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A DEDICATION

Andrew V. Raiford
1937-1993

Andrew Raiford taught geology at Castleton from 1970 to 1993. During this time he built
the geology program from a few course offerings to a full-fledged major, teaching everything from
the introductory courses to structure, igneous-metamorphic-sedimentary geology, hydrogeology
and tectonics, even including a seminar course every semester for upperclass majors. He was
more than a one-man department; he was the friend and mentor for twenty years of geology
majors. For many, his office was their second home.

Andy was born and raised in New Orleans, received his Bachelor's degree in geology from
Louisiana State University, and his Master's degree in geophysics from Tulane University. He
taught earth science in the Jefferson Parish School District, and then worked for Boeing
Aerospace, designing the silk-screen process that put the U.S. flag on the Saturn booster rocket.
Vermont seemed an unlikely place for someone who had always lived in the deep South, but after
moving up here Andy didn't want to live anywhere else. He never lost his Louisiana roots,
however. Every semester he would host a geology party at his home, and the students would pore
over oil company seismic profiles while eating his famous red beans and rice. When Castleton's
newly-designated sexual harassment officer came to the department to talk about dealing with a
variety of different students, including how not to address them, Andy said "fine, instead of using
"girls" and "guys," I'll just say "y'all" like I'm used to saying!".

Andy always believed that getting out in the field and looking at rocks was the only way to
understand geology. As long as he was the sole geology professor, he required his students to go
to two field camps. And he always took his students on field trips for his courses, and for any
field conferences available; a vanload of Castleton students with Andy at the wheel attended
virtually every Vermont Geological Society and NEIGC meeting. There are stories from geology
graduates of his December field trips to the Catskills, complete with brooms to brush snow off the
outcrop. He reprimanded the new geology hire in 1991 for suggesting that she should plan for
rain dates. His enthusiasm for his students and for his science affected a generation of students,
who remember him as a great teacher and a kind and decent human being.

Andy Raiford died of cancer on December 4, 1993.
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Welcome

Welcome to the 89th annual meeting of the New England Intercollegiate Geological
Conference hosted by Castleton State College. It has been 10 years since the NEIGC was
last held in Vermont and 38 years since it was held in the Rutland-Killington-Pico region,
hosted then by E-an Zen and others. We felt it was time for NEIGC to return to the area.

The bedrock geology of New England is a complex collage resulting largely from
plate boundary processes, including multiple, overprinting phases of orogenesis and
rifting, spanning the last billion years or so of Earth history. Geological research in New
England has a long and storied history (as is evidenced by the history of the NEIGC) and
has provided a solid foundation for our understanding of New England geology. However
the picture is far from complete (nor universally agreed upon!). Recent research, presented
here, continues to add to our knowledge of this geologically complicated region. In
addition to the bedrock geology presented at this conference, there are also several trips
pertaining to the surficial geology and hydrology of the area, topics of recent emphasis in
the geological sciences.
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Deformation of the Taconic Sequence, western Vermont
and eastern New York

Art Goldstein, Department of Geology, Colgate University, Hamilton, New York 13346

Yu-Chang Chan, Department of Geology and Geophysics, University of Connecticut,
Storrs, Connecticut 06269

Jim Pickens, Department of Geological Sciences, University of Massachusetts, Amherst,
Massachusetts 01003

Jean Crespi, Department of Geology and Geophysics, University of Connecticut, Storrs,
Connecticut 06269

INTRODUCTION

The Taconics are a series of thrust sheets which lie along the western edge of the
northern Appalachians in western Vermont, Massachusetts and Connecticut and eastern
New York (figure 1). The thrust sheets contain metamorphosed Cambro-Ordovician
argillaceous rocks with minor arenites and limestones. Along the western edge of the
Taconics in the lowest thrust sheet, the metamorphic grade is low and the rocks contain a
prominent slaty cleavage. To the east and in higher thrust sheets the slaty cleavage is
overprinted by crenulation cleavages, the metamorphic grade is higher and phyllites and
schists are common. The Taconic thrust sheets sit on autochthonous to para-
autochthonous Cambro-Ordovician carbonates or middle Ordovician flysch. The geology
of the Taconics has been used as a model of relating plate tectonics to the evolution of
mountain belts (Bird and Dewey, 1970; Rowley and Kidd, 1981). Despite some
differences, most workers agree on the basic plate tectonic setting of the Taconic orogeny
(e.g. Rowley and Kidd, 1981, Stanley and Ratcliffe , 1988). Rocks contained within the
Taconic klippe were deposited on the slope and rise of the early Paleozoic passive margin
of North America from Cambrian through middle Ordovician time. In the middle
Ordovician, the North America passive margin reached the west-facing Taconic
subduction zone and collision produced the deformation now seen within the thrust sheets
as well as creating the thrust sheets themselves. This trip will examine the details of
Taconic deformation within the notrthern part of the thrust sheets (figure 1) and, thus, can
be viewed as an investigation of deformation associated with arc-continent collision.

Taconic Stratigraphy. The stratigraphy of the Taconics was originally established
by Zen (1961) and was later redefined by Rowley et al. (1979). As subdivided by Rowley
et al. (1979), the general stratigraphy within the northern Taconics consists of six
formations. The lowest formation, the Bomoseen, is largely clastic with overlying
formations generally composed of slates and silty-slates. Limestones and sandstones are
locally present, but volumetrically insignificant. The slatey formations are distinguished
principally by color. A regional angular unconformity occurs at the top of the Taconic
stratigraphy with a shale-greywacke
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Adirondack Massif

Berkshire Highlands

after Zen (1967) and Rowiey et al (1978)}
¥ &  J

Figure 1. Map showing locations of the major geological features of eastern New York
and western Vermont and Massachusetts. Taconic thrust sheets are indicated by numbers;
1-Sunset Lake slice; 2-Giddings Brook slice; 3-Bird Mountain slice; 4-Chathan slice; 5-
Rensselaer Plateau slice; 6-Dorsett Mountain slice; 7- Greylock slice.
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unit (Pawlet fm) overlying it. The formations are laterally continuous and have been used
successfully for mapping over large distances.

General Structural Geology. The most prominent structures of the Taconic
klippe and folds and thrust faults (figure 3). The most prominent thrust faults bound the
different klippe and minor thrusts within klippe are locally present. In the region of this
field trip, and for most of length of the Taconics, the lowest thrust slice is the Giddings
Brook slice (figure 1) bounded on bottom by the Giddings Brook fault and above by the
Bird Mountain fault. In the northern Taconics, the next highest slice is the Bird Mountain
slice. Both the Bird Mountain and Giddings Brook faults truncate isoclinal folds which
dominate the structures within thrust sheets (figure 3). The largest folds have wavelengths
of 1 - 1.5 km and amplitudes of 1.5 - 3 km. Fold axes trend roughly N-S and plunge
shallowly to the north and south (figure 4). Axial planes strike roughly N-S and dip
eastward at angles from 20-60°. The hinges are very tight and are only rarely exposed.
The folds have a prominent axial plane slaty cleavage which makes the rocks commercially
usable. Because the folds are isoclinal and have an axial plane cleavage, bedding and
cleavage are parallel on limbs and transect each other at or close to fold hinies.

i?\ii 9t

X

D°mam B
f - D°mamc amam
j

0 1 2 3km
——

{0

1
pine Pond Thrugy

l]| IIIA

Figure 3. Simplified geologic map of pa; of the northern Taconic allochthon compiled
from Zen (1961) and Fisher et al. (1970). Some stop locations are shown by numbered
black circles.

Timing of Deformations. A reasonably precise relative timing of various
structural elements can be constructed from basic field relations and cross-cutting
relationships. The earliest structures recognized are early thrust faults (folded by isoclinal
folds) and an early cleavage (S,). Early thrusts are rare and evidence for the S, cleavage is
seen almost exclusively in thin section. The origin of S, is a matter of speculation. We are
confident, however, that its origins are tectonic rather than compactional as it commonly is
not parallel to bedding. Folds are the next youngest structures. Locally, early thrust faults
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Figure 4. Lower hemisphere, equal-
area projection of 600 poles to slaty
cleavage (S,, contours) and 42
measured fold axes and bedding-
cleavage intersections (open circles).
Contours are 1, 5, 10, 15 and 20% per
1% area

are folded, revealing the timing between the early faults and the folds, but any possible
relationship between fold formation and the S, cleavage has yet to be determined. Thrust
faulting continued after folding as is evidenced by both the Bird Mountain and Giddings
Brook faults truncation of folds. The Bird Mountain fault, however, is older than the
Giddings Brook fault based on relationships between the faults and the main slaty cleavage
(S,). The Bird Mountain fault is cut by S, and, thus, must pre-date it. The imposition of
this cleavage on previously formed folds is most likely responsible for tightening the folds
to their isoclinal geometry. The finite strain associated with cleavage formation is
discussed below. Unlike the Bird Mountain fauit, the Giddings Brook fault cuts the S,
cleavage and last motion along it is the youngest event evidenced in the northern
Taconics. Locally within the Giddings Brook slice and pervasively in its eastern portion
and within the Bird Mountain slice late crenulation cleavages are present. Two principal
sets occur with the youngest being present only in the easternmost part of the northern
Taconics. The interpretation of these cleavage is discussed below.

For the most part, veins are uncommon in the northern Taconics but are present
within the northern Taconics and will be visited by this trip. Three different vein families
are present, although the timing of vein formation and its significance is a matter of '
continuing study. Some veins are clearly early as they are found folded and boudinaged.
Other veins form in en-echelon sigmoidal arrays and may represent more than one period - -
of veining. Some of these veins may be syn-folding whereas others are clearly post-
folding. Some of these veins arrays are indicative of dip-slip ductile shearing whereas -
others indicate strike-slip deformation. Finally, one can find meter-scale bull quartz veins
which cut all other structures and fabrics and- are the latest veins to have formed in the
northern Taconics.
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FINITE AND INCREMENTAL STRAIN
(Goldstein and Pickens)

Considerable effort has been expended in analysis of both finite and incremental strain,
especially in the Giddings Brook slice, which contains many strain indicators. Finite strain
has been investigated using reduction spots (Goldstein et al, 1995a; Hoak, 1992 and
Wood, 1974) and recently by measuring deformed graptolites (Goldstein et al, in press).
This trip will visit localities used for both studies. In addition, incremental strains have
been investigated using pyrite framboid pressure shadows (Cushing and Goldstein, 1990,
Chan and Crespi, 1995) and pyrite porphyroblast pressure shadows (Pickens, 1993).
Whereas the finite strain results are quite consistent, there are considerable differences in
both the form and interpretation of pressure shadows observed by different workers,
suggesting that none of us has fully determined what the complete incremental strain
history is for these rocks. The implications of incremental strains are most significant with
respect to the origin of the main slaty cleavage (S,) and one view is expressed below. This
topic is one which is still being debated by the authors.

Finite strain results. Pale green spots in the Mettawee fm. allow the measurement
of finite strain at a number of localities (Goldstein et al, 1995a; Hoak, 1992; Wood, 1974).
Spots occur in two general forms; nearly perfect ellipsoids and irregular blotches. The
ellipsoids lie with their XY planes parallel to the plane of the main slaty cleavage (S,) and
must have begun as nearly perfect spheres or ellipsoids. Goldstein et al. (1995a) measured
reduction spots are 7 localities in the Giddings Brook slice and another three sites were
measured by Hoak (1992) and Wood (1974). All results agree well, lying in the field of
apparent flattening on a flinn diagram and are arrayed along a horizontal trend (Fig 5).
This pattern indicates that the difference in strain state between sites with lower strain and
sites with higher strain lies in the ratio between Y and Z whereas the ratio between X and
Y remains largely unchanged. Because reduction spots yield only strain ratios rather than
absolute strains, there is an inherent ambiguity in their interpretation. This is especially
true when it comes to determining volume changes which may have accompanied slaty
cleavage development. One may interpret the variation in strain as reflective of constant
volume deformation or as indicating considerable loss of volume. We do not favor the
constant volume interpretation as it requires considerable elongation in Y to maintain a
nearly constant XY ratio. None of the incremental strain work has yielded any indication
of elongation in Y. Thus, our favored interpretation is that the shortening in Z was
accommodated by loss of material through dissolution. Our calculations (Goldstein et al,
1995a) suggest that an average of 55% of the original solid volume of rock was lost at the
most highly strained site. This number is a minimum because of assumptions which had to
be made before the calculation could be done.

Reduction spots are inherently ambiguous, as noted above, because they yield
strain rations rather than absolute strains. Absolute strains can be measured, however,
through study of deformed graptolites (Goldstein et al, in press). Graptolites were
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colonial planktonic organisms which were abundant during lower Paleozoic time. For

Figure 5. Summary of reduction spot

strain measurements from the northern

Giddings Brook slice. Black triangles

are site averages measured by

Goldstein et al. (1995a); open squares <
are from Wood (1974) and open =
circles are from Hoak (1992). The ;)._
solid line shows the range of data P (;

measured by Hoak (1992) and the

A
dashed line shows the range of values ’/S 0 ,Dé:/
from slates in the Taconics and Wales ] éq % ’AD
] i, N A -
v ,—/ T
1

measured by Wood (1974).
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some species, certain dimensions were constant so that, in the deformed state, one can
determine strain by measuring those dimensions and using the formula:

e=l-1/1,

in which l; represents the final length of a line (dimension in deformed state) and 1
represents the original length of a line (dimension in the undeformed state). For
graptolites, the spacing between thecae is used (figure 6). By measuring enough
graptolites which lie at different angles to principal strains one can define the two
dimensional strain for the bedding plane, the plane which contains the graptolites. By
measuring graptolites on the limbs of folds, in which bedding and cleavage are parallel,
one derives the X and Y components of strain and measuring at hinges of folds, in which
bedding and cleavage are perpendicular, one derives the Z component of strain. We have
done this for five sites at limbs of folds and two at hinges, with another two sites lying
between limb and hinge. e, (X) ranges from 110% to 30% with an average of 55%, e, (Y)
ranges from 0% to -40% with an average of -22% and e, (Z) ranges from -60% to -80%
with an average of -70%. Thus, we find that the absolute finite strain in these slates is
constrictional (one elongation and two shortenings). The principal strains can be used to
determine volume changes from the following relationship:

In (1+A) = In (1+e,) + In(1+e)) + In(1+ey)

in which A is the volume change (positive for volume gains and negative for losses) and ¢,
is a principal strain. Volume changes based on graptolite strains and using this
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relationship lie between 37% and 76% losses, similar to the volume loss determinations
based on reduction spots. Thus, an even more precise definition of the finite strain would

be constrictional plus a volume loss.
Strains from reduction spots

and graptolites agree well, once one
takes into account the effects of
sedimentary compaction. Graptolites
lie in bedding planes and do record the
effects of compaction. However, if
reduction spots formed early in the
depositional history of the Mettawee
fm, they would record compaction as
well as tectonic strains. We can
evaluate these variation on a Flinn
diagram (figure 7) which shows that if
we add a reasonable amount of
compaction, the finite strain recorded
by graptolites is essentially coincident
with reduction spots and both are
strongly indicative of volume losses.
of compaction on graptolites (arrow).
Note that if a compaction is added on
to the graptolite strains they are
essentially coincident with reduction
spot strains.

Other Evidence for Volume
Loss. The volume loss
determinations for the Taconics agree
well with other determinations of
volume change from slates (e.g.
Wright and Platt, 1982; Beutner and
Charles, 1985; Henderson et al, 1986
and Wright and Henderson, 1992;
Jenkins, 1988) which typically report
between 40% and 60% loss. There is
ample evidence that volume loss has
affected Taconic slates beyond the
finite strain results. Pressure solution
was a dominant deformation
mechanism during slaty cleavage
formation. However, very small

Figure 6. Deformation of a schematic
Orthograptus Whitfieldii showing changes in
thecal spacing and angle between the thecal
aperture and the long axis of the stipe.
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Figure 7. Logarithmic Flinn diagram illustrating
the state of strain from graptolites (dots), the
range of reduction spots (ellipse) and the effect
of adding a compaction on graptolite strain

volumes of material were redeposited as veins and pressure shadows. Further, whole rock
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geochemical studies and micro-scale geochemistry also indicate large volume losses
(Goldstein et al, 1995b).

Incremental Strain Results. Whereas the finite strain recorded by graptolites and
reduction spots reflects the sum total of all strain events which have affected the Taconics,
studies of pyrite framboid and porphyroblast pressure shadows indicate the incremental
history of strain. Pickens (1993) studied the porphyroblasts pressure shadows and
Cushing and Goldstein (1993) and Chan and Crespi (1995) studies framboid pressure
shadows. Unfortunately, all three studies resulted in somewhat different results suggesting
that we have yet to fully understand the strain history of the Taconics. Incremental strain
analyses of fiber growth around cubic pyrite porphyroblasts (Pickens, 1993) indicate a
complex non-coaxial strain history for the slates of the Giddings Brook slice. Pyrite
porphyroblasts with associated fibrous strain shadows are locally present throughout the
klippe. In some samples, fiber growth parallels changes in cleavage development,
providing insight into the transformation of one cleavage into the next. Strain shadow
morphology and type vary considerable, but fiber growth can generally be divided into
three phases (figure 8). It is important to emphasize, however, that these growth phases
should be thought of as continuum of fiber development and not as discontinuous
segments. In short, the incremental data demonstrate that the direction of principal
extension began parallel to the S, foliation (Phase I), rotated (counterclockwise) towards
this cleavage (Phase II), and eventually came to lie in the XY plane of the S, cleavage
(Phase IIT). With the exception of Phase III growth, all increments were plane strain, with
no growth in the Y-axis direction. Only the last increment of growth forms a crown,
parallel to S,. These data and observations demonstrate the continuous nature of fabric
development during the Taconian deformation.

At one locality with unusually large pyrite framboids, Cushing and Goldstein
(1990) described pressure shadows which were composed of segments of long straight
fibers, indicating co-axial deformation, separated by short increments of highly curved
fibers, indicating a non-coaxial transition between co-axial strain increments. They found
four dominant co-axial increments of fiber growth with only minor non-coaxial strains.
They concluded that all strain increments were superposed on a pre-existing small fold as
none of the fiber segments were rotated between opposing limbs of the fold.

Chan and Crespi (1995) found framboid pressure shadows entirely different from
those studies by Cushing and Goldstein (1990) and Pickens (1993). They describe
pressure shadows with smoothly curving fibers suggesting a non-coaxial strain history for
the Taconics. Below, they argue that these observations can be used to construct a model
of S, formation as a result of non-coaxial strain. Considering the lack of agreement
between the three studies, we suggest that more work needs to be addressed at the strain
history of the Taconics.
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pyrite framboid
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Figure 8. Examples of fibrous pressure shadows developed around pyrite porphyroblasts
and framboids. A. Sketch of pyrite porphyroblast showing three stages of fiber growth
plus matrix strain shadows which preserve S,. B. Photograph, in cross polarized light, of

large pyrite framboid and pressure shadow showing different stages of largely co-axial
fiber growth.
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CLEAVAGE DEVELOPMENT
(Chan and Crespi)

At most locations the slaty cleavage observed in the Taconics appears to be an
extremely well defined penetrative foliation. In thin section, rather than the single
dominant cleavage one might expect, a composite of fabrics can be observed. In the
Giddings Brook and Bird Mountain slices, at least two cleavages (S, and S,) can be
observed in thin section, with a third (S,) and fourth (S,) locally overprinting the earlier
fabrics. As discussed below, in the eastern portions of the northern Taconics, S; becomes
the dominant cleavage and S, is barely recognizable.

As one might expect, the slates exhibit a very well developed p- (phyllosilicate), g-
(quartz) domainal structure. These domains exist at a variety of scales ranging from single
detrital grains to layered concentrations of p and q minerals visible in hand specimen.
Where present, the S, cleavage is typically at a high angle to S,, wrapping into the later
cleavage along S, folia. In examples where this transition in fabrics is preserved, a
progressive deformation of S,, involving grain rotation, strain solution and eventually
mineral growth, can be observed.

Development of multiple cleavages Multiple cleavages in rocks are commonly
observed in collisional orogenic belts. Studies of their geometry, spatial distribution, and
kinematics can contribute significantly to our understanding of the structural processes
that occur in orogenic belts and the response of rocks to deformation at depth. The
purpose of this section is to provide descriptions of the multiple cleavages observed in the
northern Taconic Allochthon and to discuss the kinematics associated with individual
cleavages.

Previous work has resulted in the recognition of one locally developed cleavage
(S,) and two regionally developed cleavages (the S, slaty cleavage and the S; crenulation
cleavage of this text) within the northern Taconic Allochthon. The two regionally
developed cleavages have been referred to as the Cl1 and CI2 cleavages (Steuer and Platt,
1981) or, alternatively, the S, cleavage and D3-related crenulation cleavage (Bosworth
and Rowley, 1984). Recent mapping indicates a regionally developed cleavage (S,), which
was previously unrecognized, is also present in the easternmost part of the Allochthon.

On the basis of the distribution and intensity of the S,, S,, and S, cleavages, the
northern Taconic Allochthon in our study transect (at a latitude of about 43°37'N) can be
subdivided into three structural domains. These structural domains are defined from west
to east as follows (Fig. 3). Domain A, which extends from the Taconic Frontal thrust to
the middle of the Pine Pond thrust sheet, contains a well developed S, and a weakly
developed S;. Domain B, which ranges from the middle of the Pine Pond thrust sheet to
just east of the peak of Bird Mountain, contains a strongly overprinted S,, a well
developed S, and a very weakly developed S,. Domain C, which extends eastward from
domain B, contains a strongly developed S; and a moderately to strongly developed S,.
Although the domains are distinct, the domain boundaries represent gradational rather
than abrupt changes in the cleavage distribution.
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The three regionally developed cleavages differ in geometry, distribution, and
intensity and are shown schematically in a geologic cross section across the study transect
(Fig. 9). Kinematic studies suggest that S, and S, developed as a result of
west-northwest-directed noncoaxial flow, whereas the flow type for S; development is not
conclusive based on available data. These conclusions are supported by cleavage-related
strain determinations and kinematic indicators associated with individual cleavages. In the
following, we describe briefly the morphology, geometry, and distribution of individual
cleavages, and we examine kinematic indicators for individual cleavages.

S, cleavage. The S, cleavage is locally preserved in Domain A of the northern
Taconic Allochthon. S, is observed to both lie at an angle to bedding and to lie parallel to
bedding (Passchier and Urai, 1988). Due to limited preservation, the regional significance
of S, is unclear although preliminary results suggest that S, is related to either early
folding or early thrust faulting .

Figure 9. Schematic Cross section of the northern Taconic allochthon showing geometry,
intensity and distribution of regionally developed cleavages. Line XX’ is shown in fig. 3.

S, cleavage The S, cleavage is usually referred to as the regional slaty cleavage
because of its pervasiveness within the Taconic Allochthon. In coarse-grained rocks, the
S, cleavage is a rough to smooth disjunctive cleavage, whereas in finer-grained rocks, it is
a fine, continuous cleavage. Textures indicative of dissolution and reprecipitation are
commonly observed for S,. Dissolution is suggested by offset veins and bedding and by
truncated detrital grains, whereas reprecipitation is evidenced by strain fringes and veins.
The S, cleavage is fairly homogeneously distributed and shows minimal variation in
orientation across the study transect. In Domains A and B, S, strikes on average
north-northeast and dips moderately to the east (Fig. 4 and 10). In Domain C, however,
measurement of S, in the field is not possible because it is strongly overprinted by the S,
and S, cleavages. A graph of the dip of S, versus distance from the Taconic Frontal thrust
(Fig. 11) shows that the mean dip of S, for individual localities ranges only between about
20°E and 40°E. A strong mineral lineation (L,), which is defined by the alignment of platy
minerals (chlorite and white micas) on S, surfaces, is a penetrative feature of S,. This
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lineation is generally observable only when a hand lens is used. The mapping of L, was
conducted largely in Domain A because L, is least disturbed by later cleavages in this
domain. The results show a consistent east-southeast trend for L, (Fig. 10c) similar to
that observed by Pickens (1993). Microstructural evidence suggests that S, may have

(@)

S2 (Domain A)
Mean= 012°/28°E
Teniese t+

(b)

L2 (Domain A)
Mean= 110°/29°

Figure 10. Lower hemisphere, equal area projections of poles to S, in domains A and B
and L, in domain A. Squares show mean orientations.
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Figure 11. Graph of dip of S, versus distance from the taconic frontal thrust. Circles are
mean values, lines are one standard deviation and numbers of measurements are shown
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developed in a noncoaxial flow regime, although this is not a universally held opinion.
This evidence comes from kinematic indicators including strain fringes around pyrite
framboids and syn-slaty cleavage vein fibers. In addition, basic field relations and
evaluation of the relation between S, and folding in the core of a regional-scale fold
indicates S, was superposed on existing asymmetric folds formed by flexural folding.
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Evidence for noncoaxial development of S,: Strain fringes around pyrite
framboids Microscale pyrite framboids are commonly observed in the black slates of the

northern Taconic Allochthon. The pyrite framboids usually have well defined strain
fringes, which provide evidence for the strain history associated with S,. Several lines of
evidence suggest that the strain fringes around the pyrite framboids formed during S,
development. First, the fibers within the strain fringes show smooth curvature without
abrupt changes in orientation or kinks, suggesting that the strain fringes are related to only
one deformational event. Second, the S, crenulation cleavage is not present or, at most,
very poorly developed in the samples used for strain-fringe analysis. Therefore, fiber
growth related to the S; cleavage is uniikely. Third, the trace of the fibers in the strain
fringes in XY sections is parallel to the phyllosilicate lineation in the matrix which formed
during S, development. This parallelism strongly suggests that the strain fringes are S,
related.

In XZ sections, the strain fringes around pyrite framboids display smooth
clockwise curvature from oldest to youngest fibers when viewed to the NNE, and the
youngest fibers, which are adjacent to the framboids, lie at an angle to S,. The geometry,
relative length, and sense of curvature of the fibers in the strain fringes are remarkably
consistent across Domain A. On the basis of the similarity in fiber curvature on long and
short limbs as well as the similarity in fiber curvature across the ten-kilometer width of
Domain A, the fiber geometry is
interpreted to reflect a
component of
top-to-the-west-northwest
simple shear. Results of the
strain-fringe measurements from
five localities in Domain A are
shown in Fig. 12, which
iHustrates the relation between
the value determined for the
finite elongation using the
technique of Durney and
Ramsay (1973) and the distance
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top-to-the-west-northwest noncoaxial flow during slaty cleavage development. Exposures
of black slate in Domain A, which bear the syn-S, strain fringes around pyrite framboids,
typically contain two main sets of veins, one striking on average north-south and the other
striking on average east-west (Fig. 13). The veins are deformed, being either folded or
boudinaged depending on their orientation with respect to S,. In sandstone and carbonate
horizons, the veins lie at approximately right angles to bedding, whereas in slate and silty
slate, they lie at low to moderate angles to bedding. Two ages of fill are recognized in the
veins that lie in slate and silty slate (Crespi and Chan, 1996). The pre-S, vein fill displays
blocky as well as fibrous textures and lies within the central part of the veins. Although
predominantly composed of calcite, the blocky pre-S, vein fill may also contain minor
amounts of quartz. In contrast, the syn-S, vein fill is composed consistently of fibrous
calcite and lies along the margins of the veins. Veins in the north-south striking set more
commonly contain both ages of fill, indicating that these veins were preferentially oriented
for reactivation during S, development.

Figure 13. Lower hemisphere, equal area projections of poles to earlt layer-parallel
extension veins in domain A. Solid circles are poles to veins in slate. Open circles are
poles to veins in limestones and sandstones. X, Y and Z are principal strain axes for S,
cleavage. Contour interval is 2% per 1% area.

The orientation of the youngest syn-S, vein fibers with respect to S, can be used to
determine whether S, formed in a coaxial or noncoaxial flow field. For coaxial flow, the
youngest syn-S, vein fibers should lie parallel to S,, whereas for noncoaxial flow, they
should lie at an angle to S,, with the disposition of the fibers to S, giving the sense of
shear. This assumes the fibers grew parallel to the maximum instantaneous stretching axis,
which is likely the case because offset bedding in the wall rock can be connected across a
vein by following the trace of the fibers. Because fibers in boudin necks commonly display
complex geometries, only non-boudinaged veins in slate or silty slate were analyzed to
ensure measurement of the youngest syn-S, fibers. Evidence for antitaxial fiber growth
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indicates the youngest syn-S, vein fibers lie immediately adjacent to the veins walls.

Only four veins were analyzed because of the rarity of non-boudinaged veins in the
slate and silty slate. However, in each case, the youngest syn-S, vein fibers are at an angle
to S, such that the fibers lie clockwise from S, when viewed to the north-northeast; mean
angles range from 26° to 34°. Like the results from the analysis of the syn-S, strain fringes
around pyrite framboids, these results are consistent with top-to-the-west-northwest
noncoaxial flow during S, development.

ion of sl leavage development to folding. The relation between slaty
cleavage development and folding in Domain A was evaluated at an outcrop of the Scotch
Hill syncline. The outcrop is unusual because it exposes the core of a regional-scale fold
and because it contains small-scale structures, in particular veins, that may be related to
fold development. On the subvertical short limb of the syncline, en echelon, sigmoidal
veins are "Z"-shaped when viewed to the north-northeast, indicating east-side-down
displacement parallel to bedding. On the gently east-dipping long limb, sigmoidal veins
are "S"-shaped when viewed to the north-northeast, indicating top-to-the-west
displacement parallel to bedding. These observations suggest that this asymmetric fold
formed by flexural folding and that pinning was along the hinge, at least from the time of
initial formation of the veins. Thus, if hinge migration was invoived in the development of
fold asymmetry, it must have occurred early in the history of folding. Bedding-parallel
veins at the outcrop are also consistent with flexural folding and a pinned hinge. The two
bedding-parallel veins lie on the long limb of the fold and die out at similar distances from
the hinge. In addition, inclined layer-silicate microstructures (Crespi, 1993) in the veins
indicate top-to-the-west displacement. The absence of bedding-parallel veins on the short
limb of the fold may be a result of the outcrop geometry, which preserves a greater length
of the long limb.

The preceding observations together with the results of the strain-fringe and

vein-fiber analyses imply that the slaty cleavage is not related to folding but was
superposed on the fold shapes that developed as a result of the flexural folding process.

S3 (Domain A) S3 (Domain B)
Mean= 000°/67°E Mean= 001°/67°

Figure 14. Lower hemisphere, equal-area projections of poles to S; in domains A, B and
C. Squares show mean orientations.
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Although data were not obtained for the short limb of the Scotch Hill syncline because of
the lack of suitable markers, strain-fringe and vein-fiber data for the short limb of the
Mount Hamilton syncline record top-to-the-west-northwest displacement, which is
inconsistent with flexural folding and pinning along the fold hinge. The isoclinal geometry
of the folds in the northern Taconic Allochthon, therefore, appears to be a result of
flattening of flexural folds during regional-scale, top-to-the-west-northwest noncoaxial

flow and slaty cleavage development.
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S; cleavage, The S, cleavage is a

crenulation cleavage and is dominated
by pressure solution. The S, cleavage
is mainly a zonal crenulation cleavage
characterized by gradational
boundaries between the cleavage and
microlithon domains, although it also
appears as a discrete crenulation
cleavage characterized by abrupt
boundaries betweeh microlithon
domains. From west to east across

the study transect, the spacing of the

S;

cleavage decreases, and the amount of
crystallization of new micas along
cleavage domains increases. The S,

cleavage is only locally present in

Shear A\
(Domain B) p
Mean= 351°/30°E

Bands

N= 17

inferred shear
direction
I
1

Average S3 . /
(DomainB)

Figure 16. Lower hemisphere, equal area
projection of poles to shear bands in domain
B. Square is mean orientation
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Domain A and becomes more pervasive in Domains B and C. S, strikes on average north
and dips steeply to the east (Fig. 14). A graph of the dip of S, versus distance from the
Taconic Frontal thrust (Fig. 15) shows that the mean dip of S, ranges only between about
60°E and 80°E. Although the dip of the S, cleavage is relatively constant across the study
transect in Domain B, it decreases systematically from west to east in Domain C.
Shallowly east-dipping extensional shear bands are locally present in Domain B. These
shear bands are commonly traceable for less than one meter and have a spacing of about
one decimeter to a few decimeters. All the observed extensional shear bands truncate S,
in their centers; however, their tips curve smoothly into near parallelism with S;. This
suggests that these extensional shear bands were developed late in the history of S;. The
geometry of the extensional shear bands gives a top-to-the-west-northwest sense of shear
(Fig. 16).

S, cleavage. The S, cleavage is a previously unrecognized cleavage that crosscuts
S;. Similar to S,, pressure solution is the dominant deformation mechanism, although S,
shows stronger crystallization of new micas along the cleavage domains. The S, cleavage
domains are dominated by muscovite and chlorite; minor minerals include quartz,
chloritoid, albite, paragonite, and rutile. The thickness of the cleavage-domain
phyllosilicate grains ranges from about 10 to 100 microns, which is significantly greater
than that observed for the phyllosilicate grains in the cleavage domains of S, and S;. The
S, microlithon domains contain dominantly quartz, albite, muscovite, chlorite, and rutile.

The S, cleavage is weakly developed in the easternmost part of Domain B;
however, it is pervasively developed in Domain C. The intensity of the S, cleavage
increases from west to east. S, strikes on average north and dips gently to the east (Fig.
17a). Mesoscopically, S, is characteristically lustrous and has a mineral lineation (L,)

(b)

L4 (Domain C)
Mean= 099°/13°

S4 (Domain C)
Mean= 355°/21°E

Figure 17. Lower hemisphere, equal area projections of poles to S4 and L4 in domain C.
Squares are mean orientations.

which is readily observed and measured in the field (Fig. 17b). A graph of the dip of S,
versus distance from the Taconic Frontal thrust shows that the mean dip of S, gradually
decreases from about 30°E to 10°E from west to east (Fig. 18).
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The microlithon
domains of S, commonly
contain syntectonic E
a.lbite porphyroblasts T e T e e
These albite
porphyroblasts generally
have a long dimension
less than 0.25 mm and a
short dimension less than
0.12 mm. The
porphyroblasts are U PR TONIE T PR T
characterized by 175 18 185 19 195

inclusion-rich albite Distance from the Taconic Frontal thrust (km)

cores and inclusion-free . Py = .
albite overgrowths. The Figure 18. Graph of dip of S4 vs. Distance from the Taconic

kinematics of the S, frontal thrust Qrcles are mean values, error bars are one
standard deviation and numbers of measurements are shown.
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cleavage is indicated by
the asymmetry of the
portion of the albite overgrowths that is related to the development of S,. The asymmetry
of the albite overgrowths suggests that the S, cleavage developed noncoaxially with a
top-to-the-west-northwest sense of shear.

Discussion. An important question is the age and tectonic significance of the S,,
S,, and S, cleavages. Harper (1968) dated six samples of slate and phyllite from the
northern Taconic Allochthon using conventional K-Ar whole-rock methodology. His
results were recalculated by Sutter et al. (1985), who applied newer constants for the
K-Ar radiometric system. The recalculated apparent ages range from 468+8 to 381+8
Ma, i.e., from middle Ordovician to middle Devonian. Although Sutter et al. (1985)
argue against a possible Acadian age for the cleavages in the Taconic Allochthon, the six
apparent ages correspond very well with the deformational complexity at Harper's sample
locations. The two oldest ages (468+8, 453+8 Ma) are from locations where S, is
dominant, and the two youngest ages (394+8, 381+8 Ma) are from locations where the
rocks are severely overprinted by S;. Because the peak temperature for the formation of
slate and phyllite is very likely below the closure temperature for argon retention in white
mica, the radiometric ages of white mica growing in cleavage domains may represent the
formation age of the white mica, and, thus, the cleavage. For samples with more than one
cleavage, the apparent age may represent a mixed age such that the obtained age is a
maximum estimate for the youngest cleavage generation in the sample. Therefore, the
results of Harper's dating suggest that S, is Taconic in age, whereas S, and S, are younger
and possibly Acadian in age.

The available radiometric ages, however, are open to question because of
uncertainty with respect to the assumption that the white mica growing in the cleavage
domains is the main potassium-bearing phase in the slate and phyllite. For example,
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detrital mica, detrital potassium feldspar, and diagenetic mica are all possible
potassium-bearing minerals in these rocks. Thus, a better dating technique should be
applied. We (Chan and Crespi) are currently dating samples in which a single cleavage
(either S,, S;, or S,) is dominant using the laser probe **Ar->>Ar method. This advanced
dating method will help in constraining the age of specific cleavage domains in a slate or
phyllite with good precision, and the results should provide a better estimation of the
cleavage ages. Samples from the study transect as well as Harper's original sample
locations are included in this geochronologic study.

In addition to the available geochronologic data, differences in orientation data for
S, and S4/S, also suggest that S, and S,/S, may have developed during separate tectonic
events. First, S, strikes on average 012° (Domain A), whereas S; and S, strike on average
001° (Domain B) and 355° (Domain C), respectively. Second, L, trends on average 110°,
whereas L, trends on average 099°. (L;, which is less well developed than L,, trends
about parallel to L,.) Third, S, is relatively homogeneous in terms of cleavage spacing,
whereas the spacing of S, and S, decreases from west to east. Although not conclusive,
these differences are consistent with at least two tectonic events for S, and S,/S,. It
remains unclear, however, whether there is a significant time gap between the
development of S; and S, without additional radiometric ages.

