrows on 
either side of the separation arc indicates the direction of 
movement of the upper layers along the deduced slip line. In 
diagrams 2a and 2b (figure 2) the upper layers moved to the north 
west approximately along a line striking N40W for 2a and N54W for 
2b. In contrast , the upper layers moved eastward along a line 
striking N86E for tne southern part of the Champlain thrust at 
Rock Point (diagram 1, figure 2). In all three diagrams the sep
aration arc ranges in size from 5 to 12 degrees.
Discussion of Results. The kinematic basis for drag fold analy- 
sis has been worked out in such geologic environments as tundra 
and sod slides, glacial lake clays, lava flows, and metamorphic 
rocks of all grades (Hansen 1967, Hansen and others 1967, How
ard 1968, Hansen 1971). Scott (1969, p. 251-254) has verified 
these methods in the laboratory using substances of different 
viscosities. In all these studies it has been shown that the 
separation arc contains the slip line and that the drag folds are 
a product of one overall movement regimen.

As shown in diagram 11 of figure 2, the deduced slip lines 
are nearly parallel along 25 miles of the Champlain thrust.
These slip directions are essentially parallel to fault mullion3 
on the thrust surface at Lone Rock Point and slickensides on cal- 
cite-veneered surfaces at Shelburne Point (diagram 3) and else
where in the Middle Ordovician shale of the lower plate (Hawley 
1957, p. 81). Although the origin of the diversity in hinge ori
entation in the rocks along the Champlain thrust is still unclear 
the approximate parallelism among slickensides, mullions, and



slip lines indicates that the slip lines deduced from drag folds 
are a reliable movement indicator.

A generalized principal plane of stress and strain can be
determined from slip line and plane information if rotation a-
bout the pole to the slip plane is assumed to be zero. With this 
restriction the slip line and the polJ5 to the slip plane define
the plane of a, and Oj and Aj and Aj.^ This plane, known as the
deformation plane, is also the plane of monoclinic symmetry of 
the drag fold diagrams. The location of CTj in the deformation
plane depends on the sense of shear across the slip surface, the 
coefficient of internal friction of dolostone on shale and the 
strong planar anisotropy along the Champlain thrust.

The anomalous easterly slip direction for the southern 
part of Lone Rock Point (diagram 1, figure 2) will be discussed 
during the trip.
Stop 2 . Shelburne Access Area (S14, figure 1) - The fractures 
and faults at this locality are ideal for dynamic analysis. The 
outcrop is located in the upper member of the Monkton Quartzite 
approximately 900 feet above the Champlain thrust. A high angle 
cross fault offsets the thrust just to the northwest (figure 1).

The location, orientation and relative displacement on 
faults and feather fractures are shown on the geologic map (fig
ure 3). At each numbered station the orientations, relative a- 
bundance and surface features of 10 fractures were measured. 
Diagram A of figure 4 shows the poles to 248 fractures and dia
gram B shows four planes corresponding to the maxima in diagram 
A. The trend and deduced sense of displacement of the feather 
fractures are shown in diagram D of figure 5.

The faults in figure 3 are generally vertical, contain a 
very narrow zone of gouge and are divided into an east-west 
group and a north-south group according to their general strike. 
The north-south group are few in number and displace the east- 
west faults and hence, are younger in age. The faults of both 
generations are wrench faults since the dip slip displacement is 
only several inches and the strike slip displacement is as large 
as 3 feet. Furthermore, feather fractures adjacent to many of 
the faults are only present on the horizontal surfaces. Petro
fabric analysis of quartz deformation lamellae in samples Ml,
M3, M4 (figure 4) further supports this conclusion (figure 6).

a 2 , aj refer to the principal axes of stress with re
presenting the maximum compressive stress. A i,A2 » A 3 are the 
principal directions of quadratic elongation with A l represent
ing the direction of maximum elongation.
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Figure 3. Structures in the Monkton Quartzite at the southern 
end of Shelburne Bay, western Vermont. Located at station S14 on 
figure 1.
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A B

Figure 4. Lower hemisphere equal area projections of macroscopic 
fractures in the Monkton Quartzite at the Shelburne Access area. 
Diagram A shows 248 poles to fractures. Contour intervals are 
0.4, 1.2, 2.0, 2.8, 3.6 respectively per 1 percent area. Diacjram 
B shows planes corresponding to the 3.6 percent maxima of diagram
A.

