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Overview of Events

Friday, September 11:

On-site Registration 4:00 to 8:00 PM
NYSGA Opening Reception 5:00 to 7:00 PM

Saturday, September 12"

On-site Registration 7:00 AM to 8:00 AM
Saturday Field Trips (Check for assembly time and place) 8:00 AM to 5:00 PM
Informal Cocktail Hour (Comfort Inn, Brew Pub) 6:00 to 7:00 PM
NYSGA Banquet (Comfort Inn, Brew Pub) 7:00 to 8:00 PM

Keynote Address and Discussion: Dr. Michael Rygel (SUNY Potsdam)
“Impact of Geological Licensure in New York State” 8:30to 10:00 PM

Sunday, September 13t:
On-site Registration 7:00 AM to 8:00 AM
Sunday Field Trips (Check for assembly time and place) 8:00 AM to 3:00 PM
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INTRODUCTION

The Marcy anorthosite massif forms the core of the Adirondack High Peaks region and is the
geographic center of the associated topographic dome. On the State Geological Map
(Adirondack Sheet, 1:250,000) it is depicted as a single rock type consisting of meta-anorthosite.
However, this is a simplification and, in detail, numerous lithologies occur within the massif and
display complex relations. This trip is designed to introduce participants to a 1.5 km, near
continuous, linear landslide exposure which follows the course of Bennies Brook on the
northern flank of Lower Wolf Jaw Mountain. Saturated conditions associated with Hurricane
Irene in August of 2011 resulted in the most recent of landslide events along the course of
Bennies Brook and additional exposure. The features unearthed here provide an
unprecedented view into the interior of the massif and demonstrate its geological complexity.

GEOLOGICAL SETTING

The Marcy Massif is one of a number of variably sized anorthosite massifs in the Grenville
Province (Figure 1). These enigmatic rocks, largely restricted to the Proterozoic, vary in age but
are nowhere near as volumetrically significant as in the Grenville Province. Long collectively
regarded as anorogenic, recent geochronological constraints demonstrate a close temporal
relationship with orogenic activity in some cases. For example, the Marcy Massif was intruded
at ca. 1160 Ma at a time corresponding to the close of the Shawinigan Orogeny. Observations
made on this trip will demonstrate deformation at granulite grade, generally along lithologic
discontinuities, in spite of exceptionally well preserved igneous features in adjacent rocks.
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Figure 1. Map of the Grenville
Province showing the distribution
of anorthosite (yellow) and gabbroic
(red) bodies throughout the region
(modified from Corriveau et al,,
2007).
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Massif anorthosites are also geographically associated with a variety of other coeval igneous
rocks including granitic and orthopyroxene-bearing granitoids (Figure 2). Collectively known as
the AMCG Suite (Anorthosite-Mangerite-Charnockite-Granite Suite) these rocks are not
considered comagmatic with the anorthosite but rather to represent the thermal effects of
voluminous gabbroic melts at, or within, the base of the lower crust. Crustal melting of the
deep crust and subsequent rise of coeval granitic melts is envisioned to explain the spatial
association. Massif anorthosites are also associated with, and grade into, a variety of gabbroic
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rocks, ilmenite-rich ores, and hybrid rocks known as ferrodiorites or jotunites with andesine
megacrysts, presumably derived from the anorthosite itself.

Metamorphism to granulite facies is shown by the development of garnet coronas on pyroxenes
and oxides. These minerals are concentrated in shear zones and often shown evidence of
intense ductile deformation while the anorthosite wall rocks often show little or no sign of
deformation. In fact, igneous features such as xenoliths, chill margins, ophitic texture, flow
alignment of plagioclase, cumulate layering, block structure, and multiple intrusions are readily
observed where exposures permit and these are plentiful and readily observed on the Bennies
Brook slide. These features suggest the interior of the large anorthosite bodies, including the
Marcy Massif, show repeat intrusions of varied composition and behaved as large rigid blocks
during subsequent tectonism. Preservation of such features occur despite the profound
deformation in the surrounding granitoid and metasedimentary country rocks exposed primarily
as east-west trending belts crossing the Highlands (Figure 2).

AGE OF THE ROCKS

Several studies have addressed the age of the Marcy Massif, smaller Adirondack Massifs, and
spatially related rocks (Figure 3). The most recent of these using the sensitive high-resolution
ion microprobe (McLelland et al., 2004) suggests that the bulk of the anorthosite crystallized at
ca. 1154 Ma, while associated granitoids are slightly older (ca. 1158 Ma). Perhaps a more
accurate way of summarizing the data, including the errors reported, would be to state there
are a range of overlapping ages within a relatively limited timeframe; basically they are more or
less coeval.

Mafic rocks and anorthosites Average Age
i 3. U-Pb zirc res f

Figure 3. U-P ).zm.un ages irf}m 1150416 a
dated rocks of the anorthosite- C -~
mangerite-charnockite-granite
(AMCG) suite throughout the Granitic rocks
A.dlmndacks. Note the m'erlful)- =05 0)0D)=0 08— 11584/-5 Ma
ping age range of anorthositic
and quartz-bearing members,
suggesting a coeval, but not

comagmatic origin (after McLel-
land et al., 2004).
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Abundant field evidence also confirms that the lithologies were intruded more or less
synchronously. Within the boundary of the massifs themselves, however, a general sequence of
extremely coarse “Marcy” type anorthosite (Kemp, 1920), followed by slightly more mafic
anorthositic rocks of more moderate grain-size, gabbroic, and andesine-bearing, ferrodioritic
rocks is observed. Granitoids including mangerites, syenites, aplites, and granitic pegmatites of
lesser abundance and dike-like geometry are commonly observed but are not volumetrically
significant. The total elapsed time represented by all of these events is unknown but is thought
relatively limited. However, it is observed that ferrodioritic lithologies are chilled against
anorthosite and undeformed along their margins on the Bennies Brook slide.
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COMPOSITION AND ORIGIN

While the Marcy anorthosite massif does show a wide range of rock-types of variable
composition, by far, it is composed of coarse-grained anorthosite sensu stricto. Gradation into,
inclusion of, and or intrusion by rocks with slightly more mafic minerals such as anorthositic
gabbro or gabbroic anorthosite, or in some cases, gabbronorite, is common. Distinctive
gabbroic pegmatites, coronitic metagabbros, oxide-rich gabbros with or without apatite,
pyroxenites, and ilmenite-rich, sometimes with apatite (i. e. nelsonite), ores also occur but in
much lesser volume. Many workers regard these rocks as natural variants of gabbro
fractionation, residual fluids or cumulates, parental magmas, and/or a variety of ore formation
processes. Most or all of these rocks are thought to have a dominant mantle component with
variable amounts of crustal contamination. Among these rocks coronitic metagabbros have the
most primitive Nd-systematics, crystallized olivine, and are interpreted to be the parental
magma from which the bulk of the anorthosite and gabbro rocks crystallized in the Adirondack
region (Regan et al., 2012).

Distinct from these rocks are those of granitic composition with variable ratios of hornblende to
orthopyroxene including mangerites, charnockites, and granites. As presented elsewhere, opx-
bearing rocks include charnockites and mangerites and pyroxene syenites. They are generally
thought of as dominantly crustally derived via melting of the lower crust during intrusion and
staging of the parental magma of anorthosite at the base of the crust. Often they contain zircon
xenocrysts and have neodymium whole rock systematics and hafnium-zircon signatures
compatible with derivation from an arc terrane of similar age (1300-1400 Ma) and composition
to that exposed in the southern Adirondacks. Thus, although not comagmatic, the anorthositic
and gabbroic rocks and spatially associated felsic magmatic rocks are coeval and likely
genetically linked. This association is seen throughout the Grenville Province and beyond and
may represent thermal conditions on Earth restricted largely to the Mesoproterozoic.

Ferrodioritic rocks, also called jotunites, appear to have large components derived from both
mantle and crustal sources and have been invoked as the parental magma for both anorthosite
and granitic members of the suite. Their mineral assemblage often includes two pyroxenes,
guartz, k-spar, plagioclase, apatite, and zircon, although many variants exist and provide strong
arguments for a hybrid origin. There is clear field evidence, well exposed at Bennies Brook,
supporting the contention that the megacrystic andesines found in them are derived from
intrusion into the anorthosite. The andesines can vary from as much as half the rock volume to
sparse or rare. The ferrodiorites often show chill margins against the anorthosite suggesting
intrusion relatively late in the sequence.

On the slide, granitoid rocks are relatively rare but ubiquitously exposed as thin (1-10 cm) dikes
cross-cutting anorthositic and gabbroic lithologies. They have remarkably straight-walled,
vertical boundaries and include sugary aplites, granitic pegmatites, and syenitic variants. Most
show extreme ductile strain parallel to the walls of the dike itself and trend 110°. In a few
examples, deformation can be traced into the surrounding anorthosite but generally not for any
considerably distance, with most anorthosite remaining undeformed right up to the contact.
The intruding lithologies, particularly gabbroic pegmatites, have taken up the strain
preferentially and show the bulk of metamorphic mineral growth.
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OTHER FEATURES

The exposures on Bennie Brook document several other events in the geologic history of the
region. The anorthosite and associated rocks are cut by a variety of basaltic dikes up to 2 m
wide. Rarely the dikes are compound with felsic, largely trachytic, parallel intrusions within the
basalt. While the age of these dikes is not known at this locality, similar dike swarms
throughout extensive parts of the Grenville basement elsewhere yield Neoproterozoic ages.
Nearby at Dannemora a trachytic dike, included in a swarm of basaltic dikes, yielded a U-Pb
zircon age of 64314 Ma. Although found elsewhere, Cretaceous-aged intrusions thought
synchronous related to opening of the Atlantic Ocean were not noted here.

While the vast bulk of rocks exposed on the slide are undeformed, despite high-grade
metamorphism and deformation, thin shear zones are common. The development of these
shear zones occurred at high-grade conditions and where they cross-cut gabbroic and
anorthositic rocks there is extensive development of garnet and pyroxene, which are also highly
strained. Most shear zones occur along near vertical, lithologic discontinuities such as granitic
dikes and gabbroic pegmatites. The vast major of shear zones record left-lateral shear.
Displacement is moderate on small shears but collectively, based on the number of shear zones,
considerable left-lateral displacement appears to have been accommodated. Where lineation is
visible and well developed, it plunges shallowly at 100-120°. Dextral shear is recorded in cross-
cutting ductile shear zones which warp/fold pre-existing sinistral shears. In this slide, as well as
others nearby, brittle deformation occurs in narrow zones up to several meters wide. Most
often it consists of sets of closely spaced fractures, some of which intersect and brecciate the
rock. Often these areas are highly altered to lower greenschist facies assemblages, bleached,
and/or weathered.

SUGGESTIONS FOR THE TRIP

What follows is a number of waypoints along the slide starting at the intersection of Bennies
Brook with the South Side trail just above confluence with Johns Brook. Because this area is
within the Adirondack Park and highly traveled, and it is illegal to do so, we did not mark specific
points of interest. A GPS is essential to retrace our route up the slide and stop at key locations.
However, rest assured that the exposure is good enough that whatever route you take you will
see all of the key features and likely many we haven’t mentioned here.

Each of the waypoints was selected to point out specific features that occur in abundance or are
particularly well developed in that area of the slide. You will note some progressive changes as
you proceed upward in the proportions of lithologies and the structural features you observe.
On a warm fall day the slide is very inviting and generally fairly dry. On a wet, overcast day it
can be treacherous with red-brown algal films that virtually eliminate friction. It requires only
moderate climbing to reach the ~2900’ elevation just before where the slide forks, past this
point, it steepens considerably to the head wall. Those without experience on steep slides may
wish to return from here and avoid the steepest portions. Please remember it is illegal to collect
rocks from the Adirondack Park without a permit and day use groups in the High Peaks are
limited to 15. The trip is weather dependent.
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SLIDE GUIDE

Departure Point: Other than Saturday of the 2015 NYSGA meeting this is a self-guided field trip.
Access to Bennie’s Brook Slide can be had via the Garden of the Gods Parking Lot Keene
Valley, New York. The parking lot is at the end of Johns Brook Lane. Note: This lot tends to
be full on the weekends; however, there are shuttles and parking lots in town during the
busy season. Drive time to Keene Valley from Plattsburgh is one hour; please factor this
into your dinner (banquet) plans.

Departure Point Coordinates: Parking Lot - N44° 11’ 20.6” W73° 48’ 59.0” (Figure 4)

Meeting Point Coordinates: | will meet trip attendees at the cairn where Bennies Brook meets
the Southside Trail at 10 am. N44° 09’ 56.4” W73° 50’ 43.4”

KEY
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Figure 4. Topographic map showing route from Garden of the Gods parking lot to the Bennies Brook Slide.
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Trip Length: The hike to the base of the slide is ~3.5 miles (6 km). The trip up the slide is
approximately 1 mile (1.6 km) to the recommended turn around point. The total round trip
distance is ~9.0 miles (14 km) of moderately strenuous walking and climbing. Allow at least
eight hours of day light to complete your trip. Wet conditions will likely extend the time
required.

Johns Brook

&

Ore Bed Brook Slide
(east fork)

-

"

Lower Wolf Jaw

Figure 5. Google Earth imagery showing the location of the Bennies Brook Slide on the northern slope of
lower Wolf Jaw Mountain. Note the older, grown over forks of the bennies Brook slide and the new more
southerly extension due to Hurricane Irene. Starting and finishing points shown by red circles.
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Directions:

0.00 miles (0.00 km) Garden of the Gods Parking Lot (N44° 11’ 20.6” W73° 48’ 59.0”).
Follow the Johns Brook Trail southwest to the Ranger Station (~4.6 km).

2.85 miles (4.6 km) Johns Brook Ranger Station (N44° 09’ 38.9” W73° 51’ 19.5”). From
the Ranger Station follow the trail east over Johns Brook for approximately
150 m to its intersection with the South Side Trail. Follow the South Side
Trail to the northeast. Pass the first major creek (~440 m), Wolf Jaw Brook
until you reach the intersection of Bennies Brook and the South Side Trail
(~410 m). The slide is to your right, proceed uphill towards the south up the
north side of Lower Wolf Jaw Mountain.

3.46 miles (5.6 km) Bennies Brook Slide and start of trip (N44° 09’ 56.4” W73° 50’ 43.4")

4.43 miles (7.1 km) Turn-around point at base of steep head wall (N44° 19’ 18.4” W73°
49’ 57.7"). See Figure 5 below.

BB-1 Intersection of Bennies Brook Slide and South Side Trail. (N44° 09’ 56.4” W73° 50’
43.4” — 633 m)

-> Features: 1) typical Marcy-type anorthosite; 2) garnet coronas; 3) small ductile shear zones;
4) sub-meter scale north-trending joints

The South Side trail follows John’s Brook and was severely damaged during the flooding
associated with Hurricane Irene. The trail crosses the slide a few hundred meters above the
confluence of Bennies Brook with Johns Brook. A stone cairn marks the intersection (Figure 6).
If you don’t see the stone cairn you are at one of the other nearby slides in drainages on the
north side of the range and this guidebook won’t be of much use. If you look to the north
towards Johns Brook you can see a variety of woody debris and boulders from the slide (Figure
7).

Exposed in the bed and banks of Bennies Brook is typical Marcy type anorthosite (Figure 8).
Here it consists mostly of 90% or more of darker andesine, some reaching lengths of 5 cm or
more; mere pikers compared to what is to come. The lighter colored matrix is also plagioclase,
much of which shows bent twins and other features indicative of some type of strain
(recrystallization or auto brecciation?) during or just after final emplacement. Other minerals
include pyroxene (often of both persuasions), oxides (magnetite and/or ilmenite), and trace
minerals including biotite, hornblende, and garnet. Close examination reveals that much of the
garnet rims mafic minerals and provides evidence of high-grade metamorphism. Throughout
the outcrop proportions of minerals and grain-size vary.

Here cm-wide shear zones are developed. Some concentrate and deform garnets and
pyroxenes and this will be much more evident and convincing as you proceed upwards. They
are generally subvertical and trend about 340° here. A set of parallel joints are developed
slightly oblique to the ductile shear zones and trend 352° 90°.
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Figure 6. Co-author Marian Lupulescu at stone cairn where the Bennies Brook Slide
intersection the South Side trail.

Figure 7. Looking north towards debris from Hurricane Irene landslide in the bed of
Bennies Brook just below its intersection with the South Side trail.
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Figure 8. Typical features of the Marcy type anorthosite. Notice large bluish andesine
crystals set in a finer-grained matrix of plagioclase. Pyroxene-rich gabbroic rock cross-
cuts anorthosite filling in an angular interstice to the left of blue pen.