S, is interpreted to have formed during the WNW-directed emplacement of the
northern Taconic Allochthon. In addition, structural data for S, can be explained
relatively easily using the cleavage trajectory model proposed by Sanderson (1982), which
has been applied to a number of other slate belts (e.g., Gray and Willman, 1991;
Sanderson, 1979; Tillman and Byrne, 1995). In this model, cleavage curves
asymptotically toward the base of a regional-scale thrust sheet (Fig. 19). In the upper
portion of the thrust sheet, cleavage development is characterized by coaxial flow,
whereas in the lower portion, cleavage development is characterized by noncoaxial flow.
If Sanderson's cleavage trajectory model applies, the kinematics and geometry of S,
indicate the study transect lies within the lower portion of a thrust sheet and at the same

cleavage trajectory within a WNW-moving thrust sheet
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Figure 19. Schematic diagram showing cleavage-trajectory model of the interpretation of
SZ.
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structural level. This interpretation is suggested by (1) the lack of variation in S,
orientation, (2) the lack of variation in strain magnitude as determined from syn-S, strain
fringes around pyrite framboids, and (3) the consistent curvature of the syn-S, strain
fringes.

In contrast to S,, the tectonic significance of S, is less straightforward because of
the lack of reliable microscale kinematic indicators for S;. Based on available structural
data related to S, possible tectonic interpretations for S; include (1) development of S, as
an axial planar cleavage in a coaxial flow during formation of a regional-scale fold and (2)
development of S, as a footwall cleavage in a noncoaxial flow during a regional-scale
thrusting event. The increase in intensity of S, from west to east, which suggests an
increase in strain magnitude, is consistent with both tectonic interpretations (i.e., an
increase in strain from an upright to an overturned limb and an increase in strain toward a
thrust plane). The late-S, extensional shear bands dip in only one direction, suggesting S,
may have formed in a noncoaxial flow. However, because the extensional shear bands are
only found at one locality, they may not be representative for the study transect. It is also
possible that S, formed in a coaxial flow with a possible post-S; noncoaxial event being
responsible for the shear bands.

Insight into the tectonic significance of S, can be gained by comparing the
geometric, morphologic, and kinematic characteristics of S, with those of S, and S,. First,
S, dips relatively gently to the east in contrast to the steeply dipping S;. Second, S, shows
a rapid transition from weakly to strongly developed in contrast to the relatively gradual
transition for S, and the homogeneously developed S,. Third, the stretching lineation on
S, is very strong. Fourth, S, contains microscale albite porphyroblasts, which indicate S,
developed in a noncoaxial flow. Together, these observations suggest that S, formed in a
shear zone that is characterized by enhanced noncoaxial flow and high strain magnitude.
In such a zone, the angle between the shear plane and the developed cleavage is very low.
Thus, the development of S, may have been related to motion along a regional-scale,
WNW-directed thrust.
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Road Log

Directions from Pico

Meet at parking area of Pico. Drive east on Rt. 4 towards Rutland.
Intersection of Rt. 4 and Rt. 7. Turn Left to stay on Rt. 4 east.

Turn right to remain on Rt. 4.

Exit to Rt. 30 south. Drive to Intersection with with Rt. 4A. Turn right
onto Rt. 4A at Castleton Comers.

Mileage begins at Intersection of Rt 30 with Rt 4A

1.2 Turn right (west) onto Creek Road. Roadcuts of Mettawee fm. On the left
as you drive along the west shore of Lake Bomoseen.
M| Entrance to Lake Bomoseen State park on right; road curves sharply to

left...continue straight onto dirt road which follows lake shore. Continue
until road ends.
6.4 Park so as to not block in other drivers or residents.

STOP 1. Cedar Point Quarry

The Cedar Point quarry lies on the hinge of a first-order syncline developed
in the Mettawee fm. This structure, typical of the Taconics (fig. 20), is extremely well
displayed within the quarry. As one walks up into the quarry, a folded bedding surface is
seen on the right which defines the hinge of this syncline. Along this surface one can see
bedding cleavage intersections which parallel the fold axis. Within the quarry itself the
same hinge is well displayed and the axial plane orientation of the slaty cleavage (S,) can
be seen. This site is one which was used for the study of reduction spots (Goldstein er al,
1995a) and the spots are easily seen here. Note that some spots are nearly perfect
ellipsoids with their XY planes parallel to the cleavage. Other spots are irregular and were
not measured for strain analyses. One can also observed pyrite porphyroblasts with
pressure shadows and S, crenulation cleavage at this locality.

Turn around and retrace the route to Creek Road.

7.6 Turn right onto Creek Road
7.7 Creek Road curves to left, continue straight onto dirt road.
7.8 Turn left onto another dirt road (Moscow Road ?)

Park along right side of road so as to not block traffic. The stop lies at the
intersection of the dirt road and Scotch Hill Rd.
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STOP 2 Scotch Hill Syncline

The purpose of this stop is to show some aspects of the pre-slaty cleavage
deformation history of the Taconic sequence. In particular, we will examine two
generations of veins, one related to early, layer-parallel extension and the other related to
fold development, and we will evaluate evidence for fold development by flexural folding.
The locality exposes the core of the Scotch Hill syncline, a regional-scale, west-vergent
asymmetric fold. The strata at this location are within the Poultney fm. and are composed
of cm. scale alternating layers of black and gray silty slate and brown-weathering dolomitic
meta-arenites, which are bedded at the meter scale.

Two sets of veins can be observed in the lowermost slate horizon. The older set,
which formed during a period of early, pre-folding, layer-parallel extension, appears to be
approximately parallel to the slaty cleavage on the profile plane of the fold.
Bedding-parallel surfaces show, however, that the veins lie at an angle to the slaty
cleavage and are noncoaxial with the fold. Good three-dimensional exposures of the veins
are visible on the short limb of the fold. These pre-folding veins also show little variation
in orientation across the fold, being essentially parallel on the long and short limbs. This
results from a combination of rotation of the fold limbs and distributed shear parallel to
layering in the siltstone during flexural folding. Cross-cutting relations between the early,
pre-folding, layer-parallel extension veins and a set of younger, en echelon, sigmoidal
veins are visible on both the long and short limbs of the fold. The en echelon, sigmoidal
veins are coaxial with the fold and formed during fold development. On the short limb,
the veins are "Z"-shaped, indicating east-side-down sense of shear along bedding. Veins
that display a straightforward sigmoidal geometry on the long limb are "S"-shaped,
indicating top-to-the-west sense of shear along bedding. These veins provide evidence for
distributed shear along bedding during flexural folding and indicate pinning was along the
fold hinge.

Another set of veins, consisting of two bedding-parallel veins, is present in the
exposure and provides evidence for discontinuous shear parallel to bedding during flexural
folding. These veins lie in the center of the two dolomite units and only exist on the long
limb of the fold.

Finally, the approximately axial planar nature of the slaty cleavage (S,) is well shown at
this locality. S, is inferred to have been superposed on the fold subsequent to vein
development and flexural folding.

7.8 Turn right onto Scotch Hill Road
11.8 Intersection with Rt. 4; park along right side of road. Walk down exit ramp
towards Rt. 4 east.

STOP 3

The purpose of this stop is to show meso- and microscale structures that are
characteristic of Domain A and to present evidence for top-to-the-west-northwest
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noncoaxial flow during slaty cleavage (S,) development. In addition, some aspects of the
history of vein development will be noted.

The locality exposes the long limb of the Scotch Hill syncline, and the strata are
composed of slate and silty slate interbedded with limestone and limestone conglomerate.
As is typical of Domain A, the slaty cleavage (S,) is the main cleavage at this locality, and
it dips on average 30j to the east-southeast. A crenulation cleavage, which dips on
average 59; to the east, is also locally present. Although not visible in the field, a
penetrative mineral lineation (L2) defined by the preferred orientation of phyllosilicates is
present on the S, surfaces. Also prominent at the exposure are early layer-parallel
extension veins which have been variably reactivated during slaty cleavage development.
The veins, which are primarily composed of calcite, lie in two main sets, the veins in one
striking on average north-south and the veins in the other striking on average east-west.
Good examples of boudinaged veins belonging to the north-south striking set and folded
veins belonging to the east-west striking set are present within the slate layers throughout
the exposure. Pre-S, and syn-S, vein fill can be discerned for some of the veins in the field
using a hand lens, although microscale observations are generally needed to confirm the
age of the vein fill. Reactivation of the veins during S, development has resulted in
complex vein intersection geometries in the slate layers (Crespi and Chan, 1996); some
good examples are visible on the top of the exposure between Rte. 4 and the exit ramp.
Finally, syn-S, strain fringes from this locality provide evidence for
top-to-the-west-northwest noncoaxial flow during S, development.

Continue straight on Scotch Hill Rd.

12.3 Flashing light; continue straight towards Fair Haven, Vt. Drive through
town of Fair Haven.

13.0 Turn left onto River St.

14.1 Turn right onto Evergreen Rd. Quarries in Mettawee Fm. On left. These
are active quarries and should not be entered without permission.

15.3 Road curves sharply to left, park on Sawmill Rd. which continues straight.

Walk back to Evergreen Rd. And follow path to right of pile of rock dust.
Follow sketch map to find the quarry which is the next stop. Note: there
are many paths and quarries in this area and it is easy to get lost, even for a

\
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STOP 4 : LUNCH

This quarry is located on the upright limb of one of the isoclinal folds and displays
parallel bedding and cleavage. Our purpose here is to examine another more reduction
spots as well as pyrite porphyroblasts with pressure shadows and late stage faulting and
veining. The quarry sits astride the contact between the Mettawee and Hatch Hill (black,
rusty-weathering slate) formations and the contact is exposed on the upper bench of the
quarry. Veining is abundant as large sigmoidal veins filling late brittle faults and as veins
localized within meta-arenites in the hatch Hill fm. The sigmoidal veins fill early faults
whcih were then further deformed in a ductile shear environment to yield the sigmoidal
shape.

This site was also used of an oxygen isotope study. Early (folded) quartz veins,
syn-tectonic quartz mineralization in boudin necks and the late veins were all analyzed for
8'*0 in the stable isotope lab at the University of Wisconsin. All the isotopic ratios are
nearly identical varying between 18.57 and 19.10. Further, no zoning of §'*0 within
single veins was observed. We interpret these results as indicating that fluid flow was
pervasive and intragranular resulting in homogenization of oxygen isotopes between fluids
and rock.

Continue south on Evergreen Rd.

16.4 Turn right onto Saltis Rd. The quarries near this intersection take stone
from the Mettawee Fm., are active and you must receive permission to
enter them.

16.6 Turn right onto Bolger Rd.

18.2 Turn left onto Rt. 22A

28.9 Tumn left onto Rt. 24; Middle Granville. Cross steel deck bridge

29.0 Turn left onto Depot Rd.

29.8 Turn left onto Stoddard Rd.

303 Park on right side of road.

STOP 5 Deformed Graptolites

This stop exposes the principal graptolite-bearing stratigraphic unit within the
Taconics. Rowley et al (1978) defined this rusty weathering black slate at the top of the
Mt. Merino fm and named it the Stoddard Rd. Member. Because it occurs at the very top
of the Taconic stratigraphy, the Stoddard Rd. Member is only found in the deepest
synclines, which is the structural setting for this stop. The outcrop located on the road lies
on the limb of this syncline as bedding and cleavage are parallel (note: bedding can be
defined as the plane on which graptolites lie. Along the road, graptolites lie on cleavage
indicating bedding-cleavage parallelism). Three species were used for strain measurement:
Orthograptus Calcaratus, Orthograptus Whitfieldii and Climacograptus Bicornis. All
three species are abundant, are easily recognized and have constant thecal spacing in the
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undeformed state. For this site, graptolite measurement indicates that X is 32%
elongation and Y is 40% shortening.

Across the road in the beaver pond is another exposure which lies on the hinge of
the syncline. Bedding-cleavage intersection varies from 60° to 90°. The same species can
be found in these rocks and their measurement indicates 60% shortening perpendicular to
cleavage.

Turn around and retrace the route.

30.9 Turn night onto Depot Rd.

316 Turn right onto Rt. 24, cross steel deck bridge in Middle Granville

31.7 Turn right onto Rt. 22A.

43.7 Center of Fair haven, Vt.

439 Follow Rt. 22A left around village green, stay on Rt. 22A.

448 Turn right to enter Rt. 4 east.

50.4 Park on shoulder of Rt. 4 by roadcut. It is legal to stop on this highway

but vehicles must be pulled well off the road and should have flashers.

STOP 6

The purpose of this stop is to show the geometric and cross-cutting relations
between the moderately east-dipping S, cleavage and the steeply east-dipping S, cleavage
at the western edge of Domain B. Key features to observe include (1) the gradational
change in the intensity of S; from a zone in which S, is dominant to a zone in which S; is
dominant and (2) dissolution and folding of pre-existing layering and veins. Small
lozenge-shaped blocks are commonly observed because of the angular relation between S,
and S;. In addition, asymmetrical folding of S, in which differentiation has resulted in
coarser-grained hinges and finer-grained limbs can be observed.

Proceed east on Rt. 4

50.7 Exit 5 from Rt. 4

50.9 Tumn left onto Hubbarton Rd.
513 Park on right side of road.
STOP 7

The purpose of this stop is to show the main charactenstics of the S; crenulation
cleavage, where it is well developed in Domain B. Crenulation folds and evidence for
pressure solution are well illustrated at this outcrop. Key features to observe include (1)
differentiation associated with S; illustrated by coarse-grained fold hinges and fine-grained
fold limbs, (2) the down-dip mineral lineation on the S, surface, defined mainly by chlorite
and muscovite, and (3) dissolution and folding of pre-existing layering and veins. The
spacing of the S; cleavage ranges from millimeters to centimeters.
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Turn around and retrace the route

51.6 Enter Rt. 4 east
57.1 Park well off the roadway.
STOP 8

The purpose of this stop is to show the geometric and cross-cutting relations
between the S; and S, cleavages in Domain C. The S, cleavage is characterized by
dissolution and newly developed phyllosilicate minerals in the cleavage domains. Key
features to observe include (1) the relatively small spacing of the S, cleavage compared
with that of the previous outcrop, (2) the spaced S, cleavage that crosscuts the steeply
east-dipping S; cleavage, and (3) the lustrous S, surfaces and associated mineral lineation.

STOP 9 (Optional)

The purpose of this stop is to show the well developed S, cleavage. At this locality, the
steeply dipping S, crenulation cleavage is almost completely overprinted. Key features to
observe include (1) lustrous S, surfaces with a strong mineral lineation defined by
phyllosilicates and (2) strongly folded and boudinaged pre-existing veins.
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NAPPES, GNEISS DOMES AND PLUTONIC SHEETS OF
WEST-CENTRAL NEW HAMPSHIRE

by
Tim Allen, Geology Dept., MS 2001, Keene State College, Keene, NH 03435-2001,
tallen @keene.edu

Introduction

The area between Keene and Hanover in west-central New Hampshire (NH; Figure 1) is home to
some “classic” geology of the Acadian Appalachians. This geology includes (1) fold nappes
which transported highly metamorphosed deep-basin sediments over less-metamorphosed shelf
sediments, (2) gneiss domes which subsequently deformed (and metamorphosed) these nappes,
and (3) large anatectic plutonic sheets, whose emplacement may have been intimately involved
with the formation of the nappes. These rocks are encompassed within the Central Maine Terrane
(CMT; Eusden & Lyons, 1993), and astride the Bronson Hill Anticlinorium (BHA; Billings,
1956). On this trip, we are primarily interested in the relationships between and among rocks on
the BHA and those further east in central NH. The relationship of these rocks (NH sequence) with
those to the west (Vermont sequence) is the subject of other trips at this conference (A6,
Armstrong et al, 1997.; and C1, Thompson et al., 1997).

Metasedimentary and Metavolcanic Stratigraphy

An important part of understanding the geology in any region is the ability to recognize the relative
sequence in which the rock units were deposited or intruded, from principles of super-position and
cross-cutting relationships, but also from fossil assemblages and radiometric dates. On the basis of
fossils discovered in the Littleton area, Billings and others (1934, 1935, 1937) were able to define a
stratigraphic sequence for the metavolcanic and metasedimentary rocks of the BHA (Figure 2).
Once a sequence is established, mapping in adjacent areas can commence by making correlations
back to the known rocks. Billings, his students and others proceeded to map much of the rest of
NH, with reference to the Littleton section, leading to the publication of a NH state geologic map in
1956. Most of the rocks throughout NH (with a few notable exceptions) are, however, devoid of
the fossils needed to corroborate one’s position in the stratigraphic sequence, thus correlations
must be made primarily on the basis of lithologic characteristics. Given a high degree of structural
complexity, a wide range of metamorphic changes and degrees of weathering, large expanses of
intervening plutonic rocks, and significant original sedimentological variations, such correlations
(upon which structural and tectonic interpretations hinge) are often problematic.

As the state map was being compiled, Thompson (1954, 1956) discovered structural
complications on the BHA, arising from the recognition of distinct stratigraphic units (based on
fossil occurrences) in rocks that had previously been mapped as belonging to one formation. This
lead to a second round of mapping in the region, still referencing the Littleton section, that
culminated in the oft-cited 1968 paper by Thompson and others, establishing the current paradigm
outlined above.
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showing approximate locations of field trip stops
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Bronson Hill Anticlinorium

DI: Devonian Littleton formation, an aluminous
marine turbidite (good graded bedding) with
quartzites and minor volcanics. This rock is
regarded as a flysch deposit preceding the
Acadian orogeny, and was derived from a source
terrane to the east.

Sf: Silurian Fitch formation, a shelf-type dirty
limestone or limey mudstone

Sc: Silurian Clough formation, a clean quartzite and
quartz pebble conglomerate, with minor amounts
of dirty limestone and greywacke or aluminous
shales; locally bearing fossils (Boucot and
Thompson, 1958, 1963). The Silurian rocks
unconformably overlie the Ordovician rocks,
including the Oliverian Granites.

Ool: Oliverian Gneiss, foliated calc-alkaline
granites, tonalites and trondjhemites with ages of
approximately 442-456 Ma (Naylor, 1969;
Zartman & Leo, 1985; Aleinikoff c.f. Lyons et
al., 1996).

Op: Ordovician Partridge formation, a
carbonaceous and sulfidic black shale, with
significant volcanogenic material (abundant
coticules). The upper volcanics are probably
coeval with the Oliverian granites.

Oam: Ordovician Ammonoosuc Volcanics, bimodal
volcanics including basalt and rhyolite flows,
tuffs, and pyroclastics. At ~468 Ma old
(Aleinikoff c.f. Moench et al., 1995) they have
been intruded by the Oliverian granites.

New Hampshire Plutonic Series

Dcg: Concord Granite, a two-mica granite: 354+5
Ma (Harrison et al., 1987)

Dsg: Spaulding Group, diorite to granite in
composition: 392 Ma (Lyons & Livingston,
1977)

Dbg: Bethlehem Gneiss, foliated granite to tonalite,
40745 to 410+5 Ma (Moench et al., 1995)

Dkgm: Kinsman Quartz Monzonite, tonalite to
granite, 413+5 Ma (Barriero & Aleinikoff,
1985)

CMT metasediments

DI: Devonian Littleton formation, as described at
left

Sm: Silurian Madrid formation, a dirty “ribbon”
limestone, with occasional black shales, sulfide
rich zones, and arenaceous (sandy) rocks
containing calcareous concretions.

Ssf: Silurian Smalls Falls formation, includes
quartzites, argillites (shales), and limestones,
generally black in color, with abundant
pyrrhotite and pyrite.

Spm: Silurian Perry Mountain formation, typically
impure but well bedded sandstones, sometimes
with thinly interbedded (cyclic) shales (rarely
showing graded beds). Non-calcareous and
usually non-sulfidic.

Sr: Silurian Rangeley formation, includes all kinds
of rocks including graphitic and sulfidic black
shales, polymict conglomerates (matrix
dominant), and arenaceous lenses with
calcareous concretions. The Rangeley has been
described as an olistostrome (Eusden et al.,
19964, b; Allen, 1996a), and was deposited in a
rapidly subsiding basin from a source terrane to
the northwest (Moench, 1979).

Figure 2: stratigraphy and rock descriptions for the field trip area
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Meanwhile, Lyons, his students, and others working in central NH found that the BHA
stratigraphy didn’t fit very well with rocks exposed there, and developed a new informal
lithostratigraphy for their work (c.f. Duke et al., 1988). Billings and others (1941, 1946, 1975)
had earlier wrestled with this problem in the Mount Washington-Gorham area further north, and in
revisiting this area Hatch and others (1983; Duke er al., 1988) extended to central NH a
stratigraphic sequence established in the Rangeley area of Maine (Figure 2; Boone et al., 1970). A
key component of this interpretation is the recognition of a change in depositional environments,
from a shelf-type on the BHA to a deep closed basin in the CMT. A third generation of mapping
was undertaken in western NH to determine the relationship between the stratigraphy of rocks on
the BHA and that to the east in central NH (Chamberlain ez al, 1988). While the rocks
themselves have remained essentially unchanged for several hundred million years, their
exposures (too often too few and far between) and our interpretations of them seem to change
continuously. The release of a new NH state geologic map is imminent (Lyons et al., 1997), but
many interesting problems persist.

Intrusive Igneous Rocks

Billings’ state map (1956) also showed several suites of intrusive igneous rocks in this region
(Figure 1), including the Oliverian magma series and the New Hampshire Plutonic Series
(NHPS), including the so-called Kinsman Quartz Monzonite (KQM), Bethlehem Gnesiss,
Spaulding Group and Concord Group. At that time, the details of age relationships, the sources of
these magmas, and their modes of emplacement were uncertain. Since then, the application of
radiometric dating techniques, petrologic and isotopic studies, geophysical and structural
investigations, and thermal modelling have vastly improved our understanding of the Oliverian
and NHPS rocks.

The Oliverian suite is comprised of granites, tonalites and trondjhemites ranging in age from
442-456 Ma (Naylor, 1969; Zartman & Leo, 1985; Aleinikoff c.f. Lyons et al., 1996) which
form the core rocks of the en echelon mantled gneiss domes making up the BHA, as well as a
few discordant intrusions just off the axis of the BHA to the west. These rocks have an internal
gneissic foliation paralleling their contacts with wall rocks, giving rise to their (sometimes
asymmetric) domal structures. Structures within the mantling strata, including Silurian and
Devonian rocks substantially younger than the core gneisses, also exhibit this doming. In addition,
metamorphic isograds in these strata commonly wrap around the domes, with the grade of
metamorphism increases toward the center of the dome. It is thought that the domes might have
been created by diapiric rise (Thompson et al., 1968), resulting from a density inversion between
the core materials and the mantling strata (Fletcher, 1972), during the early Devonian Acadian
orogeny. Such a model has been demonstrated by scaled gravity tectonic experiments (Ramberg,
1973). Lyons and others (1996) used gravity measurements to confirm the geometry of these
domes, and their mushroom-shaped models support reactivated diapiric rise of the core rocks. The
metamorphic patterns might be the result of focussed heat flow due to contrasts in thermal
conductivity (Allen & Chamberlain, 1989). The cores of the domes may also represent relict
volcanic islands of an oceanic island arc (Hitchcock, 1883, 1890 c.f. Thompson et al., 1968)—an
interpretation which is not incompatible with diapiric rise. One school of thought suggests that the
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docking of the Bronson Hill island arc with the Laurentian continent was responsible for the
Taconic orogeny.

The NHPS were emplaced during and after the early Devonian Acadian orogeny. Of these, the
Mount Clough pluton and the Cardigan pluton are the most voluminous. Both of these plutons are
heterogeneous granitoids, ranging from granite (sensu stricto) to quartz diorite but being
predominately granodiorite. Although compositionally very similar (Billings & Wilson, 1964), the
rocks of the these plutons do differ in texture and mineralogy and have been identified as separate
units, the Mount Clough pluton being comprised of Bethlehem Gneiss, and the Cardigan pluton of
KQM (although no longer considered a quartz monzonite).

Characteristic of the KQM are abundant potassium feldspar megacrysts in a course groundmass of
quartz, plagioclase, biotite, muscovite and garnet. In some places, garnet becomes the dominant
mineral suggesting zones of restite entrained within the magma. The Bethlehem Gneiss is a more
homogeneous micaceous granodiorite distinguished from the KQM by a prominent gneissic
foliation and the lack of potassium feldspar megacrysts and restites.

Lathrop and others (1994, 1996) made detailed Sr, Nd and O isotopic studies of the Mount Clough
and Cardigan plutons to address questions about the nature of origin and source for these rocks.
Their results show that, while isotopically heterogeneous and complex, the Bethlehem Gneiss and
KQM magmas formed from anatectic melting of the adjacent metasedimentary rocks found in the
BHA and the CMT, with very little if any contribution from the mantle. The original sedimentary
material in the CMT was enriched in heat producing elements, which when the crust was thickened
during the Acadian orogeny, would have provided a sufficient heat source for melting in situ
(Chamberlain & Sonder, 1990). However, the rocks of the BHA are not so enriched, and so
would have required an external heat source or deeper burial for melting.

In addition to the Mount Clough and the Cardigan plutons, several smaller satellite plutons of
Bethlehem Gneiss (or KQM) have also been mapped, for example the Bellows Falls pluton.
Geophysical investigations, combined with geologic structural constraints, indicate that these
plutons are floored by metasedimentary rocks and were probably emplaced as large sill-like
bodies, not much thicker than about 2000 meters (Nielson et al., 1976; Kruger & Linehan, 1941).
It is thought that several of these plutons may have at one time been connected, covering the entire
area; the Bellows Falls Pluton perhaps being an outlier of the Mount Clough Pluton, for example.

It should further be noted that the Bethlehem Gneiss and the KQM cannot be distinguished from
one another on the basis of Nd, Sr, or C isotope compositions (Lathrop et al., 1996), nor their
major element compositions (Billings & Wilson, 1964). Thus it has been suggested that these two
magmas were originated from the same parent material, with their mineralogical differences the
result of different metamorphic conditions during their crystallization, or perhaps post-
crystallization metamorphism (Chamberlain & Lyons, 1983). Differences in texture could be
related to the degree to which the plutons were involved in nappe-stage deformation, the Mount
Clough pluton of Bethlehem Gneiss being the further west on the eastern flanks of the BHA, while
the Cardigan pluton is within the CMT. Allen proposed (1984, 1985) that the upper-most Fall
Mountain nappe may have been aided in its transport to the west by the intrusion of Bethlehem
Gneiss as a sheet along its sole, such that the Fall Mountain outlier and the Bellows Falls pluton
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are a package. To the east, the Huntley Mountain Spur of the Cardigan pluton is mapped along the
sole of the Fall Mountain nappe (Chamberlain et al., 1988).

The Spaulding Group rocks, also syn-orogenic, and the post-orogenic Concord Group, may be
associated with migmatite zones (Allen & Chamberlain, 1992; Allen, 1994, 19964, b) found
extensively along the axis of the Central NH Anticlinorium (Eusden et al., 1987; Eusden &
Lyons, 1993). Thermal relaxation following the crustal thickening of the Acadian orogeny could
have lead to melting of CMT rocks to produce the post-orogenic Concord Group plutons
(Chamberlain & England, 1985).

Structure and Metamorphism

Thompson and others (1968) mapped a series of several west-vergent isoclinal fold nappes lying
on and lapping over the BHA. These were recognized on the basis of repeats and inversions of the
stratigraphy as well as structural features. The nappes were then deformed and backfolded by the
subsequent diapiric-rise of the Oliverian domes (Robinson & Hall, 1979), greatly complicating the
structure of the region. Further to the south, thrust faulting was recognized as an intermediate stage
between emplacement of the fold nappes and subsequent doming (Thompson ez al., 1987).
Clearly, not all of the nappes are strictly fold nappes, the upper-most Fall Mountain nappe
probably being more of a thrust structure (Allen, 1984, 1985, Chamberlain ez al., 1988), with
intimate involvement of rocks from the NHPS, as discussed above. On the eastern flanks of the
CMT, to the east of the Central NH Anticlinorium, a somewhat similar set of early nappes are
recognized, there being east-vergent (Eusden ez al., 1987). The Central NH Anticlinorium is
interpreted as a “dorsal zone” or “pop-up” structure forming the core of the Acadian orogeny
(Eusden ez al., 1987; Eusden & Lyons, 1993).

The succession of nappes emplaced over the BHA explained the inversion of metamorphic
isograds observed in the region (Chapman, 1953). Each nappe, rooted to the east of the BHA in
the CMT, brought deeper, hotter rocks westward with it, over colder previous nappes and
autochthonous rocks. Thus rocks of high metamorphic grade were correlated to high tectonic level,
in this case later nappes (Thompson et al., 1968). Spear and others (1990, 1992; Kohn et al.,

1992) have correlated this scenario with pressure-temperature-time (P-T-t) histories of
metamorphism found in rocks from the various nappes, wherein the nappe or thrust emplacement
of hot rocks drives metamorphism of underlying colder rocks as the nappe cools. Indeed, they
have gone on to postulate the existence of additional nappes (or thrust sheets), that are not exposed
anywhere, on the basis of P-T-t histories. Certainly, within the CMT east of the BHA, the
metamorphic pattern shows localized regions of high- or low-grade metamorphism (Chamberlain
& Lyons, 1983). Chamberlain (1986) has explained these as the result of metamorphism enhanced
by sequential episodes of intersecting folds.

Conclusion

The geology seen here in west-central NH appears to be characteristic of many orogenic belts.
Thompson and others (1968) drew analogies between their interpretation of nappes and gneiss
domes with similar structures observed in the western Alps, as further developed by Thompson
and others (1990, 1993). Mantled gneiss domes are present in many deeply eroded mountain belts,
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including the Alps, Caledonides, Canadian Cordillera and the Appalachians (Eskola, 1949; Allen
& Chamberlain, 1989), as well as the Himalaya and Karakorum (Allen & Chamberlain, 1991;
Searle et al., 1989; Kundig, 1989). Perhaps their previous experience in west-central NH
influenced their thinking, but Allen & Chamberlain (1991) recognized in the Karakorum of
Pakistan a very similar scenario to that outlined here: fold-and-thrust nappes inverting the crust and
thus metamorphic isograds, with subsequent deformation by gneiss domes of re-mobilized earlier
granitic intrusives (Allen, Smith, Zeitler & Chamberlain, unpublished data).
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Road Log

We will depart at 8:00 AM from the intersection of Routes 12 and 12A (Maple Avenue) in
northwest Keene, NH. Please carpool, bring a lunch, and have a full tank of gas—enough for at
least 150 miles of driving. The best reference map I can suggest would be a NH state highway
map—we’re going to cover a lot of ground!

Mileage

0.0 Set trip meter to zero at the Rt. 12 overpass over Rt. 12A.

0.7 Stoplight, continue on Rt. 12A towards Surry.

46 roadside outcrops of Oliverian granite in the Keene Dome, view of Surry Mountain (see stops 1 & 2
below) to the east.

70 Park on the right side, as far over as possible. Leave hazard indicators flashing.

STOP 1: Border Gneiss of the Keene Dome (10 minutes) The Oliverian rocks of the Keene
Dome are non-peraluminous granodiorite to quartz monzonite, here strongly laminated in the
border region of the dome, adjacent to Surry Mountain—a septum of metasediments between the
Keene and Alstead domes, in a vertical syncline that folds the axial plane of the nappes. Within the
border gneiss, one finds thin mafic layers and quartz “eyes.” Return to the vehicles and continue north
on 12A.

72 Turn right onto River or Gilsum road
74 Park on the right side, as far over as possible. Leave hazard indicators flashing.

STOP 2: Surry Mountain Septum (10 minutes) Exposed here are some of the metavolcanic
and metasedimentary rocks of the Surry Mountain septum (see stop 1 above). We may find
gedrite-cordierite assemblages in a “garbenschiefer” texture (better exposed up on Surry
Mountain); the rock is also reported to contain Na-micas with talc intergrowths (J. B. Thompson,
Jr., pers. comm., 1992). Return to the vehicles and continue east.

114  Stop sign across stone arch bridge, turn left onto Rt. 10 north through Gilsum
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150  Park on the right side, as far over as possible. Leave hazard indicators flashing. Take care in crossing
the highway.

STOP 3: High-Grade Rangeley Formation (15 minutes) This is Stop 9 of Chamberlain and
others (1988) and Stop 10 of Spear (1992). The metamorphic mineral assemblage is garnet +
cordierite + biotite + K-feldspar + sillimanite + plagioclase, and represents a localized
metamorphic “hot spot.” Chamberlain and others (1988) mapped these rocks as part of the root
zone for the Fall Mountain nappe, and Chamberlain (1986) interpreted the high grade of
metamorphism to be the result of metamorphism enhanced by sequential episodes of intersecting
folds (e.g. syncline + syncline). Spear (1992) mapped these rocks as the upper plate of the
Chesham Pond nappe, and interprets the P-T-t path as cooling following thrust emplacement and
backsliding. Return to the vehicles and continue north on 10.

18.6  Tum left onto Rt. 123 west at Marlow
199 Park on the right side, as far over as possible. Leave hazard indicators flashing.

STOP 4: Huntley Mountain Spur (10 minutes) This is a spur of KQM extending southwest
from the Cardigan pluton, mapped as representing the sole of the Fall Mountain nappe
(Chamberlain et al., 1988). The rocks are highly foliated. Continue west on 123.

231 Flashing yellow light, East Alstead. Continue straight through on 123 west

243  Mill Hollow. Continue through on 123 west

272 Rt 12A comes in from the left, continue on 123 west

280 Rt. 123A comes in from the right, continue on 123 & 12A through Alstead village

28.6 Rts. 12A and 123 diverge, turn left staying on 123 west

30.6 Stop sign, Rt. 123 turns left, continue straight across onto Cold River Road

312 (optional stop) outcrops in the river are of a window to the floor of the Bellows Falls pluton

319 outcrop on far bank of the river are of the Bellows Falls pluton

325 another river outcrop of the floor under the Bellows Falls pluton, Fall Mountain looms to the right.

333 Stop sign, intersection with Rt. 123, bear right on 123 west

335 Stop sign, intersection with Rt. 12, turn right onto 12 north

345 Stop lights, continue through to just past the railroad yard

34.6 Park on the right side, as far over as possible. Leave hazard indicators flashing. Take care in crossing
the highway and scrambling down to the outcrops in the river.

STOP S: Fall Mountain Nappe and Bellows Falls Pluton (20 minutes) This is Stop 1 of
Chamberlain and others (1988) and Stop 5 of Spear (1992). Gray schists of the Rangeley
Formation from the CMT, containing characteristic calc-silicate and amphibolite “pods,” is here in
contact with the Bethlehem Gneiss of the Bellows Falls pluton. Note the sillimanite pseudomorphs
after andalusite (“turkey tracks™) in the schist, and garnets in the Bethlehem Gneiss associated with
assimilated blocks of schist. The CMT rocks on Fall Mountain were clearly of higher
metamorphic grade than the BHA rocks surrounding and undemeath the Bellows Falls pluton,
which implies significant horizontal transport from the root zone in Marlow. Much of this
transport and shortening may have been taken up within the Bellows Falls pluton (Allen, 1984,
1985; Spear, 1992). The metamorphic evolution of Fall Mountain shows cooling following
emplacement of hot rocks over cold (Allen, 1984); Spear (1992) develops a more complex
scenario. The hike up Fall Mountain (Mount Kilburn) via the tower access road is interesting (Stop
2 of Chamberlain et al., 1988). Return to the vehicles and continue north on Rt. 12.
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35.1 Stop light, turn left and cross the bridge to Vermont
353 Stop sign at end of bridge, turn left onto Rt. 5 south
35.6  Downtown Bellows Falls, continue south on 5

359 Stoplight, bear right uphill on Rt. 121 west

36.9 Turn left around monument onto Gage St.

37.1 Continue straight ahead onto dirt road

373 Park on the right or left sides, as far over as possible.

STOP 6: Littleton Formation in the Saxton’s River (20 minutes) This is Stop IV-2 of Zen
(1989) and Stop 3 of Spear (1992). No hammering, please. The rocks here are a staurolite schist
and quartzite showing spectacular graded bedding (grade reversed due to metamorphism)
characteristic of a turbidite deposit. The rocks are isoclinally folded and otherwise deformed, with
inverted topping directions and several hinges apparent. Much of the deformation may well have
occurred during deposition, when these rocks were still soft sediment. These rocks are part of the
Skitchewaug nappe, structurally below the Bellows Falls pluton and the Fall Mountain nappe. P-T
paths from other outcrops in this section show heating with loading (Spear, 1992), consistent with
the emplacement of the hot Fall Mountain rocks over these colder rocks. After getting your
photographs, return to the vehicles and continue along the dirt road.

379 Rejoin Rt. 121 headed back into town

384 Stoplight at bottom of hill, turn 90° to the left onto Rt. 5 North (to I-91)—not back through downtown

392 Stop sign, continue north on 5

420 Rt. 5 turns off to the right, Rt. 103 ahead to the left—go straight up the on-ramp to I-91 north

46.2 first view of Mount Ascutney, a remnant volcano associated with the White Mountain Magma Series,
straight ahead For more information, see Schneiderman (1988).

486  Exit at Springfield

4389 Stop sign at end of ramp, turn left to go north on Rt. 5 & east on Rt. 11

493 Turn left onto Rt. 5 north, just before the toll bridge

50.6 Park in the fork on the right.

STOP 7: Fossiliferous Clough Quartzite of the Skitchewaug Nappe (10 minutes) This is
Stop IV-1 of Zen (1989). No hammering, please. These rocks have been highly deformed, and
metamorphosed to the staurolite zone, and yet calcareous bands within the quartzite contain
recognizable fossils and fossil fragments, including crinoid stems, corals, and brachiopods
(Thompson, 1954; Boucot & Thompson, 1963). Similar fossils have been found in several other
locations within the Clough Quartzite throughout the region, such that it is a good Silurian marker
and very useful in deciphering the stratigraphy and structure of the BHA. Continue north on 5.