□Q
X
o

<3

A B

Figure 6. Synoptic diagram of the principal stress positions 
deduced for generation one and two wrench faults, megascopic 
fractures, feather fracture arrays and quartz deformation lam
ellae at Shelburne Access area.
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The dihedral angle between complementary wrench faults 
(for example, e, p, i figure 3) ranges from 15 to 70 degrees 
with an average of 27 degrees which implies either a high val
ue for the angle of internal friction, or fracturing under low 
effective confining pressures (less than 500 bars perhaps).
These conditions were probably near the earth's surface since 
the pressure effect of a pore fluid was minimal after low grade 
metamorphlsm.

Microscopic planes of hematite inclusions, recrystallized 
quartz veins, unfilled fractures, quartz deformation lamellae, 
and undulose extinction in quartz pervade all thin sections. 
Prograde chlorite occurs between grains and along recrystallized 
quartz veins. Thus, the early sets of fractures were metamor
phosed at the chlorite grade forming the recrystallized quartz 
veins and planes of inclusions. The unfilled fractures and 
quartz deformation lamellae were then superposed on and influ
enced by this annealed fabric.
Dynamic Analysis. Fractures, faults and quartz deformation pro
vide information on the orientation and relative magnitudes of 
the principal stresses.
1) Fractures: Dynamic interpretation of fractures is based on 
geometry and the identification of shear or extension fractures. 
The intersection of the 4 fracture sets in diagram B (figure 4) 
defines the a 2 position. The o, direction is oriented 90 degrees 
to a 2 in the plane that bisects the acute angle between shear 
fractures. The acute angles between fracture sets 1 and 3 and 2 
and 4 are 80 and 83 degrees respectively. Set 1 fractures are
in the extension position because they parallel the fractures in 
the feather arrays. Fracture sets 2 and 4 are, therefore, shear 
fractures and oi plunges eastward at 10 degrees in the plane of 
fracture set 1. as trends northward and corresponds to the 
pole of fracture set 1. The deduced principal stresses are 
compatible with the stress configuration indicated by the wrench 
faults of generation 1.
2) Feather fractures: The feather arrays in diagram D (figure 5) 
with their respective senses of shear indicate that Oi is orien
ted east-west, o, trends north-south and 0 2 is vertical. The 
principal stresses deduced for fractures and feather arrays agree 
in trend but differ by 10 degrees in dip since only the trend can
be measured and not the dip of feather arrays.
3) Wrench faults of generation 1: Diagram A in figure 5 shows the
deduced positions for the principal stresses calculated for
faults labelled a through q on figure 3. These calculations were 
based on complementary faults (e,o,p,q) and faults with their 
associated feather fractures (c,d,g,h,i,j,k). The principal
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stress positions are contoured in diagram C of figure 5 which 
shows that 0 1 plunges gently eastward, a j trends northward, 
and a 2 is nearly vertical. Diagram B (figure 5) shows that 
right lateral faults trend northeasterly whereas left lateral 
faults trend northwesterly.

4) Wrench faults of generation 2: The deduced positions for the 
principal stresses calculated from complementary faults (I, III, 
and IV, figure 3) and offset structures cut by fault II (figure
3) are shown in diagram E of figure 5. A comparison of diagrams 
C and E of figure 5 indicates that o2 for fault generations 1 
and 2 are parallel. The positions of Oi and Oj however are in
terchanged. This orthogonal relationship implies that the sec
ond generation may have been caused by displacements associated 
with the first generation. As movement occurred during genera
tion 1 the east-west stresses were reduced to a minimum value 
and the north-south stresses were simultaneously increased to 
the maximum compressive value. The stage was then set for gen
eration 2 faulting.

5) Deformation lamellae in quartz: The lamellae are similar in 
character to those described by Carter and others (1964). The 
results were analyzed using methods described by Carter and Fried
man (1965), and Scott and others (1965). The deduced orienta
tion for ai, 02 , and 0 3 are shown in figure 6. In M3 and M4,
cn lies in the bedding and 02 appears to be equal to 0 3 in magni
tude. In Ml, 0 1 is inclined 40 degrees to the east, 02 dips 50 
degrees to the west and a 3 trends northward and is horizontal. 
Although these orientations are not parallel in all samples, they 
are consistent with the stress positions deduced from the frac
tures, feather fractures, and first generation faults. The stress 
configuration in Ml is triaxial with 0 t>0 2 > 0 3 whereas the config
uration in samples M3 and M4 is biaxial with 0 P 02 * 0 3 . These 
patterns indicate that the quartz lamellae formed during and 
slightly after the wrench faults of generation 1.