BB-2 Heavy Minerals in Bennies Brook and Garnet Coronas (N44° 09’ 53.4” W73° 50’
41.8" - 638 m)

- Features: 1) garnet and heavy mineral-rich sand in brook; 2) garnet coronas

There are deposits of reddish and black sand exposed in the bed of Bennies Brook, often
forming layers or ripples or other bed forms (Figure 9). These are derived primarily from within
the drainage basin and show the relative abundance, and density, of garnet, pyroxene, and
oxides. A sample of this sand has been collected and will be characterized by SEM and detrital
zircon studies.

~10~
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Figure 9. Heavy mineral bands in sand in the bed of Bennies Brook. The heavy mineral
population of the sand is dominated by garnet, pyroxene, and magnetite
and has a distinctive red color.

Wandering up from this location for the next 50 m or so will show some excellent examples of
garnet coronas. Coronas are developed upon mafic minerals such as pyroxene and olivine, as
well as, on oxide minerals (Figure 10). Some form delicate single grain necklaces or chains. In
many cases they may represent the only metamorphic reaction visible in the rock. Davidson and
Van Breeman (1988) showed similar zircon coronas on baddeleyite in Grenville mafic dikes. The
zircon gave ages 100 million years younger than the baddeleyite cores documenting both
igneous crystallization (1150 Ma) and Metamorphism (1050 Ma). In shear zones garnets are
deformed and particularly abundant indicative of deformation and high-grade conditions and
the abundance of the residual components needed for it to form (i.e. Fe, Al, Si).
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Figure 10. Thin garnet coronas developed around large pyroxenes and oxides (in circle) in
gabbro pegmatite. Note the sheared boundary between the gabbro and anorthosite at
the top of the photograph. Photograph compliments of Doug Reed.

BB-3 Altered Anorthosite and Brittle Structures (N44° 09’ 50.0” W73° 50’ 38.1” — 659
m)

- Features: 1) alteration zones in anorthosite; 2) closely spaced fractures and brittle faults; 3)
tiny carbonate veins

While typically fresh, and well preserved, some anorthositic rocks have experienced numerous
lower grade alteration events. While the exact nature and timing of events is currently
unknown many appear to be associated with low-temperature hydrothermal alteration
associated with areas of high fracture density and brittle faults. Typically bluish grey when
fresh, anorthosite often appears chalky white to pale green where altered and rusty where also
weathered (Figures 11 and 12). In these zones andesine is nearly completely altered to epidote,
pumpellyite, clinozoisite, chlorite, carbonate, and other secondary minerals.

At this locality there are composite alteration zones and veins that range in color from white to
pink to pale green (Figure 11). They appear to be in close proximity and best developed where
brittle faults occur (Figure 12). In addition, to these features the rock is heavily laced with thin
(mm-scale) white calcite veins. Secondary calcite in microfractures is ubiquitous within the
anorthosite (Morrison and Valley, 1988). A similar mineralized alteration zone up to several
meters wide, cutting anorthosite, has been studied by the senior author and colleagues at SUNY
Potsdam.
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Figure 11. Example of extreme hydrothermal alteration in anorthosite; note the
distinctive pale green color of the host rock.

Figure 12. Brecciated fault zone with closely spaced fractures and alteration cutting
anorthosite. Note sharp boundary between altered anorthosite and fracture rock near
center of photograph. The zone trends 255°90°.
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BB-4 Xenoliths in Anorthosite (N44° 09’ 50.3” W73° 50’ 37.0” — 666 m)

- Features: 1) xenoliths; 2) white, finer-grained anorthosite

In this stretch of the slide there are a number of xenoliths. This is not uncommon for the
anorthositic rocks to include well documented metasedimentary country rock lithologies (Valley
and Essene, 1980) and also igneous xenoliths (McLelland). Here their origin is debatable,
although some display a deep green clinopyroxene, possibly diopside (Figure 13). Many of the
xenoliths are highly disrupted and partially assimilated into the anorthosite. In some areas the
anorthosite appears to be chilled against larger xenoliths resulting in white, fine-grained regions
in the anorthosite where in contact with the xenoliths. However, white finer-grained
anorthosite also appears to have intrusive relationship with fresh anorthosite as well.

Figure 13. Clinopyroxene-rich layer with white, finer-grained anorthosite. The whitish
anorthosite may be a consequence of assimilation of xenoliths and/or chilling against
them or intrusion by another magma batch.

BB-5 Dikes and Shear Zones (N44° 09’ 46.1” W73° 50’ 32.1” - 695m)

- Features: 1) intrusive granitic dikes; 2) narrow ductile shear zones

In this section of the slide, as elsewhere, you will note a number of straight-walled and narrow
5-10 cm granite and pegmatite dike-like intrusions into the anorthosite. On closer inspection,

shearing and mylonitic fabrics parallel to the boundaries of dikes are noted (Figure 14). Quite

often the surrounding anorthosite is completely unaffected by the strain. Most of these shear
zones trend nearly 110°, coincident with the major east-west trending Shawinigan-aged Piseco
Lake Shear Zone in the southern Adirondacks. Where observable the shear zones display left-

lateral kinematics. Many such dikes can be traced for 10’s of meters across the slide.
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Figure 14. Co-author Sean Regan investigating the mylonitic fabric in an aplitic dike
cutting the anorthosite.

BB-6 Complex Shear Zone (N44° 09’ 44.6” W73° 50’ 29.2” — 715 m)

- Features: 1) gabbroic pegmatite; 2) sinistral shear zone modified by late dextral motion; 3)
relative age relations

At this stop a spectacular example of complex shearing, lithologic variation, and relative age
relationships can be seen. Shown in Figure 15 there is a contact between Marcy-type
anorthosite (left-hand side) and gabbro (right hand side). This contact was intruded by a
gabbroic pegmatite with crystals approaching 10 centimeters in length. All three of these rocks
were intruded by a thin aplitic granite trending 110°. After intrusion both the gabbroic
pegmatite and aplite show strong left-lateral displacement parallel to the aplite margins. After
cessation of left-lateral motion the rocks were affected by right -lateral shear (200°), deflecting
the contact and the previously developed left-lateral shear fabric. Where observed elsewhere
dextral shear also follows earlier sinistral shearing at 110° but also appears to have operated at
high-grade metamorphic conditions.
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Figure 15. Diagram showing offset direction and trace of lithologic contacts of complex shear zone. Right
had photograph: Left lateral shear shown by yellow arrows; right-lateral by red arrows. Left hand
photograph: margins of gabbroic pegmatite shown by black dashed lines; margins of aplites shown by
pink transparent overlay.
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BB-7 High-grade Sinistral Shearing in Anorthositic Rocks (N44° 09’ 43.4” W73° 50’
28.0"-721m)

- Features: 1) large sinistral shear in anorthosite; 2) pyroxene kinematic indicator; 3) shear in
granitic pegmatite

As observed at the previous location and elsewhere on the Bennies Brook slide a large number
of small sinistral shear zones developed along lithologic discontinuities occur. In most cases the
strain is taken up in the dike or pegmatite and is parallel to the dike walls and often is
completely absent in the anorthositic wall rocks. At this location you will see a ~2m shear in
anorthositic rocks indicating deformation of sufficient magnitude to affect a relatively rigid
lithology (Figure 16). Also in the same shear zone you will see evidence of the high-grade nature
of the shear zone in the form of sinistral pyroxene “fish-shaped” kinematic indicators (Figure
17). Finally, you will see evidence for opening of fractures approximately perpendicular to dike
margins, followed by shearing parallel to the contact (Figure 18). This appears to indicate a
nearly 90° change in stress direction after anorthosite intrusion.

These features provide clues to the overall kinematic history of the High Peaks region, when
deformation occurred, and the relative age of events. Here they are clearly exposed without
ambiguity. The trend of the shear zone is 114°82° and a brittle fault is developed parallel to its
margin. A well- developed lineation in the ductile shear zone has the orientation of 115° 16°.

Figure 16. Approximately 2m wide shear zone developed in anorthosite.
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Figure 17. Dolphin-shaped, pyroxene kinematic indicator just to the right of the dime.
Note sinistral sense of off-set.

Figure 18. Zoned pegmatite dike with internal sinistral shear zone.
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BB-8 Neoproterozoic dikes (N44° 09’ 40.0” W73° 50’ 24.0” — 744 m)

-> Features: 1) Neoproterozoic Dikes; 2) Magmatic layering in anorthosite

Straight walled Neoproterozoic dikes are common in the Adirondack Region but rarely exceed a
meter or two in thickness. They are believed to be part of the extension and mafic magmatism
associated with the opening of the lapetus Ocean. The dikes cut Grenville rocks over a large
area from the Appalachian inliers to Newfoundland, with ages ranging between ~570-640 Ma.
Here a variety of dikes ranging in size from a few cm’s to a few meters are found. Most are
vertical and northeast (~40°). Some appear to be composite (Figure 19) and higher up in the
slide relatively rare felsic trachytic dikes intrude the basalts, allowing the possibility of U-Pb
dating.

In many areas anorthositic rocks subtle but regular changes in grain-size and mineral
proportions are readily observable with the naked eye. Some are so subtle that only a vague
meter-scale alteration of color demarks them (Figure 20). Others have finer layering and
contain considerably more mafic minerals. While these layers are nowhere nearly as well
developed as in mafic-ultramafic intrusions, they are believed to represent original magmatic,
perhaps cumulate, layering with the anorthosite.

Figure 19. Possible composite Neoproterozoic dike cutting contact between anorthosite
and gabbro (contact dashed). The trend of the dike is 40°90°.
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Figure 20. Subtle, meter-scale, compositional layering in anorthosite. The trend of the
contacts between the layers is 57°62°.

BB-9 Ferrodiorite Contact (N44° 09’ 34.7” W73° 50’ 15.5” — 782 m)

- Features: 1) giant andesines; 2) raft of coarse Marcy type anorthosite; 3) ferrodiorite contact
with anorthosite

The anorthosite within the massif is often a true pegmatite in terms of its grain-size and
exceptionally large andesines can be found as xenoliths and rafts in other lithologies. At this
locality large andesines up to 20cm or more can be found included in anorthosite of more
moderate grain-size (Figure 21). In addition, a large raft of exceptional coarse anorthosite can
also be seen (Figure 22). The raft has minimum dimension of 2 x 3 meters and consists of large
andesine crystals with few other minerals. In an upcoming stop we will see exceptionally large
pyroxenes as well.

On the upper portions of the Bennies Brook slide ferrodiorite or jotunite becomes a dominant
rock type intruding the anorthosite and related rocks (Figure 23). Travelling up the slide another
20 meters or so reveals ferrodiorite as a network of thin, box-like dikes around anorthosite
blocks and as large intrusive sheets. It is invariably chilled against the anorthosite and has
scalloped or complex margins. In some cases andesine megacrysts can be seen increasing in
abundance towards the contact and are often aligned along their long axis. The ferrodiorite is
demonstratively one of the last intrusive phases as it cuts gabbroic pegmatites which have been
previously deformed (Figure 24), indicating intrusion after ductile deformation.
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Figure 21. Large andesine (30cm) xenocryst in anorthosite. The xenocryst is crossed by
numerous alteration veinlets. Note gabbroic pegmatite and minor shear zone to right of
hammer.

Figure 22. Co-author Doug Reed explores a large raft of exceptionally coarse Marcy-type
anorthosite.
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Figure 23. Irregular contact between ferrodiorite and anorthosite. Note fining of grain-
size towards anorthosite indicating chilling of the ferrodiorite against the anorthosite
and the lack deformation along the contact.

Figure 24. Crunch, the handsome geology dog, sniffs out an outcrop displaying a dike of
ferrodiorite along a shear zone in a previously deformed gabbroic pegmatite.
Relationships such as these establish the ferrodiorite as one of the last intrusive phases
seen along Bennies Brook.
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BB-10 Pyroxenite Block (N44° 09’ 30.5” W73° 50’ 7.8” — 822 m)

- Features: 1) numerous xenoliths; 2) pyroxenite block; 3) composite shear zone

As previously noted a wide variety of xenoliths can be found in the anorthositic rocks including
metasedimentary country rocks of the Grenville Supergroup (Valley and Essene, 1980) and those
of igneous parentage. Those of igneous origin are generally assumed to be related to the
anorthosite and related rocks. At this locality a large meter-scale block of coarse-grained
pyroxenite can be observed (Figure 25). If the anorthosite did develop by fractional
crystallization from gabbroic magma, then it is lacking in requisite mafic minerals. One way to
explain this dearth of Fe and Mg-bearing silicates, is to separate the anorthosite by density
differences. Perhaps this pyroxenite was entrained as a rising mass of anorthosite made its way
higher into the crust?

Also at this locality is a second photogenic example of a composite shear zone with sinistral
movement modified by a later dextral shear (Figure 26). This example is developed in a
gabbroic pegmatite cutting anorthosite. The sinistral shear trends ~110°, while the dextral
shear, larger of the two in this case, trends ~350°. This confirms the sequence of deformation
described previously and suggests both sinistral and dextral components of late deformation
affected the rocks exposed in the High Peaks.

Figure 25. A large pyroxenite block (xenolith) included in anorthosite. Individual
pyroxene grains range from 2-3 cm in diameter.
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Figure 26. Composite shear zone developed in gabbroic pegmatite showing initial sinistral
motion modified by later dextral deformation. Hammer head points to the north.

BB-11 More Ferrodiorite (N44° 09’ 24.6” W73° 50’ 1.1” — 868 m)

- Features: 1) ferrodiorite defining block structure in anorthosite; 2) giant pyroxenes; 3) off-set
of chill margin

At this point on the slide ferrodiorite is a major rock type and it occurs on all scales from small
dikes (2-3 cm across) to large sheets intruding anorthosite. At several locations irregular dikes
of various orientations and sizes and shapes define anorthosite blocks in a jig-saw fashion
(Figure 27). Also exposed is a meter-scale xenolith with giant pyroxenes up to 20 cm or more in
diameter (Figure 28). Itis engulfed in anorthosite, and both are cut by ferrodiorite. An offset
contact between anorthosite and an andesine xenocryst-rich ferrodiorite or ferrogabbro is also
exposed. The offset appears to be brittle and right lateral (Figure 29). However, the origin of the
rock at the contact can be debated. Is it a contact chill margin or a layered dike that intruded
along the contact or the wall of a magma chamber? We will let your group argue over how best
to interpret and test the origin of this enigmatic exposure.
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Figure 27. Ferodiorite intrusive dikes defining block structure in anorthosite. Note the seemingly
random orientation, irregular shape of dikes, and connections. All of these features appear to
argue for intrusion into a jig-saw pattern of anorthosite blocks. Did the anorthosite fracture first
allowing rise of the magma or did the intrusion of the ferrodiorite cause the fracturing?

Figure 28. Pyroxenite xenolith with individual pyroxenes up to 20 cm in diameter. Note the
contact with the andesine-rich darker rock on the right hand side of the photograph.
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Figure 29. Dextral off-set of contact between anorthosite and ferrodioritic to gabbroic
rock. What is the the origin of the layered rock at the contact?

BB-12 The End (N44° 09’ 19.8” W73° 49’ 58.5” — 913 m)

-> Features: 1) magmatic layering in xenolith; 2) composite bimodal Neoproterozoic dike

This is the final stop just before the splitting of the slide into three individual forks of different
ages. Here the route steepens as you approach the head wall and it is an excellent place to turn
around and descend. Two unique features are exposed in this section of the slide and include a
layered mafic intrusion and a composite dike.

The layered mafic intrusion shows rhythmically cm-scale alteration in the proportion of mafic
minerals (Figure 30). Its overall composition suggests it may be a variety of ferrodiorite;
however, further work is needed to confirm this. Nonetheless it is striking in its difference from
the bulk of the ferrodiorite and other rocks and testifies to the variety of igneous textures
possible in this situation.

A number of small basaltic dikes occur at this elevation on the slide. One reaches a width of 2m
and has an orientation of 50°90°. What is unique here, though, is a few small felsic dikes (Figure
31) that appear to concordantly intrude the basaltic dikes. This suggests that they are broadly
coeval. A similar trachytic dike intruding in a swarm of Neoproterozoic basaltic dikes near
Dannemora yielded zircon. This zircon gave a concordant U-Pb zircon age of 643+4 Ma. Work is
in progress to date this dike as well.
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Figure 30. Possible magmatic layering in mafic dike intruding anorthosite. Note
alteration of layers on the cm-scale.