54.7 Rt. 143 comes in from the left, continue north on 5

60.3 Yield sign, turn right towards Claremont

612  Stoplight at intersection with Rt. 12A, continue straight towards Claremont

63.6  Tum left, following sign for Newport and Sunapee (not downtown)

642 Stoplight, continue straight through

64.6 Park in turnout to the right, just before the stoplight at intersection with Rt. 120. This may well be our
Lunch Stop. Take care in crossing the highway to roadcuts at the intersection.

STOP 8: Blue quartz eyes in pyroclastic volcanics (15 minutes) The blue quartz eyes, from the
exsolution of very fine rutile crystals within the quartz, are indicative of very high temperatures,

but these rocks have only been metamorphosed to biotite zone (low grade). This rock represents a
high-temperature volcanic ignimbrite, with lenticles of pumice, lapilli, etc...; probably equivalent to
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the Post Pond Volcanics in Vermont. The coarse pyroclastic sequence is best visible on a water
polished surface (cross back to the riverside park). A slaty cleavage has been superposed, creating
a lineation in the rock. Look down-dip to see these features. (J. B. Thompson, Jr., pers.comm.,
1992) Return to vehicles and continue towards Washington Street.

64.8  Stoplight, turn left onto Rts. 11 & 103 east (Washington Street, Claremont). Continue through all the
stoplights along this strip.

71.7  outcrops of Bethlehem Gneiss

73.7  Stoplight, go straight

74.1 Stoplight at intersection with Rt. 10 (Main Street, Newport), turn left to follow Rts. 11 & 103 east

742  Tum right following sign for Rts. 11 & 103 east

744  Yield sign, continue onto Rts. 11 & 103 east

773 Rts. 11 & 103 diverge (Guild), bear right to stay on Rt. 11 east toward Sunapee

79.7 Rt 103B on the right, continue straight

79.8  Flashing yellow for Sunapee Harbor, continue straight

80.0  Tum left onto Sargent Road, park on dirt track by Sunapee Fire Station. Take care in crossing the

highway.

STOP 9: Spaulding Quartz Diorite and pegmatite autoliths (15 minutes): The Spaulding,
dated at 392 million years, somewhat foliated, cross-cuts the KQM and the Bethlehem Gneiss,
thus a late tectonic intrusive. Here it is cut by pink pegmatites (with perthitic feldspar). The
pegmatite and the Spaulding are magmatically related, and here you can see “autoliths” of the
pegmatite within the Spaulding and vice-versa. At the north end of the outcrop are true xenoliths
(as opposed to autoliths) of the country rock, including the KQM. In some places the KQM has
become disaggregated, with incorporation of feldspar xenocrysts into the Spaulding. This
represents an igneous breccia, with flow foliation, resulting from explosion venting of fluidized
magma. (J. B. Lyons, pers.. comm., 1988). Return to the vehicles and enter Rt. 11 heading west from
the fire station.

80.3 Flashing yellow for Sunapee Harbor, continue straight
804  Tumn left onto Rt. 103B south

810  small quarry operation, with antique steam tractor on left
8238 View of Mount Sunapee Ski Area ahead through trees.

The ridge extending south-southwest from Mount Sunapee to Lempster Mountain, and north from

- Sunapee to Mount Cardigan, represents a septum of metasediments (interdigitated with the

Huntley Mountain Spur) caught between the Cardigan pluton to the east and the Mount Clough
pluton to the west. Mapped by Dean (1976) based on the BHA stratigraphy, a new look at these
rocks with insights from the CMT and other areas, may help tie together the stratigraphy and
structure of southwestern NH with that to the north and west, as well as furthering our
understanding of the relationships between the Cardigan and Mount Clough plutons.

83.8 Stop sign, proceed across and around the Mount Sunapee Traffic Circle, leaving on Rt. 103 east.
84.7  outcrops of KQM injected with multiple dikes of aplite

85.1 outcrops of KQM with rafts of metasediment

862  Newbury Harbor

86.3 Intersection with Rt. 103A

Alternate Route (shortcut):
86.3 Turn left onto R.t 103A north
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88.7  Pull off on the LEFT side of the road to park just before Ramblewood Circle. Leave hazard indicators
flashing, and take care in crossing the highway. Across the road is an interesting outcrop of the KOM.

89.2  Rt. 103A bears to the left, continue following it to the north.

91.3  Turnright onto King Hill Road, towards 1-89 southbound

92.3  Bog Road takes off the left, continue on King Hill Road

92.5 The author’s childhood home is on the left

93.0  View of Mount Kearsarge ahead (see comments at mile 99.0).

93.7 Under the highway, turn left on to entrance ramp for I-89 northbound. Pick up the road log at mile 109.7,
and subtract about 16 miles from subsequent mileage readings.

Original Route (the long way):

863 Rt 103A goes off to the left, continue east on Rt. 103

86.8  more outcrops of KQM

87.1 Mountain Road on the right, continue on 103 east. K-Ar dating of kaolinite gouge from the Newbury
Fault zone exposed here yielded an age of 160 Ma (J. B. Lyons, pers. comm., 1988)

89.1  Flashing yellow, South Newbury

914  Park on right side of road, as far over as possible. Leave hazard indicators flashing. Take care in
crossing the highway.

STOP 10: Restites in the Kinsman Quartz Monzonite (15 minutes) This is Stop 10 of Lyons
(1988) and Stop IV-5 of Zen (1989) Garnetite (garnet-cordierite-biotite-plagiogclase-quartz) pods
and layers within the KQM represent restites of xenoliths of Littleton schist undergoing anatexis,
anatectic melting of CMT and BHA metasediments being the source of the magma making up the
pluton (Lathrop ez al., 1994, 1996). The KQM is here a granodiorite with the characteristic K-
feldspar megacrysts and a mineral assemblage including sillimanite (fibrolite) as well as garnet and
cordierite The Cardigan pluton is at its maximum preserved thickness of 2.5 km here, based on
gravity studies (Nielson ez al., 1976; Lyons, 1988). The Cardigan pluton to the south of here was
briefly considered as a potential host for the disposal of high-level radioactive wastes (Department
of Energy, 1986, p. 3-435). Return to the vehicles and continue east on 103.

91.7  Stoplight at intersection with Main Street, Bradford. Continue straight on Rt. 103 east

924  Stoplight at intersection with Rt. 114, continue straight on Rt. 103 east to Warner

98.7  Park on right just before onramp to I-89 south, as far over as possible. Leave hazard indicators
flashing. Take care in crossing the highway.

STOP 11: Kinsman Quartz Monzonite with garnets (15 minutes) This is Stop IV-6 of Zen
(1989). Here were are near the eastern edge of the Cardigan pluton, in a garnetiferous phase of
KQM, with garnet rimmed or replaced by biotite, and K-feldspar megacrysts partly sericitized and
mantled by myrmekite. The Cardigan pluton does not appear to have been initially homogeneous
melt (Clark & Lyons, 1986; Lathrop et al., 1994, 1996). The occurrence of gamet within the
pluton has been interpreted as both metamorphic (Chamberlain & Lyons, 1983) and igneous
(Clark & Lyons, 1986), with evidence now favoring igneous gamnet (Lyons, 1988). Return to
vehicles and continue east on 103 under the interstate.

99.0  Tum left on to ramp for I-89 north, and take in the view of Mount Kearsarge

Mount Kearsarge (Lyons, 1988), Mount Monadnock to the south (P. J. Thompson, 1988) and
Mount Washington to the north (Eusden ez al, 1996a, b), are all composed of highly erosion-
resistant members of the Littleton formation, noted on each summit for the occurrence of “turkey
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track” sillimanite pseudomorphs after andalusite and dramatic cyclic graded bedding of quartzites
and schists. These peaks essentially mark the trace of the Kearsarge-Central Maine synclinorium.

1059 View of Mount Kearsarge over right shoulder (exit 10, continue N on I-89)
109.7 outcrop of abundant pegmatite (exit 11, continue N on I-89)
111.0 Slow down and look out the vehicle to the left.

NONSTOP A: “Mount Radon,” New London Over the years since the interstate was built,
weathering had destabilized the high roadcuts ahead, at NONSTOP B. Several years ago, the NH
Department of Transportation undertook a blasting program to re-stabilize this roadcut. It was
discovered after the roadcut was first opened that the rock was highly radioactive, as the joint
surfaces were covered with ore-grade Uranium deposits. Most of this “ore” had been used as fill
for the roadbed. During the re-stabilization effort, great care was taken to keep the dust down and
the material removed from the cut was landfilled here in the median strip. This location was
chosen in part because it was hoped that any Uranium leached from the rock would be trapped in
the highly-reducing environment of the organic sediments of the Messer Pond - Clark Pond bog
system down gradient (off to the right; we pass over “Bog Road” ahead). However, much of the
Uranium had already been leached from these rocks due to the lowering of the water table resulting
from the initial road cut (Dick Lane & Gene Boudette, oral comm., 1995). The author’s childhood
home is about 3/4 of a mile through the woods to the left!

1113  overpass over Bog Road
113.0 Slow down and look out the vehicle to the right.

NONSTOP B: Sunapee pluton, New London Note that when the roadcuts were re-stabilized
several years ago, the entire height of the cut was blasted in a single lift, for which special
permission was needed from the Federal Highway Administration (Dick Lane & Gene Boudette,
oral comm., 1995). The rocks are two-mica granite of the Concord Group. This outcrop is famous
for the heavy coating of joint faces with Uranium phosphate minerals. This mineralization is
presumably represents late hydro-thermal mobilization, and is focussed on fractured zones—it has
now largely been weathered away. Zircons from this rock show little evidence of inheritance, but
Uranium loss, with an age of crystallization of 354+5 Ma (Harrison et al., 1987), about the right
timing to be the result of anatectic melting following thermal relaxation after tectonic loading
(Chamberlain & England, 1985). The pluton intrudes both the Mount Clough pluton and the
Cardigan pluton, cutting off the Sunapee Septum of metasediments. As a young boy, the author
used to accompany his father who would practice rock-climbing on these roadcuts before the
Interstate was officially opened.

1143  outcrop of Bethlehem Gneiss

1156 Take Exit 12A for Georges Mills

115.8  Stop sign at end of ramp, turn left under highway
116.0 Turn right onto Stoney Brook Road

1165 Park on left, just under the highway.

STOP 12: Bethlehem Gneiss of the Mount Clough pluton (10 minutes): A syn-kinematic
intrusion inside the Skitchewaug Nappe, and/or below the Fall Mountain Nappe. Granite to tonalite
in composition, although highly variable. The rock has a foliation that may be due to flow, and
may also be related to its interactions with the nappes. Continue northwest on Stoney Brook Road.
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1183 View ahead of the white ledges over Grantham

These ledges, well-viewed from the interstate, are outcrops of the Clough Quartzite in the mantle
of the Croydon dome. Samples from these outcrops contain well preserved brachiopod and other
fossils (J.B. Thompson, Jr., pers. comm., 1984). Contained within the boundaries of the private
Blue Mountain hunting reserve, they are now essentially inaccessible.

1209 Stop sign, bear to the left on the Grantham-Springfield Road

1220 Stop sign, turn right onto Rt. 10 north

1226 Pass under I-89, continue straight ahead on Old Route Ten

1229 View to the left of the gray ledges, opposite the entrance to the Eastman development
125.1 Turn left onto Miller Pond Road, under the highway

1252  Park just past the underpass in class VI road.

STOP 13: Mantle of the Croydon Dome (10 minutes) The rocks here are Ammonoosuc
Volcanics exposed at the north end of the Croydon dome, rich in sulfur (pyrrhotite, sphalerite has
been found within the Blue Mountain preserve). The core rocks of the Croydon dome, exposed in
interstate road cuts a few hundred feet to the south are a true trondhjemite—a high-sodium
granitoid, completely lacking in K-feldspar—whatever K there is is tied up in biotite and/or
hornblende (J.B. Lyons, pers. comm., 1988). Backtrack to Old Route Ten.

1253  Turn left to continue north on Old Route Ten

127.7 Turn right and pass under highway

1279 Tum left up on ramp to I-89 north

128.1 outcrops on the right of Bethlehem Gneiss

1284  outcrops on the right of Bethlehem Gneiss

128.7 outcrop on the right of the core of the Skitchewaug Nappe
130.0 Exit off I-89 at Montcalm

1302  Stop sign at end of ramp, turn left under highway

130.3 T-intersection, turn left (now heading south)

1314 Park in turnaround at dead end by the Humane Society

STOP 14: Skitchewaug Nappe (30 minutes). This is Stop 1 of J.B. Thompson, Jr. (1988), and
your are referred to that source for detailed information about these rocks. We’ll make a traverse
along the bike path, looking at outcrops of the BHA stratigraphic sequence (Figure 3). The
outcrops of Bethlehem Gneiss where we got onto I-89 at Exit 14 are an outlier of the Mount
Clough pluton, separated by the Grantham Fault. It appears to be folded into the core of the
Skitchewaug Nappe. With a sharp eye, fossils can be observed in the glacially polished surface at
the top of northernmost outcrop of the Clough (Stop 14-A in Figure 3). No hammering please!
Return to the vehicles and head back the way we came.

1326 Tum right to pass under the highway
132.7 Turn left on to the ramp to I-89 north, park on right side (as far over as possible) before merging with
highway. Leave hazard indicators flashing.
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Legend
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Figure 3: Geology of the Skitchewaug Nappe between North Grantham and Montcalm, after J. B.
Thompson, Jr. (1988), showing the locations of Stops 14 and 15 of this field trip.

STOP 15: Littleton Formation (10 minutes) This is Stop 2 of J. B. Thompson, Jr. (1988). A
thick section of Littleton schist (Figure 3), rich with staurolite crystals—some with cruciform
twins—giving the rock a lumpy appearance. Few of the crystals are very fresh, most showing
incipient alteration. Bedding is obscure, although the rock has good foliation and a dome-stage
mineral lineation. Continue onto I-89 northbound.

136.0 If planning to visit optional stop 16, exit off I-89 at Rt. 4 east for Enfield, otherwise continue on I-89
northbound.

STOP 16: (optional) Mantling Strata of the Mascoma Dome on Moose Mountain

136.3  Yield sign at end of ramp, bear right onto Rt. 4 east

137.9 Intersection with Rt. 4A, continue straight ahead on 4 east across the Mascoma River
138.9  Turn left onto Rudsboro Road
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139.8 Turn around and park in turnout on left

This is Stop 6 of J. B. Thompson, Jr. (1988). We will hike uphill through the woods to fields,
across the fields, through a sugarbush and more woods to open ledges along the ridge top.
Along the way, we will cross over gray schists of the basal Littleton and calc-silicates of the
Fitch. Fossils have been found here in the Clough. The ledges are pink quartzite, and from them
we can look out to the east over a steep drop down to the Oliverian granite of the Mascoma
dome. Return back down to the vehicles, and return down Rudsboro Road towards Mascoma Lake.

140.7  Stop Sign, turn right onto Rt. 4 west

141.8 Rt 4A again, continue of Rt. 4 west

143.2  Bear right on to ramp lo 1-89 northbound; rejoin field trip route and add about 7 miles to subsequent
mileage readings.

Original Route:

138.2  Exit off I-89 for Lebanon & Hanover

138.5 Yield sign at end of ramp, bear right onto Rt. 120 north

138.7 Stoplight, continue straight on 120 north

139.1 Stoplight, continue straight on 120 north

140.0 Park on right side of road, as far off as possible, or just ahead at the tire dealer. If on Rt. 120, leave
hazard indicators flashing and beware of traffic.

STOP 17: Oliverian Granite of the Lebanon Pluton (10 minutes) The Lebanon pluton is a
discordant pluton of Oliverian granite in the core with an envelope of granodiorite to tonalite. It is
found west off the main axis of the BHA, intruded into Partridge Volcanics. Structural and gravity
studies show that it is an inverted cone shape plunging to the north-northwest, deforming the
Cornish nappe (Lyons ez al., 1996). Gravity anomalies suggest that the pluton must be underlain
by a sizable body of subjacent metagabbro—represented by three small bodies of metagabbro
which outcrop along the western margin of the pluton. Metamorphism in the adjacent Partridge
Formation has been attributed to contact metamorphism associated with original magma intrusion
(Spear et al., 1984); focussed heat flow due to contrasting thermal conductivities (Allen &
Chamberlain, 1989); and upward domal transport of deeper, hotter rocks (Lyons ez al., 1996;
Allen & Chamberlain, 1989). Here, the Lebanon granite includes mafic enclaves and pyrite. Once
quarried for building stones, the pyrite lead to rust stains on the resulting blocks, and quarrying
was abandoned. Return to the vehicles and continue north on 120.

140.5  Stoplight at top of hill (entrance to DHMC), continue straight on 120 north

1414  Stoplight (entrance to DHMC and Jesse’s), continue straight on 120 north

141.8  Stoplight, bear to the left staying on 120 into Hanover

1426  Stoplight at the Hanover Food Coop, bear to the right staying on 120 north

143.1  Stoplight, turn left onto Rt. 10 south (East Wheelock St)

1432  Tum right up Dartmouth driveway

1434 Dartmouth Observatory

143.5 Park wherever there is a spot. Climb down to outcrops alongside building housing Dartmouth College’s
Department of Earth Sciences and the Kresge Physical Science Library.

STOP 18: Metavolcanics in mantle of Lebanon Dome— a green chlorite-amphibolite, with
well-developed foliation, apparently meta-basalt.
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End of Trip

To get to Pico from here, go down and around the Dartmouth Green to the head of Main Street.
Turn right onto West Wheelock Street and follow this across the Ledyard Bridge to Norwich. Take
I-91 south to I-89 north to Route 4 west. It is approximately 45 miles.

References Cited

Allen, T, 1984. The Fall Mountain Outlier, a piece of the Fall Mountain Nappe, North Walpole, New
Hampshire. Undergraduate Thesis, Harvard University.

Allen, T, 1985. “A reinterpretation of the Fall Mountain Nappe, as seen from Fall Mountain, North Walpole,
New Hampshire, (abstract).” GSA Abstracts with Program 17(1): 2.

Allen, T, 1994. “New Hampshire Migmatites: Oxygen Isotope Fractionation During Partial Melting, and
Suggestions of Structurally Enhanced Magma Migration.” (abstract), EOS, Transactions of the
American Geophysical Union 75(16): 360-361.

Allen, T, 1996a. “A Stratigraphic and Structural Traverse of Mount Moriah, New Hampshire.” in Guidebook
to Field Trips in Northern New Hampshire and Adjacent Regions of Maine and Vermont, Mark Van
Baalen, editor, NEIGC 88: 155-169.

Allen, T, 1996b. “Petrology and Stable Isotope Systematics of Migmatites in Pinkham Notch, New
Hampshire.” in Guidebook to Field Trips in Northern New Hampshire and Adjacent Regions of Maine and
Vermont, Mark Van Baalen, editor, NEIGC 88: 279-298.

Allen, T and CP Chamberlain, 1989. “Thermal consequences of mantled gneiss dome emplacement.” Earth
and Planetary Science Letters 93: 392-404.

Allen, T and CP Chamberlain, 1991. “Metamorphic evidence for an inverted crustal section, with constraints
on the Main Karakorum Thrust, Baltistan, northern Pakistan.” Journal of Metamorphic Geology 9: 403-
418.

Allen, T and CP Chamberlain, 1992. “Pluton Migration Through Crust Leaves Migmatites Behind.” GSA
Abstracts with Program 24(7): A338.

Armstrong, TR, GJ Walsh and FS Spear, 1997. “A Transect across the Connecticut Valley Sequence in East-
Central Vermont,” this volume (NEIGC 89).

Barreiro, B and JN Aleinikoff, 1985. “Sm-Nd and U-Pb isotopic relationships in the Kinsman quartz
monzonite, New Hampshire.” GSA Abstracts with Program 17: 3.

Billings, MP, 1956. The Geology of New Hampshire, Part II - Bedrock Geology. Concord, State of New
Hampshire Planning and Development Commission.

Billings, MP, 1935. Geology of the Littleton and Moosilauke Quads, New Hampshire. Concord, State of New
Hampshire Planning and Development Commission.

Billings, MP, 1937. “Regional Metamorphism of the Littleton-Moosilauke area, New Hampshire.” GSA
Bulletin 48: 463-566.

Billings, MP, 1941. “Structure and metamorphism in the Mount Washington area, New Hampshire.” GSA
Bulletin 52: 863-936.

Billings, MP, and AB Cleaves, 1934. “Paleontology of the Littleton area, New Hampshire.” American
Journal of Science 28(5): 412-438.

Billings, MP, CA Chapman, RW Chapman, K Fowler-Billings and FB Loomis, 1946. “Geology of the Mount
Washington Quadrangle, New Hampshire.” GSA Bulletin 57: 261-273.

Billings, MP and JR Wilson, 1964. Chemical analyses of rocks and rock minerals from New Hampshire, Part
XIX, Mineral Resources Survey. Concord, NH Department of Resources and Economic Development.

Billings, MP, and K Fowler-Billings, 1975. The Geology of the Gorham Quadrangle, New Hampshire and
Maine. Concord, State of New Hampshire Department of Resources and Economic Development.

Boone, GM, EL Boudette and RH Moench, 1970. “Bedrock geology of the Rangeley Lakes - Dead River basin
region, western Maine.” Guidebook for Field Trips, NEIGC 62: 1-24.

Boucot, AJ and JB Thompson, Jr, 1958. “Late Lower Silurian fossils from sillimanite zone near Claremont,
New Hampshire.” Science 128: 362-363.



A2-17
ALLEN

Boucot, A J and JB Thompson, 1963. “Metamorphosed Silurian brachiopods from New Hampshire.” GSA
Bulletin 74: 1313-1334.

Chamberlain, CP, 1986. “Evidence for the repeated folding of isotherms during regional metamorphism.”
Journal of Petrology 27: 63-89.

Chamberlain, CP and JB Lyons, 1983. “Pressure, temperature and metamorphic zonation studies of pelitic
schists in the Merrimack Synclinorium, south central New Hampshire.” American Mineralogist 68:
530-540.

Chamberlain, CP and PC England, 1985. “The Acadian Thermal History of the Merrimack Synclinorium in
New Hampshire.” Journal of Geology 93: 593-602.

Chamberlain, CP, JB Thompson, and T Allen, 1988. “Stratigraphic and Structural Relationships of the Fall
Mountain Nappe.” in: Guidebook for Field Trips in Southwestern New Hampshire, Southeastern Vermont
and North-Central Massachusetts, WA Bothner, editor, NEIGC 80: 32-39.

Chamberlain, CP and LJ Sonder, 1990. “Heat producing elements and the thermal and baric patterns of
metamorphic belts.” Science 250: 763-769.

Chapman, CA, 1953. “Problem of inverted zones of metamorphism in western New Hampshire:.” Illinois
State Academy of Sciences Transactions 46: 115-123.

Clark, RG and JB Lyons, 1986. “Petrogenesis of the Kinsman intrusive suite peraluminous granitoids of
western New Hampshire.” Journal of Petrology 27(6): 1365-1393.

Dean, CS, 1976. Stratigraphy and Structure of the Sunapee Septum, southwestern New Hampshire. PhD Thesis,
Harvard University, 248 pp.

Department of Energy, 1986. Draft Area Recommendation Report for the Crystalline Repository Project, Volume
1, DOE/CH-15(1).

Duke, EF, GI Duke and JB Lyons, 1988. “Geology of the Peterborough and Concord Quadrangles, New
Hampshire.” Guidebook for Field Trips in Southwestern New Hampshire, Southeastern Vermont, and
North-Central Massachusetts, WA Bothner, editor, NEIGC 80: 335-346.

Eskola, P, 1949. “The problem of Mantled Gneiss Domes.” Journal of the Geological Society of London 104:
461-476.

Eusden, JD, WA Bothner and AM Hussey, 1987. “The Kearsarge-Central Maine Synclinorium of southeastern
New Hampshire and southwestern Maine: Stratigraphic and structural relations of an inverted section.”
American Journal of Science 287: 242-264.

Eusden, JD and JB Lyons, 1993. “The sequence of Acadian deformations in central New Hampshire.” in The
Acadian Orogeny: Recent Studies in New England, Maritime Canada, and the Autocthonous Foreland DC
Roy and JW Skehan, editors. GSA Special Paper 275: 51-65.

Eusden, JD, JM Garesche, AH Johnson, J-M Maconochie, SP Peters, JB O'Brien and BL Widmann, 1996a.
“Stratigraphy and ductile structure of the Presidential Range, New Hampshire: Tectonic implications for
the acadian orogeny,” GSA Bulletin 108(4): 417-436.

Eusden, JD, A de Garmo, P Friedman, JM Garesche, A Gaynor, J Granducci, AH Johnson, J-M Maconochie,
SP Peters, JB O'Brien and BL Widmann, 1996b. “Bedrock Geology of the Presidential Range, New
Hampshire.” in Guidebook to Field Trips in Northern New Hampshire and Adjacent Regions of Maine and
Vermont, Mark Van Baalen, editor, NEIGC 88: 59-78.

Fletcher, R, 1972. “Application of a Mathematical Model to the Emplacement of Mantled Gneiss Domes.”
American Journal of Science 272: 197-216.

Harrison, TM, JN Aleinikoff and W Compston, 1987. “Observations and controls on the occurrence of inherited
zircon in Concord-type granitoids, New Hampshire.” Geochimica et Cosmochimica Acta 51: 2549-2558.

Hatch, NL, RH Moench and JB Lyons, 1983. “Silurian - Lower Devonian stratigraphy of eastern and south
central New Hampshire.” American Journal of Science 283: 739-761.

Hitchcock, CH, 1883, “The early history of the North-American continent.” Science 2: 293-297.

Hitchcock, CH, 1890. “Significance of oval granitoid areas in the lower Laurentian.” GSA Bulletin 1: 557-
558.

Kohn, M J, FS Spear, DL Orange, D Rumble, and TM Harrison, 1992. “Pressure, temperature, and structural
evolution of west central New Hampshire: Hot thrusts over cold basement.” Journal of Petrology 33:
521-556.

Kruger, FC and D Linehan, 1941. “Seismic studies of floored intrusives in western New Hampshire.” GSA
Bulletin 52: 633-648.



A2-18
ALLEN

Kundig, R, 1989. “Domal structures and high grade metamorphism in the Higher Himalayan Crystalline,
Zanskar region, north-west Himalaya, India.” Journal of Metamorphic Geology 7(1): 43-55.

Lathrop, AS, JD Blum and CP Chamberlain, 1994. “Isotopic evidence for closed-system anatexis at mid-
crustal levels: An example from the Acadian Appalachians of New England.” Journal of Geophysical
Research 99(B5): 9453-9468.

Lathrop, AS, JD Blum and CP Chamberlain, 1996. “Nd, Sr, and O isotopic study of the petrogenesis of two
syntectonic members of the New Hampshire Plutonic Series.” Contributions to Mineralogy and
Petrology 124: 126-138.

Lyons, JB, 1988. “Geology of the Penacook and Mount Kearsarge Quadrangles, New Hampshire.” in
Guidebook for Field Trips in Southwestern New Hampshire, Southeastern Vermont and North-Central
Massachusetts, WA Bothner, editor, NEIGC 80: 60—69.

Lyons, JB and DE Livingston, 1977. “Rb-Sr age of New Hampshire Plutonic Series.” GSA Bulletin 88: 1808-
1812.

Lyons, JB, JG Campbell and JP Erikson, 1996. “Gravity signatures and geometric configurations of some
Oliverian plutons: Their relation to Acadian structures.” GSA Bulletin 108(7): 872-882.

Lyons, JB, WA Bothner, RH Moench and JB Thompson, 1997. Geologic Map of New Hampshire, New
Hampshire Department of Environmental Services and United States Geological Survey, scale
1:250,000 (in press).

Moench, RH, 1970. “Premetamorphic down-to-basin faulting, folding, and tectonic dewatering, Rangeley area,
western Maine.” GSA Bulletin 81: 1463-1469.

Moench, RH, GM Boone, WA Bothner, EL Boudette, NL Hatch Jr, AM Hussey, and RG Marvinney, with
contributions to geochronology by JN Aleinikoff, 1995. Geologic map of the Sherbrooke-Lewiston area,
Maine, New Hampshire, and Vermont, United States, and Quebec, Canada, US Geological Survey
Miscellaneous Investigations Series Map 1-1898-D, scale 1:250000.

Naylor, RS, 1969. “Age and origin of the Oliverian domes, central-western New Hampshire,” GSA Bulletin 80:
405427. '

Nielson, DL, RG Clark, JB Lyons, EJ Englund and DJ Boms, 1976. “Gravity models and mode of
emplacement of the New Hampshire Plutonic Series.” GSA Memoir 146: 301-318.

Ramberg, H, 1973. “Model Studies of Gravity Controlled Tectonics by the Centrifuge Technique,” in Gravity
and Tectonics,Dejong and Scholton, editors. New York, John Wiley and Sons: 49-66.

Robinson, P and LM Hall, 1979. “Tectonic Synthesis of Southern New England,” in The Caledonides in the
USA - Geological Excursions in the Northeast Appalachians, W Skehan and PH Osberg, editors. Weston,
Massachusetts, Weston Observatory: 73-82.

Schneiderman, J, 1988. “The Ascutney Igneous Complex,” in Guidebook for Field Trips in Southwestern New
Hampshire, Southeastern Vermont and North-Central Massachuserts, WA Bothner, editor, NEIGC 80:
209-222.

Searle, MP, J Rex, R Tirrul, DC Rex, A Barnicoat and BF Windley, 1989. “Metamorphic, Magmatic, and
Tectonic evolution of the central Karakorum in the Biafo-Baltoro-Hushe regions of Northern Pakistan.”
GSA Special Paper 232 : 47-73.

Spear, FS, 1992, “Inverted metamorphism, P-T paths and cooling history of west-central New Hampshire:
Implications for the tectonic evolution of central New England.” in Guidebook for field trips in the
Connecticut Valley region of Massachusetts and adjacent states, P Robinson and JB Brady, editors.
NEIGC 84: 446-466.

Spear, FS, J Selverstone, D Hickmott, P Crowley and KV Hodges, 1984. “P-T paths from gamet zoning: A
new technique for deciphering tectonic processes in crystalline terranes,” Geology 12, 87-90.

Spear, FS, D Hickmott and J Selverstone, 1990, “Metamorphic consequences of thrust emplacement, Fall
Mountain, New Hampshire.” GSA Bulletin 102: 1344-1360.

Thompson, Jr, JB, 1954. “Structural Geology of the Skitchewaug Mountain area, Claremont Quadrangle,
Vermont - New Hampshire.” Guidebook for Field Trips, NEIGC 46: 35-41.

Thompson, Jr, JB, 1956. “Skitchewaug Nappe, a major recumbent fold in the area near Claremont, New
Hampshire.” GSA Bulletin 67: 1826-1827.

Thompson, Jr, JB, 1988. “The Skitchewaug Nappe in the Mascoma Area, West-Central New Hampshire,” in
Guidebook for Field Trips in Southwestern New Hampshire, Southeastern Vermont and North-Central



A2-19
ALLEN

Massachusetts, WA Bothner, editor. NEIGC 80: 274-280.

Thompson, Jr, JB, 1990, “An Introduction to the Geology and Paleozoic History of the Glens Falls 1° X 2°
Quadrangle, New York, Vermont, and New Hampshire,” in Summary Results of the Glens Falls CUSMAP
Project, New York, Vermont, and New Hampshire, JF Slack, editor. USGS Bulletin 1887: A1-A13.

Thompson, Jr, JB, P Robinson, T Clifford and N Trask, 1968. “Nappes and Gneiss Domes in West-Central New
England.” in Studies of Appalachian Geology: Northern and Maritime, Zen, White, Hadley and
Thompson, editors. New York, John Wiley and Sons: 203-218.

Thompson, Jr, JB, JL Rosenfeld, JC Hepburn, and WE Trzcienski, 1997, “How does New Hampshire connect
to Vermont?” this volume (NEIGC 89).

Thompson, Jr, JB, WA Bothner, P Robinson, YW Isachsen, KD Klitgord, 1993. Centennial continent ocean
transect E-1: Adirondacks to Georges Banks, GSA Transect #18.

Thompson, PJ, 1988. “Geology of Mount Monadnock,” in Guidebook for Field Trips in Southwestern New
Hampshire, Southeastern Vermont and North-Central Massachusetts, WA Bothner, NEIGC 80: 268-273.

Thompson, PJ, DC Elbert and P Robinson, 1987. “Thrust nappes superimposed on fold nappes: A major
component of early Acadian tectonics in the central Connecticut Valley region, New England
(abstract)” GSA Abstracts with Programs 19: 868.

Zartman, RE, and GW Leo, 1985. “New radiometric ages in gneisses of the Oliverian domes in New
Hampshire and Massachusetts,” American Journal of Science 285: 267-280.

Zen, E-an, 1989, Tectonic Stratigraphic Terranes in the Northern Appalachians: Their distribution, origin and
age; evidence for their existence. 28th International Geological Congress, Field Trip Guidebook T-359.



A3-1

Middle Ordovician Section at Crown Point Peninsula

Charlotte Mehrtens, University of Vermont
Bruce Selleck, Colgate University

Location

All the stops for this trip are located within the Crown Point Reservation State Historic
Site. From the west, take NY Route 22 north from Ticonderoga, continuing north through the
Village of Crown Point. Turn east approximately five miles north of the Village of Crown
Point, following signs to the ‘Bridge to Vermont'. From the east, take VT Route 22A north
from Fairhaven, or south from Burlington area, and follow signs to 'Bridge to New York'.
Stop locations are keyed to the aerial photo. Stop 1 is in the ditch and wall of a small outpost
fort (the Redoubt) on the east side of Route 8, immediately across the highway from the
historic site entrance road. We will enter the historic site and park near the main entrance, then
walk back to stop 1. No collecting is permitted in the historic area.

Chazy Group

The internal stratigraphy of the Chazy Group in the Lake Champlain Valley was defined by
Oxley and Kay (1959). Welby (1962) provides a comprehesive synopsis of stratigraphic
relationships between exposures in New York and Vermont. Hoffman (1963) presented a
regional lithostratigraphic framework for the Montreal-Ottawa area. Fisher (1968) presents
descriptions of Chazy Group strata in the northern Lake Champlain Valley. Biostratigraphic
correlations of the Chazy Group have been attempted using brachiopods (Cooper, 1956),
trilobites (Shaw 1968) and conodonts (Raring, 1973). Speyer and Selleck (1986) summarize
major lithostratigraphic trends in the Chazy Group and the appropriateness of biostratigraphic
correlation.

The Chazy Group is nearly 250 meters thick in the northern Champlain Valley (Oxley and
Kay, 1959) but thins to the south (approximately 90 meters at Crown Point peninsula; less than
15 meters at Ticonderoga, absent at Whitehall). In the type area in the northern Champlain
Valley, a three-part subidivision into Crown Point, Day Point and Valcour Formations is
applied. The classic biostromes largely occur within the Day Point Formation. Significant
biostromal buildups are absent in the southern exposures. In the vicinity of Crown Point, the
entire Chazy Group is placed within the Crown Point Formation (Oxley and Kay, 1959),
although there is considerable lithologic variation.

The Chazy Group marks the resumption of shallow marine sedimentation following partial
emergence and subaerial erosion of the underlying Beekmantown Group during early Medial
Ordovician time. In the southern Lake Champlain Valley, the basal Chazy units are clearly in
unconformable contact with tilted, eroded upper Beekmantown Group strata. In the northern
Champlain Valley, basal Chazy Group beds are in apparently conformable contact with the
Providence Island Dolostone of the Beekmantown Group (Speyer , 1982). Rapid north-to-
south thickness and facies changes, and variations in the nature of the basal contact suggest that
the Chazy was deposited during or just after a period of block faulting which disrupted earlier
Beekmantown and older rocks in some areas. The presence of coarse, angular quartz and
feldspar grains within the Chazy Group suggests that Proterozoic basement may have been
exposed close to the areas of Chazy deposition (Selleck, et al, 1985). In the Ottawa area, basal
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Chazy consists of coarse sandstones and pebble conglomerates of braided stream origin,
indicating uplifted source terrains in that area (Hoffman, 1963).

The Chazy Group contact with the overlying Black River Group is abrupt, but evidence
for significant erosion is generally absent. At Chazy, New York, the contact is apparently
confomable (Fisher, 1968; Raring, 1973). The contact is well-exposed on the Crown Point
Peninsula and is marked by a coarse quartz sandstone with scattered large, angular feldspar
grains.

The Chazy Group at Crown Point consists largely of fossiliferous bioclastic
wackestones, packstones and grainstones, with varying degrees of post-depositional
dolomitization. Shaley, nodular limestones are present in the sequence, but are rarely exposed
at the surface. Environments of deposition varied from subtidal, storm-dominated shelf
settings to inshore sand shoals and lower tidal flats. Muddy peritidal facies are generally
absent, but intervals of penecontemporaneous cementation and karstic erosion may mark
intervals of subaerial exposure (Selleck, 1983).