Relationship to major faults. Wrench faults are commonly assoc- 
iated with thrust faults. Both can be related to the same o 1 
direction and only require a switch of 0 2 and 0 3 in the stress 
configuration during thrusting to develop wrench faults. The 
small wrench faults in the Monkton Quartzite bear the same rela
tionship to the Champlain thrust and as such, suggest that some 
cross faults shown on the Geologic Mao of Vermont (Doll, and 
others, 1961) are indeed wrench faults.

One of these cross faults was mapped by Welby (1961) just 
to the northwest of the Shelburne Access Area (figure 1). It 
strikes northeasterly and displaces the upper and lower plates 
of the Champlain thrust in a right lateral direction. Because 
the deduced sense of ai for first generation faults and assoc-
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iated structures dip eastward more gently than the Champlain 
thrust (approximately 1 0 degrees) the inferred horizontal dis
placement on the cross fault would result in the same apparent 
vertical movement as indicated on the map (figure 1). This
movement geometry also characterizes the right lateral faults
of generation 1 at Shelburne Access Area. The cross fault of 
the west side of Shelburne Bay and the first generation faults 
and their associated structures are considered to be coeval, 
and therefore, younger than the Champlain thrust since the maj
or cross fault clearly cuts both the plates of the thrust.

Structural History. The structural history for this outcrop 
and nearby major faults is summarized in figure 7.

Stop 3. Location S9 - Route 7 a mile north of Shelburne (S9, 
Figure 1) -~ As shown on figure 8 the Winooski Dolomite is down
thrown against the Monkton Quartzite along a normal fault trend
ing slightly north of east. Eight smaller normal faults of sim
ilar trend cut parts of the Winooski (one is in the Monkton). 
Three small faults trend east of north and mav be related to a 
larger fault which offsets the fault between the Monkton and the 
Winooski. This fault was apparently excavated when Route 7 was
constructed. Several of the northeasterly-trending faults have 
well defined gouge zones ranging in thickness from less than an 
inch to slightly more than a foot. The most obvious zone is a- 
long the fault between the two formations. Well developed slic
kensides indicate a dominant dip slip component for all displace
ments (figure 9). A second nearly horizontal slickenside is pre
sent on the fault directly north of station 19 in the Monkton 
Quartzite on the east side of Route 7.
Dynamic interpretation. The synoptic diagram in figure 9 shows 
the orientation of the faults and associated slickensides.
These normal faults indicate a state of stress in which a 3 would 
be horizontal and trend northwesterly, would parallel the gen-

strike of the faults, and 0 1 would plunge to the southwest 
almost vertically. Inasmuch as the north-northeasterly faults
cut the east-northeasterly faults the principal axes of stress 
probably rotated counterclockwise during this second event.

Thirty-seven quartz deformation lamellae were measured in 
150 grains from the west side of the outcrop in the Monkton
Quartzite (station S9, figure 8). The deduced positions are very 
similar to the stress positions deduced for the deformation lamel 
lae at Shelburne Access Area, and hence the two are considered
coeval (compare figures 6 and 9). The lamellae at S9 are thought 
to be older than the normal faults since horizontal slickensides 
indicating strike slip displacement are not present. If these 
faults were genetically related to the deformation lamellae then
all but one should show right lateral displacement. According 
to figure 1 the Monkton-Winooski contact should be offset in a
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Fiqure 9. Lower hemisphere equal area orojection showing the 
normal faults and associated slickensides at S9. The principal 
stress positions (1,2,3) deduced from quartz deformation lamel
lae in the Monkton Quartzite west of Route 7 are represented by 
solid dots. The generalized bedding at locality S9 (see figure 
8) is shown by the great circle labelled S.
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left lateral sense due to movement on the normal faults at this 
stop (figure 8).

In summary the structural chronology at S9 begins with the 
quartz lamellae which developed as a result of east-west compres
sion associated with the generation 1 wrench faults at Shelburne 
Bay. Northwest-southeast extension then oroduced the normal 
faults which dominate the outcrop. This stress configuration is 
reflected in quartz lamellae from an outcrop 2 miles to the south 
of S9.