Figure 31. Composite Neoproterozoic dike cutting anorthosite. Note the upper felsic
portion which appears to intrude the basalt.
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Figure 32. Co-author Sean Regan, caught in geologic action pose, contemplates which
way is up near where the slide steepens and forks beneath the summit of Lower Wolf
Jaw Mountain.
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INTRODUCTION AND REGIONAL BACKGROUND

The Grenville Province of eastern North America has long been interpreted as the roots of an
ancient orogenic system that formed approximately 1.0 billion years ago (Hoffman, 1988;
McLelland et al., 2010). The entire region formed and evolved during punctuated phases of
crustal growth during the Mesoproterozoic involving a variety of tectonic processes including
accretion, arc magmatism, back-arc development and collapse, and unique to the Grenville,
anorthosite-mangerite-charnockite-granite (AMCG) plutonism. These processes occurred over >
300 my and are collectively referred to as the Grenville Orogenic cycle (Fig. 1; McLelland et al.,
1996; Rivers, 2008). The northeast Grenville Province has been shown to have a long history,
extending back to ca. 1.35 Ga (McLelland et al., 1993), and contains evidence of long-lived active
margin processes (Dickin and McNutt, 2007; Chiarenzelli et al., 2010a). However, the most
extensive regional deformation has been interpreted as having formed during a culminating
collision at ca. 1.07 Ga (Ottawan orogeny), which resulted in the final assembly of the
supercontinent Rodinia (McLelland et al., 1992; 1996; 2001a; 2010; 2011; Rivers et al., 2008).
The Grenville Province offers an excellent opportunity to study the growth and modification of
mid to lower continental crust during these tectonic processes within the context of a long-lived
active margin (Mezger, 1992).

The Adirondack Mountains of northern New York are a large domical uplift and are subdivided
into the northwest Adirondack Lowlands and southeast Adirondack highlands separated by the
Carthage- Colten shear zone (Streepey et al., 2001; Selleck et al., 2005). The Adirondack
Highlands are dominated by granulite facies (meta)igneous rocks in contrast to the Lowlands,
which are dominated by supracrustal rocks metamorphosed to amphibolite facies. Another
important difference is the timing of deformation in each region. In the Lowlands the majority
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of deformation was the result of Shawinigan orogenesis (ca.1.17 Ga; Fig. 1b; Wasteneys et al.,
1999; Heumann et al.,2006; Chiarenzelli et al., 2010b; Wong et al., 2011a), and evidence for
Ottawan deformation (ca. 1.07 Ga; McLelland et al., 2001a) is lacking (Baird and Shrady, 2011).
In contrast, the Adirondack Highlands are known to have experienced both Shawinigan and
Ottawan phases of the Grenville Cycle. Here, differentiating the effects of these two phases
remains a major challenge that is critical for understanding the role and importance of the
Ottawan orogeny in the Grenville Province as a whole (Rivers, 2011).

Carthage Colten
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Figure 1: A) A simplified map of the Adirondacks divided into the northwestern lowlands and

southeastern highlands. The map displays the distribution of (meta)igneous lithologies (modified
from McLelland et al., 2004). Note the Eagle Lake quadrangle is outlined as a black rectangle
along the southeastern margin of the Marcy Massif. U-Pb ages listed map below with references:
1. Wasteneys et al., (19999), 2. Heumann et al. (2006), 3. McLelland et al. (1992), 4. Chiarenzelli et
al. (2011a), 5. Daly and McLelland (1991), 6. McLelland et al. (2001), 7. Valley et al. (2009), 8.
Personal communication (Peter Valley, John Aleinikoff), 9. McLelland et al. (2004), Hamilton et al.
(2004). B) A schematic displaying the traditional orogenic phases of the Grenville Province (after
Rivers, 2008).

This field trip focuses on the general Precambrian geology of the Eagle Lake quadrangle (ELq) in
the eastern Adirondack Highlands. We will discuss recent 1:24,000 scale mapping of the ELq
and the historical mining area Hammonadville (Geer et al., 2015). The new mapping represents
work by Regan, Geer, and Walsh. Provisional mapping by Walton (1960) has proven quite
helpful, and provided a foundation for the new work. We will present a new structural
nomenclature established during mapping that is regionally transformative and will hopefully
be a useful guide for future analytical work. New forward petrologic modeling of the
metamorphic assemblages that define a major structural fabric, geochronologic data that
constrain the timing of both granite petrogenisis and anatexis of metasedimentary lithologies,
and geochemical data from the historical mining district of Hammondville.

The Adirondack Highlands are predominately underlain by granulite facies (meta) igneous
lithologies (McLelland et al., 1996). The most voluminous plutonic rocks exposed belong to the
anorthosite-mangerite-charnockite-granite (AMCG) suite, which underlies approximately 60 % of
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the Adirondack Highlands (Hamilton et al., 2004). The petrogenisis of AMCG suites has been
debated for decades, but detailed U-Pb geochronologic work presented in McLelland et al.
(2004) and Hamilton et al. (2004) shows that granitoid lithologies (1158 Ma) are statistically
older than anorthositic and other mafic members of the suite (1154 Ma), but overlap in age
(Figure 5e). These data were interpreted as showing that AMCG suites are “... coeval, but not
necessarily comagmatic” (McLelland et al., 2004). Geochemical and isotopic analysis performed
by Regan et al. (2011) showed that coronitic metagabbros of the Adirondack Highlands
(McLelland and Chiarenzelli, 1988) are permissible as the parental magma for the anorthosite.
Quartz-bearing end-members were interpreted to have been derived from partial melting of
lower continental crust where anorthosite formed via fractional crystallization of an
asthenospherically derived gabbroic magma (McLelland et al., 2004; Bickford et al., 2008; Regan
et al,, 2011). The largest body of anorthosite is the Marcy Massif, which underlies the high
peaks region of the Adirondack Mountains (Buddington, 1939). This suite of rocks has been
interpreted as the result of lithospheric- mantle delamination at the waning phases of
Shawinigan orogenesis (McLelland et al., 2004). Therefore, the deformation and
metamorphism present throughout AMCG rocks has been interpreted as Ottawan in age.

The Lyon Mountain Granite Gneiss (LMG: nomenclature after Postel, 1952) is the youngest
igneous rock exposed within the Adirondack highlands (Buddington, 1939; Postel, 1952;
McLelland et al., 2001a,b,c; Selleck et al., 2005; Valley et al., 2009; 2010). It is a leucogranite
that rims the Adirondack Highlands and is host to low-Ti magnetite deposits interpreted as
forming via kiruna-type Fe — oxide, copper, gold (I0OGC) mineralization processes (McLelland et
al., 2001b,c; Valley et al., 2009). The LMG contains no consistent shape-preferred orientation
(except in the East Adirondack shear zone; see Grover et al., trip B-2), and very little evidence of
regionally significant subsolidus deformation, although the nature of layering is currently being
debated (McLelland et al., 2001a). The LMG has been interpreted as accompanying orogenic
collapse at the tail end of Ottawan orogenesis (McLelland et al., 2001a; Selleck et al., 2005).

ROCK TYPES

The ELg contains a wide variety of Precambrian rocks, and contains all of the lithologies exposed
within the Adirondack region, with the exceptions of ca. 1.3 Ga tonalite gneisses exposed within
the southern Adirondack Mountains (Daly and McLelland, 1993). Major rock units exposed
within the ELg are described below, from oldest to youngest, with approximate ages given from
the literature. Itis important to note that the majority of geochronology cited below was
performed on similar rocks from outside of the ELg.

>1203 Ma Grenville Supergroup (after Davidson, 1998)

Four basic units are currently subdivided: 1) Amphibolitic to pyroxenic gneiss: this unit is
predominately composed of fine to medium grained amphibolite with cm-scale boudined
leucosome, locally contains opx porphyroblasts surrounded by tonalitic leucosomes, and coarse
diopsidite; 2) Calc- silicate and marble: this unit is very poorly exposed but commonly contain
coarse quartz and diopside crystals, pegmatitic clinopyroxene-bearing leucosomes; 3)
Garnetiferous quartzofeldspathic migmatitic gneiss (+/- sillimanite +/- graphite; classically
khondolite): this unit is thought to have formed via anatexis of a pelitic to psammitic lithology,
and it is commonly associated with very minor quartzite layers and a small amount of
amphibolite; 4) biotite gneiss +/- leucosome +/- garnet: this unit is commonly platy and typically
is interlayered with meter to sub-meter scaled amphibolite layers. The supracrustal lithologies of
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Figure 2: Topographic map of the 7.5 - minute Eagle Lake Quadrangle (ELg) and field trip locations.
Shaded region approximates the region mapped at 1:12,000 scale in the area of the historic
mining town of Hammondville, NY.
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Figure 3a: Preliminary geologic map of the ELq (scaled down from 1:24,000) from March 2015. The
map has changed slightly and there will be an updated version on the field trip. See Fig. 3b for the
key.
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Cp: Potsdam Sandstone

Unconformity
Yega: Equgranular leucogranite + magnetite

Ygb: Olivine-bearing gabbro to garnetiferous amphibolite
Yanw: Gabbroic anorthosite to ferrodioritic gneiss

Yanm: Marcy-type anorthosite

Ych: Op- bearing granitoids

Yeggn: Megacrystic and equigranular perthite granite
Yam: Amphibolite gneiss

Yevsi: Sillunanite gneisses +/- graphite

Yeven: Biotite gneisses +/- amphibolite layers

Yegva: Amphibolitic to pyroxenic gneiss

Yeve: Cale-cilicate gneisses and marble

EEEECEEREOOEROO

— — inferred contact
fault

Figure 3b: Description of map units on Fig. 3a.

the ELq are varied and similar to those exposed in the Adirondack Lowlands (Carl et al., 1990;
Chiarenzelli al., 2015). These lithologies are interpreted to all have formed during opening and
closure of the Trans-Adirondack back arc basin, and based on their potential correlation to the
Adirondack Lowlands, and preserved cross-cutting relationships, predate the Antwerp-Rossie
suite (ca. 1203 Ma; Chiarenzelli et al., 2012).

Mesoperthite granite gneiss: age unknown

This unit consists of two major components: 1) a biotite —garnet-K-feldspar megacrystic (augen)
granitic gneiss and 2) mesoperthite pegmatite. These two components are commonly both
present in any one area or exposure of this unit. In places, the transition is exposed where
anastomosing strands of variety 1 weave within a larger exposure of variety 2. Effort to obtain a
U-Pb crystallization age on this lithology are ongoing. It cross cuts granulite grade fabrics within
amphibolite gneisses that are interlayered with calc-silicate gneisses, and are interpreted as
members of the Grenville Supergroup. It provides a useful marker layer when tracing out F,
isoclinal folds (see below; Figure 7b). Based on recent mapping it appears to be the same age or
older than AMCG lithologies (see below).
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Figure 4. Representative field photographs for major units of the Grenville Supergroup.
A) Interlayered marble and calc-silicate gneiss exposed along NY 74; B) Quartzofeldspathic gneiss
with folded pegmatitic leucosome, suggesting anatexis during D1 ; C) Amphibolite migmatite gneiss
with an orthopyroxene porphyroblast within quartz-rich leucosome; D) highly migmatized and
dismembered amphibolite gneiss with coarse garnet crystals.

Ca. 1158 Ma Mangerite-charnockite-granite

Rocks belonging to this suite have been extensively studied, and have fairly well understood
petrologic, geochemical, and isotopic systematics (McLelland et al., 2004; Hamilton et al., 2004;
Bickford et al., 2010). We will refer to this group as charnockite after Frost and Frost (2008b).
The rocks contain (predominately) primary orthopyroxene, plagioclase, K-feldspar, quartz, and
ilmenite, with ubiquitous metamorphic hornblende +/- garnet. This unit is strongly deformed
throughout the ELg, it is important to note that as you approach the Marcy anorthosite (see
below), rocks of this suite contain less quartz, and are predominately monzonitic to ferrodioritic.
Porphyroclastic and equigranular varieties occur, but mostexposures contain a well-developed
stretching lineation. Hornblende and garnet are typically metamorphic phases associated with
granulite facies conditions. Some varieties do not contain opx as a primary mafic phase, and are
granites. However, given their structural and petrologic similarity, and geochronologic data
confirming an equivalent age (McLelland et al., 2004; Hamilton et al., 2004), these granite
gneisses are lumped with other charnockitic lithologies.
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Data from McLelland et al., 2004
Graph redrafted from Regan et a1 2011

Mafic rocks and anorthosites Average Age
—C-CREO—— 1154 +/- 6 Ma
I Granitoids
=== 1158+/-5 Ma
N T T N O T A T Y TN A T |
1130 1140 1150 1160 1170 1180 1190 1200
U-Pb Zircon Age (Ma)

Ca. 1154 Ma Anorthosite

Figure 5: Representative field photographs of
some AMCG-related meta-igneous rock types.
A) Biotite-gamet-K-feldspar megacrystic gran-
ite (augen), B) Coarse garnet porphyroblast
within a mangeritic gneiss, notice the inclu-
sion-rich core, C) Interleaved ferrodioritic
gneiss and gabbroic anorthosite indicative of the
marginal whiteface facies anorthosite, D) Repre-
sentative field photograph of Marcy-type anor-
thosite on Hail Mountain. E) SHRIMP U-Pb
geochronology of AMCG rocks from the
Adirondack Highlands (McLelland et al., 2004).

Anorthosite underlies the majority of the High Peaks region of the Adirondack Highlands, and
underlies the northwestern corner of the ELq. The vast majority of anorthosite is undeformed, or
weakly deformed with a weak magmatic to tectonic fabric, but contains strong evidence of a high
P-T static metamorphic overprint. This anorthosite is dominated by coarse andesine crystals and
distinctive labradorite crystals (Marcy-type). Heterogeneously distributed within, and along the

margin of the Marcy

— type anorthosite is what has traditionally been referred to as the Whiteface-type
(Walton, 1956). It consists of white gabbroic anorthosite that is finer grained, contains
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andesine xenocrysts, and on average more mafics (orthopyroxene + clinopyroxene +
garnet) than the Marcy counterpart. Also, the Whiteface

— type generally contains a heterogeneous mixture of ferrodiorite, that also contains
andesine xenocrysts (Figure 5c). In contrast to the Marcy-type anorthosite, which
contains little evidence for subsolidus deformation, the Whiteface-type contains a very
strong and locally mylonitic fabric. The granulite grade assemblage consisting of cpx +
opx +/- grt is associated with this fabric. SHRIMP geochronology of this suite suggests
that it is coeval, but statistically younger than quartz bearing members of the AMCG suite
(McLelland et al., 2004; Hamilton et al., 2004).

Olivine Metagabbro

This suite of rocks occurs throughout the Adirondack Mountains, most notably as satellite
plutons exposed along the margin of the Marcy Massif (Buddington , 1939). Forming km —
scale plugs, dikes, and lozenges, these bodies are typically cored by olivine metagabbro with
little to no penetrative fabric, preserve ophitic to subophitic textures (Whitney and McLelland,
1983), and contain spinel clouded plagioclase laths. This unit contains ubiquitous evidence for
a high grade and static metamorphic overprint similar to the Marcy-type anorthosite. The
metamorphic assemblage varies, but consistently contains of early biotite-clinopyroxene-
hornblende-garnet coronitic textures around primary olivine, spinel clouded plagioclase, and
orthopyroxene (Whitney and McLelland, 1973). It is important to note, that this suite of rocks
have been dated to be similar in age to the anorthosite-massif (1146 Ma; McLelland and
Chiarenzelli, 1988; McLelland et al., 2004), and has been interpreted to be compositionally
admissible as the parent magma for the Marcy massif (Regan et al., 2011).

Commonly exposed along the margins of these bodies are ten to 100 meter-thick enveloping
garnetiferous amphibolite that parallels the olivine metagabbro margin. A strong tectonic
fabric is accompanied by an increase in modal garnet and hornblende (Lagor et al., 2013), and
has been shown to be essentially isochemical with respect to their parental olivine
metagabbro protolith. Both major and trace elements show marked consistency, and are
even identical to a samples of olivine metagabbro analyzed throughout the Adirondack
Highlands (Regan et al., 2011).

Ca. 1070 — 1060 Ma Lyon Mountain Granite (Gneiss)(hame from Postel, 1952)

The LMG has been studied extensively, partially due to the fact that it hosts the largest Fe-
mines in the Adirondack Mountains. Mined throughout the 1800’s, the vast majority of mines
closed at the turn of the century, with the last mine closing in the 1970s (McLelland et al.,
2001b). The LMG itself is an equigranular microperthite granite with both biotite and
magnetite as the primary mafic phases, although occasional hornblende is locally present.
Aegerine-Augite is also present outside of the ELg, along with acmitic pyroxenes in some of
the ores (Lupulescu et al., trip B1). Adjacent to large Fe- deposits and seams, the perthite has
been altered to albite by sodic fluids accompanied the mineralization within the region
(Mclelland et al., 2001b,c; Valley et al., 2010; Valley et al., 2011a,b). Elsewhere, a potassic
metasomatic event has been recognized by Valley et al. (2011a), which is interpreted to occur
between igneous crystallization and sodic alteration, but we have yet identify this as a
regionally extensive component within the ELg.
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There is little evidence of deformation within the unaltered LMG. It contains no stretching
lineation (as of yet), and its layering is not metamorphic or due to deformation at the regional
scale (Mclelland et la., 2001a). The LMG crosscuts granulite grade fabrics throughout the ELq,
and contains numerous xenoliths of S2 bearing rock types. Contacts with the LMG are
typically parallel to subparallel with granulite-grade fabrics within the country-rock, which it
locally crosscuts. Geochemically, the lithology is strongly ferroan, alkali to alkali-calcic (after
Frost and Frost, 2008), and has been interpreted as syn-kinematic with collapse, but post-
kinematic with respect penetrative Ottawan deformation (McLelland et al., 2001a; Selleck et
al., 2005). For more description of large Fe-deposits, see Lupulescu et al., trip B1.