Cements within the Chazy Group at Crown Point typically consist of an early equant to
prismatic lo-Mg calcite followed by later coarse calcite spar. Dissolution and chert replacement
of aragonitic bioclasts is common. Dolomitization of Crown Point carbonates is widespread,
and is highly selective in some facies. Variations in primary mineralogy (lo-Mg calcite vs.
aragonite) appear to have controlled the dolomitization of some bioclastic materials; grain size,
sorting, porosity, intensity of burrowing and distribution of early cements (and thus
permeability of materials during burial diagenesis) seem to best explain the highly variable
patterns of dolomitization (Selleck, 1988).
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Stop 1- Redoubt

Approximately 6 m of variously burrowed, slightly dolomitic, thin to medium bedded
bioclastic packstone and grainstone is exposed in this section. Some beds are relatively well-
sorted grainstones with sharp bases and are interpreted as storm deposits. Note the large
intraclasts in the base of one unit in the low ledge at the southeast corner of the ditch. These
indicate rip-up of cemented grainstone, apparently by a storm. Abundant "Girvanella" algal
oncolites are present in beds approximately three meters from the base of the section.
Rounded, dark calcite grains (abraded gastropod fragments?) form the cores of the oncolites,
and are scattered in other beds. Fossils are relatively abundant, and are best seen on slighly
weathered bedding surfaces. Trilobite fragments, brachipods, bryozoans, pelmatozoan plates,
nautiloids and large Macliurites magnus are present. Dolomite occurs in shaley weathering
laminae and in burrow fills.

The relatively high faunal diversity, general bioturbation, and storm-related
sedimentation point to a ‘low energy’, shallow subtidal environment at depths slightly below
normal wave base. The abundant algal oncolites and discrete calcarous algal fossils (e.g.
Hedstromia) suggest depths well within the photic zone. A possible modern analogue is found
in the mixed mud and sand shelf to the west of the emergent tidal flats of Andros Island,
Bahamas, as described by Bathurst (1971) and Purdy (1963).

The wavy, irregular dolomite laminae result from dolomitization of lime mud, followed
by compaction and pressure solution of calcite that produced irregular, clay- and dolomite-rich
stylocumulate seams. Preferential dolomitization of burrows is due to contrasts in permeability
of burrow-fill versus burrow-matrix sediment. The burrow-fill material retained permeability
longer during diagenesis and allowed more pervasive dolomitization. In similar facies exposed
on Bullwagga Bay (west shore of peninsula), nodular limestone with shaley dolostone seams
and stringers are present (photo 1). The limestone nodules appear to have been cemented prior
to significant burial compaction, whereas the shaley dolostone material was compacted around
the cemented limeston. The early-cemented limestones were resistant to dolomitization. This
sort of fabric selective dolomitization is common in the Chazy and Black River Groups
throughout the Champlain Valley. Can you find other evidence of early cementation in this
outcrop. Are there hardgrounds?
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Stop 2 — Gate

Cross-stratified coarse bioclastic grainstones are well-exposed near the main gate along the
entrance road and adjacent ridge. Foreset cross-strata show bipolar dip directions. Angular
quartz and feldspar grains are concentrated in certain laminae. The carbonate particles are
dominately sub-rounded, abraded pelmatozoan plates with gastropod and brachiopod
fragments. Large Maclurites fragments and grainstone intraclasts are present on the upper
bedding surfaces of the ledges east of the entrance road.

We envision the environment of deposition of this facies as a shallow subtidal wave and
current reworked sand shoal. Active transport of abraded grains may have been accomplished
by tidal currents (as suggested by bipolar cross-strata), or by storm-generated currents that
produced complex, anastomosing patterns of cross-strata and intervening reactivation surfaces.
The lack of burrowsing and well-preserved whole-shell body fossils may be due to the
inhospitable shifting sand substrate. This environment likely resembled the unstable sand
shoal environment of the Bahamas Platform (Bathurst, 1971; Ball, 1967). The scale and style
of cross-stratification here are similar to that predicted by Ball (1967) from study of the
bedfroms present on Bahamian Platform sand bodies. Similar Chazy Group facies in the
northern Lake Champlain Valley are oolitic (oxley and Kay, 1959).

Note that these grainstones are essentially undolomitized. Does this indicate early
cementation or diagenetic stabilization prior to deeper burial?

Stop 3. Low ledges adjacent to entrance road (Picnic Pavilion Ridge) approximately 50 meters
north of Stop 2.

Brown-weathering, slightly shaley dolostone exposed here contains lenses and stringers of
fossiliferous lime packstone and wackestone. As at Stop 1, trilobites, small brachiopods and
Maclurites are common. The environment of deposition is assumed to be subtidal shelf, with
less storm activity than at Stop 1.

Note that some of the fossils are almost entirely encased in dolomite, which is assumed to
be of replacement origin here. Why are some of the fossils so well-preserved, and not
dolomitized?

Stop 4 - SE moat of Fort Crown Point:

Approximately 3 meters of thickly laminated limestone and dolostone are exposed in the
southeast ‘moat’ of the British Fort. The dominant facies here is alternating 0.5-2.0 cm thick
laminae of limestone and dolostone — commonly termed ‘ribbon rock’. The limestone ribbons
are very fine peloid grainstones or ‘calcisiltites’ and appear blue-grey on slightly weathered
surfaces, and are indentations on more deeply weathered surfaces. The dolostone ribbons
weather tan-brown, and consist of an interlocking mosaic of 20-300 micron dolomite crystals
of replacement origin. Quartz silt grains are present in the dolostone ribbons, versus medium to
fine quartz sand in the limestone, suggesting that the limestone ribbons were slightly coarser
than the dolostone when orginally deposited.
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Photo 2: Typical 'ribbon' fabric. Light-weathering thick lamina are
limestone; dark-weathering are dolostone.

An erosional surface with 10-20 cm relief is exposed near the base of the south wall.
Similar erosional surfaces occur within this facies in other exposures, and appear to represent
micro-karstic solution surfaces on a tidal rock platform that developed during subaerial
exposure of cemented limestone. (See photo 3). Typically, the rock below the surface is
mostly calcite limestone, suggesting that cementation and diagenetic stabilization of the
limestone occurred prior to development of the erosional surfaces. Overlying rock contains
more dolomite. Maclurites shell hash can be found in pockets on the erosional surface,
suggesting wave transport of shells onto the rocky platform of the erosional surface.
Dolomitized burrows cut across the limestone ribbons in some parts of the outcrop, and trough
cross-strata that appear to fill low scours are also visible.

On the less weathered prominence on the SE corner of the moat, shallow scours containing
brachiopods and gastropod debris are seen. Intraclasts or pseudoclasts of limestone in
dolostone are also present. Some 'clasts’ appear to be cored by dolomitized burrows.

We interpret this sequence as a tidal flat to shallow subtidal facies. The alternating
limestone/dolostone ‘ribbon rock’ may represent rhythms of slightly coarser (limestone) and
slightly finer (dolostone) sediment deposited on the lower reaches of a tidal flat, similar to the
bedding described by Reineck and Singh (1980) from the mud/sand tidal flats of the North
Sea. These coarse-fine alternations might also reflect storm-related, ebb-surge deposition.
Early cementation of the slightly coarser limestone ribbons made this lithology less susceptible
to later dolomitization, which affected the finer, muddy ribbons that are now dolostone.
Variations in intensity of burrowing reflect subtle differences in duration of subaerial exposures
of the flat and/or extent of reworking by tidal currents. Limited iz sifu faunal diversity is
expected in a stressed tidal flat setting. The absence of mudcracks and evaporite minerals may
indicate that only the lower portion of a humid climate tidal flat system is preserved here.
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Photo 3: Limestone (dark) forming sharp, scalloped erosional surface beneath dolostone
above. The limestone was cemented prior to deposition of overlying sediment. Later
dolomitization altered only burrow-fill material in dark limestone, whereas sediment above
was throughly dolomitized.

Stable carbon and oxygen isotope analysis of limestone and dolostone ribbons from this
facies are presented in Figure 2. The oxygen isotopic signatures of the dolomite, and later calcite
spar, are consistent with precipitation of these phases from relatively light waters (meteoric) at
low temperatures (10-30 degrees C), or from isotopically heavier waters (seawater or saline brines)
at elevated temperatures (100-200 degrees C). Preliminary fluid inclusion analyses on late coarse
calcite spar cements indicate temperatures of precipitation in the range of 150-170 degrees C, with
salinities 10-15 wt. % NaCl equivalent {(2-3x seawater salinity). This suggests that some
cementation, and perhaps dolomitization, occurred during later deep burial of these rocks.
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Figure 2: Carbon and oxygen isotope signatures of
‘ribbon rock’ carbonates
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Stop 5: Parade Grounds near Barracks:

As we enter the parade ground from the southwest corner of the moat, note the array of
carbonate rocks used in construction of the barracks. Chazy, Black River, and rare Trenton
lithologies can be identified. Restoration of the barracks began in 1916. More recently,
starting in 1976, the New York State Division for Historic Preservation undertook protection
and stabilization of the ruins.

The low rock pavement just north of the barracks is within the upper part of the ‘ribbon
rock’ unit seen at stop 4. Immediately up-section, cross-stratified grainstone beds are visible.
Coarse quartz and feldspar sand is easily seen on weathered surfaces. Trough cross-strata and
‘herringbone’ co-sets of planar-tabular cross-strata are visible on the low vertical faces. Large,
angular clasts of slightly dolomitic grainstone and Maclurites are present on bedding surfaces.
We interpret this facies as a current-dominated sand shoal environment similar to that seen at
stop 2.

Note the polygonal pattern on some outcrop surfaces. Are these mudcracks?

Black River Group

The Black River Group in the Champlain Valley is a relatively thin unit (85-90 feet thick)
consisting of massively-bedded wackestones to packstones representing deposition in lagoonal
to shallow subtidal environments. The gradual deepening characterizing this unit and
continuing into the Trenton Group and overlying shales is interpreted to represent foreland
basin subsidence during the Taconic Orogeny. This gradual deepening was punctuated by both
shallowing and deepening events on macroscopic (meters) as well as microscopic (cm) scales,
the latter visible only in thin section. The Black River Group is so lithologically variable in
New York/Ontario/Vermont that stratigraphic names have proliferated, however the Pamelia,
Lowville (House Creek and Sawyer Bay Members) and Chaumont Formations can be
recognized in the Champlain Valley. Bechtel (1993) summarizes the evolution of nomenclature
applied to this unit.

Stop 6 W parade grounds

Bechtel and Mehrtens (1993) suggested that the sandstone unit in the westernmost parade
ground is the basal sandstone of the Black River Group, an interpretation which differs from
that of Speyer and Selleck (1988) who suggested that this unit was part of the underlying
Chazy Group. In thin section this sandstone is a quartz arenite in composition, very poorly
sorted, containing fewer lithic fragments and phosphatic fragments than Chazy sandstones.
Visible at the very easternmost portion of this ridge an overlying buff-colored dolomite bed
containing pockets of quartz sand (burrow infills?) is exposed. The sandstone and dolomite
lithologies are very similar to those described by Walker (1972) for the Pamelia Formation at
the type locality in New York. Alternatively, placement of the sandstone within the Chazy
Group is consistent with the common presence of coarse quartz and feldspar sand within the
Chazy here, whereas siliciclastic material in the Black River Group at Crown Point is mainly
fine silt and clay. Whatever the stratigraphic placement of this unit, it marks an interval when
sands were transported from a nearby (Adirondack?) source area. This period of subaerial
exposure of the shelf was followed by marine reworking of the sand, and deposition of the
muddy carbonates of the basal Black River Group.
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Stop 7 Northeastern moat

There is approximately 4 feet of covered interval between the parade grounds and moat
exposures.

The wall of the northeasternmost moat exposes several feet of the lower Black River Group
(Lowville Formation, House Creek Member). At the base of this exposure a series of
stylolitized gastropod-bearing (Liospira) wackestone beds are overlain by thick beds of
Phytopsis-burrowed aphanitic mudstones. This sequence can be interpreted as an example of a
“classic” shallowing-up cycle consisting of subtidal to peritidal lagoonal muds. Examine the
sharp contact of the aphanitic mudstone with the overlying wackestones, a contact which in
thin section appears to be a firmground (Bechtel, 1993).

Examination of Phytopsis burrows in thin section reveals that many are filled with graded
(fining-up) geopedal silt, evidence of cementation in the meteroic vadose zone (see text photo).
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At other localities in the Champlain Valley, several of these cycles comprise the base of the
Black River. Of the three motifs of repetitious bedding in the Black River Group, these cycles
occur at the largest, macroscopic scale and are interpreted to represent 4th order (10,000 to
100,000 years) or smaller cycles.

Continuing upsection, several thick packstone beds are exposed. More detailed
examination of these beds reveals that they consist of alternating one to three inch thick
intraclast and oncolite-rich packstone horizons interpreted as tempestites, interbedded with
fossiliferous wackestone/packstone horizons. The tempestites, or storm-generated deposits,
consist of graded and crudely imbricated intraclasts and skeletal fragments. Note the nature of
the upper and lower contacts of these horizons. Horizons of tempestite beds within in situ
fossiliferous muds is a second motif which occurs throughout much of the Black River Group.

It is instructive to spend several moments sketching the basal six feet of the moat exposure.
Your sketch could illustrate the basal SUC’s as well as the upper and lower contacts and
internal fabric of the tempestite-rich beds.

SKETCH HERE

The uppermost third of the outcrop appears to be a massive bed of limestone, however
closer examination also reveals small scale “cycles” of alternating wackestone/packstone and
grainstone, the third motif of bedding in the Black River. These are characterized by a base of
thinly laminated or cross laminated grainstone horizons 1 to 2 inches thick, overlain by
fossiliferous wackestones and packstones. In thin section the bases of the grainstones can be
identified as firmgrounds, recognizable by the truncations of allochems and cements in the
underlying mud.
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The photograph below illustrates the nature of the contact between a peloid-rich grainstone

of the base of a cycle and the top of the underlying packstone. The scalloped surface and
truncated grains and allochems are characteristic of these contacts.

The very top of this exposure (best seen at the next outcrop) exhibits a burrow mottled
fabric with selected dolomitization of many burrows. Tetradium occurs in live position in these
horizons.

Stop 8 East-west ridge

A black chert layer near the top of Stop 7 provides the correlation to Stop 8, the outcrop
across the service road.

The limestone beds on this ridge commonly consist of alternating wackestone/packstone
and planar to cross laminated grainstone beds as seen at Stop 7, however bedding plane
exposures permit identification of many fossils in these, the most faunally diverse beds in the
Black River. Specimens of gastropods (Liospira, Lophospira, Hormotoma). Lambeophyllum.
Tetradium, stromatoporoids, the bivalve Cyrtodonta, Strophomena sp. and cephalopods are
recognizable. This ridge is most notable for its bedding plane exposures of Tetradium and
Lambeophyllum and is interpreted as recording a wave baffle margin lithofacies described by
Walker (1972) at the type section.
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A sketch of the third type of cycle, laminated grainstone overlain by bioturbated
wackestone, with special attention paid to the nature of the contacts between cycles, would be
appropriate. These sequences are interpreted to represent smaller scale 4th order ‘micro-cycles’

that could be the result of facies mosaicing and/or small scale base level changes.

SKETCH HERE

There are at least two distinct types of chert occurences in the Black River. One appears to
be fabric selective: infilling horizontal burrows, for example (many other burrows are
dolomitized). The other chert occurrence is less frequent and consists of broad, bedding
parallel sheets. The uppermost chert horizon on this ridge, traceable down to the shoreline, is
of this latter variety. Clearly, there was a significant source of silica available for chert
formation, perhaps a combination of silica derived from sponges (Tetradium?) and bentonite
alteration (the Ordovician sequence in the Champlain Valley is notorious for the paucity of
bentonites compared to equivalent strata in central New York and Quebec). In thin section the
chert cross cuts all previous cements, including late fracture-filling calcite, and is therefore the
youngest, latest example of diagenesis in these rocks.

Stop 9 Quarry

Be extremely careful around the quarry - the thick algal scum in the quarry water obscures
where the grass begins and the quarry wall drops off.

The older, weathered south walls of the quarry show, by color differentiation, two cycles.
Closer examination of the more accessible north wall reveals more occurences of the third motif
of Black River bedding: 8 to 10 inch thick beds of planar laminated skeletal and peloidal hash
overlain by burrowed wackestones overlain by an intraclast-rich horizon. Interbedded with
these cycles are also tempestite couplets of mudstone/wackestone and fossil hash layers in
which brachiopod-rich layers are abundant (look for ‘nested’ pockets of shells).
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Sketch the interbedding of the two cycles:

Before leaving the quarry area, note the numerous quarried blocks stacked between the
quarry and the shoreline. See if you can recognize cycles, and from these, topping directions.

Stop 10- Shoreline

Uppermost horizons in the quarry can be traced down to the shoreline to the north where
the Black River section continues (Chaumont Formation of the Black River Group) with small
covered intervals up to the Trenton Group limestones. Shoreline bedding planes exhibit
horizontal burrows of Chondrites, opercula of Maclurites, and polished surfaces also reveal
large intraclasts, in other words the same internal stratigraphy that could be viewed in cross
section on the quarry walls.

Cement Stratigraphy of the Black River Group

There are multiple types of cements present within the Black River limestones which record
a complex diagenetic history. The general cement stratigraphy pattern records early
nonluminescent cement associated with precipitation in oxidizing waters of the shallow
meteoric phreatic zone. With increasing reducing conditions, bright and dull luminescent
cements represent precipitation in shallow burial conditions. Ferroan calcite with dull to
nonluminescence represents precipitation in a late burial situation from high temperature burial
fluids. Early marine Black River Group micritic cement is ferroan and very dull luminescence
representing deposition in a reducing, lagoonal environment. Subsequent cementation took
place in the shallow meteoric phreatic zone, with nonluminescent cements with bright rims
representing oxidizing conditions becoming slightly more reducing with burial. These
observations are consistent with those of Mussman, et al. (1988) who interpreted such patterns
to be related to a cratonward-dipping meteoric water lens beneath tidal flats. Tectonic uplift
would lead to stagnation of the aquifer and increasingly reducing conditions. Within this
general pattern, however, there are many variations in the Black River limestones which record
frequent base level changes associated with sea level fluctuations and block fault movements in
the Taconic foreland basin. These base level changes have produced numerous firmgrounds
(at all Black River localities) as well as beachrock (at Amold Bay) and paleo-karst (at Arnold
Bay, Chippen Point and Sawyer Bay localities) horizons.
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Fractures are common throughout the Black River and their cements record ev o' »Lng burial
conditions. The following two photos illustrate some of the observed patterns. In tt I
1 two cement events are visible in the fracture. The first consists
hedral crysta Is extending outward from the fracture wall. These are interpreted to hav
n precipitated in the meteoric phreatic zone. The later large ferroan equant blockz' cryvstals in
the center of the fracture represent a late burial cement p“eﬂmm.tec under reducing conditions
(field of view 1.8cm).

In the second photomicrograph, taken under cathodoluminescence (field of view 0.5mm),
the zoning of rhombohedral crystals infilling a fracture can be seen. The very symmetrical
zoned patterns starts (from the interior outward) with a nonluminescent nonferroan core, a dull
rim, a bright orange rim, another dull rim, to another bright rim and fading to nonluminescent
outer rims. The nonferroan to ferroan zonation is indicative of increasing reducing conditions
L.urwng cementation. The cement stratigraphy of the fractures indicates that their formation

cured throughout the diagenetic history of the Black River, from early syndepositional events
associated with karst and beachrock formation, through to deep burial.
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Trenton Group

The contact between the Trenton and Black River Groups is covered at most localities in the
Champlain Valley, probably because the thinner-bedded and finer-grained Trenton is easily
weathered. At Amold Bay, to the northeast of Crown Point, the contact is exposed and is
interpreted to be a disconformity. The dark gray colored, massive homogenous beds of the
Black River are in sharp contact with the rubbly, laterally discontinuous beds of the Trenton.
Here at Crown Point the Trenton is thinner than elsewhere in the Valley (28 feet), which
MacLean (1987) suggested might reflect deposition on a down thrown block in the Taconic
foreland basin. MacLean measured 50 feet of Glens Falls in the section at Button Bay (a few
miles to the north of Crown Point) which, because it includes both the upper and lower
contacts with the Black River Group and Cumberland Head Formation, respectively,
represents the only complete exposure of this unit in the Champlain Valley. Bechtel (1993)
summarized the variable nature of the Black River/Trenton contact around the Champlain
Valley, New York and Ontario and noted that the regional variation seen would be expected in
a foreland basin actively undergoing syndepositional block faulting

Stop 11- Shoreline of eastern Bulwaga Bay

Continuing up the shoreline from the uppermost outcrops of Black River a thin covered
interval (4’) occurs before the basal beds of the Glens Falls Formation. The Glens Falls is
characterized by thin, nodular to wavy bedded wackestones, mudstones and rare grainstones, a
very different type of bedding style and faunal assemblage from the underlying Black River.
Bedding planes along the shoreline contain mostly Chondrites and Helmenthopsis burrows,
however as one moves up section recognizable pieces of Cryptolithus, Isotelus, orthid

rachiopods, Stictopora, and Prasopora simulatrix can be found, the latter is important
because it permits the correlation of the lower Glens Falls here in the Champlain Valley to the
lower Denley Limestone at the Trenton type section in central New York.

Maclean (1987) interpreted the lithofacies of the basal Glens Falls to represent
sedimentation in a shallow subtidal environment periodically influenced by storm activity. In
thin section the nodular and wavy bedded wackestones appear thoroughly bioturbated, a
process which would influence and inhance subsequent differential compaction. Grainstone
beds exhibit more planar bases with basal skeletal fragment lags or finely crushed debris of
brachiopod, trilobite and crinoidal material capped by mud (see thin section photo below).
MacLean interpreted these as tempestite deposits.
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Based on lithologies, fossil assemblages and sedimentary structures, or the lack thereof,
the Glens Falls Formation is interpreted to represent sedimentation in a deeper water, subtidal
setting relative to the Black River deposits. For those familiar with lower Trenton localities in
central New York the paucity of fossiliferous bedding planes here at Crown Point is
noteworthy. The overall fine grain size and ichnofauna suggest that bathymetry increased
significantly and rapidly from the Black River into the Glens Falls, a transition which might
reflect not only rising sea level but base level changes as well. The sedimentologic and faunal
transitions from the Glens Falls to the overlying Cumberland Head Argillite and Stony Point
Shale is much more gradational that that of the Black River/Glens Falls contact.
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WILSON - CARBON CYCLE LINKAGES:

THE IAPETAN CYCLE AND EARLY PALEOZOIC CLIMATE

by
D. N. Reusch, Dept. of Geological Sciences, University of Maine, Orono, ME 04469

INTRODUCTION

Viewing the Earth as a system raises a number of intriguing questions about relationships
between tectonic and surficial processes. The geochemical carbon cycle illustrates particularly
well some of the linkages among the different subsystems of Earth. Through the course of a
Wilson cycle of seafloor growth and destruction, tectonic processes rearrange the global pattern
of C sources and sinks. Consequently, variations in the partial pressure of atmospheric carbon
dioxide (pCO,) may influence climate. A major effort is underway to establish the Cenozoic
climate record and to determine the role of tectonic processes in climate change. This effort is
based largely on marine cores. Whereas Paleozoic records are less complete, they are accessible
and easily viewed where preserved on cratons or in orogenic belts. These records pose a variety
of problems that should stimulate research leading to a better understanding of the earth system.

A pertinent example of a tectonic event with ramifications for climate is the Taconic orogeny
(Chamberlin, 1899; Raymo, 1991; Kump et al., 1995; Gibbs et al., 1997; Reusch and Maasch,
1997). This large-scale disturbance may have played a key role in Ordovician global change by
turning CO, sources (subduction systems) into CO, sinks, as calcium and magnesium-rich
silicates within marine arc and ophiolite assemblages were uplifted, exhumed, and weathered.
The weathering of these materials consumes atmospheric CO, when Ca and Mg ions are leached,
transported to the ocean, and deposited in carbonate minerals. In a speculative scenario, the
attempted subduction of the Laurentian passive margin led to decreased degassing, increased
availability of soluble mafic lithologies for reaction with CQ,, and increased burial of organic C.
The implied CO, drawdown suggests that a decreased greenhouse effect caused the Late
Ordovician ice age.

Effects of climate on tectonic processes have also been noted (Hoffman and Grotzinger,
1993; Sleep, 1995). Precipitation influences the tectonic style of an orogen by enhancing
erosional fluxes. Ranges subjected to high rainfall are rapidly eroded, expose high grade
metamorphic rocks, and are flanked by their detritus. Arid ranges stand high, in contrast, and
mass flows outward via thrust faults. Other factors equal, metamorphic rocks from wet climates
should record steeper dP/dt (change in pressure through time) and dT/dt (change in temperature
through time) than equivalent rocks from dry climates. The absence of a wide Taconic fold and
thrust belt may imply a maritime climate and extensive erosion. High erosion rates, in turn,
enhance CO, consumption by making silicates available for weathering.

This field trip across the Taconic orogen from Port Henry, NY to Bethel, VT will focus on
materials and reaction sites relevant to the global CO, budget (Figs 1 and 2; Table 1). The trip
should provide an overview of both Taconic geology and the geochemical (long term) C cycle. It
will not present specific results of detailed local investigations but should provide a general
context for future research on the role of tectonics in the C cycle, climate, and other aspects of
global change. More questions will probably be raised than answered.
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Fig. 1a. Route of field trip
from Port Henry, NY
to Bethel, VT
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Location Name Lithologies | Age Tectonic Significance for CO,
significance
1 | Port Henry Grenville calc-silicate, | Middle continental thermal degassing
graphite Proterozoic | crust
marbles
2 | Crown Point | Glens Falls | carbonates Middle top of arc-continent collision
Orwell Ordovician carbonate as CO, switch (on/off)
Valcour platform
3 | Snake MNberville shales Middle foreland silicate weathering;
Mountain Ordovician basin organic C burial
4 | Ripton Cheshire ortho- Early base of spurt of sea-floor
Gorge quartzite Cambrian passive spreading? (degassing)
margin
5 | Texas Falls | Pinney pelitic Early metamorphic | implications of
Hollow schists Paleozoic core exhumation for CO,
6 | Verde serpentinite, | Cambro- ophiolite degassing;
Antique carbonate Ordovician suture silicate weathering
quarry
7 | Rochester Stowe chlorite and | Cambro- basement degassing and organic
Mt. graphitic Ordovician | relative to C burial
schists Stop 8
8 | Bethel Shaw Mt. calcareous Silurian successor silicate weathering;
quartzite basin organic C cycle

Table 1. Field trip stops.

Historical background

More than 150 years ago, major insights into the geochemical cycling of C were made by the

French chemist and mining engineer Jacques Joseph Ebelmen (Ebelmen, 1845; Berner and
Maasch, 1996). Based largely on comparisons of unaltered and weathered materials, Ebelmen
inferred the principal inorganic and organic reactions governing the C cycle. Ebelman grasped the
significance of these reactions for atmospheric composition. Not long after Agassiz had
publicized evidence for past climate change, Ebelmen hinted at how atmospheric composition
might affect climate.

Before the end of the 19th century, A.G. H6gbom developed the concept of the geochemical

C cycle and Svante Arrhenius quantified the role of CO, in warming the atmosphere via the
“greenhouse effect” (Hogbom, 1894; Arrehenius, 1896; Berner, 1995). The eclectic American
geologist T.C. Chamberlin noted a correlation between ice ages and orogenies (1899). His
prototype working hypothesis, which has yet to be rejected, states that mountain building leads to
global cooling by increasing the availability of silicates for weathering and consumption of CO,,.

In the 20th century, stable isotope geochemistry has aided in the quantification of the C cycle

(Appendix A). A number of geochemists have modeled the C cycle (see Berner, 1991 or 1994 for
references), and at least some of the model results suggest that pCO, may play an active role in
long-term climate change. In the Berner-type models, silicate weathering serves as an important
negative (stabilizing) feedback, considered by some to be the principal planetary thermostat

(Walker et al., 1981; Volk, 1987).

The past decade has witnessed intense interest in the earth system and global change, and a

plethora of pCO,-forced climate change hypotheses have been proposed. Raymo (1988, 1991)
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suggested that erosion-driven consumption of CO, by silicate weathering forced the Cenozoic and
other global cooling events (also Bickle, 1996). Kerrich and Caldeira (1993) related warm
climates to increased subduction and degassing of carbonates; Selverstone and Gutzler (1993)
arrived at just the opposite conclusion by noting a correlation between Cenozoic cooling and
long-term removal of sedimentary C by subduction. The organic C cycle has been invoked as
both a cause of cooling (Derry et al., 1992; Raymo, 1994) and of warming (Beck et al., 1995).

CARBON CYCLE

The C cycle refers to the movement of C through different rock and fluid reservoirs. The
atmosphere, oceans, cryosphere, and biosphere have interacted extensively with the lithosphere
through earth history. Carbon plays important roles in each of these subsystems. In the form of
CO,, it behaves as a greenhouse gas, elevating the temperature of the atmosphere. Carbon is the
fundamental element of the biosphere. In natural waters, inorganic C regulates pH and organic C
exercises a strong influence on redox conditions. Carbonate rocks and hydrocarbon deposits
constitute quantitatively significant parts of the solid Earth.

Twa— — _ . J
le__ g e TR L — — ] atmosphere-ocean
- )
- er
~
~
Jwe | P be Nwg
T oL carbonate organic
) (inorganic C) carbon J mg

Figure 3. Carbon cycle. See text for explanation.

The vast majority of C in the Earth (outside of the mantle) exists in carbonate minerals (5000
x 10" moles) and as organic C (1250 x 10'* moles) (Berner et al., 1983). Organic C occurs chiefly
as kerogen in sediment, but also as coal, oil, and gas. In comparison, the combined atmosphere-
ocean reservoir contains only 3 x 10" moles, and the miniscule atmosphere reservoir contains
approximately 1/60th of the amount of C in the ocean reservoir. Thus, on a million year time
scale, the atmosphere-ocean reservoir behaves more as a conduit than a reservoir, because the
residence time of C in this small reservoir is negligible. The relationship between the partial
pressure of atmospheric CO, (pCQ,) and the net rate at which C flows to and from rock reservoirs
is complex (e.g., Berner, 1994). Inputs of C to the atmosphere include volcanic degassing and
oxidative weathering of reduced organic C. The rates of the two output processes, silicate
weathering and organic C burial, are dependent on atmospheric pCO,, which results in important
stabilizing (negative) feedbacks. For example, volcanic degassing tends to increase pCO,, which
enhances silicate weathering through the direct effect of CO,, augmented by increased
temperature, precipitation, and plant activity.
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The C cycle operates because of the differential movement of C-bearing phases and their
respective stability fields. Generally, carbonates and organic C compounds are not stable at high
temperature, carbonates are not stable at low pH, and reduced C is not stable at high pe (high
electron activity or redox level). When tectonic, climatic, or biologic forces cause environmental
parameters to change, the C phases may react and cause a flux between reservoirs. Three highly
generalized reactions account for the principal C fluxes.

CO,+ H,0 = CH,0 + O, (1
CO, + CaCO; + H,0 = Ca™ +2HCO; )
CO, + CaSiO, = CaCoO, + Si0, 3)

Each reaction has two or more fluxes associated with it, depending on the direction and cause
of the reaction. Fig. 3 shows how the six main fluxes link the three reservoirs.

Jpg = burial of organic carbon (eq. 1 left to right);

J g = Oxidative weathering of organic carbon (eq. 1 right to left);
Jmg = thermal oxidation of organic carbon (eq. 1 right to left);
J,,. = burial of carbonate (eq. 2 right to left);

J . = dissolution of carbonate (eq. 2 left to right);

J . = thermal decarbonation (eq. 3 right to left).

In addition, silicate weathering is the reverse of thermal decarbonation (J.).

], = silicate weathering (eq. 3 left to right).

With respect to the rock reservoirs, these C fluxes can be thought of as additions at the water-
sediment interface (J,,. and J,,), subtractions via weathering from the top of the reservoirs (J
and J,,), and subtractions from below (Jinc and J ). With respect to the atmosphere-ocean
reservoxr just the opposite is true. The level of C m the atmosphere-ocean reservoir is generally
assumed not to have shifted wildly through time since evidence for either a runaway icehouse or
runaway greenhouse has not been recognized in the geologic record (with the exception of a
widespread hiatus in Precambrian strata that could signify a frozen planet [Cesare Emiliani, 1995,
pers. com.]). This assumption makes it possible to model the geochemical C cycle as a succession
of steady states. The sum of inputs, J,. + J,, therefore equals the sum of outputs, J,,. + J,, + Jpc
+ J .- The mass balance for C in the atmosphere-ocean reservoir can be further sxmphﬁedg
because the total carbonate burial flux (J,,.) equals the sum of the carbonate and silicate
weathering fluxes (J,,. + J,)). Thus, on a million year time scale, the sources of atmospheric CO,
(metamorphic degassing and organic C weathering) must closely match the sinks (silicate
weathering and organic C burial). Check the algebra! Some parameters used to calculate C fluxes
in C cycle models are shown in Table 2.
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C flux | sea- pelagic | land | relief | runoff vegeta- | temper- | product | anoxia | mineral
floor | carbon | area tion ature, ivity surface
s.rate | ate CO, area

J mg X

Jmc X X

J bg X X X X

Jwg X X X

J we X X X X

J ws X X X X X

Table 2. Parameters multiplied to obtain C flux estimates in C cycle models (e.g., Berner, 1990).

Different tectonic settings favor different C fluxes, for example active magmatic arcs are sites
of degassing and rifted margins are sites of C accumulation. Table 3 shows C fluxes that may be
dominant in particular settings. The settings are arranged in order of the Wilson (supercontinent)
cycle. Note that periods of earth history dominated by seafloor spreading and subduction may be
accompanied by high degassing rates, high pCO,, and warm climate. The culminations of Wilson
cycles, characterized by collisions, may be accompanied by high weathering rates, low pCO,, and
cool climate.

Tectonic setting Thermal degassing | Organic carbon Ca, Mg silicate Organic carbon
(J e and ng) weathering (Jwg) weathering (J,,) burial (J t,g)
source source sink sink

rift 7

spreading center X

subduction zone X

arc-continent x (early) X X

collision zone

continent-continent X X

collision zone

Table 3. Carbon fluxes thought to be quantitatively significant in specific tectonic settings.

GEOLOGIC RECORDS AND INTERPRETATIONS
The Iapetan cycle

The Iapetan cycle began in latest Precambrian time with the breakup of the hypothesized
short-lived supercontinent Pannotia (Powell, 1995; Dalziel, 1997). Pannotia was the successor to
Rodinia, the supercontinent formed as a result of the Grenville Orogeny at 1 Ga. Subsequently,
during the Late Proterozoic, Rodinia broke apart resulting in the Cordilleran margin of Laurentia.
Pannotia formed as a consequence of the Pan-African consolidation of East and West Gondwana,
with Laurentia attached to West Gondwana through this interval. The prominent rise in marine
¥'Sr/ *Sr ratios that lasted into the Cambrian has been attributed to sialic crust exposed in Pan-
African orogens (Kaufman et al., 1993). During the latest Proterozoic, Laurentia separated from
the present west coast of South America (in this reconstruction), breaking Pannotia apart and
resulting in the Iapetan margin of Laurentia.
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By earliest Cambrian time, a transition from rifting to full-fledged seafloor spreading was
underway (Williams and Hiscott, 1987). Through the Cambrian, Iapetus grew into a wide ocean
basin. The Laurentian margin, located at low latitude, accumulated orthoquartzites and later an
extensive carbonate platform (Fig. 4). Across Iapetus lay the Avalonian microcontinent, possibly
a peri-Gondwanan landmass. The Avalon platform also accumulated orthoquartzites during the
earliest Cambrian. Its later development differed substantially, however, as it became a site of
siliciclastic rather than carbonate deposition.

Ma Laurentia Iapetus climate biology
420

1

cover
sequence

430 -
land plants

440 < clastic wedge @ iccage extinction

450 - friata radiations

460 - morphism % anoxia

470

480

peri-Laurentian arc

1

490

i

500

1

510
520

530

transgression begins ) .
540 - ©) explosion

550 - rifting

560 - Figure 4. Correlation of selected tectonic, climatic, and biologic events.

Toward the end of the Cambrian, Iapetus began to self-destruct, which led to a series of
collisions. Ophiolitic melanges mark the subduction zones. The earliest collisions occurred
internally, for example the Penobscot orogeny in which the Boundary Mountains (Chain Lakes)
and Gander terranes were sutured together (Boone and Boudette, 1989).
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Figure 5. Queenston clastic wedge (modified from Rodgers, 1971). This clastic
wedge extended from the Taconic orogen westward a third of the way across the
continent. It reached its maximum extent during the Late Ordovician. A prominent
glaciation occurred on Gondwana during this interval.

Ordovician
tillites

Figure 6. Silurian unconformity. Most of the Silurian strata in the

northern Appalachian Orogen were deposited unconformably on deformed
Ordovician marine facies. One exception is the Aroostook-Matapedia Belt

(AM), where sedimentation was continuous through the interval of Taconic
orogeny. Modified from Pavlides, 1968.
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(modified from Mac Niocaill et al., 1997). In the following reconstruction for Late

Ordovician - Silurian, Avalonia is shown as having collided with Laurentia.

Arcs shown in black.

Before collision, arc is net source of CO2;
after collision and CO,
uplift, arc is a

net sink of CO2.
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Figure 8. Passive margin - arc collision (e.g., Hamilton, 1988). The arrows
suggest how the plate boundary evolves from a net source to a net sink of

COy.
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During the Middle Ordovician, the Laurentian margin, from Newfoundland to the southern
U.S., entered a subduction zone. By Late Ordovician time, clastic wedges extended westward
over the Laurentian craton (Fig. 5). By Silurian time, continental or shallow marine sediments
began to accumulate on formerly marine tracts which, in most places, had been deformed,
uplifted, and eroded (Williams, 1967; Fig. 6). Locally, sedimentation was continuous through this
interval (e.g., Aroostook-Matapedia belt of northern Maine and the Maritimes; New World Island
in NF, Reusch, 1987). In Maine, Silurian unconformities occur on both sides of Iapetus. The post-
Taconic evolution of the Appalachian Orogen is not at all straightforward, but by Devonian time,
the eastern Avalonian continent was firmly welded onto Laurentia.