Stop 4. Pease Mountain near Charlotte (8, 10, figure 1) - The 
Champlain thrust and associated minor thrusts in its lower plate 
are well exposed on Pease Mountain (figure 10). The area was 
mapped by Cady (1945) and later remapped in greater detail by 
Welby (1961) and discovered outcrops of Bridport Dolomite on the 
western peak of the mountain. The area was mapped in still 
greater detail by students in field geology at the University of 
Vermont in 1969 and 1970. Our work has shown that the Bridport 
consists of two thrust slivers that have been subsequently de
formed so that the bounding thrusts are systematically folded.

Stratigraphy: The abbreviated section at Pease Mountain includes 
part of the lower and upper members of the Monkton Quartzite 
which forms the upper plate of the Champlain thrust underlyina 
the top and eastern slopes of the mountain. The Monkton is 
thrust on an overturned Middle Ordovician section that includes 
the upper part of the Glen Falls Formation, the Stony Point For
mation, and the Iberville Shale. Slivers of Bridport Dolomite, 
a member of the Chipman Formation of Lower Ordovician age, are 
mapped along the western peak of the mountain. A few primary 
structures in the Bridport show that it is generally right side up.
Structure: Although thrusts dominate the structure on Pease Moun
tain, cleavage, folds and high angle faults are important aspects 
of the area.

Cleavage dips gently to the east in the shaly rocks of the 
Monkton Quartzite, the Bridport Dolomite, and the shales of mid
dle Ordovician age. In the Monkton Quartzite the cleavage dips 
more steeply than the bedding which is a common relationship a- 
long the Champlain thrust (diagram A, figure 12).

Asymmetrical folds that deform the cleavage are restricted 
to the lower member of the Monkton Quartzite near the Champlain 
thrust. Six of these folds define a 65 degree separation arc 
with a deduced slip line that indicates movement of the upper 
plate in a N75W direction (diagram B, figure 12).

In the Iberville Formation on the east side of Route 7 
(figure 10) two generations of folds are well developed and are
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2

MOUNTAIN 500 0 500
P r o f i l e  Sec t i on  S c a l e d  1

Figure 11. Modified profile section of Pease Mountain along a 
line of section labelled 1-2 on figure 10. No vertical or hori
zontal exaggeration. Displacement arrows only represent a com
ponent of the true direction of movement which is indicated by 
the slip direction deduced from the drag fold data shown in 
figure 10 and diagram B of figure 12.
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A B

C

D E

Figure 12. Lower hemisphere equal area projections of selected 
structures on Pease Mountain. Diagram A shows poles to bedding 
and cleavage in the Monkton Quartzite. The intersection of bed
ding and cleavage and their anticlinal sense are represented by 
a solid dot with a concentric arrow. Diagram B shows the orien
tation of six drag folds which deform cleavage in the lower mem
ber of the Monkton Quartzite directly above the Champlain thrust 
north of point A on figure 11. Diagram C shows the orientation 
of generation one and two folds and the thrust fault in the Iber 
ville Formation just east of Route 7 on figure 11. Diagrams D 
and E represent poles to bedding in the Bridport Dolomite.
Dashed great circle represents the great circle that best approx 
imates the distribution of poles. Diagram D contains 32 poles 
and diagram E contains 22 poles.
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similar to the folds in the Stony Point Formation directly be
low the Champlain thrust at Lone Rock Point. At Pease Mountain 
the older folds are far more abundant than the younger folds 
which are only developed below a fairly continuous thrust at the 
south end of the outcrop. The orientation of each of these gen
erations and the thrust is shown in diagram C of figure 12. The 
senses of rotation of the folds in both generations indicate 
movement to the northwest of upper beds over lower beds with a 
more northerly direction for the older set of folds.