STRUCTURAL DATA AND FIELD RELATIONSHIPS

Structural Data

The Eagle Lake quadrangle contains evidence for at least three phases of folding and two phases
of penetrative deformation. The oldest fabric within the ELq (S1, Table 1) is only preserved within
rocks of the Grenville Supergroup. It is commonly defined by migmatitic layering (McLelland and
Chiarenzelli, 1988; Heumann et al., 2006) within aluminous paragneisses and amphibolite
gneisses. Evidence of S; is best preserved within hinge regions of F, folds, but is otherwise
difficult differentiate, due to a strong S, overprint. Older gneissosity and folding are currently
not well understood or identified, due to transposition during D.. S is defined by the axial
planes of large isoclinal folds (F). The axes of these folds is predominantly moderately plunging
to the southeast, but the orientation is currently not well constrained. This phase of deformation
effected all lithologies except for the LMG. Therefore D; had to occur between AMCG
magmatism and emplacement of the LMG. S; and S; are parallel throughout most of the ELq
within the Grenville Supergroup lithologies, and can therefore be thought of as a composite
fabric within paragneisses.

Table 1: Proposed structural nomenclature for rocks within the ELq.

Fabmf Orientation P-T conditions Proposed timing References
generation
Greater th McLelland and
S; n/a reater than 1170 Ma C hiarenzelli, 1988
sillimanite
New data
Shallowly d.lpplng From 1.0 GPa and New data;
So/Fo/M, to east (axial 850°C t0 0.6 GPa <1160 Ma and McLelland et al.,
surface); isoclinal and 600°C ' >1070 Ma 2001, 2004; Valley
folds et al., 2010
Mclelland et al.
0 ight fold !
F3 IE‘;” i:prsliallo(\)/vl , 0.5 GPa and 700°C 1060 Ma; 2001; Selleck et al.,
tpo thge sgouthwesty ’ extensional collapse 2005; Valley et al.,
2011a,b; new data
Boudinage, and
Dy pegmatite dikes; 1050-1000 Ma Valley etal,, 2010,

trending NE

new data
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Associated with S; is a fabric that parallels the margin of the Marcy massif. Although not
associated with map-scale F; isoclinal folds, the similarity between the pronounced lineation
within the marginal fabric and the lineation in the interleaved paragneisses suggests that the
fabric surrounding the Marcy massif formed synchronously with F,. The ca. 1150 Ma
anorthosite, underlies a large region in the NW corner of the ELq. The Marcy-type grades from
an undeformed core, which preserves igneous textures and transitions outward, into highly
deformed tectonites of the Whiteface — type anorthosite and other AMCG lithologies. The fabric

has a constant stretching lineation orientation within the ELqg and is interpreted as parallel to
the axes of F; folds.

Magmatic Layering

Gneissosity: Sy in LMG

n=60 n=253

SN

East of Penfield Margin of the
Pond Marcy Massif
=66 _

Figure 6: Prelimanary sterconets
from the ELq. All stereonets are
lower hemisphere, equal-area,
projections with North at top. All
data presented here was obtained
prior to 2015, these stereonets will
Stretching + change. Calculated axes are labeled

lineation with f.

n=18

Foliation
in Yggn

Hammondville

n=161

Foliation of country rock Magmatic Layering in LMG
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The last major phase of deformation, and the major control of the map pattern and stereonet
analysis, is large-amplitude, open, upright F; folds that plunge 10 — 15° to 110°. These open folds
are best developed >4 km away from the Marcy Massif. All rock types contain evidence of this
event, but outcrop-scale Ds fabrics are not ubiquitous and there remains little evidence for
associated widespread D3 penetrative deformation. A minor phase of D, deformation is
associated with late, upright, broad amplitude folds and boudinage. Late tabular pegmatite
dikes locally follow this fabric and fill boudin necks. Generally, the fabric trends to the NNE, but
analysis of this fabric is not yet complete, and may be progressive with respect to Ds.

Field Relationships

There is a large body of work that describes much of the field relationships exposed throughout
the Adirondack Mountains (Buddington, 1939; Postel, 1952; among many others). More recent
descriptions of these relationships are given in several contributions (McLelland and Isachsen,
1986; Mclelland et al., 1988a,b).

Table 2: Summary of Grenville-aged rock types and field relationships exposed within the Eagle
Lake quadrangle

Rock Type Relationship Age Reference

Cross cuts S, and contains Buddington, 1939; Postel, 1952;

Lyon Mountain Granite xenoliths of rocks with S, 1070 - 1040 Ma McLelland et al., 2001a,b,c; Valley
etal., 2011b
olivi beari Cross cuts S;; Cross cuts McLelland and Chiarenzelli,
Ivine —hearing anorthosite; locally contains 1145 Ma 1988; Davidson and Van
metagabbros .
strong S, overprint Breeman, 1988
Cross cuts and contains
Anorthosite xenoliths of Grenville 1154 Ma McLelland et al., 2004
Supergroup
Mangerite Cross cuts and contains
8 L xenoliths of Grenville McLelland et al., 2004;
charnockite, X 1158 Ma R
3 N Supergroup, contains strong S, Hamilton et al., 2004
granite gneiss 8 .
tectonic fabric
Mesoperthite Granite Folded by F,; cross cuts S; in Older than or equal
N . No data
gneiss Grenville Supergroup to 1158 Ma
A minimum of two phases of
high grade metamorphism; is Deposition

cross cut by all igneous rocks;
there is currently little to no
stratigraphic control in this part
of the Adirondack Highlands

Wasteneys et al., 1998;

between 1230 Chiarenzelli et al., 2010b; 2015

and 1203 Ma.

Grenville Supergroup

Several field relationships are well demonstrated within the ELq. AMCG lithologies cross cut,
contain xenoliths of, and are younger than the Grenville Supergroup. Sillimanite-bearing
quartzofeldspathic gneisses are cross cut by gabbroic rocks at Dresdon Station (see Grover et al.,
this contribution), and this is also true for rocks in the ELq. However, there is no question that
AMCG rocks contain a granulite facies overprint that is shared with the surrounding supracrustal

~41~



87" Annual Meeting New York State Geological Association

sequence. Lastly, the LMG cross cuts all lithologies (localities south of Moose Mountain, eastern
margin of Skiff Mountain, summit of Skiff Mountain, Mount Lewis, eastern shore of Penfield
Pond, Hammondville, others). The LMG contains open, upright, folds that are sub-meter in scale
that are parallel to Fs and pegmatitic segregations within localized boudin necks (alkali granite or
pure quartz in composition). Smaller LMG plutons, east of Penfield Pond appear to have been
emplaced within the Fs folds, and are interpreted as syn-kinematic. This is consistent with the
interpretation of Mclelland et al. (2001) and Selleck et al. (2005) that interpreted the LMG to be
post kinematic with respect to regional granulite grade deformation and metamorphism.

Forward petrologic modelling of D2

Thermobarometric analysis of assemblages that define the S, fabric is currently underway in the
ELg with the goal of extending existing P-T data from the Adirondack Highlands (Bohlen et al.,
1992; McLelland and Whitney, 1980; Spear and Markussen, 1997; Storm and Spear, 2005).
Ferrodioritic gneisses within the marginal anorthosite facies consistently yield estimates of 0.9
GPa and 700°C, similar to results presented in Spear and Markussen (1997). However, there has
been little to no forward petrologic modeling done throughout the Adirondack Highlands,
despite its routine use in many other metamorphic terranes.

There is one large olivine metagabbro exposed along the margin of the Whiteface-type
anorthosite east of Cat Mountain. It is cored by coarse-grained olivine-bearing metagabbro
engulfed in garnetiferous amphibolite that contains a strong S, fabric. The geometry of the
coronite and its relationship to the surrounding tectonites mimics that of the Marcy massif, but
on a far smaller scale with an undeformed core, surrounded by tectonites of identical
composition (Lagor, 2012). Forward modeling using Theriak-Domino (de Capitani and
Petrakakis, 2010) and the Holland and Powell database (updated in 2007) was performed on the
coronitic metagabbro to understand the P-T evolution during static metamorphism, and the
development of the engulfing garnetiferous amphibolite. Due to variations in aH20 throughout
the rocks history, we have calculated a 3-D pseudosection plotting P, T, and aH.0. Models were
run calculating assemblage, modes of garnet, biotite, amphibole, and plagioclase and garnet
composition (Figure 8). Together these result show that a single clockwise decompression path
beginning above 1.0 GPa can link all existing quantitative thermobarometric points.
Thermobarometry and preliminary forward petrologic models were also calculated for a
coronitic metagabbro exposed in Newcomb, NY, in central Essex County for comparison, and
yield nearly identical results.

There has been a discrepancy regarding the origin of massif type-anorthosite in that
petrologically they appear to form near or at the Moho, and appear to be largely derived from
asthenospheric mantle (Buddington, 1939; McLelland et al., 1996, 2004; Hamilton et al., 2004;
Regan et al., 2011). However, Valley and O’Neil (1982) performed a systematic stable isotopic
analysis of minerals from Grenville Supergroup lithologies exposed within the contact aureole of
the Marcy Anorthosite.

Minerals formed during contact metamorphism contain depleted O*® (relative to SMOW),
requiring interaction of an aqueous meteoric component during contact metamorphism, which
has to be relatively shallow in the crust. The decompression P-T path described above may
reconcile some of the discrepancies between evidence for both deep and shallow petrogenesis
of massif-type anorthosite: it is both. In this model, rocks were largely crystallized at depth, but
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the anorthosite bodies, being positively buoyant, were emplaced at mid to upper crustal levels
as a crystal mush. Tectonites exposed along the margin of the massif may have formed during
its emplacement. The P-T path described above is derived from rocks with structural fabrics that
are prime candidates to have accommodated the emplacement of the Marcy Massif, and shows
that such a metamorphic history can be modeled.

Structural evolution

The evolution of the area is summarized schematically in figure 10. The earliest recognized phase
of penetrative deformation (D) is only exposed within the Grenville Supergroup lithologies
within the ELqg. It is defined by a high grade metamorphic assemblage, and is associated with
migmatization in aluminous paragneisses. Recent geochronology (stop 1) from just outside the
ELq is consistent with geochronology from the southern Adirondack Highlands (Heumann et al.,
2006) that suggests anataxis occurred during the Shawinigan phase of deformation. This is
consistent with the field relationships that suggest D1 predates AMCG plutonism. This fabric
may have more than one component, but we are unable to differentiate them now. Subsequent
deformation (D) involved the isoclinal folding of a preexisting gneissosity in the Grenville
Supergroup and the Mesoperthite granite gneiss, and the development of a strong axial planar
fabric within AMCG lithologies. This phase of deformation is associated with granulite grade
deformation within AMCG and older lithologies, but deformed pre-existing leucosome. This
fabric has been interpreted as Ottawan in age (ca. 1080 Ma), but there is no direct link between
time and structure necessitating this correlation. The LMG cross cuts and contains xenoliths of
rocks that contain an S; fabric, suggesting the ca. 1070 Ma LMG post dates D..

Future work should focus on deciphering the age and kinematics of the structural fabric.
Forward modeling presented above suggests that deformation during D, may also be explained
by AMCG emplacement at the tail end of Shawinigan orogenesis (Regan et al., 2015). The LMG
was effected by late open folding (F3), and based on the map scale pattern, is preliminarily
interpreted as syn-kinematic with respect to Fs folding.

Geochemistry of the LMG

The LMG has been the focus of a number of analytical studies, including detailed U-Th-Pb zircon
geochronology (Mclelland et al., 2011; Selleck et al., 2005; Wong et al., 2011; Valley et al.,
2011a,b), paired Hf zircon analysis (Valley et al., 2010), and extensive geochemical analsyes of
both major and trace element composition (Whitney and Olmstead, 1988; McLelland et al.,
2001a,b,c; Valley et al., 2011a,b; Geer et al., 2015). These analyses have been performed on
both ore-hosting and non ore-hosting LMG. Geochemically, the LMG is strongly ferroan (Frost
and Frost, 2008) with a limited range of SiO; content (predominately > 70 %). On modified alkali
lime index vs. SiO; diagrams (Frost et al., 2001; modified in Frost and Frost, 2008), they plot as
alkali to alkali-calcic, forming a cluster at high MALI (figure 9). Trace elements contain
systematic depletions in HFSE and enrichments in LILE, except near magnetite ore seams where
host rocks show evidence of sodic alteration (Mclelland et al., 2001c; Valley et al., 2010; 2011a,b;
Geer et al.,, 2015). On tectonic discrimination diagrams after Pearce et al. (1984), the LMG plots
from a within plate granite to rift field. All of these data strongly suggest an anhydrous crustal
source for the LMG. The incompatible element trend is best explained as an inherited
subduction signature from preexisting lithologies in the source region (Valley et al., 2011).
Furthermore, the lack of lower SiO, variants extensive evidence for a relatively high oxygen
fugacity (Wones, 1989; McLelland et al., 2001c), and the strongly ferroan major element
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composition of the LMG are all consistent with the chemistry of felsic igneous rocks within other
extensional settings.

Geochemistry of ore and host rocks within Hammondville and Skiff Mountain

The LMG hosts numerous zones of magnetite mineralization that were mined for iron beginning
in the early 19'" century. Recently some of these deposits were discovered to contain apatite
with elevated levels of REEs (Valley, 2011; Lupelescu, trip B-2). Hammondville was a mining town
in the eastern Adirondack Mountains in operation in the 1890s, and was one of the largest
producers of iron in the region. Targeted 1:12,000 scale mapping of Hammondville was
undertaken to understand the petrogenesis of the LMG and the structural and petrologic
relationship of magnetite mineralization and REE distribution. This is part of a larger mapping
project in the Eagle Lake quadrangle. Paired ore and host rock samples have been collected for
petrologic and geochemical analyses in order to evaluate petrogenetic links between magnetite
mineralization and the host granite within the Hammondville region.
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Figure 9. Fe-index and modified alkali-lime index plotted against SiO2 (after Frost et al., 2001; Frost
and Frost, 2008; and references therein) for existing geochemistry of the LMG. Also plotted are
geochemical data from charnockites sampled throughout the Adirondacks (Seifert, 2010). Please
note that the LMG and charnockite gneisses show similar geochemical trends.

The host rock immediately surrounding the magnetite ore in Hammondville is typically a quartz
albite rock with amphibole and clinopyroxene. On Harker diagrams there is a clear trend
between SiO; and Al,0s, MgO, TiO,Fe,03 and total alkalis. It is strongly ferroan (Frost and Frost,
2008), similar to past studies (Valley et al., 2011, with a range of SiO, from 65% to 75%. They
also plot as alkali to alkali-calcic on a modified alkali lime index vs. SiO, diagram (Frost et al.,
2001; modified in Frost and Frost, 2008). Chondrite normalized REE plots display a slight
enrichment in LREE, a pronounced negative Eu anomaly and a depletion in HREE (Sun and
McDonough, 1989). The LMG within Hammondville commonly contains a layering interpreted as
magmatic in origin because of the lack of strain shown in petrographic thin section, but ongoing
discussions surround the role of thermal annealing. Locally, the LMG exhibits strain in areas
typically located near major zones of magnetite mineralization.

Ore samples (samples with >34% Fe,03) from Hammondville typically contain magnetite,
amphibole, clinopyroxene, quartz and albite. There is a strong Fe;05 trend vs. SiO; on a Harker
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diagram, however other trends in major element composition are lacking. The ore shares similar
REE element trends with the hosts including a pronounced negative Eu anomaly and a depletion
in HREE on chondrite normalized diagrams (Sun And McDonough, 1989). However, they exhibit
a more level LREE tendency and several samples are much more highly enriched than host rock.
Anastomosing seams of magnetite range in thickness from < 1cm to roughly 2 m and commonly
branch into multiple seams that can have deformed tendrils extending from the main seam.
Petrographic analyses show local deformation in some areas of mineralization that can extend
into the surrounding host.