Unconformities are of particular interest with respect to the C cycle because they represent
former surfaces of interaction with the atmosphere. The composition of the basement, before it
was covered, influenced the composition of the contemporaneous atmosphere-ocean. The field
trip traverses four Paleozoic unconformities, shown in Table 4.

Name (Stop no.) Age of oldest cover | Basement Cover Comments
Taconic Silurian variable quartzite major angular
unconformity (8) unconformity
forebulge (?) Middle Ordovician | carbonates limestone disconformity
unconformity (2)

rift-drift transition | Cambrian rift deposits orthoquartzite weak angular
(4) unconformity
Great late Precambrian Grenville basement | rift deposits major
Unconformity (4) nonconformity

Table 4. Unconformities. These erosional surfaces constituted part of the “lining” of the
atmosphere. The basement composition is pertinent to the composition of the contemporaneous
atmosphere-ocean.

The record of surficial systems and possible tectonic linkages

The latest Precambrian (Vendian) period set the stage for the Cambrian “explosion” of
skeletalized animals (Kaufman et al., 1993). Widespread glaciations occurred at 600 Ma (Young,
1995). These Varanger glaciations have been ascribed to various mechanisms such as 1)
widespread uplift contemporaneous with supercontinent rifting and 2) Taconic-style arc-passive
margin collisions (initial Pan-African orogenies) during the assembly of Gondwana (Reusch and
Maasch, 1997). Later in the Vendian, the first metazoa (Ediacaran fauna) evolved and flourished.
Derry et al. (1992) attribute high 8"°C values during this interval to preservation of organic C due
to high sedimentation rates (perhaps related to Pan-African orogenesis). They turther suggest a
related increase in pO,, which may have enabled the Ediacaran metazoa to evolve. Kaufman et al.
(1993) stress that the prominent increase in marine *Sr/ *Sr ratios follows the Varanger
glaciations; i.e., increasing marine *'Sr/ *Sr ratios can not be linked to a causal mechanism for
global cooling as suggested for Phanerozoic glaciations by Raymo (1991).

Generally, Cambrian through Middle Ordovician climates were warm. No important tillites
are known from this interval, despite Gondwana having occupied a polar position. The basal
Cambrian transgression and a contemporaneous decrease in marine 'St/ *°Sr ratios suggest a
surge of seafloor spreading at this time (Nicholas, 1996). Higher spreading rates, in turn, may
have sent the planet into greenhouse mode. The pattern is analogous to the beginning of the
Mesozoic-Cenozoic supercycle. As in the Cretaceous, the deep ocean may have become warm
and anoxic. Near the base of the Middle Cambrian, the Avalon platform hosts magnesium
carbonate deposits (Anderson, 1987; Emiliani, 1992), which perhaps may have precipitated when
Mn-saturated bottom waters upwelled onto the platform and were oxidized.
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During Middle Ordovician time, black shales were deposited all across Iapetus and in other
parts of the world (Leggett, 1978). The cause of this event is unclear. Similar shales in the early
to middle Miocene Monterey Formation were deposited during a warm interval before the middle
Miocene cooling event. Positive shifts in 8"°C values coincide with both intervals of organic C
deposition. Evidence for Middle Ordovician climate is meager, but a cooling trend may have
begun by the late Middle Ordovician (Patzkowsky et al., 1997). A second relevant comparison is
with the early Eocene warming and negative shift in 8"°C values that Beck et al. (1995) linked to
uplift, erosion, and weathering of organic C-rich sedimentary margins during the first phase of
Himalayan orogenesis. From these examples, it appears that the initial uplift of passive margins
(Laurentia during the Ordovician, India during the Eocene, and Australia during the Miocene)
may perturb the organic C cycle but in different ways.

Widespread marine invertebrate radiations took place through the Middle and Late
Ordovician (Miller and Mao, 1995). These radiations have been related to the development of
diverse new habitats, specifically foreland basins, created during the Taconic collision (Fig. 7).
Much of this biologic creation was, however, undone, by the mass extinction at the end of the
Ordovician.

At the end of the Late Ordovician, quite suddenly, the world cooled for a short period of time,
probably less than a million years (Brenchley et al., 1994; Kump et al., 1995). Tillites were
deposited on Gondwana (some of these may be found in southwestern Nova Scotia in the
Meguma terrane of Gondwanan affinity). The Late Ordovician ice age has been explained by the
passage of Gondwana over the south pole. However, the rapidity of the cooling is inconsistent
with typical plate velocities. An alternative explanation invokes a drop in atmospheric pCO, (Fig.
8). Model results suggest that pCO, was generally high through the early Paleozoic (Berner,
1990), but recent work suggests that it may have decreased enough to trigger glaciation (Gibbs et
al., 1997; Crowley and Baum, 1995). Maxima in C isotopic records (closest samples from
Anticosti Island, Quebec) occur at the same level, and Brenchley et al. (1994) suggest that
organic C burial may have been the cause rather than an effect of the cooling. A silicate
weathering mechanism for CO, drawdown is also compatible with the tectonic record and may
have been necessary to obtain sufficiently low background pCO,.

Following the Late Ordovician ice age, climate warmed abruptly. During Silurian time, plants
colonized the continents. An important question is why did they wait until the Silurian to invade
this new habitat? A highly speculative possibility is that the increased oxygen production implied
by the latest Ordovician C isotope anomalies led to increased stratospheric ozone and decreased
ultraviolet radiation, a limiting factor for land plants.
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OVERARCHING QUESTIONS

In closing, the merging of traditional geology with earth system science prompts a variety of
questions that can be asked about the geologic record of the Appalachian Orogen.

eHow much of the Laurentian passive margin sequence, including geochemical variations, was
influenced by processes of a global nature? (Stop 4)

Do Taconic-style passive margin-arc collisions cause global cooling by transforming the
convergent plate boundary from a CO, source into a CO, sink? (Stops 2, 3, 5, 6, 7, 8)

eWhat is the relationship between exhumation of the Taconic metamorphic core, the Late
Ordovician Queenston clastic wedge, contemporaneous orographic precipitation, structural
style of the Taconic foreland, and CO, sinks (silicate weathering and organic C burial)?
(Stops 3 and 5)

*Do arc-ophiolite lithologies play a disproportionate role in the C cycle because 1) their high
temperature genesis is intimately associated with degassing phenomena and 2) their Ca and
Mg silicate-rich compositions make them potent CO, sinks when exhumed and weathered?
(Stops 6 and 7)

eWhat is the relationship between the widespread Silurian unconformity of the Appalachian
Orogen and the specific mechanism of Taconic arc-continent collision restricted to the
western part of the orogen? (Stop 8)

eHow much C passes from the sedimentary realm into the metamorphic realm? (Stop 1)
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ROAD LOG FOR TRIP A-4

Assembly time and place: Friday, September 19, 1997, 8:00 AM. We will assemble at the
public boat launch and picnic area in Port Henry. This location is reached by taking Beach Road,
which intersects NY 9N/22 0.3 miles north of the center of Port Henry (junction of NY 9N/22 and
Broad Street). This is the same location described by McHone (1987).

Following a brief overview of the geochemical C system, lapetan/Taconic cycle, and possible
tectonic-climate linkages we will visit the first stop, located about a mile to the north.
Significance of stops is indicated by bold font, descriptions and explanations by plain font, and
questions for discussion by ® symbols and italicized font.

MILEAGE
0.0 Turn right out of parking lot and return via Beach Road to NY 9N/22.
0.2 Turn right on Rte. 9N/22.

0.6 Entrance to Craig Harbor Campground. Turn right and proceed down steep hill. Bear left
on first unpaved side road to campsite by cliff.
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STOP 1: GRENVILLE MARBLE, Port Henry, NY.

Some of the sedimentary C carried to depth by orogenic processes returns to the
external realm of Earth as a consequence of thermally enhanced reactions. The
remainder resides in the internal realm for long durations.

The Grenville basement exposed here samples mid-crustal levels. The cliff is a scarp
along one of the normal faults that mark the boundary between the Champlain Lowlands
and Adirondack Massif (note patches of mafic dike that intruded along the fault).
Differential weathering is well developed due to the high solubility of calcite. Most of the
cliff is coarse-grained graphite-bearing marble with large (up to meter-size) fragments of
calc-silicate material and gneiss scattered through it. Calc-silicate minerals, also
disseminated in the marble along with quartz and pyrite, include diopside and garnet. A
pocket of graphite occurs near the base of the outcrop. Towards the east is a steeply-
dipping, well-foliated hornblende-rich gneiss. Note the 20 cm thick reaction zone along
the contact with the marble.

® How long have the C atoms in the calcite and graphite, within these metasediments,
resided in the crust?

® Generally, how are rocks that crystallized in the mid-crust exhumed? ® Through time,
what has been the relative importance here of erosion vs. tectonic denudation?

® What fraction of sedimentary C successfully makes it through the “calc-silicate”
isograd from the external realm of Earth to deeper levels? ® For calc-silicate reactions,
what limits the reactions: water, silica, or another factor? ® Why hasn’t the quartz been
entirely consumed? ® For the C now present in graphite, what factors limited the release
of C from precursor organic compounds? ® Is all of the graphite derived from organic C
in the parent sediment?

The modern weathering surface is instructive for estimating relative solubilities. ®Which
proceeds at a faster rate, oxidative weathering of graphite or dissolution of calcite?
®How might physical processes influence chemical weathering of minerals with different
hardnesses? Grenville basement was exposed twice during the Iapetan cycle, during the
late Precambrian rifting event and following the Taconic collision. ® During the rifting
event, what type of climate is likely to have prevailed in the interior of the Pannotian
supercontinent? ® What implications would this climate have had for chemical
weathering ?

® Js the sialic crust exposed during orogenic events typical of average continental crust,
which is thought to be generally andesitic (Rudnick, 1995)? (For silicate weathering, only
Ca and Mg silicates are relevant to the C cycle.) ® For those with isotopic vision, what is
the ’Sr/ *°Sr composition of the calcite here? Edmond (1992) has argued that K, Rb-rich
phases (feldspars), which accumulate ¥'Sr, are resistant to chemical weathering and that
large amounts of “'Sr are only released following Himalayan-type metamorphism, during
which the ¥Sr migrates into more soluble phases. Recent studies in the Himalayan
foreland attribute increases in riverine ¥'Sr/ *Sr ratios to exposure of radiogenic
metacarbonates (Quade et al., 1997). Studies in the Baltic Shield region (Ravizza and
Peucker-Ehrenbrink, 1996) show that sialic crust also hosts very radiogenic Os (possibly
in a sulfide such as molybdenite).

Turn left (south) on NY 9N/22.

Center of Port Henry.
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South of Port Henry, the highway follows one of the Adirondack normal faults. Note
oxidized outcrops of basement rocks. The oxidation of sulfides is an important sink for
atmospheric oxygen. ® Given that the insoluble iron oxide coating inhibits further
weathering, does this process act as a negative (stabilizing) or positive (accelerating)
feedback with respect to atmospheric pO,?

Turn left on NY 8 towards Crown Point and bridge to Vermont.

Turn left at Crown Point State Historic Site. A fee may be charged, $4.00 for vehicles
with under 10 passengers and $25.00 for vehicles with 10 or more passengers.

STOP 2: TOP OF CARBONATE PLATFORM, Crown Point, NY

The sequence at the top of the carbonate platform records the onset of collision
between the Laurentian passive margin and an outboard trench-arc system. The
plate boundary may subsequently have converted from a site of net CO, production
to a site of net CO, consumption, triggering the Late Ordovician ice age. The
distinctive facies sequence, including the transition to flysch deposits (Stop 3), is a
clear indicator of passive margin — arc collision; the abundance of fossils facilitates
dating of the collision.

For a detailed account of the classic exposures at this stop, see Mehrtens and Selleck (this
volume, Trip A3). We will focus on just three features pertinent to the theme of this trip.
A disconformity (Station D of Baldwin, 1987) occurs in shallow water facies of the
Valcour Formation; subsequent facies of the Valcour and Orwell Formations (Station G)
record progressively deeper water; and the uppermost limestones of the Glens Falls
Formation (Station I) contain argillaceous partings foreshadowing the arrival of easterly
derived orogenic sediment.

A disconformity exposed at Station D and in the nearby moat is subtle but, in view of its
possible regional extent and tectonic significance, provocative. Following deposition of
Lower Ordovician carbonates on a slowly subsiding shelf, the Laurentian platform was
locally uplifted as much as 500 meters (Jacobi, 1981) before subsequent drowning. In
Newfoundland, karst features developed, and Mississippi Valley-type Zn-Pb
mineralization formed within the basement. ® Does the disconformity at Station D
reflect the pre-trench forebulge? The 'St/ **Sr composition of unmetamorphosed marine
carbonates is intermediate between low mantle values and very high sialic (continental
crust) values. ® What effect would the dissolution of these highly soluble carbonates,
during the sculpting of this unconformity, have had on the global *’Sr/ *Sr signal?

Above the disconformity, the first beds are shallow water facies, but the overlying beds in
the remainder of the Valcour Formation, Orwell Limestone, and Glens Falls Formation
record deepening environments (Mehrtens and Baldwin, 1976; Selleck and Baldwin,
1985; Baldwin, 1987). In the Orwell, black chert is sparse near the base but forms a
prominent discontinuous layer near the top. In the silica geochemical cycle, silica enters
the marine system via terrestrial weathering, hydrothermal solutions, and dissolution of
marine siliceous deposits. ® [s it possible that the crude trend of increasing silica in the
Orwell Formation reflects the influence of the approaching Taconic arc?

The Glens Falls Limestone is fossil-poor, was deposited below the photic zone, and
contains argillaceous partings foreshadowing the first easterly derived detritus. ® Why do
these partings weather recessively?
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Bradley (1989) compiled ages for the time of “platform drowning” both along strike and
perpendicular to the strike of the Appalachian Orogen. The integrated time of “platform
drowning” pre-dates by some ten or so million years the time of maximum extent of the
Queenston clastic wedge (Rodgers, 1971), which was contemporaneous with the Late
Ordovician ice age. ® How much delay should be expected between the entry of a
passive margin into a trench and maximal uplift and erosion of the resulting orogen?

Turn left on NY 8 and proceed over bridge across Lake Champlain to Vermont.

Turn right on VT 125.

The erosional flux from the Taconic orogen, controlled in part by contemporaneous
rainfall, competed with tectonic deformation in determining the architecture of the
foreland fold and thrust belt. The low mountain to the east is Snake Mountain, held up
by resistant quartzites of the Middle Cambrian Monkton Formation in the upper plate of
the Champlain thrust. This thrust marks the approximate western limit of the Appalachian
Orogen. The Taconic fold and thrust belt here is barely 10 miles wide, much narrower
than the equivalent Alleghanian belt of the southern Appalachian Orogen. ®What was
the original width of the foreland fold and thrust belt? ® Can the relationship noted by
Hoffman and Grotzinger (1993) between aridity and tectonic style be applied to the
Taconic foreland?

Intersection with VT 22A. Proceed across highway and continue along unpaved road
(Market Street).

Intersection with East Street. Continue east on Market Street.

Outcrops of Middle Ordovician shales on right. These shales lie stratigraphically above
the carbonates at Crown Point. They display a prominent pencil cleavage, forming
splintery rubble.

Park along road and walk to quarry.
STOP 3: ORDOVICIAN FLYSCH, Snake Mountain, VT

Clastic wedges that flank orogenic belts imply enhanced silicate weathering and
organic C burial, the two principal CO, sinks.

“Flysch”, a useful term for orogenic sediment of marine facies and early timing in the
development of an orogen, overlies the carbonate platform. The Taconic flysch is
composed of detritus from the collided passive margin and arc system. Heavy mineral
assemblages in sandstones indicate the presence of eroding ophiolites within the Taconic
orogen (Hiscott, 1978; Nelson and Casey, 1979; Rowley and Kidd, 1981). Chromite
appears in the oldest flysch, considerably before the time of “platform drowning” and
subsequent Queenston clastic wedge. Hiscott (1984) and Garver (1996) have shown how
the trace elements Cr and Ni measured in shales can be used to infer the extent of
exposed mantle through space and time.

The quarry outcrops expose thinly bedded dark gray shale beds, light gray calcareous
beds, and a few tan-weathering dolomitic beds. ® Given the arguments for an eastern
source, how might these beds fit into the larger depositional framework?

Turn left on VT 125. Proceed east to Middlebury. Classic karst features occur in the
Champlain Valley. In Weybridge, a few miles to the north, an extensive cave system in
Ordovician limestones illustrates the high solubility and consequent large, erratic porosity
of these carbonates.
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Turn right on VT 7. The mountain front to the east marks the boundary between the
Cambro-Ordovician carbonate platform of eastern Laurentia and distal parts of the
Laurentian margin, which have suffered considerably more deformation and
metamorphism.

Turn left on VT 125 towards the mountain front.
Cross VT 116 near East Middlebury.

Cross bridge over Ripton Gorge and park on far side. Exercise caution returning by foot
across narrow bridge. Descend to outcrops in stream below bridge.

STOP 4: BASE OF PASSIVE MARGIN, Ripton Gorge, VT.

Passive margins respond to sea level variations and host the principal records of
pre-Mesozoic global change. They are sites of extreme fractionation, and major
reservoirs of C (inorganic and organic), Ca, Mg, Si, and Al.

Thickly bedded, white orthoquartzites of the basal Cambrian Cheshire Formation crop
out along the Middlebury River. Upstream, these beds rest unconformably on arkosic
beds of the Pinnacle Formation, which in turn rest with profound nonconformity on
gneisses of the Precambrian Mount Holly complex. The arkosic beds are interpreted as
rift facies. The gneissic basement forms part of the Green Mountains Grenville Inlier.

Recent work on the New Jersey passive margin has shown an excellent agreement
between sedimentary sequences and glacioeustatic cycles (Miller et al., 1996). The
sequence boundaries are unconformities sculpted during glacioeustatic sea level fall.
Cambro-Ordovician strata of the Champlain Valley show a number of transgressive-
regressive cycles. ® Given that most of the Early Paleozoic is thought to have been ice-
free, what caused these cycles? The major transgression coincident with Cheshire
deposition was probably global in extent (e.g., Random Formation on the Avalon
Platform in Newfoundland). Furthermore, orthoquartzite deposition was also widespread.
Nicholas (1996) correlates a decrease in marine *St/ **Sr ratios with a surge of seafloor-
spreading at this time.

The Laurentian passive margin is composed of materials that were produced by extensive
weathering. Three orthoquartzite wedges in the stratigraphic section east of the
Champlain thrust merge westward into the Potsdam Formation that transgressed
Laurentia through the Cambrian. When clastic sediment was absent, the warm shallow
waters were ideal for carbonate deposition. ® What is the relative importance of tectonic
setting, climate, and PCO, (which is thought to have been high through this interval) in
producing compositionally mature sediment? ® Does supermature sediment imply, in
addition to long residence time in a hot and wet weathering realm, high pCO, in order to
completely weather the feldspars?

The distribution of dolomite in the Champlain Valley sequence prompts questions about
the Mg cycle. Cambrian carbonates are essentially all dolostones. Lower Ordovician
carbonates include a mix of limestone through dolostone. The top of the sequence is
nearly pure limestone. Dolomite clasts in limestone indicate penecontemporaneous
formation of dolomite, but the age of the massive dolostone units is difficult to constrain
(Reusch, 1976). Ultimately, most Mg is derived from weathering of mafic minerals such
as olivine and pyroxene. ® Why are the oldest but not the youngest carbonates in the
Champlain Valley dolomitized? ® Is dolomite distribution simply facies controlled? Or
does the decreasing abundance of Mg carbonate reflect diminishing Mg sources?
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Continue east on VT 125. We cross over an inlier of Grenville basement in the vicinity of
the town of Ripton.

Breadloaf Campus of Middlebury College.

Middlebury Gap. On both sides of the Grenville basement, the mantling metasedimentary
rocks, here assigned to the Hoosac Formation, are interpreted as rift facies. Along
Interstate 89 (on strike to the north), these rift units are composed of metamorphosed
coarse sediment locally riddled with black amphibolites (dikes indicating extension).

Turn left on road to Texas Falls.
Park at Texas Falls.
STOP 5: CORE OF TACONIC OROGEN, Texas Falls, VT.

The metamorphic core of the Taconic orogen contains high pressure mineral
assemblages (Laird et al., 1984). The exhumation of these once deeply buried
materials was linked with orographic precipitation, clastic sedimentation in the
foreland (and overall style of the foreland), and C fluxes (degassing, organic C
weathering, silicate weathering, and organic C burial).

The rocks at Texas Falls are green chlorite-muscovite-quartz schists. Magnetite is locally
present. Dismembered and folded quartz veins are common, and indicate, along with rare
isoclinally folded beds, extreme deformation. Schistocity strikes just east of north and
dips approximately 50 degrees to the east, consistent with a position on the east flank of
the Green Mountain Anticlinorium (GMA).

Rocks on the east flank of the GMA are generally interpreted as continental margin
deposits later incorporated into the Taconic accretionary prism (e.g., “polydeformed and
metamorphosed mixed assemblage at the precarious east edge of ancient North America”
of Williams, 1978). Sedimentary C would have been released during growth of this
accretionary prism as wet sediments progressively lost their volatile component. Modern
analogs, e.g., the accretionary prism exposed in Barbados, host CO, springs.
Subsequently, the exhumation of the deeply buried metamorphic rocks implies CO,
consumption, via silicate weathering, and accelerated pace of the organic C cycle.

® What is the relationship between the quartz veins and dehydration and release of C
from the precursor sediments? ® How does the timing of quartz veining fit into the
sequence of deformation? ® Considering that inorganic and organic C are affected by
different reactions as they move through a subduction system (i.e., organic C may be
oxidized and returned to the surface as CO, at a higher level and earlier than inorganic
C), what might be the consequences for large-scale fractionation of C isotopes?

The locus of high pressure Taconic metamorphism occurs on the east flank of the GMA
(e.g., blueschists described by Laird et al., 1984). The occurrence of high pressure
metamorphic rocks at the surface of the Earth implies considerable exhumation. If
exhumation was achieved largely by erosion (as opposed to tectonic denudation via
detachments), then the occurrence of these rocks also implies considerable silicate
weathering and CO, consumption, especially where arc-ophiolite assemblages capped the
structural pile. Significantly, most of the world's orogens preserve only small erosional
remnants of ophiolites that are inferred to have been much more extensive in the past.
Contemporaneous rainfall would have been a significant factor in determining the
relative amounts of erosional and tectonic denudation. ® Whar evidence can be used to
infer paleo-rainfall over the Taconic orogen? ™ Were sources of moisture available
before the system evolved into an intracontinental suture? ® Do estimates of
paleolatitudes place the orogen near equatorial rain belts? ® Could a positive feedback
have developed between uplift and orographic precipitation soon after the young orogen
began to rise?
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Turn left on VT 125.
Hancock. Turn right on VT 100 and proceed south.

View east of rugged terrane underlain by ophiolitic mélange. Knobby terrane typically
characterizes mélanges made of resistant blocks enclosed in matrix of less resistant
material. Generally, VT 100 follows the U.S. extension of the Baie Verte - Brompton
Line interpreted as the fundamental suture between Laurentian rocks and accreted
terranes (Williams and St. Julien, 1982). Of interest to historians of science, the terrane
view of orogens put forth by Coney et al. (1980) has roots here in this part of Vermont:
“...in the context of current plate tectonic theory, once one takes a single step east of the
Green Mountain anticlinorium everything to the Bay of Maine is of suspect geo-political
allegiance” (Coney et al., 1972; Williams and Hatcher, 1983).

Turn left (east) on Quarry Road.

Stay left on main road.

Park above Vermont Verde Antique International quarry.
STOP 6: OPHIOLITE SUTURE, Rochester, VT.

A small serpentinite body is actively being quarried by Vermont Verde Antique
International. PLEASE EXERCISE EXTREME CAUTION. THE OPERATOR HAS
GRACIOUSLY OFFERED TO LET US EXAMINE BLOCKS FROM THE QUARRY.
IF THE CRANE IS NOT IN USE, WE MAY BE ABLE TO EXAMINE THE
SPECTACULAR EXPOSURE JUST EAST OF THE QUARRY. IF YOU HAVE A
HARD HAT, ADDITIONAL ACCESS MAY BE PERMITTED.

Ultramafic and mafic rocks contain abundant Ca and Mg silicates. High
temperatures associated with their genesis promote reactions that drive CO, into the
atmosphere. Following generally tortuous histories, in the weathering environment
these materials supply Ca and Mg ions which combine with atmospheric CO, to
make seafloor carbonates.

Blocks in the quarry area display the variety of lithologies found in the ultramafic body.
Some of the blocks are run through with a network of carbonate-talc veins, which
weather light tan. Massive chromitite occurs in one block.

The contact between the serpentinite and overlying chlorite-epidote greenstone is well
exposed on the east side of the quarry (Sanford, 1982). A 2 m thick zone of white-
weathering rock dips moderately east and separates the ultramafic from the mafic rocks.
The bottom meter is dominantly veined carbonate-talc-actinolite material and the top
meter iS a massive actinolite schist. Beneath this white layer, the top of the serpentinite
body is sheared (platy, fish-scale serpentinite). The top contact of the white layer is also
sheared, forming a talcy schist.

In Berner-type C cycle models, global degassing is estimated according to seafloor-
spreading rates, assuming that most thermal release of C takes place at spreading centers
and subduction zones. Appalachian ophiolites may not be representative of lapetan crust
and mantle, but they do illustrate the processes associated with generation of lithosphere.
Direct release of mantle C may take place at spreading centers, although the abundance
and distribution of C in the mantle are not well known. Additionally, spreading centers
affect the C cycle indirectly via hydrothermal circulation. Seawater acidifies when it
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passes through the crust due to the oxidation of reduced material, e.g. iron sulfide
(pyrite). Upon release to the ocean, the acid waters cause the carbonate equilibria to shift
by the conversion of carbonate to bicarbonate and of bicarbonate to carbonic acid, which
exsolves CO, to the atmosphere.

The sedimentary cover of Paleozoic ophiolites is either siliciclastic material or chert. The
calcareous nannoplankton deposits that cover Cenozoic oceanic crust are absent. Martin
(1995) implies that higher pCO, during the Paleozoic did not permit growth or
preservation of calcite plankton in the open ocean. This relationship is a corollary of the
generally accepted solution to the “faint sun paradox” (i.e., to maintain a generally
uniform mean temperature through time, greenhouse warming must have been stronger in
the past; during the Early Paleozoic, the sun was 4.5% fainter than it is now).

Ultramafic rocks, due to their relatively low silica contents, are highly reactive when
emplaced into crustal settings. Steep chemical gradients exist between peridotites and
silica-rich surroundings, which cause extensive alteration zones to develop at the margins
of these rock bodies. One style of reaction involves the production of talc-carbonate
assemblages, making this process a sink for CO,. ® What is the likely source of the C
trapped in these rocks? Sanford (1982) has shown that much of the mineral and element
distribution is explained by diffusion across the steep chemical gradients, with Mg
migrating outward from the ultramafic body and Si and C migrating inward. He thought
that this metasomatic redistribution of elements took place during Devonian
metamorphism because it overprints the serpentine assemblage.

In the weathering environment, fresh ultramafic rocks are highly soluble. Olivine and
pyroxene, which dissolve congruently, are efficient C sinks, consuming one mole of CO,
per mole of Mg (or Ca). These materials are so reactive that locally groundwaters have
been entirely stripped of C species, with carbonate deposited within the rock (as opposed
to the more typical fate of carbonate, which is to be incorporated into marine tests). The
resulting spring waters are dilute Ca-OH solutions with very high pH (Barnes et al., 1978;
Drever, 1988). Elsewhere, waters derived by interaction with serpentinites have been
reduced, locally giving off hydrogen gas. Reactions between CO, and these minerals are
exothermic, and Klaus S. Lackner of Los Alamos has suggested that CO, might actually
be used as an energy source (Beardsley, 1995).

Backtrack on Quarry Road.

Turn left (south) on VT 100.

Outcrops of greenstone on left.

Rochester. Turn left on Bethel Mountain Road (Rochester Mt. Rd. coming from Bethel).
Turn left (stay on Bethel Mountain Road).

Park on right side of road. Cross road to outcrops.
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STOP 7: PRE-SILURIAN BASEMENT, Rochester Mountain.

The pre-Silurian basement beneath the Taconic unconformity includes marine
sediments (C reservoirs) and volcanic materials, whose genesis was associated with
CO, degassing.

These outcrops consist of green chloritic schists and rusty-weathering pyritic-graphitic
schists, formerly black shales. The ages of these units are difficult to infer. The age,
correlation, and origin of the graphitic units will be topics for discussion.

Volcanic rocks of the Lower Ordovician Moretown Formation lie a few miles to the east.
The Moretown rocks are interpreted as an arc terrane. At the time of their eruption, the
arc system was a source of CO,. ® What igneous and deformational processes within an
arc system enable CO, to escape from rock reservoirs at depth to the atmosphere?

® Prior to Mesozoic time, how would the absence of carbonates on the seafloor have
affected the C cycle?

Of fundamental importance to the C cycle is the fate of arcs following collision with
passive margins. ® Are they preserved somehow or are they destroyed by erosion when
the upper plate of the arc system is elevated out of the ocean by underthrusting of
buoyant sialic crust? Uplift of arcs following collisions seems almost unavoidable. # Do
extensional detachments develop, translating the volcanic carapaces 1o sites of
preservation and exposing the plutonic levels of the arcs? At any rate, the Taconic
unconformity (Stop 8), sculpted following aborted subduction of the Laurentian passive
margin, extends the full length and, arguably, nearly the full width of the Appalachian
orogen.

Long roadcut, similar to previous stop (note 50 foot layer of graphitic schist; also minor
hematitic schist). Note the generally lower and flatter topography to the east that
characterizes the Siluro-Devonian metasedimentary terrane of the Connecticut Valley -
Gaspe Synclinorium.

Turn left (north) on VT 12.

Turn right just before bridge across Gilead Brook onto dirt road. Park and walk north to
the brook.

STOP 8A: SILURIAN COVER, Bethel, VT.

The Silurian cover sequence contrasts sharply with the Ordovician basement. The
development of an extensive erosional surface carved deeply into arc terranes
(formerly sites of degassing) implies silicate weathering and CO, consumption,
which may have contributed to Late Ordovician global cooling.

Silurian cover and Ordovician basement rocks are well represented in stream boulders.
Brown weathering calcareous quartzites (or silty limestones) are from Silurian strata.
Light-weathering amphibolites with a strong fabric are from the Ordovician basement.
The contact between these units is shown to lie near the VT 12 bridge just upstream (Doll
et al., 1961). However, it is not easily located and neither is it easy to assess the extent to
which the unconformity has been modified by Acadian events. (Note: The first exposures
in the stream are metamorphosed Devonian turbidites, related to the Acadian orogeny.)

® What implications does the strong contrast in composition between Silurian cover and
Ordovician basement (e.g. quartzite on basalt) have for the C cycle?
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The extent, both along and across strike, and “depth” (i.e. amount of basement removed)
of the Taconic unconformity bear on estimates of C fluxes that may have affected Late
Ordovician climate. Silurian unconformities have been documented across nearly the full
width of the Appalachian Orogen (Pavlides, 1968; Rodgers, 1971; Williams, 1978).
®How many of these are genetically related to the specific mechanism of Taconic
collision with Laurentia? In Maine, a Silurian unconformity is widespread, from the
Jackman area (Silurian on Ordovician Attean Pluton) to coastal Maine (Silurian on
basalts at Ames Knob, North Haven Island). However, in the Aroostook-Matapedia belt,
sedimentation was apparently continuous and of a carbonate-rich nature through the Late
Ordovician, although the margins of this basin received detritus. ® The Ames Knob site is
probably not a part of the Taconic orogen, based on faunal arguments, but if it is, what
implications does this have for later strike-slip movements and placement of inboard
elements outboard?

The Silurian locally contains very red shales and sandstones (red beds). A positive carbon
isotopic shift in the latest Ordovician suggests anomalous organic C burial and
production of oxygen (O,) and, perhaps, stratospheric ozone (O,). ® Is the implied
decreased ultraviolet radiation, due to O, buildup, a viable explanation for the
subsequent colonization of land by plants during the Silurian?

Turn left (south) on VT 12.

Bethel. Turn left (east) on VT 107.

Turn left (north) on Christian Hill Road.

Turn left (northwest) on Davis Hill Road.

Park by outcrops on right.

STOP 8B: SILURIAN COVER, Bethel, VT.

QOutcrops of shale and calcareous quartzite as in brook boulders.

Return to Killington-Pico region. Take VT 107 west to VT 100, turn left (south) to U.S.4.
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APPENDIX A
ISOTOPE GEOCHEMISTRY AND THE CARBON CYCLE

The major isotopic fractionation associated with photosynthesis causes organic matter to be
depleted in “C relative to "°C. Variations in the C isotopic composition of seawater, inferred from
calcium carbonate tests, are due to either 1) imbalances in the organic and inorganic fluxes (e.g.,
if the input flux is constant, seawater becomes enriched in >C when the organic C burial flux is
increasing relative to the carbonate burial flux) or 2) variations in net fractionation (e.g., seawater
becomes enriched in '>C with more overall fractionation). Photosynthetic fractionation tends to be
greater at high pCO, because plants can afford to be more selective.

Marine ¥St/ *Sr and '“'Os/ ***Os ratios also bear on the geochemical C cycle because Sr and
Os participate in reactions affecting C (weathering, hydrothermal exchange, dissolution of
sediments). For these heavy isotope systems, the isotopic composition of the water that has
interacted with a particular mineral assemblage depends largely on the parent/daughter ratios and
ages of the minerals and the relative solubilities of the minerals. Table 5 summarizes effects of
different C fluxes on pCO, and isotopic compositions. Table Sa contrasts the effects on pCO, and
marine Sr/*Sr ratios of weathering soluble Ca and Mg-rich materials found in arc-ophiolite
assemblages and of weathering less soluble sialic materials making up continental crust. Table 5b
is an expanded version of Table Sa.

Carbon flux Effect on pCO, Effect on ¥’St/ *Sr
weathering of sialic crust (J,)) weak CO, sink (decrease) increase
weathering of arc/ophiolite (J,) strong CO, sink (decrease) decrease/flatten

Table Sa. Effects of silicate weathering on pCO, and marine 'St/ **Sr ratios. Note I is split into
two component fluxes, J,. (a for sima) and J, (I for sial).

C flux Effect on CO, on §°C on ¥'Sr/ *Sr on '¥Qs/ "*¥0s
Jog increase ? none ?

I increase 7 s none

L decrease increase none none

Joe none (long term) none none

. increase decrease none increase if old
e none (long term) weak increase tlatten none

) decrease none increase increase

I decrease none decrease/flatten ?

Table 5b. Carbon fluxes vs. effects (expanded version of Table 5a).
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GLACIAL GEOLOGY OF THE CENTRAL
CHAMPLAIN VALLEY, VERMONT

Craig Heindel, Heindel and Noyes, P.O. Box 64709, Burlington, VT 05402-4709

INTRODUCTION

This fieldtrip visits sites that illustrate the glacial and post-glacial deposits and history of
the central Champlain Valley on the Vermont side. It is based on existing studies and
information, generally conducted by numerous researchers in the 1930s (Chapman), 1970s
(Wagner, Connally, others), and various graduate students throughout the decades. See the
1972 NEIGC guidebook for several pertinent articles and road logs.

The Champlain Valley was completely covered by Laurentian ice, which produced till,
a few short sections of eskers, and striations on bedrock surfaces. During the receding stages
of the ice, glacio-fluvial features such as kame terraces and kames were deposited. An
extensive kame terrace is found along the east side of Rte. 116, from south and east of
Hinesburg village southward to Starksboro village (and beyond). Kames are found at the
north end of this kame terrace. As the ice was receding, meltwater was prevented from
flowing northward due to the presence of the ice lobe in the northern end of the Champlain
Valley, so a large pro-glacial lake was formed in the Champlain Valley, dammed by glacial
deposits in the Glens Falls, N.Y. area (see 1972 NEIGC guidebook, and others, for details).
Deltas formed at river mouths into the several stages of this lake (called Lake Vermont), which
was much larger than present-day Lake Champlain. Bottom sediments were deposited, to
depths of many tens of feet. Spillways formed in saddles, from smaller pro-glacial lakes ice-
dammed in the hills to the east flowing into Lake Vermont or other pro-glacial lakes. When the
ice finally receded north of the St. Lawrence River, salt water from the Atlantic Ocean entered
the valley because the north end of the valley had been depressed below sea level by the weight
of the ice. This bay of the Atlantic, called the Champlain Sea by geologists, also produced
deltas and bottom sediments, and contained abundant marine life (one example of which is the
whale skeleton seen in the Perkins Museum of Geology at UVM). Isostatic rebound eventually
caused the north end of the Champlain Valley to rise above sea level, isolating the basin.
Freshwater inputs rapidly produced a freshwater lake, the current Lake Champlain, which
drains northward.

ROAD LOG

Stop #1: Mt. Philo State Park (if possible), for view of entire southern Champlain Valley;
Location: 0.6 miles east of Rte. 7 between North Ferrisburgh and Charlotte, at State
Park Rd. and Mt. Philo Rd..

Stop #2: Shelburne “Two-till locality”, to see:

* lodgement till;

* striations on bedrock.
Location: from Stop #1, return to Rte. 7 and go north for 5.6 miles, through Charlotte,
to the Countryside Motel (east side of Rte. 7, 1 mile south of Shelburne village). Ask
permission to park at motel, or park in pulloff on west side of Rte. 7 located 0.1 miles
north of motel. “Two-till locality” is the steep eroded face of till on the northeast flank
of McCabes Brook immediately west of the motel. At least two cross-cutting directions
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of striations are seen on the bedrock surface exposed along the southwest edge of the
brook, 100 feet downstream from the till face.