The Champlain thrust is exposed at two localities (A and 
B, figure 10) where the lower member of the Monkton overlies 
highly deformed shaly limestones of the Glens Falls Formation. 
Silicified minor faults are common in the Monkton just above the 
thrust and suggest an earlier deformation perhaps associated with 
early movements on the Champlain thrust.
The Bridport slivers: The stratigraphic gap between the Bridport 
Dolomite and the surrounding Stony Point Formation leaves little 
doubt that the Bridport is bound by thrusts on the western part 
of Pease Mountain. Although the actual thrust surfaces are cov
ered the systematic change in orientation of bedding in the dol
ostones and limestone of the Bridport near the thrust throughout 
the sliver and in the limestone and shale at the southern end 
below the thrust indicates that the bounding thrusts are system
atically folded which is best seen around the southern end of 
the larger sliver. Poles to bedding in the Bridport define two 
diffuse great circles whose u pole ( 8 point) plunges S36E at 
25 degrees for the northern part and N40E at 25 degrees for the 
southern part (diagrams D and E, figure 12). Since there is no 
evidence supporting superposition of one of these folds on the 
other, it is concluded that the fold axis in the Bridport sliver 
curves through 80 degrees from the southern end of the sliver to 
the northern end.

The folded shape of the Bridport sliver indicates that it 
was systematically deformed after it was emplaced. It is sug
gested that the sliver was formed during the early stages of 
movement on the Champlain thrust and then was folded during sub
sequent movement on the thrust.
Stop 5. Mount Philo near Ferrisburg (7, figure 1) - Mount Philo 
is located along the Champlain thrust on the north limb of the 
Monkton culmination (Cady, 1945; Doll, and others, 1961) just 
south of Charlotte, Vermont (figure 1). Although the Champlain 
thrust is not exposed in this area, numerous east-west faults, 
folds, and several thrusts are well developed in the Monkton 
Quartzite which forms the upper plate of the thrust. Five ori
ented specimens of quartz deformation lamellae were analyzed by 
Sarkisian (1970) from three separate localities (Sll, S2, SF) 
located in figure 13.
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Megascopic Structures: Bedding, slaty cleavage, asymmetrical 
concentric folds, fractures, and faults are well displayed a- 
long the southern and western cliff of Mount Philo (figure 13). 
Crossbedding and ripple marks indicate that the Monkton Quart
zite is right-side-up throughout the area. Cleavage is well 
developed in the thin shaly beds of the Monkton and dips east
ward more steeply than the ' cdding where it is not folded.
Large asymmetrical folds in the southern and western cliffs de
form the cleavage and plunge at very gentle angles in various 
directions. The sense of rotation of 12 of these folds on the 
upper plate of the Mount Philo thrust locate a horizontal slip 
line that trends N55W and indicates movement of the upper beds 
northwestward (figure 14). Four fairly large folds are also 
present directly below the Mount Philo thrust and indicate a 
slip direction slightly south of east. On the western cliff 
of Mount Philo below the thrust high angle faults commonly dip 
northward and southward. Although movement on the surfaces 
are commonly normal, movement in the reverse sense was noted.
In two key areas north-dipping faults high on the cliff flatten 
at a lower elevation and pass into high angle south-dipping 
faults further on and up the cliff. These fault surfaces, there 
fore, form U-shaped channels and show either normal or reverse 
movements across the fault surface. The Mount Philo thrust cut 
these high angle faults and hence is younger in age.

The Mount Philo thrust crops out for at least 700 feet 
along the southern and western cliffs of Mount Philo (figure 13) 
It is a sharp, undeformed surface that dips gently eastward and 
truncates the asymmetrical folds within the lower portion of the 
Monkton Quartzite.

Several fracture sets are well developed on Mount Philo. 
They cut the folds, high angle faults, and the Mount Philo thrust 
At locality S2 (figure 15) Sarkisian measured 163 fractures a- 
cross one of the asymmetrical folds. The resulting fabric (fig
ure 15) shows three statistical fracture sets which correspond 
to the maxima in the contoured equal area diagram. This fabric 
is undeformed by the fold since separate plots on opposite limbs 
of the fold are similar to the diagram in figure 15. The plane 
of symmetry bisecting fractures 1 and 3 is perpendicular to 
fracture 2 and is approximately parallel to the slip line deter
mined from the asymmetrical folds.
Microscopic Structures: Five oriented samples of Monkton Quart
zite were collected from three separate localities on the west
ern side of Mount Philo (Sll, S2, SF, figure 13). One sample 
(Sll) was collected below one of the east-west faults, another 
(S2) comes from the locality where 163 fractures of figure 15 
were analyzed and the remaining three (S10, S12, S13 at locality 
SF) were collected from the limbs and hinges of an asymmetrical
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drag fold. Oriented samples were, therefore, selected from 
all of the megascopic structures except the Mount Philo thrust.