Stage 1/2: S, is a
Yegn: megacrystic Kfeldspar gneiss composite fabric
with biotite and garnet 3
composed of preexist-
—— F2: isoclinally folded Yggn unit, and granulite mg gIIEISSOSlty m
/__:' - == e e kg Grenville Supergroup
lithologies. This fabric
: forms the axial plane of
Hevasan etal. 2006; large isoclinal folds,
Bickford et ol 2008 and effects rocks of the
Chivenls v 20100 ca. 1155 Ma AMCG
plutonic suite.

Refolded amphibolitic gneisses

Stage 3: early magmatism associated with the
LMG, which spread as concordant layers in
previously deformed lithologies.

Whitney and McLelland, 1980
Foose and McLelland, 1995
McLelland et al., 2001a,b.c
Selleck et al, 2005

Stage 4: Onset of F5 folds
provided necessary space

S for the coalescence of large
F3: Bastof Peafield Pond batches of LMG magmas,
that took on layering that

mimicked country rock.

F3: West of Penfield Pond

F2 In remnant amphibolites

Stage 5: As folds grow larger, plutons
become larger, and slowly destroyed, and

digested abundant host/country rock, leaving . . Aiiiel dssabinE
behind large screens of amphibolite defining F1pioe/10: Broposed mindel. desernng the sic:

preexisting folds, while also folding older tural evolution of the eastern Adirondack High-
IMG ’ lands
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CONCLUSIONS

The descriptions above provide a basic overview of Grenville Geology of the ELq and beyond.

The most important part of this contribution is to put forth a structural nomenclature that is
transformative, and represents the major phases of deformation within the ELq and surrounding
regions. Good limits exist for the timing of D1, but little data exists that directly constrains the
timing of D,. Future work should focus on the timing, P-T conditions, and kinematics of this
structural fabric.
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ROAD LOG
MEET AT 8:30 AM: Ticonderoga McDonalds Parking Lot (coordinates in NAD83)

Location Coordinates: N 43°51.455’ W 073°26.258’

0.0 miles: Turn: right out of parking lot and an immediate left onto NY-74

1.0 miles: pull over on right shoulder at long road cut, stop 1.

STOP 1: Roadcut on NY-74, west of Ticonderoga, NY
Location Coordinates: N 43°51.665" W 073°27.495’

The easternmost rock is a poikiloblastic garnet amphibolite that contains garnet-clinopyroxene,
plagioclase, and hornblende. Fe-Ti oxides are present as well, though can only be seen in thin
section. The garnet crystals can reach upwards of 3 cm in diameter, the best examples are
concentrated in the westernmost part of the garnet amphibolite. Schistosity, mostly defined by
aligned hornblende and appears to both traverse and wrap around the garnet poikiloblasts,
suggesting garnet growth was syn-kinematic.

Further west along the outcrop is a transition zone, marked by a vegetated slope, containing
some layers of marble and a rusty weathering paragneiss. West of the transitions zone the vast
majority of the outcrop is composed of a garnet-biotite-plagioclase-perthitic microcline-quartz +
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sillimanite migmatitic paragneiss. Leucosome proportion is estimated to be 30-50% and
preferentially contains garnet, while biotite is concentrated in the melanosome. Though some
texturally late leucosome contains biotite, this can be shown to grade into garnet-bearing
leucosome. Both leucosome and melanosome layers are deformed and define a foliation
parallel to a schistosity defined by aligned biotite. Quartz and feldspar are granoblastic in both
the leucosome and melanosome.

Within the migmatitic paragneiss a number of garnet rich boudins occur, these are possibly
deformed and metamorphosed dikes. The boudins indicate stretching in all directions parallel to
gneissic layering suggesting a flattening finite strain. Also present within the migmatitic
paragneiss are bodies of amphibolite similar to what is present at the east end of the outcrop.
Three, 5 to 30 meters wide, unstrained, amoeboid-shaped, pegmatitic granitic plutons also occur
in the migmatitic paragneiss.

Mineralogy of the pegmatites includes feldspar, quartz, and biotite. Most feldspar appears to
have exsolution lamellae indicating alkali feldspar, but locally plagioclase has been observed.
Due to the coarse grain size (upwards of 30 cm for feldspar and quartz and 50 cm. for biotite)
the exact lithology has not been constrained, but it is thought to be an alkali-feldspar granite.
Locally associated with the pegmatites in the host migmatite are cm. books of graphite.

Fabric orientation is essentially parallel among the garnet amphibolite, the migmatitic paragneiss,
and the transitional contact zone between the two. The foliation in the garnet amphibolite and
eastern portions of migmatitic paragneiss is approximately 062°, 43° but changes to about 103°,
45° by the westernmost end of the outcrop. Lineation is reasonably parallel to the outcrop face
and ranges from a horizontal to 30° plunge, tending 100°. The lineation is defined by aligned
hornblende, biotite, or sillimanite, depending on location within the outcrop. Asymmetric tails
on garnet poikiloblasts in the garnet amphibolite suggest south side (top) to the west transport.

To constrain timing of geologic events recorded in the outcrop, samples of the migmatitic
paragneiss and of pegmatite were processed for U/Pb zircon geochronology. For the paragneiss,
given the scale of leucosome and melanosome interlayering, it was not possible to separate the
two upon processing, so separated zircon is from both components. Such zircons are euhedral
to subhedral, stubby to elongate, yellow to amber to brown in color, and are 100 um to 500 um
in length.

Cathodoluminescence (CL) of polished grain cross sections show that zircons have a wide variety
of internal zoning patterns from oscillatory to irregular zoning (Figure 11 inset). No consistent
core-rim zoning pattern (or of any other type) could be generalized for the separated zircon
grains. Results of 21 SHRIMP-RG analyses of all types of zircons and all CL zones reveal what it
interpreted as a unimodal age distribution. 16 of 21 analyses define a chord with an upper-
intercept of 1186 + 25 Ma, which is interpreted to be the age of migmatization for the
paragneiss (Figure 11).

Zircon from one pegmatite body is euhedral to subhedral, equant to stubby, and light pink to
purple in color. Zircon size is poorly constrained as most grains are fragments of grains greater
than approximately 500 um. Cathodoluminescence of polished grain cross sections reveal all
grains possess oscillatory or sector zoning (Figure 12 inset). No convincing core-rim relationships
were found. Fourteen SRHIMP-RG analyses produce what is interpreted as a unimodal
distribution of ages. Six if these are nearly concordant and produce a 2°’Pb/?*®Pb weighted mean
age of 1051 + 25 Ma that is thought to best represent the age of pegmatite formation (Figure
12).
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Figure 11. Concordia diagram of U/Pb zircon SHRIMP-RG analysis of the migmatitic paragneiss. Sixteen
analyses (shaded) define a chord upper-intercept of 1186 + 25 Ma (20), which is taken as the age
of partial melting. One inherited core was analyzed and resulted in a 1468 + 34 Ma age. Inset
shows cathodoluminescence images of representative zircon grains and 2°’Pb/?%°Pb ages of spot
analyses.
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Figure 12. Concordia diagram for 14 U/Pb zircon SHRIMP-RG analyses. Upper-left inset show the
206ph /207ph weighted mean for the 6 best clustered and concordant analyses (shaded), which
produces an age of 1051 £ 25 Ma, thought to be the age of pegmatite. Lower-right inset shows
representative grain fragments and spot analyses.
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1.0 miles: merge back on NY-74 west (please be careful)
5.4 miles: Turn right onto Corduroy Road (we just drove over a graben, people!)
8.3 miles: Turn left onto Old Furnace Rd

10.9 miles: Pull the car onto the right shoulder (there is really nothing of note
here), and walk 235 meters on trail to south, stop 2.

STOP 2: Transposed Grenville Supergroup
Location Coordinates: N 43°55.548’, W 073°34.976’

This is an exposure of metamorphosed and folded meta-siliciclastics of the Grenville Supergroup
(Davidson, 1998). Notice the very well layered nature of the rock, the related compositional
variability, and the gradational transitions between various layers. Also note several asymmetric
folds that are particularly easy to see within leucosome. This suite of rocks saw the following
events: 1) deposition, 2) partial melting (M1), and 3) folding of this migmatitic gneissosity, and
the development of axial planar fabric (S;). These relationships suggest that anatexis and high-
grade metamorphism likely accompanied Si, which is interpreted to be Shawinigan based on the
geochronology discussed at stop 1. This suite of rocks is common throughout the ELg, and
represents some of the oldest rocks preserved within ELg.

Depart Stop 2, continue on Old Furnace Rd.

11.1 miles: stay left on Old Furnace Rd

11.2 miles: park on right side of road next to mangeritic pavement, stop 3

STOP 3: Contact between mangeritic gneiss and the Grenville Supergroup.

Location Coordinates: N 43°55.753’ W 073°35.174’

Several small outcrops are present to the southwest along Old Furnace Road. We will start by the
parked cars. In stark contrast to the rocks seen at the previous outcrop, this rock is fairly
homogenous. It is a mangeritic gneiss, with hbl +/- grt composing the tails around primary opx
(McLelland et al., 1980).

Do you see evidence of more than one phase of deformation within this lithology?

As we move south, we will see a quick transition back into the Grenville Supergroup. This
produces an interesting map pattern, a dome structure that is cored by monocyclic mangeritic
gneiss, engulfed by meta-siliciclastic rocks of the Grenville Supergroup, with the predominate
fabric running parallel to the axial trace of (F2?). However, we know from the previous stop that
the predominate fabric we see in the paragneisses is an aggregate of two planar fabrics. The big
qguestion is; can we see S1 in the mangeritic gneiss?
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Depart Stop 3, continue SW

11.4 miles: turn left onto logging road

12.1 miles: park and walk up old logging road (350 m), stop 4

STOP 4: Hill No. 8

Hill No. 8 is in the northern part of the historic mining town of Hammondville. On the north
eastern base is the remains of a great furnace used to melt and separate the ore mined here in
the late 19" century (next stop). The remaining slag is the blue stone used on many of the roads
in the area that you can see on the drive in and out.

Hill No. 8 was the northern most extent of the mining operations of Hammondville and included
two major pits: the Hammond Pit and Number 8 Mine. The number 8 mine is the deepest in
Hammonadville, reaching depths of up to 1000 ft (Penfield museum, personal correspondence),
however the exposure in the Hammond pit is better and more easily accessible.

Magnetite seams in the Hammond pit range from centimeter scale to roughly 2 meters in
thickness. The seams display a discrete wavy contact with the host LMG and split into multiple
seams in places. They are concordant to the local fabric (038°, 27°) which is much stronger within
the vicinity of mineralization. The ore is >70% Fe,03 with slightly elevated REE levels. A thin
section of a seam contained beautiful S-C fabrics indicating a reverse sense shear with top to the
southeast, Further investigation into the relationship between the timing of deformation and
magnetite mineralization is underway. The host LMG immediately surrounding mineralization
seems to be very gneissic and contains albite, quartz, amphibole, and pyroxene. It has an Fe,03
content of less than 7%, Na,O of more that 6.5% and REE levels slightly higher than that of the
ore.

A sample of LMG was also collected roughly 100 m from the mine on the western side of Hill # 8
and is elevated in REEs and contains a potassium content an order of magnitude higher than the
immediate host. It also records subsolidus deformation, perhaps related to the massive
magnetite deposits, however the reverse shear is top to the NW. Again, constraining timing for
this is underway.

Turn around and depart Stop 4.

12.9 miles: intersection of logging road with Old Furnace Road, park cars, stop 5

STOP 5: Old Furnace.

Location Coordinates: N 43°55.605 W 073°35.395’

Old Furnace locality. Depart by turning left onto Old Furnace Road.
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18.1 miles: turn left onto Paradox Rd

18.7 miles: turn left onto NY-74 (heading east)

19.8 miles: turn right into parking lot with cannonball, park, walk 350 meters west on
NY 74, then go north in the woods, stop 6.

STOP 6: Schofield magnetite mine.
Location Coordinates: N 43.888°, W -73.637°.

WARNING: Route 74 is a busy road with lots of heavy truck traffic.
Walk single file and stay well to the side of the road.

Walk west down the road for approximately a quarter mile until you reach a brown and yellow
sign marking the boundary of the Adirondack Park. Proceed into the forest for approximately 75
meters to the base of a cliff.

This stop examines the relationship between magnetite ores and the Lyon Mountain granite
(LMG) that hosts the ore. Most of the main ore seam has been mined out and is covered by large
blocks of mine waste. However there are places where the relationship between the ore and
the host granite can be observed. The main ore seam starts here at the base of the cliff and
gradually climbs up the hill to the east parallel to the main foliation in the granite. The host rock
on either side of the ore seam is albitized granite and is the result of fluid alteration. The amount
of albite in the rock gradually diminishes as distance from the mineralized ore zone increases
and perthitic feldspar becomes common. The ore is comprised of magnetite and apatite £
quartz. The apatite is generally reddish in outcrop and is extremely enriched in light rare earth
elements and high field strength elements (especially Y, Ce and Nd). The mineralogy of the
“granite” varies from perthitic feldspar + quartz + magnetite * clinopyroxene, biotite, and
amphibole in the least altered rocks, to quartz + albite + magnetite + apatite and chlorite in the
most altered zones. The contact between the ore and the granite is generally sharp but a large
boulder here at the base of the cliff shows numerous mm-thick layers of magnetite. Zircon
grains from the ore have been dated at 1000.9 + 9.2 (20) (Valley et al., 2009).

Proceed uphill along the ore seam approximately 75 meters to the east by following an animal
trail and scrambling over boulders. Here the ore is perfectly exposed in a large out of place slab
and is where the geochronology sample was collected. Even though a reliable age for the host
LMG could not be obtained at Skiff Mountain, the age of the zircon in the ore here is at least 34
my younger than that of the granite. This is based on the age of zircon rims in the LMG that was
successfully dated near here at Eagle Lake (see EAGLE LAKE STOP; Figure 13).

Continue following the ore seam uphill to the east. Watch for a small outcrop of hematized
breccia. The ore seam will disappear under mine waste rock and forest. At this point head directly
uphill until reaching a relatively flat area. You will see what appears to be a ditch, sometimes
filled with water, backed by a 3-4 m high outcrop. This is the top of the upper ore seam. Follow
this relatively flat area to the west. At 43.886056, 73.637028, the top of the upper ore seam is
visible. The ore seam is approximately 0.5 m thick with a second 2-3 cm thick vein just above the
main ore. The adjacent granite is typically lacking in disseminated magnetite in the vicinity of the
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veins, but disseminated magnetite reappears where veins are lacking and distal to the ore vein.
Near the top of this outcrop small lozenge shaped quartz-feldspar-magnetite pegmatites are
present (~¥20-30 cm long). Follow the upper ore seam west for approximately 60 m. Here 1 m
below the ore body, there are two amphibolite layers 10 to 20 cm thick. Recent geologic
mapping suggests that these are mafic “screens” that were incorporated in the LMG during
intrusion. Zircon grains from one of these layers have been dated at 1046 + 11 Ma (2o0) (Valley et
al., 2011) with rare zircon cores that are ~1150 Ma. These layers and the host LMG have been
overprinted by Na fluid alteration providing a maximum age for Na fluid alteration. The increase
in albitization around the ore suggests Na metasomatism is coeval with zircon growth and ore
mineralization. It is probable that the U/Pb age from zircon in the amphibolite layer is the
product of metamorphism or possibly a fluid alteration event that is older than the fluids
associated with the growth of zircon in the ore at Skiff Mountain.

Depart by turning right out of parking lot, headed east on NY-74.

21.3 miles: enter small pull off on left, walk 75 meters east on NY-74, stop 7.

STOP 7: The Lyon Mountain Granite Gneiss (after Postel, 1956)

From the cars, walk east about 0.3 miles to an outcrop on the right (south) side of the road. At
this locality a granitic pegmatite dike crosscuts the fabric of the LMG. The LMG has been altered
by K-rich fluid alteration that has been overprinted by minor Na alteration. The crosscutting dike
has also experienced minor Na alteration. Both the dike and the granitic hosts have extreme
concentrations of potassium for granitic rocks (~8 wt.% for both rocks). It is not clear if the dike
is high in potassium because it intruded an already metasomatized rock and thus was enriched in

K20 by a relatively closed system, or if both the dike and the host were altered by potassium
bearing fluids together in an open system. Both the dike and the granite experienced
subsequent minor sodic alteration. The dike is comprised of coarse microcline, quartz, and
biotite, with minor plagioclase, zircon, apatite, and magnetite * clinopyroxene and muscovite.
Plagioclase is secondary and is present interstitially and in “patch” perthite which crosscuts
microcline grains.