Stop #3: Lake or marine bottom sediments.

Location: Palmer or LaBerge farm fields, on either side of Thompson’s Point Road,
Charlotte. From Stop #2, go south on Rte. 7 for 5.5 miles, almost back to State Park
Rd. (which goes east to Mt. Philo State Park). Turn west (right) on Thompson’s Point
Road. Ask permission at the Palmer farm (large white farmhouse on Rte. 7 located 2
houses south of Thompson’s Point Rd., or at the LaBerge farm -- the first farmhouse
on Thompson’s Point Rd. west of Rte. 7 on the north side, at the corner with
Greenbush Rd. Dig holes in any of the farm fields. Set topsoil plug aside; after re-
filling hole with deeper soil, replace the topsoil plug.

Stop #4: Lake Vermont delta, built out over pre-existing kame terrace.

Location: Hinesburg Sand and Gravel, Inc., gravel pit, Rte. 116, in South Hinesburg.
From Stop #3, go north to Charlotte, turn east (right) on the Charlotte-Hinesburg Rd.
to Hinesburg village, turn south (right) on Rte. 116, go 3.3 miles south on Rte. 116
to South Hinesburg. Gravel pit is 0.1 miles south of South Hinesburg, on east side.
Ask permission at the scale house to drive in and look. Go only where directed, and do
not get out of vehicles -- federal mining regulations are very  strict about
unaccompanied visitors -- infractions could subject the owner to heavy fines, and
would threaten his decades-long cooperation with visiting geologists.

On the way out, pull in to the usually-unmanned smaller state gravel pit located at the
extreme western edge of the delta, behind the wooden equipment shed. If state
transportation workers are present, ask permission. If not, be cautious, inspect the
deposit only from the floor of the pit, and do not climb the pit face (dangerous
overhangs).

This huge delta was created by the Winooski River (diverted by an ice dam from its
“preferred” channel further north) flowing into Lake Vermont.

Stop #5: Kame terrace.

Location: east of Rte. 116, located 0.4 miles north of South Hinesburg, or 2.3 miles
south of Hinesburg village. From Stop #4, go north on Rte. 116 for 0.4 miles, to a
small private dead-end dirt road that heads east (right) up a steep hill from Rte. 116 just
beyord a long wooden equipment shed and barn. Looks like a farm road or driveway.
Driv= up to the open field, about 0.2 miles east of Rte. 116. Ask permission of the
farm=r on Rte. 116, or the homeowners beyond the field. The fields are the top surface
of a very large kame terrace that extends, with several large gaps, about 3 miles to the
north (almost to Rhode Island Comners), and about 5 miles to the south (almost to
Starksboro village). If permission is granted, walk east to the contact between the
eastern edge of the kame terrace and the till-veneered hillside.

Stop #6: Kames.

Location: northeast of corner of Hinesburg-Richmond Rd. and Texas Hill Rd. From
Stop #5, go north on Rte. 116. In 0.3 miles, coninue straight north on North Rd.
where Rte. 116 curves sharply to the west. Continue north on North Rd. At about
1.7 miles north of Rte. 116, look for small gravel hills on either side of road. At
intersection with Texas Hill Rd. and Hinesburg-Richmond Rd., observe the small hills
northwest of this intersection. All of these sandy-gravelly hills previously mentioned
are kames.
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Stop #7: Tiny Lake Vermont delta.

Location: south side of Butternut Lane, 0.7 miles east of Rte. 2A in St. George. From
Stop #6, go west on the Hinesburg-Richmond Rd. through Mechanicsville to Rte. 116,
turn north (right) on Rte. 116, go north to Rte. 2A, turn right (north) on Rte. 2A, go
about 2.2 miles north to Butternut Lane, turn east (right) on Butternut Lane, go about
0.7 miles on Butternut Lane to a narrow pullover on the south (right) side opposite a
driveway. Ask permission at the house up the driveway. The deltaic surface is at the
top of the streambank to the south; scramble up the steep hill to the east of the overhead
utility lines. Back down at the bottom, find the lowest sands of the delta in the vertical
streambanks just above the water surface, and the lake bottom sediments in the
streambed a few tens of feet downstream from the pullover.

Stop #8: Spillway.

Location: South of West Oak Hill Rd., Williston. From Stop #7, go west on Butternut
Lane back to Rte. 2A, turn north (right) on Rte. 2A, go north 1.6 miles to West Oak
Hill Rd. Tum east (right) on West Oak Hill Rd., go about 1 mile (past Sunset Hill Rd.
on the right) to a small gravel pit and construction yard on the right. Park, walk south
over a small rise to the north edge of the spillway (flow was from east to west). Return
to vehicles, continue east on West Oak Hill Rd., observing the spillway through the
trees to the south (right). Its mouth is at the intersection of West Oak Hill Rd. and Oak
Hill Rd. Notice the lag boulder pavement here.

Stop #9: Huge Champlain Sea delta (Winooski River).

Location: Sand pit east of Redmond Rd., Williston (owned by Hinesburg Sand and
Gravel Co.; may be the site of a lined landfill in future years). From Stop #8, return
west to Rte. 2A, and turn north (right). Go north past I-89 and through Tafts Corner
(see Windshield Site #9A below, beginning at Tafts Corner) to the stoplight at
Mountain View Rd., turn east (right) on Mountain View Rd, go east for 0.9 miles to
Redmond Rd., turn north (left) on Redmond Rd., go north for about 1.1 miles. Just
before the landfill gate is a dirt entrance road to a huge sandpit, often blocked with
sandpiles to exclude vehicles. In 1997, the sandpit is not operating, and people on foot
or bicycles enter at their own risk. Observe the topset and foreset beds, numerous
ripple marks, and crossbedding. Stay away from banks with steep overhangs or large
vertical relief.

Windshield Site #9A: Sand Dunes.
Location: Along both sides of Rte. 2A between Tafts Corner and Mountain View Rd.,
Williston. As you are driving to Stop #9, notice the small hills in the lawns of the
commercial establishments and residences, and the cemetery (possibly?) along this
section of Rte. 2A. These are sand dunes, blown from the exposed deltaic surfaces
nearby.

THE FOLLOWING STOPS MIGHT HAVE TO BE DELETED, DUE TO TIME
CONSTRAINTS:

Stop #10: More of the same huge delta (Winooski River into Champlain Sea).
Location: Airport Parkway, at north end of Burlington Airport runways. From Stop
#9, return to Rte. 2A using Redmond Rd. and Mountain View Rd. Turn north (right)
on Rte. 2A, go north 0.5 miles to River Cove Rd., turn west (left) on River Cove Rd.,
which becomes Poor Farm Rd. at some point. At 2.5 miles from Rte. 2A, Airport
Parkway turns sharply west (right). Follow it 0.3 miles to a sandy pullover on the
south (west) at the end of the runways. Observe the enormous flat surface to your
south and west, and across the Winooski River to the north (where is found St.
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Michael’s College, the Fanny Allen Hospital, and Fort Ethan Allen), all of which is the
deltaic surface formed by the Winooski River flowing into Lake Vermont.

Stop #11: Armored mudballs.

Location: In sandy face behind commercial buildings on north side of Rte. 2 between
Industrial Avenue and Brownell Rd (may be gone in the future, as development
continues). From Stop #10, work your way back south to Rte. 2 however possible,
turn east, go 0.2 miles east of the intersection of Industrial Ave. and Rte. 2; look for
sand banks behind commercial buildings.

Stop #12: Esker.

Location: North of Poker Hill Rd., Underhill Flats. From Stop #11, go east on Rte. 2
to Tafts Corner, then north on Rte. 2A to Essex Junction, then east on Rte. 15 to
Underhill Flats. Beyond the village of Underhill Flats, turn northeast (right) on Poker
Hill Rd., go about 0.2 miles. The esker is on your left about 200 yards from the road;
covered with conifers; quite short (a few hundred yards); has a split north end. Ask
permission of landowner.

Stop #13: Spillway.

Location: East of Rte. 15 from Underhill Flats, northward for about 3 miles to the
height of land in the saddle. From Stop #12, return to Rte. 15, turn north (east; right).
The spillway, which drained a major pro-glacial lake in the Lamoille River Valley
southward into a lake in the Underhill-Jericho area, is easily seen just east of Rte. 15
for the next 2 to 3 miles. The mouth of the spillway was at the saddle (height of land of
valley floor). The lag boulder pavement is extensively obscured by flooding from
beaver ponds.

Stop #14: Charlotte the Whale.

Location: Perkins Geology Museum, University of Vermont. From Stop #13, return
to Burlington by a variety of routes. Perkins Museum is in the Geology Dept. building
on the north side of the UVM campus (off of Pearl Street, behind Ira Allen Chapel).
Call for open times. Charlotte was a beluga whale excavated by railroad workers in the
1800s from a clay bank near Stop #3. Named after the town her skeleton was found
in, she lived in the Champlain Sea, which was a bay of the North Atlantic Ocean that
occupied the Champlain Valley after the ice receded north of the St. Lawrence River.
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A TRANSECT ACROSS THE CONNECTICUT VALLEY SEQUENCE
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Introduction

The origin, stratigraphic succession and subsequent style of collapse of the Silurian-
Devonian Connecticut Valley sequence (CVS; also referred to here as the “Vermont
sequence”) in eastern Vermont has been debated for nearly one hundred years. Although
many different studies have focused upon either local or regional structural and
stratigraphic relationships, all of these can basically be grouped into two different models
regarding the origin of the CVS and the succession of the different mapped formations.
The first model proposes the Connecticut Valley - Gaspé synclinorium (Doll and others,
1961) in which Silurian-Devonian rocks on the east flank represented the eastern
equivalent of the oldest strata that were unconformably on top of pre-Silurian rocks on
the west flank, along the Richardson Memorial Contact (RMC). The pre-Silurian rocks
on the west side of the synclinorium included the Moretown, Cram Hill and Barnard
Members of the Missisquoi Formation which were correlated with eastern equivalents
mapped as the Ordovician Albee, Ammonoosuc and Partridge Formations of the Bronson
Hill anticlinorium (Figure 1; Billings, 1937, 1956). Because of the striking lithologic
and stratigraphic similarities between the two different sequences (herein referred to as
the Vermont and New Hampshire sequences), most workers agreed with the correlation.
The nature of the boundary between the Silurian-Devonian part of the Vermont sequence
(rocks within the core of the CVS) and the western limit of rock-types mapped as the
New Hampshire sequence was, and still is, an item of intense debate. Some workers
believed the contact was an erosional unconformity marked by the presence of the late
Lower Devonian Putney Volcanics at the eastern extent of the Vermont sequence, and
discontinuous quartz-pebble conglomerate at the base of the latest Lower Devonian
Littleton Formation of the New Hampshire sequence (Hepburn and others, 1984,
Trzcienski and others, 1992). Where mapped, this contact has become known as the
“chicken yard line”, after an exposure of the contact within a now-abandoned chicken
yard in the town of Dummerston, Vermont (Hepburn and others, 1984). The other school
of thought considers this contact to be either a pre-metamorphic thrust fault, which places
older Littleton Formation of the New Hampshire sequence westward over younger Gile
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Mountain and Waits River Formations of the CVS (the Whately Thrust of Robinson and
others, 1984), or a syn- to post-metamorphic fault between different stratigraphic units in
both the Vermont and New Hampshire sequences (the Monroe Line of Hall, 1959; Hatch,
1988a).

New Hampshire
Vermont Sequence Sequence
4,_ C icut Valley Syncli ium_> Bronson Hill anticlinorium
\ —_— %
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Figure 1. Stratigraphic correlation diagram for the Vermont and New Hampshire sequences.
Vermont sections from Doll and others (1961); New Hampshire section from Billings (1937 and
1956).

The second model regarding the origin of the CVS, presented by Hatch (1987, 1988b),
suggested that the CVS (or Connecticut Valley trough, CVT, as used by Hatch in these
reports) displays depositional contacts with graded beds indicative of a stratigraphic
succession younging towards the flanks of the sequence, and not towards the center, as
proposed in the synclinorium model (Figure 2). The eastern and western flanks,
represented by the Meetinghouse Slate Member of the Gile Mountain Formation, and the
Northfield Formation, respectively, are actually younger than the Waits River Formation
and parts of the Gile Mountain Formation that constitute the core of the of the CVS, or
Connecticut Valley trough. Hatch thus interpreted the Connecticut Valley Trough as an
anticlinorium rather than a synclinorium. This required fault contacts on both flanks,
including a thrust fault along the RMC (the Dog River Fault Zone of Westerman, 1987)
and a fault with protracted history along the eastern contact with the New Hampshire
sequence (the Monroe Line of Hall, 1959, and Hatch, 1988b).

The purpose of this trip is to introduce new data regarding the structural, stratigraphic and
metamorphic evolution of the CVS and adjacent New Hampshire sequence units that can
be used to evaluate the previous models for the origin of the CVT. Since the western
boundary of the trough (the RMC) will have been covered on Saturday’s field trip by
Ratcliffe and Armstrong on the Chester and Athens domes, this trip will focus primarily
on the trough rocks and the eastern boundary with the New Hampshire sequence units.
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Figure 2. Stratigraphic correlation chart developed by Hatch (1987, 1988a), showing the Northfield
Formation as a western facies of the Meetinghouse Slate and both stratigraphically above the Waits
River and Gile Mountain Formations. Note the tectonic (faulted) nature of the boundary between
the Northfield and Shaw Mountain units (the Dog River fault zone) and the boundary between the
Meetinghouse Slate and Littleton Formation (the Monroe Line).

We shall discuss new 1:24,000-scale bedrock mapping and structural analysis conducted
by Armstrong in the Bellows Falls, Walpole, Springfield and Saxtons River 7.5 x 15
minute quadrangles and Walsh in the northern part of the Springfield quadrangle, and the
Mt. Ascutney 7.5 x 15 minute and Hartland 7.5 minute quadrangles (Figure 3), and
ongoing petrologic studies by Spear in the same areas. Integration of these different
disciplines will be used to focus on three interrelated thematic issues that will address the
origin and subsequent destruction of the Connecticut Valley sequence, including:

1. The temporal and spatial relationships between attainment of peak metamorphic
conditions during the Acadian Orogeny (illustrated by porphyroblast growth of index
minerals such as gamet and staurolite) and Acadian deformational fabric
development.

2. The distribution of Acadian pseudomorphic mineral textures in different lithologic
units and structural levels, and their metamorphic and tectonic implications.
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3. The palinspastic reconstruction of the CVS, including its sedimentary and volcanic
history and its constraints on the present eastern extent of the Vermont sequence into
areas previously believed to contain only New Hampshire sequence rocks.

Integration of results related to the three thematic issues will be discussed at most Stops
and will expand as more information is gathered at the different localities during the
course of the day. The goal of this methodology is to tie together the structural, lithologic
and petrologic information into an internally consistent model that postulates the tectonic
evolution of the Connecticut Valley sequence during the Acadian Orogeny. This, in turn,
will help to define what we believe is the boundary between two very different
tectonothermal regimes that were juxtaposed along a composite fault zone during, and
possibly after, the Acadian Orogeny. This is the contact between rocks of what one could
call “Vermont” and “New Hampshire™ sequences.

Regional Geology

Bedrock in the Connecticut Valley sequence (CVS; Figure 3) and surrounding belts
consists largely of, from west to east, Middle Proterozoic gneisses in the core of the
Chester Dome, pre-Silurian metasedimentary, metavolcanic, and metaigneous rocks as a
cover sequence immediately above the dome, Silurian and Devonian metasedimentary
and metavolcanic rocks of the CVS, and Ordovician to Silurian and Devonian
metasedimentary rocks informally referred to as the New Hampshire sequence (Figure 3;
Billings, 1937, 1956; White and Jahns, 1950). In addition, the rocks are intruded by
granitic dikes of the Devonian New Hampshire Plutonic Suite and, at Mount Ascutney,
the Cretaceous White Mountain Plutonic - Volcanic Suite.

According to Doll and others (1961) the section above includes: 1) basement rocks --
Middle Proterozoic Mount Holly Complex; 2) eastern cover sequence -- Cambrian
Cavendish and Hoosac Formations, undifferentiated Cambrian and Ordovician Pinney
Hollow, Ottauquechee, and Stowe Formations, and Ordovician Missisquoi Formation; 3)
Connecticut Valley sequence -- Silurian Shaw Mountain Formation, Devonian and
Silurian Northfield Formation, Devonian Waits River and Gile Mountain Formations;
and 4) New Hampshire sequence -- Ordovician Ammonoosuc Volcanics and Partridge
Formation, Silurian Clough Quartzite and Fitch Formation, and Devonian Littleton
Formation. The previous interpretation (Doll and others, 1961) maintains that the section
of rocks from the Middle Proterozoic basement to the New Hampshire sequence is a non-
faulted stratigraphic succession marked by three unconformities separating: 1) the Middle
Proterozoic basement from the pre-Silurian cover sequence, 2) the pre-Silurian cover
sequence from the Connecticut Valley sequence and 3) the Connecticut Valley sequence
from the New Hampshire sequence.

Recent work to the west and southwest in the Cavendish, Chester, and Saxtons River
quadrangles has redefined the relationships within the Middle Proterozoic rocks of the
Chester and Athens Dome, the basement-cover relationships, and the internal structure
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and stratigraphy in the pre-Silurian sequence (Ratcliffe, 1995a, b, c, in press, and
Ratcliffe and Armstrong, 1995b, 1996, trip B-6 this report). The information shown on
the State map by Doll and others (1961) represents the most complete work on the
bedrock geology of the CVS prior to the recently published mapping (e.g., Ratcliffe and
Armstrong, 1996; Walsh and others, 1996a and 1996b; Armstrong, 1997b) discussed in
this report.

Rocks of the Connecticut Valley Sequence

The Connecticut Valley sequence consists of metasedimentary rocks of the Northfield
and Waits River Formations, and metavolcanic rocks of the Waits River Formation. Also
included in this sequence is a thin (0- to 10-m-thick) unnamed unit that is discontinuously
exposed along the western side of the Northfield Formation, consisting of amphibolites,
quartzite, granofels and schists. These rocks are very similar to rocks mapped in the
Cavendish quadrangle (Ratcliffe, 1995a and in press) and are interpreted as a section of
reworked volcaniclastic and metasedimentary rocks nonconformably overlying the Cram
Hill Formation. In the Cavendish quadrangle this unit is interbedded at its top with calc-
schists of the Waits River Formation (Ratcliffe, in press).

Metasedimentary Rocks

The majority of the metasedimentary rocks in the CVS are included within two lithologic
groups: 1) gray carbonaceous schist and phyllite, and 2) gray carbonaceous schist and
phyllite with interbedded impure siliceous limestone. A significant result of our recent
1:24,000-scale mapping is the separation of the carbonate-bearing from non-carbonate-
bearing rocks in the CVS. The major criterion by which the rocks were separated is the
presence or absence of the brown-weathering impure limestone beds, locally referred to
as "punky" limestones. In addition to limestone beds, these rocks locally contain patchy-
rusty-weathering, carbonaceous, calcite-bearing schists. This study groups rocks
previously mapped as four formations (Northfield, Waits River, Gile Mountain, and
Littleton of Doll and others, 1961) into two formations (Northfield and Waits River)
based largely on the distribution of the limestone-bearing rocks.

On the Vermont State map (Doll and others, 1961) the Northfield Formation is shown as
a continuous unit at the base of the Connecticut Valley sequence. Our mapping shows a
discontinuous belt of gray carbonaceous schist and phyllite without limestone that varies
from 0- to 260-m-thick along the western side of the CVS; the name Northfield
Formation is applied to these rocks. The lower contact of the Northfield is interpreted as
a nonconformity or disconformity based upon the discontinuous nature of Northfield
units along the RMC and the presence of quartzite and quartz-pebble conglomerates and
grits along the contact with the underlying Cram Hill Formation. This suggests that the
Northfield is right side up and tops to the east. The quartzite and quartz-pebble
conglomerates and grits crop out in three small separate bodies in the west-central part of
the Springfield quadrangle. The units correlate in part with rocks mapped previously as
Shaw Mountain Formation of Doll and others (1961), but we hesitate to use the name
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Shaw Mountain because of the discontinuous distribution of the units and their uncertain
correlation with similar rocks at the type locality in Northfield (Currier and Jahns, 1941).
Evidence for the existence of a major fault at the base of the Northfield was not observed.
The presence of a nonconformity, or a disconformity, and not a major fault, generally
agrees with interpretations by Doll and others (1961) and Ratcliffe and Armstrong
(1995b, 1996). This interpretation is inconsistent with recent findings by Hatch (1988b,
1991) and Westerman (1987) that place a major fault at the Northfield -- Cram Hill
contact north of the Chester Dome.

The major metasedimentary units mapped as Waits River Formation include the
carbonate- and non-carbonate-bearing gray schists and phyllites. Previous interpretations
by Doll and others (1961) separated what we map as one formation (Waits River) into
three formations (Waits River, Gile Mountain, and Littleton). The assignment of rocks to
the Gile Mountain Formation was based on the assumption that rocks mapped as the
Standing Pond Volcanic Member of Doll and others (1961) occur as a time-stratigraphic
unit that separates older rocks with abundant limestone (Waits River) from younger rocks
with little or no limestone (Gile Mountain). Our mapping indicates that limestones occur
in roughly equal abundance on either side of the metavolcanic rocks and that it is not
possible to separate two distinct formations based on the abundance of limestone-bearing
rocks. Rhythmically bedded and graded sequences of gray phyllite and micaceous
quartzite assigned to the Gile Mountain Formation, and reported by Fisher and Karabinos
(1980) and Hatch (1988b) from areas north of this study, are absent in the quadrangles
studied in this area by Armstrong and Walsh. For these reasons, we do not use the name
Gile Mountain.

Doll and others (1961) show the gray schists and phyllites east of the easternmost belt of
volcanic rocks (Figure 3) as Littleton Formation or undifferentiated New Hampshire
sequence rocks. The contact between the volcanic rocks and the gray schists and
phyllites to the east has been interpreted as an unconformity that separates the CVT (or
Vermont sequence) from the New Hampshire sequence (Doll and others, 1961;
Thompson and others, 1990; Thompson and others, 1993), and is informally referred to
as the "chicken yard line" (Hepburn and others, 1984). Recent field trip articles (Boxwell
and Laird, 1987; Trzcienski and others, 1992) refer to the location of the chicken yard
line (CYL) unconformity at a roadcut 0.5 km west of the junction of I-91 and Route 11.
At this CYL contact (our Stop 7), a conglomeratic quartzite and gray phyllite unit is
exposed east of a greenstone. Other conglomeratic quartzite and gray phyllite and
polymict conglomerate units, however, crop out both east and west of the CYL of
Trzcienski and others (1992) at different places in the section. The gray phyllite and
schist member is also lithologically similar on both sides of the contact. Our mapping
shows that volcanic rocks, limestone-bearing schist and phyllite, and conglomeratic
quartzite are present in a wide zone on both sides of the contact, suggesting that either
there is no unconformity or that there may be several local disconformities. Generally,
there is a decrease in the amount of metavolcanic, metavolcaniclastic and limestone-bearing rocks,
and a corresponding increase in the amount of quartzite and conglomerate east
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of where the CYL contact was previously defined but the transition cannot be assigned to
a single horizon; this makes it difficult to assign regional significance to any particular
contact. For these reasons, we interpret the rocks to form a continuous sequence devoid
any of recognizable unconformities or evidence of hiatus in the depositional record.
Thus, all of the units are included in the Waits River Formation. The use of the name
Littleton for any part of this sequence implies that the Waits River Formation is in
depositional contact with the Littleton Formation and would exclude the traditional New
Hampshire sequence units, the Clough Quartzite and the Partridge Formation, from
immediately below the Littleton. We have, therefore, excluded the usage of Littleton
Formation for the easternmost carbonaceous schists in this area.

Metavolcanic Rocks

The metavolcanic rocks in the Connecticut Valley sequence consist of a heterogeneous
assemblage of mafic and felsic volcanic rocks interbedded with volcaniclastic
sedimentary rocks. The rocks were previously mapped as the Standing Pond Volcanic
Member of the Waits River Formation (Doll and others, 1961), Putney Volcanics
(Thompson and others, 1993), and even Ammonoosuc Volcanics of the New Hampshire
sequence (Doll and others, 1961). The name Standing Pond amphibolite was originally
applied by Doll (1944) to dark-green, fine- to medium-grained needle amphibolite at
Standing Pond in the Strafford (VT) 15-minute quadrangle. Later, Doll and others
(1961) used the Standing Pond Volcanic Member of the Waits River Formation to refer
to all the volcanic and volcaniclastic rocks deposited, in their interpretation, between the
Waits River and Gile Mountain Formations.

Our results indicate that all of the metavolcanic and metavolcaniclastic rocks are
interbedded with the same pelitic metasedimentary rocks of the Waits River Formation,
suggesting that they cannot be assigned to separate formations. For this reason, the
metavolcanic and metavolcaniclastic rocks are mapped as unnamed members of the Waits
River Formation. In accordance with Hatch (1991), therefore, we prefer not to use the
name Standing Pond and instead refer to the rocks as unnamed volcanic rocks within the
Waits River Formation until a more thorough evaluation can be made of the correlation
with the rocks at the type locality of the Standing Pond (Doll, 1944).

The name Putney Volcanics (Hepburn, 1972; Trask, 1980) was introduced to separate the
easternmost belt of Standing Pond as mapped by Doll and others (1961) in southeastern
Vermont from other Standing Pond volcanic rocks to the west because it was considered
"less mafic than the typical Standing Pond" (Trask, 1980, p. 133), and it could not be
traced to the Standing Pond type locality. Our mapping shows that the felsic volcanic
rocks, some of which would correspond to the Putney Volcanics as shown by Thompson
and others (1993), do not occupy a single stratigraphic position. In addition, they are
gradational with other metavolcanic rocks and metasedimentary rocks, and cannot be
traced continuously to either of the type localities of the Standing Pond or the Putney.
For these reasons the name Putney Volcanics is not used in this area.
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On the State map, Doll and others (1961) show a small area of Ammonoosuc Volcanics
northwest of Weathersfield Bow in the Springfield quadrangle. Our mapping shows that
the rocks in that area belong to the felsic volcanic member of the Waits River Formation
and are not part of the New Hampshire sequence. Recent work by Thompson and others
(1993) also concluded that these rocks were not part of the Ammonoosuc Volcanics and
called them Putney Volcanics instead.

Our mapping indicates that the metavolcanic rocks in the Connecticut Valley sequence
can be subdivided into at least seven different units: laminated schist and granofels, large
garnet and homnblende garbenschiefer schist, amphibolite, greenstone, hornblende-
plagioclase gneiss, and felsic gneiss and quartzose granofels. The considerable across-
strike and along-strike variation in the units is consistent with a volcanic and
volcaniclastic origin for these rocks.

Rocks of the New Hampshire Sequence

A sequence of rocks, herein referred to informally as the New Hampshire sequence,
originally defined by Billings (1937) in the Littleton, New Hampshire area to the north
and subsequently modified in the Fall Mountain area by Kruger (1946) consists of several
formations, including the Ordovician Ammonoosuc Volcanics and the Partridge
Formation, the Silurian Clough Quartzite, the Silurian and Devonian Fitch Formation and
the Devonian Littleton Formation. Our mapping shows that the New Hampshire
sequence in this part of Vermont is restricted to the south-central part of the Springfield
quadrangle and the west-central parts of the Bellows Falls and Walpole quadrangles, in
areas immediately west of the Connecticut River (Bellows Falls and Walpole), and within
the outlier of the Wellington Hill allochthon (Walpole quadrangle; Figure 3). In addition,
the Ammonoosuc Volcanics, which occur in the core of an F1/F2 doubly-plunging
anticline within the Wellington Hill allochthon, are not present within the rest of the
Vermont parts of the Bellows Falls, Springfield or Mount Ascutney quadrangles.

Within the Wellington Hill allochthon (Figure 3), the Ammonoosuc Volcanics consists of
very well bedded to massive felsic gneisses with distinctive hornblende- and pale-green
to clear amphibole bearing (gedrite, cummingtonite?) compositional layers. The felsic
volcanics are interlayered with subordinate hornblende-plagioclase (amphibolite) layers.
This bimodal layering occurs on centimeter to meter scales. The bimodal sequence is
itself interlayered with two other rock-types on a map scale: 1) massive, gray, white-
weathering felsic, plagioclase-quartz gneiss without amphibole that may be either
metamorphosed felsic volcanics or sill-like intrusives (contacts are generally parallel to
the trend of compositional layering in the bimodal sequence); 2) Massive, hornblende-
plagioclase gneiss that in many places crosscuts metasedimentary unit contacts and thus
appears to be, at least in part, intrusive in origin.

The Partridge Formation consists of rusty-weathering sulfidic schists, gray, garnetiferous
schist; massive to well-bedded quartz-plagioclase-biotite and quartz-plagioclase-
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muscovite granofels with occasional carbonate and calc-silicate layers or lenses; sulfidic,
biotite-bearing granofels; quartz-rich schist with coticule horizons, and thin,
discontinuous quartz-pebble conglomerates that are lithologically identical to those found
within the Vermont sequence rocks and the stratigraphically overlying Clough Quartzite.
Several 1- to 2-m-thick, coarse-grained amphibolites are present within the schist and
have contacts paralle] to the S1 foliation; these may be dikes or sills. One 5- to 25-m-
thick, massive felsic gneiss horizon that is similar to those found within the Ammonoosuc
Volcanics in the Wellington Hill allochthon is also present and crosscuts
metasedimentary units within the Partridge Formation.

The sulfidic schist and granofels units of the Partridge Formation are readily
distinguished from the voluminous gray schists and phyllite of the Waits River Formation
by their rusty orange weathering and granofelsic texture. The gray schist unit, however,
is very similar to the Vermont sequence Whetstone Hill Member of the Ordovician
Moretown Formation, west of the RMC. Both of these units are also very similar in
appearance to the gray schists found within the Northfield Formation (the
stratigraphically lowermost unit in the CVS) and the quartz-rich schists within the eastern
part of what we map as Waits River Formation (previously mapped, in part, as Devonian
Littleton Formation of the New Hampshire sequence). The interlayered nature of these
gray schist with the other Partridge metasedimentary rocks mentioned above, allows
distinction from the younger Silurian-Devonian strata.

The Partridge Formation is in sharp contact with poorly bedded, massive white to light-
gray quartz-pebble to boulder conglomerate, which we map as the lower member of the
Silurian Clough Quartzite. This contact has classically been interpreted as a significant
erosional unconformity (Thompson, 1954; Doll and others, 1961; Thompson and others,
1993). The lower member of the Clough Quartzite is dominated by the poorly bedded
conglomerate, having rounded clasts of vitreous, white vein quartz and rare clear clasts of
quartzite. One locality, along the Connecticut River in Walpole, New Hampshire,
contains several cobbles of granitic origin. Local discontinuous lenses, 1- to 3-m-thick,
of chlorite-biotite-muscovite-garnet-quartz schist and chlorite-muscovite-plagioclase-
quartz granofels are found locally within the upper part of the lower member.

The contact between the lower member and the upper member of the Clough Quartzite is
defined by the first bed of vitreous white quartzite. Above the contact the upper member
consists of a 25- to 100-meter thick section of well-bedded, vitreous, white and gray
quartzite with only minor discontinuous lenses of conglomerate. At several localities, the
lenses of conglomerate form channels that indicate tops are toward the upper member.
The upper part of the upper member is bluish-gray quartzite and granofels interlayered
with staurolite-garnet-biotite-chlorite-muscovite-plagioclase-quartz schist. Rare lenses of
deeply-weathered, brown, quartz-calcite and calc-silicate rock, 0.5- to 3-m-thick, contains
fossils. Tetracoral, brachiopods, pelycypods and a possible trilobite, described by Boucot
and others (1958) and Boucot and Thompson (1963), support a Llandovery (Early
Silurian) age. These lenses may represent carbonate horizons and relict coquina beds
(Thompson and others, 1993).
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In the Springfield quadrangle, quartzite and schist of the upper member of the Clough are
in sharp contact with black to dark-gray biotite porphyroblastic, carbonaceous calcite
schists and brownish-gray-weathering, well-bedded calc-silicates, granofels and marbles
of the Silurian-Devonian Fitch Formation. The Fitch Formation is limited to the northern
summit and north slopes of Skitchewaug Mountain. Excellent exposures occur in
roadcuts along I-91 immediately south of the Route 143 overpass and within an
abandoned quarry immediately east of the roadcuts. Well-preserved bedding is typically
parallel to S1 foliation within the Fitch Formation.

The upper member of the Clough and the Fitch Formation are present only within the
mapped part of the Springfield quadrangle. Here, these units are in sharp contact with
gray phyllite and schist of the Waits River Formation. The contact is interpreted as a
fault and is nowhere thought to be depositional. Elsewhere, including the Bellows Falls
and Walpole quadrangles, the Fitch and upper Clough are absent, and conglomerate
previously mapped as lower Clough is in contact with Waits River units. Thus, rocks
previously mapped (Doll and others, 1961) as the Devonian Littleton Formation
overlying the Fitch or the Clough are now mapped entirely as the Waits River Formation
of the Connecticut Valley sequence and are interpreted to underlie rocks of the New
Hampshire sequence.

Structural Geology

The oldest foliation in the Silurian and Devonian rocks is a bed-parallel schistosity
(Acadian S1) containing rarely observed isoclinal folds with generally north- or south-
plunging fold hinges (Acadian F1). Only in the hinge regions of these early F1 folds is it
possible to see bedding that is not parallel to a foliation. Both the Vermont and New
Hampshire sequence rocks possess a first generation (Acadian S1) schistosity, but they do
not appear to have developed under the same metamorphic conditions (see section below
on metamorphism). The S1 foliation in the New Hampshire sequence appears to have
developed prior to staurolite-kyanite-grade metamorphism, but the S1 foliation in the
CVS developed prior to the peak of garnet- to sub-garnet-grade metamorphic conditions.
The second generation planar fabric in all of the Silurian and Devonian rocks of both
Vermont and New Hampshire sequences (Acadian S2) varies from a non-penetrative
cleavage to a penetrative schistosity. Folds associated with the second-generation planar
fabric (Acadian F2) vary from open to isoclinal with generally consistent shallow plunges
to both the north and south, but locally the plunges are quite steep. S1 and S2 are the
most dominant, or visibly conspicuous, planar fabrics in the Silurian and Devonian rocks.
Locally these two planar fabrics are parallel, and it is difficult to discern one from the
other. S1 and S2 are deformed by a minimum of two younger cleavages.

The next youngest generation(s) of planar fabrics are broad to open folds with both
shallow and steep fold hinges (F3) and associated mm to cm spaced cleavage (S3) from
the southern part of the Springfield quadrangle northwards. South, into the Bellows Falls
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and Walpole quadrangles the D3 structures are more intense and are related to significant
faults and shear zones (see discussion below on the Westminster West fault zone). These
structures have many different orientations, although they most commonly strike
northeast and dip vertically to steeply northwest and southeast.

The youngest generation cleavage in the area is a 1 to 30 cm spaced cleavage that locally
occurs as parallel kink bands or low-amplitude, high-wavelength folds with variable fold
hinge orientations. Secondary minerals, largely quartz, calcite, and dolomite, occur as
vein-filling material in the cleavage planes. This latest generation of cleavage generally
strikes east west and dips sub-vertically, and is largely restricted to the eastern and
southern parts of the map area. This cleavage, and the outcrop-scale and map-scale brittle
faults in the area, may be related to Mesozoic extension (Hatch, 1988a).

The Skitchewaug Allochthon

Based upon mapping within the Skitchewaug Mountain area (present-day Springfield
quadrangle), Thompson (1954) interpreted a regional structure, defined by the map
pattern of contacts between rocks of the Fitch Formation, the Clough Quartzite and the
Partridge Formation, as a refolded nappe fold, with an eastward opening sub-horizontal
hingeline closing to the west, and a related axial surface folded into a synformal geometry
by subsequent north-south oriented dome-stage folds. The resultant map pattern depicted
a boomerang, or an arrowhead, with the point of the arrow to the north (on the north slope
of Skitchewaug Mountain) and the flared sides extending southwest, with a southwestern
limb of Clough Quartzite only tens of meters thick, and a southeastern limb of Clough
that was hundreds of meters thick (Robinson and others, 1991). In addition, structural
measurements in Thompson’s reports showed bedding measurements and sedimentary
topping directions in which beds on the north side of the structure were overturned,
whereas beds on the south side were upright. This pattern suggests that the axis of the
nappe actually lies within the arrowhead pattern, is parallel to the outer edges of the
pattern, and the axial trace of the nappe fold is actually east-west oriented rather than
north-south.