For each sample 75 (50 for Sll) quartz grains were stud
ied from each of three mutually perpendicular thin sections.
The quartz lamellae are similar to those described for the Shel
burne Access Area and locality S9.

Synoptic diagram A in figure 16 shows the principal stress 
positions deduced from deformation lamellae on Mount Philo. For 
all the samples the poles to lamellae define small circle girdles 
with radii that range from 55 to 64 deqrees. This pattern cor
responds to a cone of lamellae oriented less than 45 degrees to 
the central cone axis, ai . The principal stress directions de
duced from the five specimens are remarkably constant in orien
tation and configuration. The ai directions fall in a narrow 
30 degree arc oriented north of west (average direction, N75W). 
The a 2 and a 3 directions are approximately equal in value and 
hence, define the plane perpendicular to a t . The trend of a, 
is approximately 20 degrees counterclockwise to the trend of 
the slip direction (N55W) deduced from the asymmetrical drag 
folds (figure 16).

Since the quartz fabric axes have not been rotated by the 
folds at SF, the quartz deformation lamellae were superposed on 
this fold after it had fully developed. East-west fractures in 
sample Sll collected near the high-angle faults offset the de
formation lamellae and suggest that the lamellae are older than 
the Mount Philo thrust and its associated channel faults.

Relationship of Quartz Deformation Lamellae to the Megascopic 
Structures: The quartz deformation lamellae on Mount Philo have 
resulted from a nearly horizontal maximum compressive stress 
generally oriented in N75W direction. The values of a2 and a 3 
were approximately equal during lamellae development. The quartz 
lamellae reflect a stress configuration that is compatible with 
the north-trending Champlain thru3t. It is also similar to the 
stress configurations deduced from samples M3 and M4 at Shelburne 
Access Area which are in turn correlated with the first genera
tion wrench faults and the Shelburne Bay cross fault. Thus the 
lamellae at Mount Philo probably developed with the younger 
wrench faults which cut the Champlain thrust.

At Mount Philo the deformation lamellae are younqer than 
the asymmetrical drag folds since the lamellae fabric axes re
main constant in orientation across the fold. In sample Sll 
small shear fractures offset quartz deformation lamellae. These 
fractures parallel the east-west channel fault and hence are con
sidered younger than the deformation lamellae. This temporal 
relationship would further support the conclusion that the high
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Figure 16. Synoptic diagram of nrincipal stress positions de
duced from quartz deformation lamellae (S2, S10, Sll, S12, S13) 
and fractures. The numbers 1_, 2_, 3̂ correspond to the principal 
compressive stresses with 1 representing the direction of maxi
mum compressive stress. Alternative principal stress positions 
for fractures are represented by primed and unprimed numbers. 
The slip line deduced from the drag folds in fiqure 14 is also 
included in the projection.
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angle faults and the Mount Philo thrust are younger than the 
asymmetrical folds.

In summary the structural sequence at Mount Philo begins 
with the development of cleavage and is followed by the foldinq 
of the Monkton into west-facing folds possibly as a result of 
movement of the Champlain thrust to the northwest. Subsequent 
deformation produced the quartz deformation lamellae which are 
thought to be coeval with the first generation of wrench faults 
at Shelburne Bay. Continued west northwest - east southeast 
compression resulted in the channel faults and the Mount Philo 
thrust. Fracturing subsequently developed and may reflect a 
change in orientation of the principal stresses although the 
fracture can be related to the previous stress configuration.

Summary of structural chronology. The temporal relationship a- 
mong the structures at the five localities along the Champlain 
thrust are summarized in figure 17. Reasons supporting their 
age assignments are discussed at each locality and will not be 
repeated here. The following comments will be restricted to the 
relationship of these structures to such major structures or e- 
vents as the Champlain thrust, Hinesburg synclinorium, Hinesburg 
thrust, and the various orogenies known in the Appalachians.