A sample from the dike was collected for U/Pb zircon geochronology and was dated by
Secondary lon Mass Spectrometry (SIMS). Zircon crystals from this sample are elongate (300-500
um long), clear with patchy zonation in BSE images, and typically contain large inherited cores of
both AMCG (~1150 Ma) and LMG (~1060 Ma) age. The zircon rims from grains with relict cores
and grains without cores have a concordant age of 1030.4 + 1.8 Ma (20) (Valley et al. 2011). The
aforementioned field relations imply that Na alteration has to be younger than the U-Pb zircon
age of the dike. They also suggest that the forces responsible for fabric development within the
LMG must have ended by this time.
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Figure 13: Field photograph showing layering (black lines) in LMG being crosscut by pegmatite dike
on 74.
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Figure 14: A) Concordia diagram from Skiff Mt. LMG. Shaded ellipses represent analyses
used in weighted averages for cores (c. 1086 Ma, upper-left inset) or rims (1043 Ma,
lower-right inset). B) Representative zircon cathodoluminescence images and spot
analyses. Ages are 20 2°Pb/2%Pb ages.
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A sample of the host rock was collected within in a few meters of the dike discussed above in
order to constrain the timing of Skiff Mt. LMG intrusion. Zircons separated from the sample are
euhedral to subhedral, stubby to elongate, typically 200-500 um long, and are amber to brown
in color.

Cathodoluminescence (CL) of polished grain cross sections reveal that most zircons have
oscillatory zoned cores and prominent dark rims with subtle and limited oscillatory or patchy
zoning (Figure 14). Afew grains appear to possess a core, mantle, and rim. In such grains, rim
CL is consistent with the rims of other grains, with the mantle and core both having oscillatory
zoning. Twenty U/Pb SHRIMP-RG analyses of all zones demonstrate that the cores (or mantle,
if three zones are present) are 1086 *+ 34 Ma (20 2°’Pb/?°Pb weighted average, 5 analyses;
Figure 14), while rims cluster at 1043 + 9 Ma (20 2’Pb/?°®Pb weighted average, 5 analyses,
Figure 14). For grains with three zones, only two cores were analyzed and produced 20

207ph /206ph ages of 1169 + 38 Ma and 1138 + 28 Ma. These older core ages are interpreted to
be inherited, while the c. 1086 Ma age is interpreted to be the magmatic crystallization age of
the Skiff Mt. LMG body, with the c. 1043 Ma rim age representing the timing of fluid
alteration. Though the timing of fluid alteration age is slightly older than the age of the altered
pegmatite dike at the limits of error, we believe that pegmatite dike intrusion and fluid
alteration were in close temporal proximity.

Depart and stay east on NY-74

24.7 miles: turn left onto Corduroy Rd

29.5 miles: stay straight

29.7 miles: Turn right onto Towner Hill Road
30.5 miles: stay straight

31.9 miles: Turn right by Gleebus sign

32.9 miles: Take left by amphibolite

33.1 miles: Park at log landing, follow trip leaders into the woods for 30 meters, stop 8.

STOP 8: Highly deformed augen gneiss

Location Coordinates: N 43°54.356" W 073°31.875’

We are in the eastern portion of the quadrangle, which is dominated by large amplitude, upright
folds that contain a calculated B-axis of 10 to 112 (Figure 6). There is no identified axial planar
fabric associated with this fold generation (F3). The rock exposed here is a strongly deformed
augen granitic gneiss (Yggn on new 7.5’ quadrangle map). Any one exposure typically contains
both pegmatitic (mesoperthitic) varieties that are weakly deformed as well as biotite-
megacrystic varieties that are strongly deformed and contain >5% modal garnet (vol%). The
latter unit is isoclinally folded (F,), and contains a very strong S, here. Can we see a lineation? Is
there evidence of folding at the outcrop scale (F1)?

This unit is still undated, but is currently thought to be equivalent or older than ca. 1165 Ma.

~55~



87" Annual Meeting New York State Geological Association

Depart Stop 8 by turning around.

33.3 miles: Turn right by amphibolite

34.4 miles: Turn left onto Towner Hill Road
36.6 miles: Turn left onto Corduroy Road
36.8 miles: veer onto Corduroy

38.2 miles: take left onto dirt road, park before bridge, hike west (upstream) on dog trail for 2.0 km,
stop 9.

STOP 9: Penfield Pond — granite pegmatite cross cutting amphibolitic gneiss

Location Coordinates: N 43°54.992" W 073°32.189’

We are in the hinge of an F; fold. We have walked through the LMG the entire way here. This
outcrop contains amphibolitic gneiss, which is locally migmatitic, and a concordant lens of
mesoperthite granite. The mesoperthite granite is typically associated with the augen gneiss
seen at Stop 8, despite the lack of tectonic fabric within the granite. At one location in the
outcrop (Fig. 5a,b), the granite cross cuts the amphibolite gneiss at a low angle. This truncation
suggests that migmatization predates the mesoperthite granite, and that migmatitic layering is
transposed to be nearly parallel to S,, but may have occurred during S;.
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INTRODUCTION

Over the past four years, the Vermont Geological Survey and professors and undergraduate
students from the University of Vermont, Middlebury College, and SUNY at Plattsburgh geology
departments have formed a multidisciplinary fractured bedrock consortium. This consortium
integrates varying expertise and resources to comprehensively address applied geologic issues
in Vermont, such as groundwater quality (i.e. radionuclides, arsenic, nitrates, fluoride, and
manganese), groundwater quantity of domestic and public wells, groundwater-surface water
interaction, and shallow geothermal energy. The purpose of this trip is to visit field sites in the
Champlain Valley Belt of west-central Vermont that illustrate our group’s current research
efforts in fractured bedrock hydrogeology. At each site, we will discuss how structural geology,
stratigraphy, and hydrogeology (including geophysical well logging) bear on a specific
environmental issue. This trip will not only visit classic sites such as the Champlain Thrust at
Lone Rock Point and the Hinesburg Thrust at Mechanicsville, where we will discuss refined
structural chronologies, but also locations that exhibit a strike-slip fault zone in the Winooski
River Spillway (Williston), a well-described wrench fault site in Shelburne, phosphorite layers
that explain elevated radioactivity in the bedrock aquifer (Milton), and a site in Hinesburg where
field mapping of fractures has been correlated with those in geophysical logs. The following
Bedrock Geology of Vermont, Field Area Geology, Structural Geology, Metamorphism, and
Geochronology sections are modified from Kim et al. (2011).
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BEDROCK GEOLOGY OF VERMONT

Vermont can be divided into several north-northeast trending bedrock belts of generally similar
age and tectonic affinity (Figure 1). From west to east the belts are;

1) Champlain Valley: Cambrian — Ordovician carbonate and clastic sedimentary rocks deposited
on the eastern (present coordinates) continental margin of Laurentia (e.g., Stanley and
Ratcliffe, 1985). This continent was left behind after the Rodinian supercontinent rifted
apart during the Late Proterozoic and the intervening lapetus Ocean formed between it and
Gondwana (e.g., van Staal et al., 1998). The margin was deformed and weakly
metamorphosed during the Ordovician Taconian Orogeny. It was deformed again during the
Devonian Acadian Orogeny.

2) Taconic Allochthons: Late Proterozoic- Ordovician slices of clastic metasedimentary rocks of
oceanic and continental margin affinity that were thrust onto the Laurentian margin
(Champlain Valley Belt) by arc-continent collision during the Taconian Orogeny (e.g., Stanley
and Ratcliffe, 1985).

3) Green Mountain: Late Proterozoic—Cambrian rift- and transitional rift-related
metasedimentary and meta-igneous rocks that unconformably overlie Mesoproterozoic
basement rocks. These assemblages were deformed and metamorphosed during the
Taconian Orogeny (also during the Acadian Orogeny) (e.g., Thompson and Thompson, 2003).

4) Rowe-Hawley: Metamorphosed continental margin, oceanic, and suprasubduction zone rocks
of Late Proterozoic-Ordovician age that were assembled in the suture zone of the Taconian
Orogeny. These rocks also were deformed and metamorphosed during the Acadian
Orogeny. Arc components are part of a Shelburne Falls Arc that collided with the Laurentian
margin, causing the Taconian Orogeny (Karabinos et al., 1998). Recent detrital zircon work
by McDonald et al. (2014) indicates that the Moretown Formation, the central member of
the Rowe-Hawley Belt, had a Gondwanan rather than Laurentian source.

5) Connecticut Valley: Silurian and Devonian metasedimentary and metaigneous rocks
deposited in a post-Taconian marginal basin. Tremblay and Pinet (2005) and Rankin et al.
(2007) suggested that this basin formed from lithospheric extension associated with post-
Taconian collisional delamination processes. These rocks were first deformed and
metamorphosed during the Acadian Orogeny.

6) Bronson Hill: Ordovician metaigneous and metasedimentary rocks of magmatic arc affinity
and the underlying metasedimentary rocks on which the arc was built (e.g., Stanley and
Ratcliffe, 1985). Recent studies show that this is a composite arc terrane with juxtaposed
components of Laurentian and Ganderian/ Gondwanan arc affinity (e.g., Aleinikoff and
Moench, 2003; Aleinikoff et al., 2007; Dorais et al., 2008; 2011). Accretion of the arc
terranes onto the composite Laurentia occurred during the latest stage of the Taconian
Orogeny and Silurian Salinian Orogeny (van Staal et al., 2009).
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Figure 1. Tectonic belts in Vermont. Modified from Ratcliffe et al. (2011).

FIELD AREA GEOLOGY

The field area for this trip encompasses the western part of the Green Mountain Belt and the
Champlain Valley Belt (Figure 1). These belts represent the foreland and western hinterland of
the Taconian Orogen of west-central Vermont respectively (e.g., Stanley and Wright, 1997). This
region can be divided into three lithotectonic slices which are, from west to east and from
structurally lowest to highest: A) the Parauthochthon, B) the Hanging Wall of the Champlain
Thrust, and C) the Hanging Wall of the Hinesburg Thrust (Figure 2). The Champlain Thrust forms
the tectonic boundary between A and B, whereas the Hinesburg Thrust separates B and C. The
Parautochthon is primarily comprised of shales of the Stony Point Formation (note that the
Iberville Formation shale is “lumped” with those the Stony Point Formation), representing
Taconian flysch, but also contains normal fault- bounded carbonates of the informally-named
Charlotte “Block”. These lithotectonic divisions are shown on the map in Figure 2 and can be
interpreted from the tectonostratigraphic cross section in Figure 3. It is worth noting that the
next lithotectonic unit to the west is the autochthon of eastern New York State, where
Mesoproterozic metamorphic rocks of the Adirondacks are unconformably overlain by
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< B i >

Parauthochthon Hanging Wall of CT Hfalgging Wall
(o)

Figure 2A. Bedrock geologic map of the field area showing stop locations. MP = meeting place.
Modified from Ratcliffe et al. (2011).
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Ordovician
Stony Point Formation: calcareous black shale with limestone interlayers

9ot | Glens Falls Formation: limestone with shale interlayers
- Crown Point Formation: limestone
Ocbrp| Bridport Formation: dolostone and limestone

Ob | Bascom Formation: limestone

Cutting Formation: dolostone
New York
©Os | Shelburne Formation: marble and dolostone Ocw | Whitehall Formation: limestone

Ordovician and Cambrian
Skeels Corners Formation: black phyllite with
dolostone interlayers

Cambrian
€sp | Clarendon Springs Formation: dolostone €ti | Ticonderoga Formation: dolostone

Danby Formation: dolomitic sandstone

‘ €w ‘ Winooski Formation: dolostone
©€m | Monkton Formation: red quartzite and dolostone

Cdu  Dunham Formation: dolostone

Ce | Cheshire Formation: quartzite

Neoproterozoic
czip | Fairfield Pond Formation: phyllite and phyllitic quartzite

CZpr Pinnacle Formation: phyllite quartzite and feldspathic quartzite

Figure 2B. Lithologic units for the map in Figure 2A.

Lower-Middle Ordovician sedimentary rocks of the Beekmantown Group (Isachsen and Fisher,
1970). There is a major unnamed Ordovician thrust fault in Lake Champlain that separates the
Parautochthon from the Autochthon. To the north, Fisher (1968) called this the Cumberland
Head Thrust. Although these slices were originally juxtaposed during the Ordovician Taconian
Orogeny, subsequent deformation occurred during the Acadian (Devonian) and possibly later
orogenies (e.g., Stanley and Sarkisian, 1972; Stanley, 1987).

Stratigraphy of the Lithotectonic Slices

The stratigraphy of the field area has been described in detail by Cady (1945), Doll et al. (1961),
Welby (1961), Dorsey et al. (1983), Gilespie (1983), Stanley (1980;1987), Stanley and Sarkisian
(1972), Stanley and Ratcliffe (1985), Stanley et al. (1987), Stanley and Wright (1997), Mehrtens
(1987; 1997), Landing et al. (2002), Thompson et al. (2003), Landing (2007), Kim et al. (2007;
2011, 2014b), and Gale et al. (2009). The legend in Figure 2B summarizes the lithologies for the
map in Figure 2A. More detailed lithologic information is available for each individual stop in
the road log. The reader is also encouraged to consult the above references for further
information.

Figure 3 shows the tectonostratigraphy of each of the lithotectonic slices in the field area from
west (left) to east (right). It is immediately apparent from west to east that each slice cuts into
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successively older rocks and, consequently, deeper structural levels. Below are descriptions of
the tectonic affinity and lithologies in each slice:

A) Parautochthon

1) Stony Point Formation- Late Ordovician black shales with thin carbonate interlayers
that were strongly deformed by the overriding Champlain Thrust. These rocks were
interpreted as flysch by Stanley and Ratcliffe (1985) and Rowley (1982).

2) Charlotte “Block”- Late Cambrian — Late Ordovician carbonate sedimentary rocks
deposited on the Laurentian continental margin. These rocks were offset by normal
faulting, probably during Late Ordovician or later time. The basal dolostone
formations in this sequence were assigned using New York State nomenclature to
the Ticonderoga/ Whitehall/ Cutting formations by Welby (1961).

B) Hanging Wall of the Champlain Thrust- Early Cambrian — Middle Ordovician carbonate
and subordinate clastic sedimentary rocks that were deposited on the Laurentian
continental margin. Slivers of Ordovician formations are found between this slice and
the Parautochthon.

C) Hanging Wall of the Hinesburg Thrust- Late Proterozoic rift clastic metasedimentary and
metaigneous rocks associated with the initial opening of the lapetus Ocean, including
the Pinnacle (CZp) and Fairfield Pond (CZfp) formations. These rocks are overlain by
lapetan drift- stage clastic rocks (argillaceous quartzite and quartzite) of the Cheshire
formation (e.g., Stanley, 1980; Stanley and Ratcliffe, 1985). There are smaller
lithotectonic packages of rocks that are caught between C and B, represented by the
foot wall anticline in Figure 3.

STRUCTURAL GEOLOGY

Thrusts

In the field area, the Champlain Thrust juxtaposes the basal dolomitic member of the Middle
Cambrian Monkton Quartzite with the Late Ordovician Stony Point Shale. North of the field area,
the Champlain Thrust cuts down section ~2000’ into the Lower Cambrian Dunham Dolostone (at
Lone Rock Point in Burlington) (Stanley, 1987). Between Burlington and the Quebec border, this
thrust generally follows the base of the Dunham Dolostone and then becomes the Rosenburg
Thrust in southern Quebec (e.g., Sejourne and Malo, 2007). South of the field area, the
Champlain Thrust can be mapped continuously at the base of the Monkton Quartzite to south of
Snake Mountain near Middlebury, Vermont (e.g., Stanley and Sarkisian, 1972, Stanley, 1987).
South of Snake Mountain, motion on the Champlain Thrust was probably taken up on
structurally lower faults such as the Orwell Thrust (M. Gale, personal communication, 2011).
Stanley (1987) suggested that total displacement on the Champlain Thrust is 55-100 km. (34-62
miles).
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Tectonostratigraphic Column For the Field Area
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In the field area, Late Proterozoic- Early Cambrian rift clastic to early drift stage metamorphic
rocks of the Hanging Wall of the Hinesburg Thrust were driven westward over weakly
metamorphosed sedimentary rocks of the Hanging Wall of the Champlain Thrust along the
Ordovician Hinesburg Thrust. Dorsey et al. (1983) proposed that this thrust nucleated in an
overturned fold/ nappe that ultimately sheared out along its axial surface. North and south of
the field area, the Hinesburg Thrust appears to die out in large fold structures (Ratcliffe et al.,
2011). For the southern extension of the Hinesburg Thrust, P. Thompson (personal
communication, 2011) suggested that it may actually root in Precambrian basement in the
northernmost basement massif. Kim et al. (2013, 2014c), based on mapping in the Bristol and
South Mountain quadrangles, extended the Hinesburg Thrust southward into the Ripton
Anticline, which is cored by Mesoproterozoic basement. Stanley and Wright (1997) suggested a
total displacement of ~6.4 km. (4 miles) on the Hinesburg Thrust.