Armstrong’s mapping in this area (Armstrong, 1997a, 1997b; Walsh and others, 1996a,
1996b) has revealed the following information about this structure: 1) the oldest foliation
in the New Hampshire sequence rocks at Skitchewaug Mountain, S1, is primarily bed-
parallel and is generally sub-horizontal in the core of the fold with a sharp change in
orientation occurring on the extreme flanks of the structure, where the foliation
progresses through the vertical into steep-eastward overturned orientations on the western
flank of the structure, southward overturned on the north side, and vertical to westward
overturned on the east side. This change in orientation is produced in part by interference
folding related to subsequent F2 and F3 folding, and by rotation of S1 during subsequent
D2 rotational strain; both mechanisms folded S1 and bedding into a domal structure. 2)
The contact between the New Hampshire Sequence rocks within the Skitchewaug
structure, and the surrounding carbonaceous schist of the Vermont sequence (Waits River
Formation) is an S2 mylonitic fault contact, with local and map-scale lithologic
truncations, truncation of S1 fabric within the New Hampshire sequence rocks, and a
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surface of metamorphic disparity between garnet- to staurolite-grade New Hampshire
sequence and the sub-garnet-grade rocks of the Vermont sequence (Figure 4). Lithologic
truncations include a near complete loss of the Clough Quartzite along the southwestern
part of the western limb of the structure. This area, which coincides with the thin (10-
meter-thick) southwestern limb of Thompson’s nappe structure, occurs in an area of
pervasive outcrop, in which the highly strained Clough can be traced along for over 500
meters to a location where sulfidic schist of the Partridge and carbonaceous, non-sulfidic
schist that we map as Waits River Formation, are separated by mylonitized quartz-pebble
conglomerate, caught within the fault zone, that is less than 3 meters thick. This contact
post-dates the F2 phase of domal folding and garnet- to staurolite-grade metamorphism in
the New Hampshire sequence rocks. Subsequent north-south oriented F3 folds deform
this S2 fault into a basinal geometry such that the higher grade upper plate New
Hampshire sequence is a klippe or outlier of previously deformed and metamorphosed
rocks above lower grade rocks of the Vermont sequence.

We agree with previous interpretations that rocks included within the Fitch Formation,
Clough Quartzite, and Partridge Formations are structurally above carbonaceous schist.
We differ in the interpretation that the sections are coherent (i.e. the carbonaceous schists
are Vermont Sequence and not New Hampshire Sequence). Our mapping and structural
analysis of S1 orientations also indicate that the Partridge is structurally beneath the
Clough, and the Clough is structurally beneath the Fitch everywhere within this structure,
and that there is no nappe axial surface. In addition, we have not been able to identify
bedding or related sedimentary topping criteria in the areas from which the overturned
beds were reported by Thompson (1954). Although speculative, we believe that the
overturned bedding data was probably derived from the notion that the fabric measured
by Thompson was bedding in carbonaceous rocks he ascribed to the Littleton Formation;
since the Littleton appeared to be structurally beneath the Clough, it would lead him to
the conclusion that the section, and therefore, the measured beds, were overturned. Thus,
the nappe structural model appears to have been generated primarily from stratigraphic
arguments that are predicated on a coherent section of Clough, Fitch (where present), and
most importantly, stratigraphically uppermost Littleton Formation. In our interpretation,
the presence of upper and lower plate truncations, a sharp metamorphic contrast, and
coherent stratigraphy within, but not between, the two sequences favors a thrust model
for the Skitchewaug Mountain area.

Wellington Hill Allochthon

Rocks within the vicinity of Wellington Hill were interpreted as occurring within an
antiformal structure that comprised either autochthonous New Hampshire sequence rocks
(Thompson and others, 1968) or the upright limb of the Bernardston nappe (Thompson
and Rosenfeld, 1979; Robinson and others, 1991). Recent mapping by Armstrong in this
area indicates that rock-types associated with the Ammonoosuc Volcanics and Partridge
Formation do occur within a doubly-plunging (north-south) antiformal structure, as
described previously by Thompson and others (1968) and Thompson and Rosenfeld
(1979). The antiform is defined by the folding of bed-parallel S1 foliation by a syn-S2
fold phase with an upright, nearly vertical, north-south-trending axial surface.
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Furthermore, the New Hampshire sequence rocks reside above a syn-S2, sub-horizontal
thrust fault which emplaced these rocks over the structurally lower rocks of the Vermont
sequence Waits River Formation (Figure 4). The F2 antiformal structure within the
overlying New Hampshire sequence rocks may be a fault-related fold that formed during
D2 westward transport over the Vermont sequence rocks. The Wellington Hill
allochthon appears to be an outlier of the Skitchewaug allochthon, located approximately
1 km to the east in the northern part of the Walpole quadrangle and the southern part of
the Bellows Falls quadrangle. Thus, both structures would reside above the same S2
thrust surface, informally called the Skitchewaug Mountain thrust.

Westminster West Fault Zone

Lithologic units and S2-age fold and thrust fault structures in both the Vermont and New
Hampshire sequences are truncated by at least two discrete zones of mylonitic fabric that
compose what has been called the Westminster West fault zone (Figures 3 and 4).
Armstrong (1995) first recognized this structure within the Townshend quadrangle,
immediately southwest of the Walpole quadrangle; the southernmost quadrangle visited
during this field trip. In Townshend, Armstrong (1995) observed that S2 fabric in the
Vermont and New Hampshire sequences was highly crenulated, sheared and transposed
into a secondary penetrative foliation, S3. Kinematics associated with the S3 shear zones,
including asymmetric mica fish and quartz pressure shadows on porphyroblasts, rotated
foliation, and offset planar fabric all indicated left-lateral strike-slip motion. These same
features also display consistent east-over-west motion for dip-slip component offset.
Associated elongation lineations indicate that the shear zone may have had multiple
periods of dip-slip, strike-slip and oblique-slip motion over a protracted movement
history. Relative-age relationships between porphyroblast growth and fabric
development indicate that the latest phases of motion were post-peak metamorphic, and
post-date the regional metamorphic field gradient. This is substantiated by the
juxtaposition of chlorite-grade to biotite-grade rocks of the Vermont sequence (to the
west) with garnet- to staurolite/kyanite-grade rocks of the New Hampshire sequence (to
the east) along the eastern splay of the shear zone.

The Westminster West fault zone can now be traced continuously from the Townshend
quadrangle northeastward into the Walpole and Bellows Falls quadrangles where the
eastern splay is eventually buried underneath recent alluvial deposits of the Connecticut
River. The western splay is unmapped north of the Bellows Falls quadrangle, and may
terminate in the Springfield quadrangle.

Metamorphism

Acadian metamorphic grade within the CVT ranges from the chlorite and biotite zones to
the garet zone, and ultimately into an area of staurolite-kyanite zone in the Bellows Falls
vicinity (Figure 5). Rocks in the western part of the map area are at garnet-grade as
evidenced by abundant garnet porphyroblasts in pelitic and semi-pelitic rock types of the
Waits River Formation, and abundant garnet in the Northfield Formation.



A6-16

Armstrong, Walsh, and Spear

00g 1/\\/}

19A0) €BS

0ot —

1940| vos

009

0o0ey

IENN

II'H Mu:u_:

UOHIYI0H® Weunomy Koy

UIRUNOW [je.4

Imsq

I |
| | /
| |
| |

12A1Y I021)

0)

._S.
/...,1IPJI.!l

= ..o...soo- uelunon -! 5 e ST T SeiEe - ~

12A1Y 1N1122UU0)

~ 006~

~-00¢-

- (oAe) BOS

I-00¢

g I1som

— 009"

|— 1949 vOS

11 voidur o

Figure 4a. Geologic cross sections A-A’ (Walpole quadrangle; see registration locators in Figure 3)
and B-B’ (Bellows Falls quadrangle). Individual units shown in correlation of map units (Figure 4b)

are described in Walsh and others (1986a, 1986b) and Armstrong (1997b). Vertical scale in meters.
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Large garnets are found sporadically within the gray schists in the western part of the
Waits River Formation. Large garnet and hornblende porphyroblasts are common within
the western two belts of volcanic lithologies in the Waits River Formation. The eastern
part of the Waits River Formation is devoid of garnets, and only the black schists and
specific parts of the laminated schist and granofels contain biotite. The easternmost belt
of felsic volcanics contains no biotite but does contain actinolite as pseudomorphs after
pyroxene.

The garnet isograd associated with the western belt of garnet-grade rocks cuts across both
D1 and D2 structures, including the axis of the F1 syncline that defines the CVS in this
region (Figure 5). In the southern part of the Springfield quadrangle, the garnet isograd
(garnet-in to the west) appears to be sharp and is approximately located along the syn-
Acadian S2 shear zone near Hartness Park, east of the town of Springfield. In the Mount
Ascutney quadrangle, the garnet isograd trends roughly north-northeast and cuts across
several lithologies whose contacts are parallel to either S1 or S2; therefore, the isograd is
not compositionally controlled and indicates increased metamorphic grade to the west. At
Stop 1 we will show evidence that the growth of garnet porphyroblasts and attainment of
peak temperature conditions occurred affer the development of both S2 and subsequent
northeast- and northwest-trending crenulation cleavage and penetrative foliation related to
Acadian dome development in this area (locally, Acadian S3 and S4; dome-stage
deformation).

In the Skitchewaug Mountain area, staurolite-grade rocks (possibly with anomalous high-
alumina bulk compositions) occur within pelitic schists in the upper Clough Quartzite
unit. No other rocks within the New Hampshire sequence here contain staurolite. The
Partridge Formation contains only garnet, although some chlorite clots in the Partridge
may be pseudomorphs after staurolite. The appearance of key metamorphic minerals in
the New Hampshire sequence is strongly controlled by bulk compositional variation and,
therefore, variation in metamorphic intensity (pressure, temperature) may not be as
significant a factor within these structurally isolated rocks. Metamorphism within the
New Hampshire sequence rocks appears to either postdate S1 or is synchronous with its
development, but it certainly predates S2, and is likely related to a metamorphic event
that occurred either prior to or during transport of the New Hampshire sequence rocks
onto the Vermont sequence.

Within the Bellows Falls and Walpole quadrangles, some interesting results regarding the
tectonothermal evolution of New Hampshire and Vermont sequence rocks are being
acquired through the integration of mapping, structural analysis and metamorphic
petrology. In several recent publications (Spear and others, 1990; Spear, 1992) and
during ongoing field and analytical studies, Spear has been able to show the general
distribution of at least three different metamorphic styles within rocks of both the
Vermont and New Hampshire sequences, and a third sequence (the Central Maine
sequence; CMS) which appears to structurally overlie the other two along another west-
directed thrust fault (the Fall Mt. thrust; Figures 3 and 4). Rocks of the CMS include gray
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Figures 6 and 7. Photomicrographs of porphyroblast textures from the New Hampshire sequence.

-~

Figure 6a. Pseudomeorph after early staurolite from the middle part of the Skitchewaug Mt.
allochthon (contact metamorphic in origin). Note small garnet inclusions in pseudomorph and in
matrix. Fabric (82) postdates staurolite and predates pseudomorph reaction. Width of view = 0.3
cm.

Figure 6b. Pseudomorphs after andalusite (contact metamorphic in origin) from the upper part of
the Skitchewaug Mt. allochthon, near contact with Fall Mt. thrust. Note small garnets in matrix.
(Width of view =1 cmy).
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Figure 7a. Porphyroblasts of late staurolite (regional metamorphic; outlined in white) from the
Skitchewaug allochthon. plus early garnet {contact metamorphic: black outlines). Late staurolite
overgrows both the garnet and S2 fabric. Width of view = 1 cm.

Figure 7b. Porphyroblast of late (post-S2) staurolite (regional metamorphic; white outline) from the
lower part of the Skitchewaug allochthon. Small garnet inclusions are contact metamorphic in
origin. Width of view = (.5 cm.
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and sulfidic schist of the Silurian Rangeley Formation, which are intruded by at least one
large, sill-like body of peraluminous to metaluminous granite, called Bethlehem Gneiss.
This sill is referred to as the Bellows Falls Pluton (Kruger, 1946).

Rangeley Formation rocks that are enveloped by the pluton were contact metamorphosed
(the first metamorphic style) during intrusion of the pluton to Sillimanite-Kspar grade.
Sillimanite typically occurs within the matrix and as pseudomorphs after andalusite.
Migmatization of the schist is prevalent. Rocks of the Rangeley Formation below the
pluton (but still in intrusive contact with it) were contact metamorphosed to andalusite-
biotite- and to staurolite-biotite-grade conditions. The early staurolite and andalusite
were subsequently pseudomorphed by muscovite, possibly during the early stages of D2
transport of these rocks along the Fall Mountain thrust (Spear, 1992). Intrusion of the
Bethlehem Gneiss, therefore, predated westward transport of the Fall Mountain
allochthon.

Rocks of the New Hampshire sequence, structurally underneath the Fall Mountain thrust,
also contain muscovite pseudomorphs after staurolite (and in a few places, possibly after
andalusite) which may have a similar contact and subsequent replacement origin to the
rocks described in the Rangeley beneath the pluton. A map showing the distribution of
the pseudomorphic texture shows that New Hampshire sequence rocks in the Bellows
Falls area, and within the Wellington Hill allochthon, contain the pseudomorphs (Figure
6). Rocks of the Vermont sequence do not contain the pseudomorphs. The pseudomorph
distribution can be related to two major points that we will refer to continually on this
field trip:

1. The pseudomorphs are associated with a relatively high-T, low-P metamorphism that
can be spatially related to the Bethlehem Gneiss of the Bellows Falls Pluton. Thus,
the first metamorphism recognized is interpreted to be related to contact
metamorphism. A U-Pb age on the Bethlehem Gneiss (reported in Kohn and others,
1992), interpreted to be a crystallization age, is 407 Ma. This would also be a general
age for the contact metamorphism.

2. The distribution of contact metamorphism-related pseudomorphs indicates that the
CMS rocks must have overridden the rocks of the New Hampshire sequence while the
latter were still hot. The absence of pseudomorphs in the Vermont sequence rocks
(including the gray schist that immediately underlies the New Hampshire sequence
rocks along the Skitchewaug Mountain thrust) indicates that they were not in close
proximity to the CMS-New Hampshire sequence rocks during the contact
metamorphism. Furthermore, pseudomorphs within the Wellington Hill allochthon
are consistent with the structure being an outlier of the Skitchewaug Mt. allochthon
and not an antiformal exposure of rocks in an autochthonous position from below the
Vermont sequence. If the Wellington Hill rocks were structurally beneath the
Vermont rocks (and autochthonous with respect to the Vermont sequence), they
would not contain contact metamorphic pseudomorphs, or the Vermont sequence
rocks would contain them as well. We believe that this relationship gives strong
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support to the structural model put forth by Armstrong (1997a, 1997b) that the
New Hampshire sequence rocks, in this vicinity, structurally overlie the Vermont
sequence rocks.

Both the New Hampshire and Vermont sequences contain staurolite-kyanite-grade rocks
in close proximity to the Skitchewaug Mountain thrust. Staurolite growth in the New
Hampshire sequence rocks is neoblastic, and is demonstrably younger than the larger
staurolite and pseudomorphic texture related to contact metamorphism; the older
staurolite is replaced by muscovite that grew during the development of the regional syn-
thrusting, S2 fabric. The younger staurolite neoblasts typically overgrow the S2 fabric
(Figure 7). Pristine staurolite within the Vermont sequence rocks appears to be either
late- or post-S2. Spear (1992) attributed this phase of staurolite growth to loading of
thrust sheets during the “nappe-stage” deformation (the second metamorphic style).
Integration of the petrology with the structural/fabric analysis conducted by Armstrong
and Walsh is very consistent with attainment of staurolite-grade conditions as a result of
loading of the thrust sheets associated with the Skitchewaug Mountain and Fall Mountain
thrusts (Armstrong, 1997b; Walsh and others, 1996a, 1996b). Retrogression of the
staurolite-kyanite-grade assemblages (and possibly garnet-grade assemblages to the west
within the Vermont sequence), with replacement of staurolite and garnet by chlorite (the
third metamorphic style), is related to the development of the S3 mylonitic fabric of the
Westminster West fault zone.

Geochronology

Figure 8 shows a selection of published ages that constrain the timing and cooling history
of metamorphism in central New England. In Vermont, growth of garnet at Gassetts
occurred ca 378 Ma (Vance and Holland, 1993), which also is the lower limit of
deformation (380 Ma, Naylor, 1971), and tightly constrains the age of Acadian
metamorphism. In New Hampshire, metamorphism is more complex and prolonged.
The ages of the New Hampshire magma series (Kinsman Quartz Monzonite and
Bethlehem gneiss, including the Bellows Falls and Indian Pond plutons) is known to be
404 - 413 Ma. Ages of monazites, mostly from the high-grade part of central New
Hampshire, are 392 - 402 Ma (Eusden and Barreiro, 1988), but the significance of these
ages relative to the history of metamorphic recrystallization is not known. There is an
indication of Late Devonian (ca. 360 Ma) recrystallization in central Massachusetts
(south of the map limits), and Permian/Carboniferous ages (ca. 285-295 Ma) in the
Pelham dome have been interpreted as indicative of Alleghenian deformation and
metamorphism affecting the basement rocks (e.g. Gromet and Robinson, 1990; Tucker
and Robinson, 1993).

The post-peak metamorphic cooling histories of New Hampshire and Vermont are also

disparate. Published 40Ar/39Ar dates (Harrison and others, 1989; Spear and Harrison,
1989) have revealed considerable details regarding New England Paleozoic cooling history.
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One of the striking features of these data is the difference in cooling ages of hornblende,
muscovite and biotite in Vermont compared with New Hampshire. Age differences
across the Vermont-New Hampshire border are approximately 375 wversus 350
(hornblende, in Vermont and New Hampshire, respectively), 345 versus 250 (muscovite)
and 330 versus 240 (biotite), although there are some anomalous, as yet unexplained
older ages in both states. Harrison and others (1989) interpreted the age differences as
being due to hinged differential uplift between two terranes, perhaps as the result of
normal faulting, and suggested a correlation with the Mesozoic border fault, although
they realized that the density of data were insufficient to clearly define the boundary.
They also recognized that differential movement must have commenced nearly 100 Ma
prior to the initiation of documented graben formation along the Mesozoic border fault,
and did not rule out the possibility of a previously unrecognized structure as being
responsible. The age discontinuity also lies in approximately the same area as the
observed metamorphic discontinuity between garnet and staurolite grade rocks. It is
suggested here, therefore, that composite and long-lived movement along the
Westminster West fault zone (and reactivation of the zone) is responsible, at least in part,
for the disparate metamorphic and cooling histories in this region.

Summary and Discussion

The results of our mapping, structural analysis, and petrologic studies show details not
previously reported for the rocks in the Connecticut Valley sequence, including:

e Rocks associated with the Vermont sequence, including volcanics and gray schist of
the Waits River Formation, extend much farther into New Hampshire than previously
thought.

e Rocks previously mapped as the Standing Pond volcanics do not occur as a single
time-stratigraphic unit that separates different metapelitic sequences, previously
mapped as the Waits River (below) and Gile Mountain (above) Formations. Rather,
volcanic rocks previously mapped as Standing Pond (and Putney) volcanics occur
within at least five different belts internal to the Waits River Formation.

e Rocks of the Connecticut Valley sequence appear to be distributed within a large F1
synformal structure, to the south, within the Townshend, Saxtons River, Walpole and
Bellows Falls quadrangles. This structure, however is not well defined to the north
within the Springfield and Mt. Ascutney quadrangles, where the Waits River
lithologies, at least in part, may compose a homoclinal, east-facing sequence.

e The regional Barrovian metamorphism, interpreted here to be related to loading of the
Vermont sequence by the Skitchewaug Mountain and Fall Mountain allochthons,
postdates the F1, F2, and F3 structures in the western part of the CVS that are related
to the formation of Acadian domes (the Chester and Athens domes, in this area;
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Figure 3). Barrovian metamorphism postdates the regional S2 fabric (associated with
thrusting and loading of the allochthons) in the east near the Vermont-New
Hampshire sequence contact. The transition in relative-age relationships appears to
change across the post-peak-metamorphic Westminster West fault zone. The cause of
change in relative-age relationships is not yet clearly understood, but probably is
related to diachroneity in the evolution of structures during thrusting and associated
loading of the different lithotectonic terranes.

e New Hampshire and Central Maine sequence rocks, everywhere mapped, are
allochthonous with respect to the structurally underlying Vermont sequence.
Metamorphic (pseudomorph) textural relationships strongly suggest that the New
Hampshire and Central Maine rocks experienced and early contact metamorphism
that is absent from the Vermont sequence, and predated the regional Barrovian
metamorphism that affected all sequences. This is strong, independent evidence for
the structural-based model for the Skitchewaug Mountain and Fall Mountain
allochthons.

Previous workers interpreted key belts of volcanic rocks as time-stratigraphic units
between different formations (Lyons, 1955; Doll and others, 1961). The Putney
Volcanics (Hepburn, 1972; Trask, 1980) are shown in most places between the Gile
Mountain and Littleton Formations and the Standing Pond separates the Waits River and
Gile Mountain Formations. The map distribution we find indicates that volcanism
occurred throughout fluctuations in carbonate sand deposition because the volcanic rocks
do not separate carbonate-bearing from non-carbonate-bearing sequences. The map
pattern suggests that the volcanic rocks transgress unit boundaries within the sequence; an
observation also noted by Lyons (1955) immediately north of the map area, in the 15-
minute Hanover quadrangle. The presence of limestones on both sides of volcanic units
throughout the sequence and the probability of multiple volcanic horizons complicate
criteria for separating the Waits River Formation from the Gile Mountain Formation on a
stratigraphic basis. The use of the name Gile Mountain Formation is further complicated
because non-limestone-bearing lithologies including gray slate to phyllite and quartzite,
feldspathic quartzite and mica schist, and rhythmically graded schist and micaceous
quartzite typical of the Gile Mountain Formation from east-central Vermont (Hatch,
1988b) are absent in this area. The mapping illustrates the need to re-evaluate the
regional distribution of limestone-bearing and volcanic rocks within the Connecticut
Valley sequence to assess the validity of previously mapped belts of the Gile Mountain
Formation.

Refolded F1 folds in the area are not useful for determination of regional folds because
the folds are commonly rootless, show no asymmetry, and are too widely distributed.
Recent analyses of sedimentary topping criteria to the north (Fisher and Karabinos, 1980;
Hatch, 1988b) provide evidence for map-scale F1 folds such as the synform seen on Stop
2 of this trip (the CVS synform). The lack of unequivocal fold and topping criteria means
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that interpretations as to the location of such folds in this area are conjectural. Several
possibilities exist, however, that could explain the overall distribution of units.

The classic works by Rosenfeld (1968, 1970) present the apparent rotation of inclusion
trails in large garnets from the volcanic rocks as evidence for changes in vergence across
the limbs of the nappes. Recent work by Thompson and others (1993) use this evidence
to support the nappe model. Our mapping shows that the garnet isograd cuts across the
distribution of the units and that garnet growth is syn- to post S2 development, making it
difficult to correlate garnet growth with early F1 nappe-stage folds Stops 1 and 2 of this
trip). The current controversy over whether garnets actually rotate (Bell and Johnson,
1989; Ratcliffe and others, 1992; Ratcliffe and Armstrong, 1995a) also raises
considerable questions regarding the facing direction of major fold limbs in the area.

Road Log

Assemble in Springfield, Vermont at the Springfield Plaza parking lot in front of the Grand
Union (across the street from the McDonald’s) at the junction of Vermont Route 11 and
106. Departure time is 7:30 am. Bring a lunch.

Mileage

0.0 Turn right out of the parking lot onto Route 11 East.

0.7 Downtown Springfield.

1.0 Blinking yellow light.

Route 11 bears left, go straight on South Street (road between Sunoco &
Dubanevich's Market).

1.3 Proceed straight.

1.9 Springfield High School on right.

34 Hardscrabble Comer at Stop sign, turn right onto Brockways Mills Road.

44 Road forks, bear left.

4.7 Outcrop of Waits River Formation schist on right.

5.7 Cobble Hill to left (east) is underlain by large-gamet and homblende schist
(garbenschiefer), a volcaniclastic unit in the Waits River Formation with
baseball-size garnet porphyroblasts.

6.3 Waits River Formation limey schist, volcaniclastics and garbenschiefer
outcrops on left in pasture.

8.2 Pull off on left into dirt road for Stop 1.
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Stop 1:

Brockways Mills - Volcanics and volcaniclastics of the Waits River Formation
(Saxtons River 7.5 x 15-minute quadrangle). Proceed across railroad tracks along east
side of hay field down to Williams River exposures.

Rocks within the bed of the river consist of silvery-gray calcitic pelite with rare, thin,
brown-weathering siliceous limestones, and various metavolcanic and volcaniclastic rocks.
By walking upstream, you will go through the metapelite and limestones. Notice that the
dominant planar fabric, the S2 schistosity, is defined by strongly aligned white mica and
chlorite, and by numerous sheared out and transposed quartz veins. Contacts between the
lenses of limestone and the surrounding metapelite are parallel to both S1 and S2. In many
places, you will also be able to observe F2 folds of quartz veins, and occasional folds of an
earlier foliation, S1. The abundant garnet porphyroblasts within the metapelite overgrew
both S1 and S2. S2 within this outcrop generally strikes north south and dips very steeply
either west or east. In many places, you will also notice that the dominant fabric is folded
by a set of younger crenulations, which trend north-northwest, and dip steeply west. This
fabric, S3, is locally penetrative and defined by aligned white mica becoming a secondary
shear-band foliation. The angular relationship between S2 and the superposed S3 typically
produces a series of asymmetric folds, F3, that have a clockwise sense of rotation (Figure
9). In his study of snowball garnets, Rosenfeld (1968) attributed the clockwise inclusion
patterns within garnet porphyroblasts at this locality to active flow of material off the
eastern flank of the Athens and Chester domes. This flow, related to diapiric upwelling of
deeper crustal material was thought to be the cause for the development of “spruce-tree
folds” which yield opposite senses of rotation to parasitic folds that form on traditional
buckle, or passive-flow folds (Figure 9).

Downstream from the metapelite exposures, you will walk across the contact with a
sequence of large-garnet and homblende rocks (called “garbenschiefer”) that we think
represent admixed mafic and pelitic sediments at the interface of volcanic and pelitic
deposition in this ancient basin. Look closely at the large gamets and the included fabrics.
Notice that the garnets include fabric that displays either:

1. Planar inclusions that define a foliation that is continuous with the matrix foliation, S2.

2. Crenulated schistosity that has an axial plane in a coplanar orientation with either F2 or,
most commonly, F3 axial planes and related schistosity in the surrounding matrix.
These folds typically have clockwise asymmetry, similar to the asymmetry of the F3
folds that were observed in the metapelite exposures and within the matrix folds in close
proximity to the garbenschiefer gamets. Also, notice that the orientations of these
“axial planes” within the garnets are very consistently oriented.

We believe that these observations, regarding the crossing-angles of S2 and S3, the
continuity of planar fabric within and immediately outside of garnets, the similar geometry
of crenulate folds within and outside of garnets, the consistency of orientations of axial-
plane orientations within many of the garnets, and the lack of any rotation of fabric within
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Diapir mechanism for origin of snowball garnets
(circled area denoted position of this locality)
GARNET INCLUSION FABRICS
BROCKWAYS MILLS LOCALITY
SAXTONS RIVER QUADRANGLE

Acadian garnet overgrowing
F2 fold (of S1) and S3

/Sl in nose of
F2 fold

S2

Acadian Garnet
overgrowing regional S2

Garnet overgrowing
S2 and S3 crenulation River

)
S

Figure 9. Schematic map of deformational fabric and garnet porphyroblast textural relationships.
Inset map shows diapir model for the evolution of snowball garnets, as depicted by Rosenfeld (1970).
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gamets (S2) that is continuous with S2 matrix foliation, are consistent with garnet growth
after or during the development of S3 crenulation cleavage, penetrative foliation and F3
folding (Figure 9). The striking similarity and orientations of structures within the matrix of
both the metapelite and volcanic/volcaniclastic rocks, and the lack of heterogeneous
rotational geometries (garnets that show a broad range of angular rotation) argue against a
syn-growth rotational origin for the garets. The implications for this are great, in that the
non-rotational model requires relatively static garnet growth, and attainment of peak-
temperature metamorphic conditions after the development of S1, S2 and S3 deformations
and thus, after at least the initial development of the Acadian dome structures (the Chester
and Athens domes) further to the west. In addition, the F3 fold asymmetry would be related
purely to the angular relationships between the orientation of pre-existing S2 and the
developing S3; this would not necessitate a diapiric origin for the formation of either S2, S3
or the domes themselves.

Further downstream, the garbenschiefer is in sharp contact with thin (less than 1 meter-
thick) layers of metapelite that are interbedded with more garbenschiefer that contains
substantially smaller gamets (but with big fascicles of hornblende). This interbedded zone
is approximately 20-meters-thick, and on the downstream (west) side, is in contact with a 1-
to 5-meter-thick zone of chlorite-muscovite-plagioclase (felsic) volcanics that contain
angular fragments of ilmenite-muscovite-plagioclase granofels, ] mm to 1 cm in diameter,
that may be small volcanic bombs. This rock is mappable to the south for more than 3 km,
and is similar in composition to the rocks at Stop 2. Going further downstream, these rocks
pass into more garbenschiefer and finally, into a 70- to 100-meter-thick section of
amphibolite, which along with the garbenschiefer, makes up the majority of volcanic rock
within the westernmost belt of Waits River volcanics; formerly mapped as the Standing
Pond Volcanics (Doll and others, 1961).

Return to vehicles and continue south along Brockways Mills Road.

Mileage

8.6 Brockways Mills, bear left and cross bridge and railroad tracks.

9.0 Stop sign at junction with Route 103. Turn left (south).

92 Turn right on Pleasant Valley Road towards Saxtons River.

11.0 Outcrops of homblende-plagioclase gneiss and schist with interbedded
limestone of the Waits River Formation in pasture on left (east).

13.8 Bear left, continue downhill to Stop sign.

13.9 Stop sign at junction with Route 121. Continue straight on 121 East.

142 Village of Saxtons River. At Stop sign, bear left.

14.25 Turn right onto River Road.

143 Make right into parking area on Saxtons River for Stop 2.
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Stop 2:
Saxtons River - Volcanic and volcaniclastic rocks of the Waits River Formation
showing F1 and F2 folds (Saxtons River 7.5 x 15-minute quadrangle).

Rocks at this exposure consist of quartz-chlorite-muscovite-plagioclase with minor amounts
of ilmenite and calcite, which is typically weathered-out forming the distinctive pitting
parallel to the dominant foliation, S1. Notice that the rocks also contain strong, S1-parallel
compositional layering. 1 to 5 mm plagioclase-ilmenite-muscovite-bearing fragments,
similar to the felsic bombs at Stop 1, are locally abundant. Locally, 1- to 20-cm-thick layers
of tan-weathering, plagioclase-rich beds of fine-grained felsic tuff are also parallel to S1.
The S1 fabric is pervasively folded by upright F2 folds, which have a weak to moderately
developed S2 foliation within the F2 axial surfaces. F2 folds generally have very shallow
southward plunges, but some areas have either horizontal or shallow northward plunges. In
several locations at this exposure, S2 fabric is folded by a set of shallow-dipping kink bands
with either reverse or normal offset of S2 fabric. On the north side of the falls,
approximately 50 feet east (downstream) of the bridge, one can find zones where S1 fabric
is axial-planar to F1 folds that have closures defined by folded layers. Several of these
closures may actually contain a pre-S1 cleavage that is parallel to the beds. Rosenfeld
(1954) and Thompson and Rosenfeld (1979) previously interpreted the dominant set of
folds as “nappe-stage™; folds related to the development of large recumbent structures
during the early part of the Acadian Orogeny. It was suggested that the clockwise sense of
rotation of these south-plunging folds was indicative of position on the eastern limb of an
antiformal structure. Thompson and Rosenfeld (1979) and Doll and others (1961),
however, mapped the gray metapelite and limestones immediately west of these rocks as
Gile Mountain Formation, and thus stratigraphically above the volcanic rocks at this
locality, which were called Standing Pond Volcanics. Since these workers interpreted the
Standing Pond as a time-stratigraphic unit that separated stratigraphically underlying Waits
River Formation from the overlying Gile Mountain Formation, presence of the Gile
Mountain rocks within the core of this antiform required the structure to be a synclinal
nappe that was subsequently overturned into an antiform during subsequent dome-stage
deformation.

Our mapping and structural analysis within this area has led to the following observations:

1. The dominant set of folds (our F2) at this locality fold an older foliation (our S1), which
locally can be seen associated with folded beds (beds folded by F1). Immediately south
of this locality, this belt of volcanics joins with the westernmost belt of volcanics within
the Waits River Formation (seen at Stop 1), forming the southern closure of a large fold
structure. At this closure, F2 folds on both limbs show the same rotation sense, and
plunge south. Older F1 folds have very steep to moderate northward plunges and show
opposite sense of rotation, consistent with the closure being related to an early, north-
plunging synform. We believe that the structure, geometrically speaking, is an F1
synform with subsequent F2 structures superposed upon it. F2 would therefore produce
further shortening on a preexisting F1 synform.
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2. The distribution of volcanic rocks within metapelite lithologies is not as simple as
previously portrayed. Regardless of the causes, the volcanics are distributed in at least
five different belts, from west to east, across the Connecticut Valley Trough. Only the
westernmost two belts (one seen here at Stop 2, the westernmost one seen at Stop 1)
come together to form a demonstrable fold closure. The other three reside in different
structural and stratigraphic positions further east. Although all three of these
easternmost belts have very heterogeneous distributions of volcanic and volcaniclastic
rocks, and occur within somewhat different metasedimentary hosts, they do contain
similar lithologies. These relationships are not consistent with the volcanic rocks being
distributed within a single time-stratigraphic unit. Furthermore, there is no sedimentary
evidence for topping reversals across the individual belts that would indicate that they
mark the positions of nappe-fold axial traces related to the folding across the belt of a
single stratigraphic horizon, as portrayed in the cross-sections shown by Doll and others
(1961) and subsequent Figures by Thompson and Rosenfeld (1979) and Thompson and
others (1993).

Metapelitic rocks on both sides of this limb of volcanic/volcaniclastic rocks contain
beds of brown-weathering siliceous limestone that is diagnostic of the Waits River
Formation. Our mapping indicates that there is no lithological evidence for separation
of the metapelitic rocks into two different formations as done previously; separation was
based exclusively upon the premise that the volcanics at this Stop represent a unique
time-stratigraphic boundary.

()

The previous three points represent our case for combining all of the rocks within the
Connecticut Valley trough, at this latitude, into the Waits River Formation. Furthermore,
the distribution of lithologies, coupled with the structural arguments presented above, lead
us to conclude that there is no unequivocal evidence for a regional nappe structure in this
belt. A simple synclinal structure is the simplest and most consistent model for the
geometry of this part of the trough.

In regard to the Acadian metamorphism in this area, the rocks at this locality are sub-garnet
(biotite) grade. Garnet is present within the metapelite immediately west of this locality
(approximately 0.5 km west of the bridge). Distribution of garnet-bearing rocks shows that
the related gamet isograd cuts across both this F1 synclinal structure and younger F2
structures, to the north within the northeastern part of the Saxtons River quadrangle and the
adjacent Bellows Falls quadrangle to the east. Similar relationships are found within both
the Springfield and Mt. Ascutney quadrangles as well. These cross-cutting relationships are
consistent with the fabric-mineral growth age relationships seen at Stop 1 which indicate a
post-S2 and locally, a post-S3 growth history for gamnets and related metamorphic peak-T
attainment. These relationships are very consistent in this region. This relationship will be
compared to the timing of porphyroblast growth and S2/S3 fabric development further east
during subsequent Stops.
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Return to vehicles and go back to Route 121. Turn right onto 121 East.

Mileage

14.4 Vermont Pretzel Company on right.

15.5 Crossing Westminster West fault zone.

17.3 Cross bridge over Saxtons River. Outcrops on the north side of the bridge
are staurolite grade rocks of the Waits River Formation.

17.8 Turn right at monument green onto Gage Street.

18.0 Covered Bridge Road on right, continue straight onto dirt road.

18.2 Pull over to right side of road for Stop 3. Head down path to river exposure.

Stop 3:

Saxtons River - Graded beds with staurolite replaced by muscovite. Walpole 7.5 x 15-
minute quadrangle. Spear and others (1990) sample location 79-66).

The purpose of this Stop is to examine rocks of the staurolite zone and to discuss their
structural position, reaction history and metamorphic P-T path. (Also see Spear, 1992;
Stop 3, Spear, 1993, and Thompson and Rosenfeld, 1979, Stop 1).

Recent mapping by Armstrong has shown that rocks at Stop 3 are part of the same package
as seen at Stop 4, and constitute part of the New Hampshire sequence. These rocks are in
tectonic contact with rocks like those we shall see at Stop 5 along an early D2 thrust fault,
herein referred to as the Skitchewaug Mountain thrust. Rocks at this outcrop are now
mapped as a unit within the Partridge Formation. Note that they display excellent graded
beds. Tops can readily be determined by examining direction of fining (note that the
large crystals have grown in the clay layers at the tops of the beds). The rocks here are
isoclinally folded, which reverses the direction of tops. A particularly good example of
an isoclinal fold hinge can be seen in the rocks immediately to the right (upstream) of the
upper pool. Stand facing the pool and note the topping direction, which is inverted to the
west. Now note the topping direction of rocks to the right of the pool at head level (2
meters above the water). Here the rocks top up to the east. The fold hinge is exposed at
the pool’s edge and plunges into the pool.

The assemblage here is staurolite + garnet + biotite + muscovite + quartz. Retrograde
chlorite is present in the matrix. Most of the staurolite is gone in these rocks, being
replaced by pseudomorphs of muscovite (Figure 6a). Locally, one can find relict
staurolite cores in the pseudomorphs.

The early staurolite-grade metamorphism seen in these rocks predates the thrusting, and has
been interpreted by Spear to be related to contact metamorphism, possibly with granitoids
such as the Bethlehem Gneiss of the Bellows Falls Pluton. Subsequent replacement of the
staurolite by muscovite may be related to the retrograde reaction:
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staurolite + biotite + H2O = chlorite + muscovite + garnet

which is a discontinuous reaction in the KFMASH system. The replacement of staurolite
by a potassic phase such as muscovite is common in replacement textures (e.g.
Carmichael, 1969; Foster, 1981, 1983) and attests to the higher mobility of K relative to
Al The alteration of staurolite to muscovite seen here is completely different from that
observed lower in the section and to the west, where staurolite is replaced by chlorite.