As shown in figure 17. and emphasized at different locali
ties, the Champlain thrust is thought to have undergone a multi
ple history beginning with initial emplacement during the Tacon
ic orogeny and ending with renewed movement in a subsequent oro
geny, probably the Acadian of Middle Devonian age. Since the 
youngest rocks below the Champlain thrust are Middle Ordovician 
in age it seems unjustified to restrict its development to the 
Acadian orogeny as suggested by Cady (1969, p. 75). Subsequent 
movement apparently did occur during the Acadian or possibly the 
Allegheny orogeny since the chlorite-grade rocks of the upper 
plate now rest on essentially unmetamorphosed rocks of the lower 
plate. Radiometric work in thenorthern Taconics(Harper, 1968)t 
along the Sutton-Green Mountain anticlinorium (Cady, 1969, p.l04)» 
and in Quebec (Rickard, 1965) indicate that recrystallization in 
northwestern Vermont was older than 400 m.y. and hence of Tacon
ic age. Petrologic work by Albee (1968) lends further support 
to this conclusion. Thus renewed movement on the Champlain 
thrust is restricted to post Taconic activity.

Based on the foregoing conclusions the second generation 
of younger folds in the lower plate, the asymmetrical folds 
which deform cleavage in the upper plate, and the deformation of 
the Bridport 3liver on Pease Mountain are contemporaneous with 
renewed activity on the Champlain thrust. The older generation 
of folds in the lower plate, the original emplacement of the 
Bridport sliver, the formation of cleavage in the Monkton, and 
low grade metamorphism may well be associated with, or just after,
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Paleozoic
Taconic Acadian Orogeny
Orogeny or

(Allegheny Orogeny)
Champlain Thrust

Older folds
Younger folds

Shelburne Bay
crossfault
Wrench faults 1 
Wrench faults 2 
Fractures and

feather fractures 
Quartz deformation 

lamellae__________
Normal faults ENE 
Normal faults NNE 
Quartz deformatio 

lamellae
Cleavage Monkton Qtzite 
Folds Monkton Qtzite. 
Folds Iberville Fm. 
Thrusts Bridport Dol. 
Folding of thrusts 

around Bridport Dol. 
Cross faults 
Fractures
Cleavage Monkton Qtzite 
Folds Monkton Qtzite. 
Mt. Philo thrust 
Channel faults 
Fractures
Quartz deformation 

lamellae
Hinesburg Synclinorium 

1st generation folds 
2nd generation folds 

Hinesburg thrust 
Metaroorphism 
Uplift
Lamprophyre fc Bostonit 

Intrusives

Figure 17. Chronology of selected structural events in the 
Hinesburg synclinorium and along the Champlain thrust in the 
central part of western Vermont.

Mesozoic
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early development of the thrust. The two generations of wrench 
faults, the normal faults, and the quartz deformation lamellae 
are younger than the Champlain thrust and are probably Acadian 
in age although an Allegheny age is certainly possible.

The structures in the Hinesburg synclinorium and along 
the Hinesburg thrust can be placed in this chronological se
quence although our work is still in progress (Gillespie and 
others, this guidebook). The rocks in the southern part of the 
synclinorium have been involved in at least two, and in some 
places, three generations of folds. The axes of the first gen
eration of tight folds plunges gently southeastward with a well- 
developed closely spaced cleavage. These folds are, in turn, 
folded into rather open folds with north plunging axes and steep 
eastward dipping'axial surfaces. The map pattern in the south
ern part of the Hinesburg synclinorium is actually a product of 
both of these fold events (figure 1, Doll and others, 1961). An
alysis of quartz lamellae in the Monkton at Mount Philo, S8 and 
farther east by Sarkisian and Marcotte indicate the lamellae are 
younger than the second generation of folds since the deduced 
stress positions are not deflected by the major folds. Thus the 
formation of the Hinesburg synclinorium predates the wrench 
faults and associated quartz deformation lamellae. Since there 
has been recrystallization of micaceous material in the axial 
surfaces of the first and possibly the second generation of 
folds, these events are probably Taconic.

The Hinesburg thrust is clearly folded by the second gener
ation of folds in the synclinorium and therefore is also consid
ered to be Taconic in age.

The lamprophyre and bostonite dikes that cut the Champlain 
thrust, the Hinesburg synclinorium and the upper plate of the 
Hinesburg thrust are the youngest structures recognized in west- 
central Vermont. These intrusives are Mesozoic in age since 
K-Ar measurements on biotite from the syenite stock at Barber 
Hill in Charlotte indicate an age of 111 + or - 2 m.y. (Arm
strong and Stump, 1971). Similar work on a lamprophyre from 
Grand Isle yield an age of 136 + or - 7 m.y. (Zartman and others, 
1967).
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