If the Hines burg and Champlain thrusts represent a typical foreland-propagating (westward in
this case) scenario (e.g. Boyer and Elliot, 19847), then the Hinesburg Thrust should predate the
Champlain Thrust. However, because map-scale fold structures (Hinesburg Synclinorium) in the
Hanging Wall of the Champlain Thrust were truncated by the Hinesburg Thrust, it is possible that
the first motion on the Champlain Thrust predated that on the Hinesburg Thrust (e.g., Doll et al.,
1961; Gale et al., 2010). Alternatively, it is plausible that a second episode of motion on the
Hinesburg Thrust truncated part of the Hinesburg Synclinorium. Another scenario proposed by
Stanley and Sarkisian (1972) and P. Thompson (personal communication, 2011) suggested that
the Champlain Thrust moved a second time after formation of the Hinesburg Thrust, partly on
the basis of its metamorphic history (described below). The detailed structural history of the
Hinesburg Thrust has been discussed by Gillespie (1975), Dorsey et al. (1983), Strehle and
Stanley (1986), and is further described in Stop 6 of the Road Log. Descriptions of the
deformational history of the Champlain Thrust can be found in Stanley and Sarkisian (1972),
Stanley (1987) and in West et al. (2011).

Regional Trends

From the edge of Lake Champlain eastward across the Champlain and Hinesburg thrusts,
several regional trends are evident. Nearest the lake, mostly brittle deformation is prevalent
and includes blind normal faults (Figure 4a). Farther east, in the hanging wall of the Hinesburg
Thrust, mostly ductile deformation, including superposed folds sets, transposed cleavages, and
ductile shear bands (Figure 4f) are dominant. The outcrops on this trip exhibit an interesting
interplay between ductile and brittle styles of deformation. This interplay has generated a
spectacular variety of mesoscopic (outcrop scale) structures. These include many different
types of sense of shear indicators that provide a wealth of information on the slip history of two
thrusts, as well as the several phases of deformation that predate and postdate thrust faulting.

In addition to changes in the overall style of deformation, the variety of structures preserved
along the transect collectively record a first-order increase in finite strain toward the east, with
local maxima occurring within a few hundred meters of both the Champlain and Hinesburg
thrusts. In the foot wall of the Champlain Thrust/ Parautochthon , F; folds of bedding planes (So)
tighten as their axial planes rotate from steep and moderately east-dipping to shallowly east-
dipping (Figures 4b, 4c). The styles and mechanisms of these folds also change from localized
fault-bend folds several kilometers below the thrust (Figure 4b), to penetrative fold trains that
formed by a combination of interlayer slip and ductile flow near the thrust (Figure 4c). The
appearance of two cleavages reflects this increase in finite strain. These include an early
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penetrative slaty cleavage (S:) that formed during F; folding and a second localized pressure
solution cleavage (S;) that marks the presence of intraformational thrusts (Figure 4b). A similar
increase in strain occurs near the Hinesburg Thrust. In the east-central part of the field area, a
faulted anticline lies structurally below the Hinesburg Thrust. Here, isoclinal intrafolial folds of
bedding (So), stretched pebbles and disarticulated compositional layers reflect a generally high
magnitude of finite strain. Where the Hinesburg Thrust is exposed at Mechanicsville, even
higher strains are recorded in mylonitic rock of the Cambrian Cheshire Formation.

Another interesting regional trend is the influence of rock type on the style and partitioning of
deformation within the section. In general, deformation associated with the emplacement of
the two major thrust sheets is expressed differently in competent units than it is in the weaker
shales. For example, variations in the thickness and abundance of competent limestone layers
have produced distinctive fold styles. In the shales, ductile flow during contraction resulted in
recumbent isoclinal folds that became rootless at high strains. In contrast, thick competent
limestone layers deformed mostly by interlayer slip, resulting in large inclined folds, preserve
numerous en echelon vein sets. A similar pattern exists at the regional scale where most of the
deformation that accompanied the formation of the Champlain Thrust is partitioned into the
weak Stony Point Shales in the footwall. In this latter locality, the deformation is widely
distributed. In contrast, deformation in the thick, competent quartzite layers of the Monkton

Formation in the hanging wall tends to be more localized and mostly involves interlayer slip
(Figure 4d).
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Figure 4. Simplified diagram showing the regional structural trends from west to east.

This influence of lithology and rheological contrasts on structural style also has resulted in many
different types of kinematic indicators throughout the section. At Stop 6, competent
metapsammite layers located above the Hinesburg Thrust (Figure 4e) preserve asymmetric vein
sets and folds that record a top-to-the-northwest sense of shear. In the weaker pelitic layers it
is recorded mostly by shear band cleavages. Although these structures generally show similar
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top-to-the-west and —northwest senses of motion, the wide variety of types reflect different
starting materials. These and many other examples illustrate one of the basic principles of
interpreting the great variety of structures observed along this transect: differences in the
strength and rheology of the rock units as they deformed can explain much of the great variety
of structures observed in the Champlain Valley and in the lithotectonic slices to the east.

Since brittle structures, with the exception of normal faults, are not portrayed on Figure 4, we
will give a brief summary of the characteristics of the dominant fracture sets. Fractures that
have strikes orthogonal to the dominant planar fabrics (E-W to NE-SW) and steep dips are
common throughout the field area. Since Cretaceous dikes intruded along many of these
fractures, we know that these fractures are at least Cretaceous in age. Some fracture sets have
north-south strikes with moderate-steep dips and can sometimes be associated with fracture
cleavages associated with late generation folding (Figure 4C). NW-SE trending steep fractures
are also common, but are of uncertain origin. In the field area, detailed fracture data have been
acquired in the towns of Williston (Kim et al., 2007), Charlotte (Gale et al., 2009), Bristol (Kim et
al., 2013; 2014), and Hinesburg (Thompson et al., 2004); Kim et al., 2014; 2015)

METAMORPHISM

Stanley and Wright (1997) summarized that the Taconian foreland rocks of the Parautochthon
and Hanging Wall of the Champlain Thrust are “essentially unmetamorphosed” (p. B1-1) with
temperatures of ~200°C and pressures corresponding to depths of ~2.5 km. Stanley and
Sarkisian (1972) and Stanley (1974) reported prograde chlorite in fractures in the Monkton
Formation in the Upper Plate of the Champlain Thrust, and used this occurrence to suggest that
this thrust underwent multiple episodes of motion.

On the basis of field and petrographic observations presented by Strehle and Stanley (1986),
Stanley et al. (1987), and this volume (Stop 6), the metamorphic rocks from the westernmost
Taconian hinterland (Hanging Wall of the Hinesburg Thrust), reached biotite grade. In the field
area, there is a pronounced metamorphic contrast between the rocks above and below the
Hinesburg Thrust.

GEOCHRONOLOGY

There are few igneous crystallization or metamorphic ages from the field area. Cretaceous
lamprophyre dikes have been reported throughout the field area by (McHone (1978), McHone
and McHone (1999), and Ratcliffe et al. (2011) that intruded fractures and foliations. The dikes
are likely correlative with the Barber Hill stock in the Town of Charlotte, which has been dated
at 111 +/-2 Ma (K/Ar biotite age; Armstrong and Stump, 1971). A whole rock Rb-Sr isochron age
of 125 +/- 5 Ma on seven trachyte dikes from the Burlington area was reported by McHone and
Corneille (1980), and probably provides an upper limit on the age of these dikes.

Rosenberg et al. (2011) used the K/Ar method to obtain cooling ages of illites from the fault
zone of the Champlain Thrust at Lone Rock Point in Burlington. The ages obtained range from
Carboniferous (~325 Ma) to Late Jurassic (~153 Ma). These authors speculated that post-
Taconian illite growth may reflect fluid flow associated with the Alleghenian Orogeny and the
Jurassic-Cretaceous unroofing of the Adirondacks and New England (e.g., Roden-Tice, 2000;
Roden-Tice et al., 2009).
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The ages of first motion on the Champlain and Hinesburg thrusts in the field area are weakly
constrained by the youngest stratigraphic ages of rocks located below these faults. In the case
of the Hinesburg Thrust, the age is Middle Ordovician (Bascom Formation, Ob) whereas for the
Champlain Thrust it is Late Ordovician (Stony Point Shale).

Stop 7:

PREVIEW OF APPLIED GEOLOGIC ISSUES

Elevated naturally-occurring radioactivity levels in groundwater from Clarendon
Springs Formation dolostones.

Ductile and brittle structural history of the Champlain Thrust. Effect of
structures and lithologies on groundwater flow and chemistry, respectively.
High well yields in the hanging wall and lower well yields in the foot wall.
Elevated fluoride in some foot wall wells.

A newly-described strike-slip fault zone in the Clarendon Springs Formation and
how it fits into the regional brittle structural history of the Champlain Valley
Belt.

Using a well-described wrench fault (and fracture site) as context for the
regional brittle structural history of the Champlain Valley Belt.

Overview of the Champlain Valley Belt.

Elevated naturally-occurring radioactivity levels in groundwater from wells
completed in the hanging wall (Pinnacle, Fairfield Pond, and Cheshire
formations) or drilled through the Hinesburg Thrust. High well yields in the foot
wall and low yields in the hanging wall.

Integration of bedrock mapping with geophysical logging to understand the
hydrogeology of a fractured bedrock well field in the Town of Hinesburg.

~70~



KIM, KLEPEIS, RYAN AND ROMANOWICZ

FIELD GUIDE AND ROAD LOG

Meeting Point: Colchester Park and Ride Lot- On the east side of Route 7, 0.3 miles north
of the intersection of the intersection of Route 7 and Route 2 off Exit 17 (Champlain
Islands-Chimney Point) on Interstate 89 in Colchester (at the VTRANS Maintenance
Facility).

Meeting Point Coordinates: 44°35.710’ N, 73°09.977’ W
Meeting Time: 8:30 AM

Cumulative Point to Point Route Description

(miles)

0.0 0.0 From parking lot, turn left onto Rt. 7 South

0.3 0.3 Continue on Rt. 7 through intersection of Rt. 2

1.3 1.3 Turn left onto Coon Hill Road

1.9 1.9 Turn right onto Galvin Hill Road

2.5 2.5 Turn left onto Tuckaway Pond Lane private drive and

continue about 0.25 miles to destination.

Stop 1: Elevated Radioactivity in Groundwater from the Clarendon Springs Formation,
Milton, Vermont

Location Coordinates: 44° 35,735’ N, 73°08.561’ W

Introduction

Elevated radionuclide levels were reported in groundwater from ~30% of bedrock wells tested in
the Clarendon Springs Formation in the towns of Colcheser Quadrangle.

Lithology

Massive gray dolostone of the Late Cambrian Clarendon Springs Formation.

Structure

The Muddy Brook Thrust (MBT), which is described below, is located in the valley to the east. In
this area, the dominant fracture set strikes NE, dips steeply, and is associated with cross faults
that offset the MBT and lithologies on both sides (Kim and Thompson, 2001).

Tectonic/Stratigraphic Context

This site is at the north end of the Hinesburg Synclinorium. The shallowly east- dipping MBT
carried black phyllites with thin dolostone interlayers over the Clarendon Springs Formation
dolostones during the Taconian Orogeny. The MBT is west of and probably synchronous with
the Hinesburg Thrust (Kim and Thompson, 2001).

Hydrogeology and Groundwater Geochemistry

Groundwater produced from the Clarendon Springs Formation in Milton and Colchester is
known to contain elevated uranium, radium, and alpha radiation. Radioactivity is high enough
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that the average alpha radiation from 131 domestic bedrock wells tested in a 12 km? area is 32
picocuries per liter (pCi/L), and 22 % of these wells produce concentrations of alpha radiation
above the EPA’s maximum contaminant level (MCL) of 15 pCi/L; furthermore, the three most
contaminated wells, which occur within a kilometer of each other, average 841 pCi/L. Dark grey
to black phosphorites (with 7 to 37 % P,0s) occur throughout the region that contains elevated
radionuclides in well water; in outcrop, these phosphorites occur in two main forms: (1)
subangular, pebble-sized clasts in a dolostone matrix, sometimes with imbricated clasts that
suggest deposition from a current, and (2) wispy beds of dark grey phosphorite (possibly
“hardground”). Breccias are more common than wispy sedimentary layers, and both indicate
that the concentrated phosphate is syndepositional in origin. McDonald (2012) cited a model
involving upwelling sea water and reducing biochemical conditions as factors responsible for
deposition of phosphorite with elevated U.

Rock samples collected from outcrops located upgradient of the most highly contaminated wells
exhibited the following: (1) the phosphorites contain 80 to 430 mg/kg uranium while the
dolostone matrix contains less than 10 mg/kg U; (2) the phosphorite mineral — as determined
by powder XRD — is fluoroapatite, and trace amounts of autunite also occur in some
phosphorites; (3) a gamma ray survey of a 160 m deep bedrock well documents the
interbedding of U-rich phosphorite beds and dolostone beds throughout the Ccs in Milton-
Colchester, perhaps alternating cyclically. U-rich phosphorites produce a gamma ray signal of
500 to 3400 cps whereas U-poor carbonates have a signal < 50 cps gamma radiation; and (4)
SEM-EDS element maps (Bachman, 2015) show that phosphorite clasts and layers lacking
significant post-depositional deformation contain the highest levels of uranium. SEM-EDS also
indicates that U occurs in two broadly-defined mineralogical forms: (1) diffusely distributed U in
cryptocrystalline fluoroapatite, and (2) perhaps more importantly, concentrated U in
microcrystalline minerals (e.g. autunite, coffinite, brannerite) scattered throughout the
phosphorite. This may suggest that uranium was initially substituted for Ca in fluoroapatite —
during crystallization on the seafloor (consistent with literature reports)—, but then was
incorporated into anhedral secondary minerals when (at least some of the) fluoroapatite
dissolved. This could have occurred any time from very early diagenesis to dolomitization.
Weathering of pyrite may trigger U release by locally lowering pH — evidence for this is the
occurrence of autunite [Ca(UO3)2(P04).nH,0] in rusty Fe hydroxide matrix at the boundary of
weathered pyrite and adjacent, unweathered fluorapatite.
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Cumulative Point to Point Route Description

(miles)

2.5 0.0 Turn right onto Galvin Hill Road.

3.1 0.6 Turn left onto Coon Hill Road

3.8 0.7 Turn left onto Rt. 7 South

7.2 3.4 Turn right onto Rt. 127 (Blakely Road)

9.5 7.0 You will pass Colchester Middle School on your right.

9.9 7.4 You will see Mallets Bay on the right.

10.9 8.4 Turn left onto Prim Road (extension of Rt. 127)

12.1 9.6 Continue straight through intersection of Marce Road

13.1 10.6 At the fork in the road, bare left to the stoplight.

15.0 12.5 Take Rt. 127 to exit for North Avenue Beaches on the
right.

15.4 12.9 Follow ramp to the T, and turn left onto North Avenue.

15.8 13.3 Turn right onto Institute Road at Burlington High School

16.0 15.5 Turn right into Rock Point into Rock Point Episcopal Center

16.2 15.7 Park in lot on the right.

Stop 2: Champlain Thrust at Lone Rock Point
Location Coordinates: 44°29.441' N, 73°14.931' W

Introduction

This stop description was modified from West et al. (2011). The Champlain thrust fault at Lone
Rock Point is arguably the iconic geologic feature in Vermont and perhaps the finest thrust fault
exposure in eastern North America. The “older-on-top-of-younger” relationship exposed here is
a fundamental indicator of thrust faulting. Hitchcock et al. (1861) was the first to recognize that
the contact relationships exposed at Lone Rock Point are the result of major regional faulting.

Lithology

Early Cambrian massive dolostone of the Dunham Formation structurally overlies Late
Ordovician Iberville Formation black shales (Figure 5).

Structure

An interesting feature at Lone Rock Point is the interplay between brittle deformation and
ductile flow mechanisms. Brittle deformation involves the breaking of material along discrete
surfaces, which can be fractures, veins or, if they accommodate slip, faults. These two styles are
not completely independent of one another, and commonly occur together to accommodate
shortening. The material type and the conditions under which deformation occurs typically
dictates the types of deformation processes. As such, the type of parent lithology (what type of
rock was present prior to deformation) is a critical influence on style of deformation. At Lone
Rock Point two significantly different rock types are juxtaposed with the strong Dunham
dolostone thrust above the weak Iberville shale (Fig. 5A). Deformation is not restricted to slip
along the fault plane, and can be dived into two domains as described by Stanley (1987). These
are composed of an inner fault-zone including the fault surface at the base of the Dunham
dolostone and a proximal region consisting of broken limestone and highly contorted shale. The
outer fault-zone occurs in the Iberville Shale and consists of a high concentration of veins,
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subordinate faults, and tightly folded compositional layering. By recognizing various features
within both the Iberville Shale and the Dunham dolostone we can establish various mechanisms
of deformation and compare the way these two units accommodate shortening. For this reason,
the exposure of the Champlain Thrust fault at Lone Rock point is an excellent location to teach
fault-zone processes and the influence of material properties on deformation.