Mapping on Fall Mountain by Kruger (1946) and by Allen (1984, 1985) and Chamberlain
and others (1988), just east of Stop 5, on the New Hampshire side of the Connecticut River,
has shown that the Bethlehem Gneiss of the Bellows Falls Pluton intrudes rocks on both the
upper and lower contacts. We agree with Allen (1984, 1985) that the rocks above the
pluton, on Fall Mountain, are most likely lithologies associated with the Silurian Rangeley
Formation of the Central Maine sequence, and were previously transported from the east
from a deep-water basin on the east side of the Bronson Hill. These rocks would likely be
the eastern (distal) correlative of the Clough Quartzite. Westward transport of the Rangeley
over the Partridge Formation and Clough Quartzite of the New Hampshire sequence would
have occurred early during the Acadian Orogeny. This fault has been mapped by Allen
(1985) and called the Fall Mountain thrust.

Ongoing mapping by Armstrong in the Fall Mountain area indicates that rocks below the
pluton, previously mapped as Partridge Formation, may actually be more Rangeley, such
that the Bellows Falls Pluton is entirely within the Rangeley. This is similar to the
distribution of other New Hampshire series granites farther south in the Keene area, such as
the Ashuelot Pluton that is in intrusive contact with Rangeley, both above and below
(Armstrong, 1986; Elbert, 1988). Although there may not be an intrusive contact between
the Bellows Falls pluton and rocks of the New Hampshire sequence in this area, Spear has
identified numerous localities where early muscovite pseudomorphs after staurolite, and
possibly, after andalusite occur within rocks now mapped by Armstrong as within the
Partridge Formation. A map made by Spear of the distribution of these early muscovite
pseudomorphs correlates extremely well with Armstrong’s geologic map showing the
distribution of rocks within the structural levels occupied by the New Hampshire and
Central Maine sequences (black dots in Figure 5). No early pseudomorphs have been found
within rocks mapped as Vermont sequence.

The presence of early pseudomorphs in the New Hampshire sequence rocks suggests that
these rocks were heated prior to the Barrovian metamorphic event that produced the
younger idioblastic staurolite during or after S2 deformation. The early heating event may
herald the arrival of the Fall Mountain thrust sheet; heating of the New Hampshire sequence
at low pressures, as discussed by Spear and others (1990) and Spear (1992, 1993) would
imply that the Bellows Falls pluton was still hot and that the Fall Mountain thrust sheet had
not yet achieved thermal equilibrium following the intrusion of the Bellows Falls Pluton. In
other words, hot rocks were being structurally emplaced over colder rocks. Furthermore,
this requires that the rate of cooling and attainment of thermal equilibrium is slower (in this
case) than the rate of tectonic transport.  Subsequent regional staurolite-grade
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metamorphism followed this early retrograde event, with staurolite growth related to
loading of rocks within this structural level (the Skitchewaug Mountain allochthon) by
rocks at higher crustal levels.

Return to vehicles and continue on Gage Street.

Mileage

18.6 Turn right into "The Basin Farm."

18.7 Pull off to right side of road for Stop 4.
Stop 4:

New Hampshire sequence - Graded beds of biotite granofels of the Partridge
Formation in contact with conglomerate of the Clough Quartzite (Walpole 7.5 x 15-
minute quadrangle).

Exposure on the road is quartzite- and quartz-pebble conglomerate of the Silurian Clough
Quartzite; part of the New Hampshire sequence. Scramble down into the riverbed by the
old bridge abutment. The first exposures here are of the Clough. The dominant fabric is
composite S1/82. Note that pebbles on foliation surfaces show little stretching and weak to
moderate flattening. Strain is not high. Where present, bedding, defined by pebble sorting
in lensoidal channels, dips 30 to 40 degrees to the east (strike of bedding is parallel to S1/S2
which is northwesterly).

The sharp contact between the conglomerate and well-bedded and mostly well-graded
biotite-bearing granofels, muscovite-rich granofels, feldspathic quartzite and wacke, and
calcite-bearing biotite granofels, is approximately 50 meters upstream. Notice that
sedimentary topping directions from graded beds yield both east- and west-facing beds
across 1 meter to tens of meters of distance; similar to the reversals in tops seen at Stop 3
due to isoclinal fold repetition. F2 fold closures, however, are difficult to find here.
Reversals in tops are found throughout this entire exposure, which extends around the left-
hand bend (looking upstream) for more than 300 meters, to within 250 meters of the rocks
at Stop 3.

These rocks were previously interpreted to be within the Devonian Fitch Formation, and
thus, stratigraphically above the Clough Quartzite, to the east (Thompson and Rosenfeld,
1979). These very distinctive rocks are traceable both immediately south (onto Bald Hill,
visible across the river), and north onto Oak Hill. In both areas, these well-bedded rocks:

1. Contain massive, hornblende-plagioclasetgarnet+cummingtonite amphibolite, 1- to 20-
meters-thick and several hundred meters in length. Detailed mapping in areas of good
control shows that the amphibolites are in sharp contact with the granofels, as well as
rusty-weathering, sulfidic schist, gray gamnetiferous schist, and sulfidic, pyrrhotite- and
pyrite-bearing, fine-grained quartzite. These lithologies occur on both sides of the
amphibolite such that the amphibolite crosscuts lithologic contacts and appear to be
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intrusive. Texturally, they are very similar to other mafic horizons found within the
Partridge Formation in adjacent New Hampshire, and to amphibolites found in the
Ordovician Cram Hill Formation of the pre-Silurian sequence around the Chester and
Athens domes. They are very different in mineralogy and texture to mafic phases of the
Bethlehem Gneiss; part of the Devonian New Hampshire Series Plutonic Suite.

o

Contain a mappable, 50- to 100-meter-thick by 1 km long body of coarse-grained,
massive, chlorite-muscovite-quartz-plagioclase-gamet sill of tonalite. In addition,
several bodies of massive felsic volcanics with quartz and plagioclase fragments have
been mapped within the granofels to the east in New Hampshire, along the same
structural position as the amphibolite and tonalite. Both the tonalite and the volcanics
are very similar to igneous rocks mapped by Armstrong in the Ordovician Cram Hill
Formation, in the Brattleboro, Newfane, Townshend, and Saxtons River quadrangles, to
the south and west of this area (Armstrong, 1994; Ratcliffe and Armstrong, 1996). It is
important to note that the Cram Hill has been tentatively correlated with the Partridge
Formation in previous studies (Doll and others, 1961).

Rusty-weathering, sulfidic schist and quartzite, along with interbedded gray schist, present
on Oak Hill, immediately north of this exposure, have been previously mapped as Partridge
Formation (Thompson and Rosenfeld, 1979; Doll and others, 1961). In both of these
studies, the Partridge was shown in direct contact with the Fitch, to the west, along a
complex appendage, with the Clough terminating along a triple-junction contact with the
Fitch and the Partridge. The Partridge rocks were shown terminating in a fold closure
immediately south of Oak Hill. Based upon our mapping, we interpret the bedded granofels
to be part of the Ordovician Partridge Formation and not part of the Fitch Formation, as in
previous studies. The interbedded nature of the granofels with Partridge Formation-like
sulfidic schist and quartzite, and the presence of tonalite, felsic volcanics and amphibolite
are consistent with this reinterpretation. Our mapping implies that a significant amount of
what had been mapped as granofels within the Fitch, west of, and thus, undemeath the east-
dipping Clough Quartzite (the overturned limb of the Skitchewaug nappe; Thompson and
Rosenfeld, 1979), is actually part of the Ordovician section below (and thus, right-side-up)
the Clough Quartzite. Since this belt of granofels can be traced across the river into New
Hampshire, a large area of what had been interpreted to be Fitch may be Partridge. This
raises an additional question: If rocks previously mapped as Fitch (rocks above the Clough)
are actually within the Partridge Formation (below the Clough), and the Acadian nappe
geometries are essentially based upon the stratigraphic succession, how does this
modification of stratigraphy affect the nappe model?

Return to vehicles and make a U-turn. Return to Gage Street, turn right.

Mileage

19.0 Turn right onto 121 East.

19.2 Junction with Pleasant Street, bear right into village of Bellows Falls.

19.4 Junction with U.S. Route 5, turn right onto 5 South. View of Connecticut

River and Fall Mountain to left (east).
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19.8 Cross bridge over Saxtons River. Exposures of Bethlehem Gneiss below.
22.0 Bear right off of U.S. 5 and follow sign for I-91.
22.7 Turn right onto I-91 North.
24.2 Cross bridge over Saxtons River.
25.1 Roadcuts of staurolite-bearing schists mapped as Waits River Formation.
25.2 Pull off on right at large roadcuts for Stop 5.

Stop 5:
Roadcuts of large staurolite-bearing schist of the Waits River Formation (Vermont
sequence; Bellows Falls 7.5 x 15-minute quadrangle).

The purpose of this Stop is to examine staurolite zone rocks that are structurally below
the Skitchewaug Mountain thrust within rocks of the Vermont sequence.

The roadcut consists of ilmenite-chlorite-plagioclase-garnet-staurolite-muscovite-quartz
metapelite with some millimeter to centimeter-scale compositional layering of metapelite
and quartzite or quartz-rich pelitic horizons. The rocks here were originally mapped as
the Littleton Formation in the Skitchewaug nappe and are now reassigned to the Vermont
sequence. The most obvious metamorphic feature is the large staurolite (Figure 6b;
Figures 7a and 7b). The staurolite is late in the paragenetic sequence and overgrew early
foliations as well as included garnets. The staurolite producing reaction is garnet +
chlorite + muscovite = staurolite + biotite + H2O. An interesting note about this
particular paragenesis (late, large staurolite) is that it is observed along strike to the south
into Massachusetts and to the north to the Littleton area.

No P-T paths have been calculated from rocks at this locality, but a staurolite zone rock
from along strike to the north (location BF-18 of Spear and others, 1990, and Spear,
1992) has yielded the P-T path shown in Figure 10. The path shows simultaneous
increases in temperature and pressure as would be expected from a rock that was being
loaded by the emplacement of higher level allochthons.

Note that the staurolite in this outcrop is rather large (5 mm to 2 cm), relatively pristine with
only minor replacement by chlorite. Staurolite porphyroblastic textures at this outcrop
differ from those at Stop 3 in that:

1. The staurolite here overgrows the S2 fabric, whereas staurolite predates S2 at Stop 3.

2. Staurolite replacement by chlorite here is minimal. Staurolite at Stop 3 is almost
completely replaced by muscovite — not chlorite.

3. Muscovite pseudomorphs after staurolite at Stop 3 grow within the S1/S2 intersection,
and muscovite is aligned within S2 in the matrix. Thus, staurolite replacement at Stop 3
occurred prior to staurolite growth at Stop 5. Small, idioblastic, matrix staurolite in
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rocks near Stop 3 appear to overgrow S2 and represent a second staurolite growth phase
related to the same metamorphism responsible for staurolite growth at Stop 5.

8 .
P-T path for VT sequence pelite
| below Skitchewaug Mtn. thrust | Model I: garnet + staurolite +
biotite + chlorite

6 [ .
o . Model II: garnet + staurolite +
< Modell — " / - biotite
o Model 1I

Model 111
‘T 7 Model III: garnet + biotite +
chlorite
2 1 ] 1
400 500 600

TC

Figure 10. P-T path computed for 3 model assemblages for pelitic sample from lower plate of the
Fall Mountain thrust (within the Skitchewaug Mountain allochthon). The three different models
correspond to three different and theoretically possible, equilibrium assemblages for this sample.
Regardless of the model assemblage, all three paths yield heating and loading paths during prograde
regional metamorphism. Points on the individual paths represent individual microprobe analyses on
a single garnet.

These relationships suggest that the regional Barrovian metamorphism in this area was at
staurolite-grade (or staurolite-kyanite-grade, as we shall see at the next Stop), was the result
of D2 thrust transport of the combined Fall Mountain/New Hampshire sequence rocks, and
related loading, and that attainment of peak-T conditions occurred immediately after D2
deformation. The abundance of early pseudomorphs in the New Hampshire sequence and
the total absence of these pseudomorphs within rocks of the Vermont sequence yields the
following chronology of events;
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1. The New Hampshire sequence was overridden by the Fall Mountain thrust sheet.

2. The juxtaposed package cooled following continued heating of the structurally
underlying, colder rocks.

W

The lower plate rocks were retrograded, possibly due to dewatering of the pluton after
crystallization.

4. This package was then transported west along a structurally deeper fault, the
Skitchewaug Mountain thrust, which emplaced the Fall Mountain/New Hampshire
sequence package on top of the Vermont sequence rocks — resulting in the regional
Barrovian metamorphism.

Return to vehicles and continue on I-91 North.

Mileage:

26.2 Roadcuts of sulfidic schist of the Partridge Formation
26.6 Pull off to right for Stop 6.

Stop 6:

Roadcuts of sulfidic schist and granofels of the Partridge Formation (Bellows Falls 7.5
X 15-minute quadrangle).

Rocks at this Stop consist of very rusty-weathered, gray and tan sulfidic schist, biotite
granofels, aluminous schist, graphitic, garnet-staurolite schist and rare coticule and calc-
silicate beds. These rocks have been mapped by Armstrong (1997b) and by Thompson and
Rosenfeld (1979) as Partridge Formation within the northemn end of the Wellington Hill
structure. Immediately east of this roadcut, at Minards Pond, the Partridge also includes
several 5- to 25-meter-thick, massive amphibolite horizons, similar to those described in the
text, which probably represent metamorphosed mafic dikes or flows. Many of the quartz
veins in this and the outcrop immediately to the south contain large muscovite and kyanite
porphyroblasts that occur both within the veins and along their margins with surrounding
metapelite and granofels.

The dominant foliation in these rocks is S2, which is typically mylonitic near the contact
with the underlying Vermont sequence rocks. Many of the folds seen in this outcrop,
however, are related to F3 folding of the S2 foliation, which produces the doubly-plunging
synformal structure that is cored by the rocks of the Wellington Hill allochthon. Notice that
the F3 folds porpoise through the horizontal at this locality, with some folds plunging south
and some north. At the northern closure of this structure (approximately 1.5 km northeast
of this locality), the structure plunges south at approximately 15° to 20°, with rocks like
those seen here lying on top of gray schist like those seen at Stop 5.
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Stand on top of the outcrop and look west across the highway, you will see sub-garnet-
grade rocks of the Waits River Formation that show substantial evidence for retrogression.
The mylonitic fabric in those rocks is related to the Westminster West fault zone (Figure 3),
which cuts the Skitchewaug Mountain thrust and places structurally lower rocks from the
east upon structurally higher rocks to the west. Although movement was primarily strike-
slip (sinistral), observed kinematic indicators are associated with a transport direction that
had a substantial dip-slip (thrust) component as well. This fault is responsible for localized
post-peak-T retrogression (replacement of the Barrovian staurolite and garnet by late
chlorite) in this area.

Note that we are only about 1 km to the east of chlorite zone rocks. If the chlorite zone
represents temperatures no greater than 450° C and the staurolite isograd appears at 550°
C, this requires a metamorphic field gradient of ca. 100°km, which is too high to
represent a geothermal gradient for Barrovian metamorphism. This implies a major
structural discontinuity between the chlorite and staurolite zone. There is evidence for
extensive alteration near the western part of the staurolite zone where staurolite is
replaced by chlorite. This chlorite alteration may well have been produced during
emplacement of the staurolite grade rocks onto low-grade rocks along the Westminster
West fault zone. Fluids required for the alteration may have been derived from the
dewatering of the lower grade rocks during emplacement. It is also possible that this

structure explains, at least to some extent, the discrepancy in 40Ar/39Ar ages between
Vermont and New Hampshire, mentioned in the geochronology section of the text, above.

Return to vehicles and continue on I-91 North.

Mileage:

270 Roadcuts of sub-gamnet grade rocks of the Waits River Formation.

27.6 Intermediate to mafic volcanics and volcaniclastic rocks of the Waits River
Formation in median roadcuts.

29.0 Roadcuts of Waits River Formation.

297 Cross bridge over Williams River.

31.5 Peraluminous New Hampshire Series granite dike intrudes Waits River
Formation in median roadcut.

333 Interlayered schist and limestone with volcanic and volcaniclastic rocks of
the Waits River Formation at rest area.

34.7 View of Skitchewaug Mountain at 1 o'clock.

35.6 Cross bridge over Black River. View of the Connecticut River to right
(east).

36.0 Take Exit 7 off I-91. Go west on Route 11.

36.8 Turn right into Holiday Inn Express hotel and Howard Johnson’s restaurant
parking lot for Stop 7.
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Stop 7:
Contact between volcanic and volcaniclastic rocks and gray schist with conglomerate
horizons of the Waits River Formation (Springfield 7.5 x 15-minute quadrangle).

Walk over to the roadcut on the north side of Route 11, just west of the parking lot. Rocks
on the east side of the cut are gray, carbonaceous, quartz-rich phyllite and schist with
interbedded, thin gray quartzite, and matrix supported conglomerate previously mapped as
Littleton Formation. Greenstone and green chlorite-muscovite-quartz-plagioclase schist on
the west side of the cut are volcanics previously mapped as Putney Volcanics. This outcrop
has been visited by many different geologists over at least the past thirty years. Thompson
and others (1993) interpreted the contact between the gray schist and phyllite and the green
volcanics as the boundary between the Vermont and New Hampshire sequences. The
presence of conglomerate was interpreted as evidence that the contact was an erosional
unconformity with younger rocks to the east. This outcrop is considered by many workers
to be one of the best exposures of the contact (the “chicken yard line”, or CYL, of Hepburn
and others, 1984) between the Vermont and New Hampshire sequences.

Our mapping shows that conglomeratic quartzite with gray phyllite and polymict
conglomerate units crop out both east and west of the proposed CYL at different places in
the section. The gray phyllite and schist is also lithologically similar on both sides of the
contact. Our mapping shows that volcanic rocks, limestone-bearing schist and phyllite,
and conglomeratic quartzite are present in a wide zone on both sides of the contact,
suggesting that either there is no unconformity or that there may be several local
disconformities. Generally, there is a decrease in the amount of volcanic and limestone-
bearing rock and a corresponding increase in the amount of quartzite and conglomerate
east of where the CYL contact was previously defined but the transition cannot be
assigned to a single horizon; this makes it difficult to assign regional significance to any
particular contact. For these reasons, we interpret the rocks as a continuous sequence
devoid of any recognizable unconformities or evidence of hiatus in the depositional
record. Thus, all of the units are included in the Waits River Formation. The use of the
name Littleton for any part of this sequence would imply a coherent stratigraphic column
that would join the Vermont sequence Waits River Formation with the New Hampshire
sequence Littleton Formation, and exclude the traditional New Hampshire sequence units,
the Clough Quartzite and the Partridge Formation, from immediately below the Littleton.
We have, therefore, excluded the usage of Littleton Formation for the easternmost
carbonaceous schists in this area.

Start by looking along the eastern margin of the outcrop, and progressively work your way
west. Note that bedding, defined by interlayered quartzite and schist, is parallel to the
regional S1 foliation. Locally, tops can be found that reverse across the outcrop, and can be
explained by observable F2 isoclinal folds that fold bedding and S1 foliation. Similar F2
folds are common throughout the area and complicate the use of limited topping
information. Post S2 shearbands are also present here and have shallow-dipping axial
surfaces. At the gray schist-greenstone contact there is a locally well-developed fault fabric
parallel to the dominant schistosity in the rock. Just to the right of the contact, you should
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see several medium-gray lenses of sheared vein-quartz-pebble conglomerate. Some
argument has arisen in past Stops here as to whether these pods are indeed sheared
conglomerate or just mylonitized vein quartz. If you look up about ten feet, however, you
will see a larger pod that has distinctive stretched pebbles, with aspect ratios (in the two
dimensions you are looking at) of approximately 10:1. The texture associated with these
pods (the ribbony or striated nature of the quartz within them) is typical of highly deformed
pebble conglomerate in this area. The shear fabric does not affect the map pattern, and
cannot be traced to any mapped faults in the area. The continuous stratigraphy and lack of
any significant faults suggests that this contact is simply a sheared contact within Vermont
sequence rocks.

Our mapping of the distribution of the volcanic rocks in this area indicates that at least five
different belts occur from west to east, at this latitude. Although the westernmost two belts
are the same belt (see Stop 2 discussion), the three easternmost belts may be distinct
volcanic sequences. Another belt of felsic metavolcanics, lithologically similar to the one
at the next Stop (Stop 8), is present across-strike, to the east of the belt mapped here. Our
mapping shows that it does not connect with this belt, but it was shown as the continuation
of the Putney Volcanics on a map presented in Thompson and others (1993).

Ve Gile Mtn. Fm? Littleton Fm? Boxst

¢ | Waits River Formation —

conglomerate

pelite and psammite
pelite and limestone

felsic and mafic volcanics

felsic volcaniclastics

felsic and mafic
volcaniclastics

Pre-Silurian Sequence

Figure 11. Diagram showing the distribution of units within the Connecticut Valley trough.

If the stratigraphic relationships presented here are correct, then the volcanic rocks at this
Stop do not occur at the top of the CVS, but rather somewhere in the middle or even near
the stratigraphic bottom of the CVS. Figure 11 shows a schematic model for the
distribution of metasedimentary rocks and metavolcanic rocks in the Vermont sequence.
The regional stratigraphic and tectonic implications of this interpretation and model will
be discussed at many of the upcoming Stops.



Armstrong, Walsh, and Spear A6-43

Return to vehicles and turn right out of Holiday Inn onto Route 11 West.

Mileage
37.8 Pull off to right for Stop 8.

Stop 8:

Felsic volcanic rocks of the Waits River Formation including the dated rock (423+4
Ma) of Aleinikoff and Karabinos (1990, sample VT/Sp 1-85) and Hueber and others
(1990) (Springfield 7.5 x 15-minute quadrangle).

These rocks consist of well-layered, medium- to coarse-grained, chlorite-muscovite-quartz-
plagioclase metavolcanics with some horizons containing quartz fragments or lapilli.
Variation in abundance of these fragments helps to define bedding. Notice that there are
numerous, 1- to 10-cm-thick layers of finer-grained felsic material. Near the right-hand
(west) side of the roadcut (across from the junction with Goulds Mill Road), there is a 50-
cm-thick fine-grained layer, dated by Aleinikoff and Karabinos (1990), that is in sharp
contact with the coarse-grained volcanics. The fine-grained layer is folded, but the contact
is always parallel to the dominant foliation, S1. In thin section , and with a hand lens, S1 is
visible within the fine-grained layer. Also present, especially within the coarse-grained
material, is a second foliation, S2, which is axial planar to the folds here (F2). F2 plunges
steeply down dip. If you look closely on horizontal surfaces, you can see folded S1 in F2
hinges.

Aleinikoff and Karabinos (1990) analyzed zircons from the fine-grained layer (also reported
in Hueber and others, 1990). They acquired a nearly concordant U-Pb 207/206 age of
42314 Ma. They interpreted the layer as a fine-grained dike that cut the dominant foliation
within the coarser-grained host. Our analysis of this outcrop suggests that there is no
evidence of a fabric truncation between the fine- and coarse-grained material, and that the
angular discordance between fabrics can be explained by the obliquity between S1 and S2,
and the lack of penetrative S2 within the fine-grained material which gives an apparent,
cross-cutting relationship; S2 refracts across the fine-grained layer, and where folded, the
contact (and layer-parallel S1) appears to truncate S2 within the coarse-grained material. A
careful examination of bedding orientations within the coarse-grained material, however,
shows that it is completely concordant with the fine-grained layer’s contacts.

If the dated layer were a dike, and it did cut S1, then S1 in the coarse-grained rock would
have to be pre-423 Ma. If this were true, then the deformation, and hence, the rock itself,
would have to been deformed in either the Taconian Orogeny (making the rocks here Pre-
Silurian), or some previously unobserved pre-423 Ma, but post-Taconian orogenic event.
Based upon Silurian fossil ages from the Shaw Mountain Formation, and other regional
considerations, both of these hypotheses seem very unlikely. We interpret the layer as a
bed because of the lack of unequivocal cross-cutting relationships and the presence of
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many similar, yet thinner, layers within the exposure. We therefore interpret the U-Pb
data as the Silurian age for the deposition of the felsic volcanic unit at this locality.

Return to vehicles and turn right onto Goulds Mill Road. Cross bridge over Black River.

Mileage

38.6 Junction with Route 11, turn left (east).

39.2 Pass under I-91.

39.8 Turn left onto U.S. 5 North, before Cheshire Toll Bridge.

40.3 Sulfidic schist of the Partridge Formation on left (west).

40.5 Pull off to right side of U.S. 5 for Stop 9. Proceed south along road to
roadcut on the west side of Route 5. BEWARE OF TRAFFIC!

Stop 9:

Partridge sulfidic schist and amphibolite dikes (Springfield 7.5 x 15-minute
quadrangle).

The purpose of this Stop is to show the two main lithologies that occur within the Partridge
Formation here at Skitchewaug Mountain. These include very rusty-weathering, sulfidic,
pyrrhotite-chlorite-plagioclase-quartz-muscovite schist with rare garmet. The second
lithology is hornblende-plagioclase amphibolite. The amphibolite is very similar to the
amphibolite in the Partridge in the Bellows Falls and Walpole quadrangles. It also has
similar sharp contacts with the schist, and in some places, fine-grained margins that may be
relict chilled margins suggesting that some amphibolites may be dikes. The lack of
continuous bedding within the schist in these outcrops makes it difficult to evaluate the
possibility of truncations of intrusive origin.

Structurally, the dike-schist contacts and relict compositional layering within the schist are
generally parallel to the dominant foliation in the New Hampshire sequence rocks at
Skitchewaug Mountain. Notice that S1 strikes northeast and dips to the northwest. Sl
formline maps indicate that S1 is deformed into a doubly-plunging, or domal pattern, with
Partridge in the core, Clough in the middle, and the stratigraphically younger Fitch
Formation on top. The contact of these New Hampshire sequence units with the
surrounding gray schists of the Waits River Formation (Vermont sequence), however, is a
S2 fault contact. S2 formlines indicate that the S2 fault surface and associated F2 axial
surfaces define a doubly plunging synformal, or basinal, geometry (Figure 4, and cross
sections in Walsh and others, 1996a). The antiformal New Hampshire sequence therefore
tectonically overlies a fault surface that is synformal in shape. This is very similar to the
geometry described for the Wellington Hill allochthon (Figure 4); the western continuation
of the Skitchewaug Mountain thrust sheet. This interpretation differs from the classic one
which depicts the rocks of the New Hampshire sequence involved in a west-verging,
recumbent nappe-fold, subsequently refolded about a north-south synformal axis
(Thompson, 1954; Robinson and others, 1991).
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If our model is correct, then the gray carbonaceous rocks immediately west and east of
Skitchewaug Mountain are part of the Vermont sequence and not the Littleton Formation
of the New Hampshire sequence. We believe that the entire length of what has been
previously mapped as the overturned limb of the Skitchewaug nappe, from Springfield to
the Walpole quadrangle, is the fault contact between structurally overlying Clough
Quartzite and underlying Waits River Formation. It may be that in places where the Clough
and Fitch are absent, the fault has cut down into the Partridge within areas of complex F1 or
F2 folding, such as the domal structure at Skitchewaug Mountain. This hypothesis directly
questions the premise that all gray schist within this area of the Bronson Hill Belt belongs to
the Littleton Formation, and that it is stratigraphically above the Clough-Fitch sequence.
Careful remapping and re-evaluation of the New Hampshire sequence, especially in western
New Hampshire, appears to be necessary.

Return to vehicles and continue on U.S. 5 North.

Mileage

41.1 Outcrops of Clough conglomerate on left (west). View of cliffs of Clough at
12 o'clock dipping gently to north.

429 Pull off to right before junction with Old Connecticut River Road for Stop
10. Cross over to roadcut on west side of Route 5.

Stop 10:

Fossils in the Upper Clough Quartzite- Skitchewaug Mountain (Springfield 7.5 x 15-
minute quadrangle).

This locality was discussed in a papers presented by Boucot and others (1958), and Boucot
and Thompson (1963) that focused on Llandovery (Early Silurian) fossils within the Clough
in several different locations in New Hampshire and eastern Vermont. The upper generally
consists of tan to gray, vitreous quartzite, but most of the exposure here is within the
lowermost part of the upper Clough, and consists of massive, poorly-bedded quartz pebble-
to boulder-conglomerate with distinctive horizons of weathered, calcite-bearing, siliceous
limestone. The weathering of the limestone has produced the distinctive pitted texture of
the rock. The presence of abundant fossilized shell fragments (tetra coral, crinoids,
brachiopods, and possibly some trilobites, appears to be a death assemblage; these horizons
may be relict coquinas in a near-shore to shore environment (Thompson and others, 1993).
Ovate fossil remnants, now calcified, can be seen on the surfaces of many of the coquina
horizons. Calc-silicate and marble of the Silurian and Devonian Fitch Formation can be
seen a few tens of meters north of this locality on the west side of Route 5.

Notice that S1 is nearly absent in the massive conglomerate phase, with S2 only moderately
developed, and dipping southwards at about 10 to 20 degrees. S1 is defined by the coquina
layers and dips steeply to the north. Steeply north dipping S1 cut by shallow-south-dipping
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S2 is consistent with the domal geometry for the folded S1 in the New Hampshire sequence
rocks.

Return to vehicles and continue on U.S. 5 North.

Mileage

43.4 Roadcuts of Fitch Formation.

453 Junction with Route 143, turn left onto 143 West.

459 Glacial erratics from Mount Ascutney on right. Part of the Ascutney
boulder train.

46.6 View of Mount Ascutney at 4 o'clock.

46.6 Pass under I-91. Late shear zone in Waits River Formation rocks.

479 Bear right, follow 143 West.

48.2 Outcrops of quartz pebble conglomerate within Waits River Formation on
right (north) in pasture.

48.6 Turn left at monument onto Crown Point Road.

48.9 Pull off to right at 117 Crown Point Road for Stop 11.

Stop 11:

Chestnut Hill - matrix supported conglomerate in the Waits River Formation.
Outcrops of conglomerate on hill behind house (Springfield 7.5 x 15-minute
quadrangle).

This matrix-supported conglomerate occurs as a discontinuous lens (approximately 300
meters long by 50 meters thick) within a gray to black, biotite-bearing schist unit within
the Waits River Formation. The large whaleback outcrop in the woods contains
numerous rounded to angular clasts of gray to bluish-gray, vitreous quartzite, clear to
bluish-gray, coarse-grained vein quartz, greenish-gray grit (which may be volcanic in
origin), and rectangular to angular autoclastic fragments of the matrix. Although most
clasts are of pebble-size (mm - to several cm), many clasts are several to tens of
centimeters in diameter, with one quartzite clast (a boulder) over 25 cm in diameter. The
clasts seen here do not appear to have come from a local source (based upon the clast
types), but the angular nature of many of the clasts suggests that they may not have been
transported very far. Are they remnants of a subsequently eroded higher structural or
stratigraphic level within the Connecticut Valley sequence? Several smaller outcrops to
the north and west contain clasts that have a preexisting foliation not present within the
matrix. This foliation therefore predates the deposition of the conglomerate. If this
observation is correct, then the clast source(s) may actually be a lower structural level that
was undergoing erosion during deposition of this part of the trough. Conversely, they
may have come from a higher structural level that underwent deformation during a
previous tectonism. Since no such rocks have been recognized within the cover of the
Bronson Hill belt (the New Hampshire sequence), these rocks do not appear to have a
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local eastern source (if the foliation is indeed the result of a pre-Acadian event). Several
of these outcrops also contain graded sandy horizons which face east towards the contact
with the New Hampshire sequence at Skitchewaug Mountain. A probable source may be
pre-Silurian rocks of the Taconide zone to the west.

These rocks were previously mapped as Clough Quartzite within the New Hampshire
sequence (Doll and others, 1961). The association of this conglomerate here at Chestnut
Hill with gray schists, interbedded siliceous limestones, mafic volcanics, and
heterogeneous volcaniclastic rocks indicates to us that this unit is part of the Vermont
sequence, and specifically part of the Waits River Formation. Although the Waits River
Formation does contain numerous quartz-pebble conglomerate horizons that appear to be
isolated channels within an otherwise relatively quiescent basin, this is the only locality
where we have seen a matrix-supported conglomerate with clasts other than of fine-
grained quartzite and milky-white vein quartz. It should be pointed out that a similar
matrix-supported conglomerate with schist and quartzite clasts is present within the
Clough Quartzite in the Walpole quadrangle, to the south. At that locality, however, the
matrix-supported conglomerate is interlayered with clast-supported quartz-pebble and
cobble conglomerate that is stratigraphically overlain by calc-silicate and marble mapped
as Fitch Formation.

Return to vehicles, make U-turn, and return to Route 143.

Mileage

493 Turn left at Stop sign onto 143 West.

49.5 Turn right onto Eureka Road.

49.7 Outcrops in pasture to left were previously mapped as Putney volcanics.
Outcrops on road were previously mapped as Littleton Formation, but
contain impure limestones. Rocks now mapped as Waits River Formation.

50.5 Junction with Woodbury Road, continue straight.

51.3 Turn left onto Barlow Road.

51.9 Junction of Barlow Road, Town Farm Road, Mile Hill Road, and Highland

Road. Pull off to right for Stop 12.
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Stop 12:
Volcanic units in the Waits River Formation (Springfield 7.5 x 15-minute
quadrangle).

Outcrops are located in a meadow south of the four road junction .

This Stop illustrates four typical sub-garnet grade volcanic and volcaniclastic map units
in the Waits River Formation. Exposures on the eastern side of the meadow include well-
layered quartz-plagioclase granofels mapped as the felsic volcanic unit. Some layers
within the felsic volcanic unit are mineralogically and texturally similar to the dated felsic
rock at Stop 8. The felsic rocks are interlayered with mafic schist, greenstone, and
chlorite-biotite-muscovite-quartz-plagioclase schist and granofels towards the west in
these meadow exposures. Going west, the next outcrops are of a medium-grained
hornblende-plagioclase gneiss or amphibolite, and finally a fine-grained greenstone.
Both units are interpreted as mafic volcanic rocks. This sequence of four map units is
continuous northwards for approximately 2 km. The felsic volcanic unit and the
hornblende-plagioclase gneiss become discontinuous or absent to the north. At Mount
Ascutney, 12 km to the north, the belt consists entirely of greenstone and amphibolite.
The considerable along and across strike variation in the units is consistent with a
volcanic and volcaniclastic origin for these rocks.

Return to vehicles and make a U-turn.

Mileage

52.7 Turn left onto Eureka Road.

53.9 Road turns to dirt.

54.1 Bear right at fork onto Bowen Hill Road.

54.3 Junction with Old Bow Road, continue straight.

392 Stop sign at junction with Downer Hill Road, turn right.
55.7 Cross I-91.

56.3 Roberts Road on left, continue straight.

56.6 Junction U.S. 5, turn left.

58.2 Outcrop on left of felsic volcanics of the Waits River Formation.
584 Pull off to right for Stop 13.
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Stop 13:
Felsic volcanics of the Waits River Formation (Mt. Ascutney 7.5 x 15-minute
quadrangle).

Roadcut located on the west side of U.S. Route 5, Weathersfield, Vermont

This exposure is typical of the easternmost belt of felsic volcanic rocks mapped in the Mt.
Ascutney and Springfield quadrangles. These sub-biotite grade rocks consist largely of
chlorite-muscovite-quartz-plagioclase schist or phyllite with beds of quartz-plagioclase
granofels and lesser greenstone. Locally, the granofelsic layers contain 1-2 mm
porphyroclasts that, in thin section, resemble phenocrysts in a cryptocrystalline matrix of
quartz and feldspar with accessory epidote, chlorite, and muscovite. These rocks are
interpreted as felsic crystal tuffs, and mafic and felsic volcaniclastic rocks. These rocks
are similar to the felsic volcanic rocks at Stops 8 and 12, but are not the same map unit
and are interpreted as a separate and stratigraphically higher collection of felsic volcanic
rocks in the Waits River Formation.

Return to vehicles and continue north on U.S. 5.

Mileage

60.5 Junction U.S. 5 and Route 131 at light, turn left (west).
61.0 Pass under I-91.

61.1 Turn left into Park and Ride for Stop 14:

Stop 14:

Interbedded schist and impure limestone of the Waits River Formation showing F1,
F2, and F3 folds Formation at [-91 Exit 8 roadcut (Mt. Ascutney 7.5 x 15-minute
quadrangle).

This roadcut consists of dark- to light-gray, carbonaceous schist and phyllite with
interbedded dark blue-gray, rusty brown weathering, impure siliceous limestone, and gray
micaceous quartzite. Limestone beds occupy 40 to 50 percent of the outcrop and range in
thickness from several cm to 30-cm-thick. These rocks were mapped previously as the
Gile Mountain Formation on the State map (Doll and others, 1961) because they crop out
east of (and structurally above) a belt of volcanic and volcaniclastic rocks exposed
approximately 300 m to the west. These rocks with interlayered limestone are
widespread and occur on both sides of the volcanic units, making it difficult to define the
Waits River and Gile Mountain Formations on a lithologic basis in this area.

Three fold generations can be seen in the rocks. The earliest folds (F1) are rootless and
isoclinal. The second generation folds (F2) are tight to isoclinal and are associated with
the dominant foliation in the rock. A third set of folds (F3) with an associated crenulation
cleavage weakly deforms the two earlier fold generations. A cretaceous lamprophyre
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dike intrudes the deformed rocks parallel to a prominent joint set that trends 290°, and is
exposed west of the I-91 south off ramp near the junction with route 131.

END OF TRIP
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