The following sections briefly describe key features that document deformation styles and the
motion history of Lone Rock Point.

Structural Slickenlines. The basal surface of the Dunham Formation is the slip surface on which a
significant amount of displacement has occurred. This surface contains corrugations
referred to as fault mullions with wavelengths on the order of half a meter. These features,
as depicted in Figure 8 can form with crest lines parallel to the motion of the fault and,
therefore, can help constrain motion direction. In addition to fault mullions, striations can
occur from the scraping and gouging of the fault surface by resistant objects. These also
help constrain the motion of the Champlain Thrust fault (Figure 5B).

Original Bedding. Despite the highly deformed nature of the Iberville Formation, compositional
layering is visible as resistant quartz rich layers. These layers are frequently folded and
faulted into small isolated pods surrounded by soft clay rich rock. Although dolostones of
the Dunham Formation are massively bedded, depositional surfaces are intact and relatively
undisturbed (Figure 5A).

Veins and Mineral Slickenlines. Veins form from the deposition of material from solutions that
fill voids in rocks. The calcite veins at Lone Rock Point display complex geometries, including
folding, faulting, and shearing. The shear veins, in particular, can be good indicators of the
motion history of deformation and frequently form lineated surfaces known as mineral
slickenlines. The formation of mineral slickenlines generally involves the infilling of void
space with material created by offsets on the fault surface (Figure 5C).

Cleavage. Cleavage planes are formed from the preferential alignment of mineral grains due to
flattening, which is accommodated by dissolution and the removal of soluble material.
Cleavage is common in shales of the Iberville Formation, and are generally is oriented at low
angles to the fault surface. However, as the distance increases away from the fault, the
orientation of cleavage planes tends to steepen. This rotation of cleavage planes can be
used to infer the sense of motion on the thrust surface.

Fractures. Unlike the intensely deformed Iberville Formation, massive dolostones of the
Dunham Formation are relatively intact and show little evidence of internal deformation
(i.e., no visible cleavage). However, fractures (breaking of the rock along discrete planes
without differential motion), are common in this more competent unit. New fracture data
will be presented for the hanging wall.

Subordinate Faults. Many small scale faults can be observed within the footwall rocks of the
Iberville Formation that offset folds, cleavage, and veins. These faults do not continue into
structurally overlying dolostones of the Dunham Formation. These small scale faults in the
Iberville tend to rotate into the direction of the fault motion with proximity to the fault
(Stanley, 1987). Because the Champlain thrust fault at Lone Rock Point contains numerous
features that help constrain the transport direction along the fault plane, an exercise can be
constructed to identify as many of the features that contain motion information (i.e. fault
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Figure 5. Sketches showing the general geometry of features observed at the Champlain Thrust fault at
Lone Rock Point. (A) Block diagram of the Champlain Thrust fault with the resistant Dunham
Formation (massive dolostones) above the weak Iberville Formation (calcareous shales). The fault-
zone is divided into two domains consisting of the inner fault-zone and the outer fault-zone. The
inset sketch depicts the relationships between folded and faulted quartz-rich layers (dark gray),
clay rich shale material (light gray), alignment trajectories of clay minerals (dashed lines), and the
geometries of calcite veins (white). (B) Block diagrams of two mechanisms of structural slickenline
formation (modified from Means, 1987). The left diagram shows the formation of fault
corrugations while the right diagram illustrates gouging caused by resistant material within the
upper plate. (C) Formation of mineral slickenlines by the infilling of voids caused by steps within
the fault surface.
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mullions, gouges, and mineral slickenlines). These features generally indicate displacement and
tectonic transport in a west-north-west direction. Teaching considerations include the
following questions: How does the geometry of folded compositional layering change with
proximity to the fault? How does the orientation of the dominant cleavage change with
proximity to the fault surface? Is displacement constrained to slip along the fault surface
only? What is the general temporal progression of deformational style using cross-cutting
relations? What fundamental influence does the type of bedrock have on deformation
style? These questions address the fundamental aspects of thrust faulting and the inherent
relationship between initial lithology and deformation mechanisms.

New Work on Foot Wall Structures

The following has been modified from Strathearn et al. (2015). Although the Champlain Thrust
has been studied previously at Lone Rock Point, the multiple generations of ductile and brittle
structure in shales of the footwall have never been systematically defined. We present the
following relative chronology of structures:

1) Formation of bedding planes (So), characterized by thin layers of carbonate within black
shale.

2) Formation of rootless isoclinal folds (F1) of brittle carbonate layers and the development
of an spaced pressure solution cleavage (S1) that parallels the axial planes of the folds.

3) The S; cleavage is deformed into asymmetric S-C shear bands that merge into parallelism
with, and are cut by intraformational thrusts. The thrusts form oblate, eye-shaped
structures that are stacked on top of one another forming thrust duplexes. A second
cleavage (S;) defines a part of the S-C fabric and is intensified in thrust zones. Calcite
slickenlines on fault surfaces plunge to the SE and NW and slip directions fan up to 40
degrees with respect to one another in different thrust horses

4) Formation of sets of upright, north (F3) and east-striking (F4) folds of S, warping the CT.

5) Formation of conjugate sets of normal faults that record top-down-to-the—north and -
south kinematics.

6) Formation of the steeply-dipping fracture sets (N-S and E-W striking) that cut across
competent lithologies.

Hydrogeology and Groundwater Geochemistry

In a case study examined on this field trip (Hinesburg Thrust; Kim et al., 2014a), the hanging wall
is sometimes responsible for producing groundwater with elevated radionuclides. In the case of
the Champlain Thrust, the culprit is the footwall. Of 35 tests for fluoride (note: F can cause bone
disease), 37 % (13/35) exceeded the Vermont recommended F level in public water systems (0.7
mg/L). [Relative to the EPA MCL of 4 mg/L, however, only 3/35 wells were above the F
threshold]. Sodium is elevated in ~ 45 % of footwall wells (13/29) relative to EPA's 20 mg/L
Drinking Water Equivalency Level (guidance level), and the average Na concentration in footwall
wells (82 mg/L) is four times greater than the DWEL. Both issues are related to the behavior of
illite in this black shale-influenced bedrock aquifer system. Regarding fluoride, diagenetic illites
typically contain 0.2 to 0.5 % F in isomorphous substitution for OH (Thomas et al., 1977), so
dissolution of illite or exchange of Cl or OH for F" are potential F sources in groundwater.
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Dissolution of apatite (4 % F) could also be a source, although it is far less abundant and likely
less reactive than illite. Other potential F minerals (e.g. fluorite, titanite) are not likely F sources
in this system. Regarding elevated Na, we observe a weak but positive correlation of Na and Ca
in solution, an occurrence that likely relates to Na-Ca ion exchange. When Ca is released to
solution upon weathering of calcite (nearly ubiquitous in these Ordovician black shales), the
higher-charge, less-hydrated Ca*? cation is more strongly attracted to cation exchange sites (e.g.
on illite) than is Na*, and the exchange reaction releases Na*! into solution. This also is cited as
the cause of high Na in black slate-influenced wells of the Taconics of southwestern Vermont
(Ryan et al., 2013). Another element worth noting in footwall wells of the Champlain thrust is
arsenic, which exceeds 10 ppm in 3 % of wells tested for As and exceeds 5 ppm in 10 % of wells
(3/29); by comparison, in Taconic slates, 22 % of bedrock wells (52/236) exceed 10 ppb and 24 %
exceed 5 ppb. Deeper anoxia in the Taconic seaway relative to open-shelf Iberville and Stony
Point shale depositional environments is likely the cause of greater amounts of pyrite and
arsenic in Taconic black slates.

Cumulative Point Route Description

(miles) to point

16.2 0.0 Turn left out of the parking lot, then follow Episcopal Center
driveway.

16.4 0.2 Turn left onto Institute Road

16.6 04 Turn Right on North Avenue heading south. (BHS sports field
should be on your right)

171 1.5 Turn left onto Sherman Street.

17.2 1.6 Turn right onto Park Street (127 South)

17.5 1.9 Continue straight through the intersection with College Street

17.8 2.2 Turn left onto Maple Street

17.9 2.3 Continue straight through the intersection with Pine Street

18.0 2.4 Turn right onto St. Paul Street.

18.8 3.2 Continue onto Route 7 South.

19.9 4.3 Take the ramp to the right for 1-189 East.

21.4 5.8 Take the ramp to the right for I-89 South (Montpelier).

24.6 9.0 Take the ramp to the right for exit 12 (Williston and Essex).

26.8 9.2 Turn left at the light onto Route 2A.

27.1 9.5 Use the middle lane.

27.6 10.0 Continue through the intersection with Route 2

28.6 11.0 Continue straight through the intersection with Industrial Road
on your left and Mtn View Road on your right.

29.7 12.1 Turn left into Overlook Park parking lot before the bridge.

Stop 3: Strike Slip Fault Zone in the Winooski River Gorge, Williston/Essex, Vermont

Location Coordinates: 44°28.817' N, 73° 07.020' W

Introduction

The Winooski River flows through a bedrock gorge downstream of a hydroelectric dam at the
Essex/Williston border. During bedrock mapping in the Town of Williston (Kim et al., 2007), it
was observed that most of the bedrock channels were northeast-striking fracture intensification
domains (FIDs). Further investigation revealed a more complicated scenario.
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Lithology

Massive gray dolostone of the Late Cambrian Clarendon Springs Formation.

Structure

Preliminary mapping and analysis of the brittle structures in the Winooski River Gorge reveals
that the river channels are northeast- striking and steeply-dipping fracture intensification
domains (FIDs) that are also strike-slip fault zones. Throughout the river gorge, these faults are
intersected by steeply-dipping, north-northeast striking Riedel shear zones. Riedel shears
usually form at a 10-20 degree angle to the main strike slip fault, in clockwise and
counterclockwise directions, respectively, to right lateral and left lateral displacements (e.g
Twiss and Moores, 2006). The Riedel shears in this gorge are consistent with left lateral
displacement on the main strike-slip faults.

Tectonic/Stratigraphic Context

This body of Clarendon Springs Formation is bounded to the east by the Ordovician Muddy
Brook Thrust Fault and to the west by the presumed Mesozoic down-to-the-east St. George
normal fault.

Figure 6. Northeast striking, steeply-dipping strike-slip fault zone in the Winooski River gorge.

Hydrogeology and Groundwater Geochemistry

Bedrock geochemical analysis indicates some interesting differences in Ccs composition here
compared to the phosphorite-bearing localities in Milton-Colchester and Highgate (McDonald,
2012). P,0s here in the Winooski gorge is < 0.5 % whereas P,0s ranges from to 7.4 to 36.9 % in
phosphorite-rich dolostone and phosphorite layers or clasts. Uranium is also low in the Ccs in
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the Winooski River gorge (1.3 to 8.3 ppm) relative to Milton-Colchester (where it reaches 432
ppm). No phosphorite clasts or layers are observed in the Winooski River gorge, explaining the
low amounts of P and U at this locality. Geochemically-notable are two samples of black wispy
clasts coated with Fe hydroxide that contain 120 and 283 ppm As (for comparison, As < 16 ppm
at Milton-Colchester outcrops). These black wispy clasts occur in a dolomitic breccia, and yet
while this facies appears similar in outcrop to some of the phosphorite occurrences at Milton-
Colchester, the black wispy clasts in Winooski gorge contain < 0.5 % P,Os and < 10 ppm U. In
terms of major elements, the Winooski gorge Ccs black clasts are dominantly Si, Mg and Ca;
otherwise, only elevated iron (5.7 and 10.1 % Fe,0s, respectively) and arsenic (120 and 283 ppm,
respectively) are anomalous relative to other dolomitic Ccs rocks. One possible interpretation: if
the black color is from mature organic matter, these wispy black clasts may represent an
organic-rich shallow marine or subaerial layer that was incorporated into a cave breccia. The As-
bearing Fe hydroxide is likely remnants of weathered disseminated pyrite.

The municipalities in the vicinity of Winooski gorge are part of the Champlain Water District and
their drinking water is supplied from Lake Champlain. We know of no chemical data for bedrock
wells in this area, so it is unknown how the composition of this belt of Clarendon Springs
Formation may affect groundwater.

Cumulative Point to point Route Description

miles

29.7 0.0 Turn Right out of parking lot onto Route 2A.

30.7 1.0 Continue straight through the intersection.

323 2.6 Take right turn onto ramp for -89 North

32.5 2.8 Merge onto I-89 North

35.8 6.1 Take exit 13 (Shelburne and Burlington) for 1-189

36.1 6.4 Continue onto 1-189 West.

37.5 7.8 At the fork in the road, stay to the left.

37.5 7.8 At the stoplight, turn left onto Route 7 South.

40.4 10.7 Make a right turn onto Bay Road

41.4 11.7 Turn right into parking lot for the Shelburne Bay boat
access.

Stop 4: Wrench Faults and Fractures at the Shelburne Boat Access, Shelburne, Vermont

Location Coordinates: 44° 24.035’, 73° 14.083’
Introduction

This site was used by Rolfe Stanley of the University of Vermont as a teaching outcrop for his
structural geology classes for decades and is currently used by Keith Klepeis. Stanley (1974)
wrote a Geological Society of America Bulletin article that details the structural history of this
site.

Lithology

Early Cambrian ferruginous quartzite of the Monkton Formation. Stanley (1974) reported that
the quartzite at this site is composed of 93% quartz, 5% hematite, 1% microcline, and traces of
zircon, plagioclase, detrital staurolite, and dolomite.
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Structure
As outlined by Stanley (1974), there are three major structural features at this site, which are:

1) High — Angle Wrench Faults:

A) Generation 1 Northeast to west striking, moderately-steeply dipping faults (Figure 7).

B) Generation 2 North-northeast to north-northwest striking, steeply dipping faults that
offset generation 1 faults (Figure 7).

2) En Echelon Fractures: Dextral and sinistral en echelon fracture arrays that are filled with
quartz. The trend of the en chelon arrays corresponds to the strike of a particular fault.
These arrays are only associated with the first generation of high angle faults (see
fracture arrays on Figure 7).

3) Fractures: The four major fractures sets (contoured maxima) at this field site are: A) East-
west striking, steeply north-dipping, B) North-south striking, steeply west-dipping, C)
Northwest striking, steeply southwest-dipping, and D) Northeast striking, steeply
northwest dipping. Set A is associated with the first generation wrench faults whereas
sets B, C, and D overprint set A and are associated with the second generation wrench
fault generation.

Tectonic/Stratigraphic Context

Stanley (1974) proposed that the east-west striking and steeply dipping wrench faults were
related to the Shelburne Bay cross-fault, which offsets the Champlain Thrust. Both sets of
wrench faults were presumed to be related to the Devonian Acadian Orogeny. Kim et al. (2011;
2014) described dome and basin fold patterns in the Champlain Valley Belt that were the result
of the superposition of fold sets with steeply dipping ~north-south and ~east-west striking axial
surfaces. Could the two sets of wrench faults and their associated fractures be related to these
folding events?

Hydrogeology and Groundwater Geochemistry

We are using this study as a detailed context for fracture analysis throughout the Champlain
Valley Belt. These brittle structures may influence groundwater flow in the bedrock aquifer.

Cumulative Point to Point Route Description

miles

41.4 0.0 Turn left onto Bay Road.

42.4 1.0 Turn right onto Route 7 South (Shelburne Road).

49.2 7.8 Continue straight through the intersection with Ferry Road.

51.6 10.2 Turn left onto State Park Road.

52.2 10.8 Continue straight through the intersection into Mt Philo
State Park.
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Stop 5: Mount Philo State Park in Charlotte, Vermont
Location Coordinates: 44° 16.804’ N, 73°13.082" W

Introduction

This stop description, which was modified from Kim et al. (2011), is designed to give an overview
of the four major tectonic zones in the Lake Champlain area of west-central Vermont and
eastern New York, which are, from west to east, and from structurally lowest to highest: 1)
Autochthon, 2) Parautochthon, 3) Hanging Wall of the Champlain Thrust, and 4) Hanging Wall of
the Hinesburg Thrust. A major thrust fault separates the Autochthon from the Parautochthon on
the west side of Lake Champlain.

Lithology

At the top of Mt. Philo, you are standing on the upper member of the Monkton Formation,
which is a ferruginous quartzite. The lower dolomitic sandstone member of the Monkton
Formation is exposed near the Champlain Thrust below.

The autochthonous rocks on the west side of Lake Champlain include Mesoproterozoic
metamorphic rocks of the Adirondacks (see Yu in Figure 3) that are uncomformably overlain by
sedimentary rocks of the Beekmantown Group (Isachsen and Fisher, 1970). The Autochthon is
structurally overlain by by: 1) Late Cambrian- Middle Ordovician weakly-metamorphosed
sedimentary rocks of the Parautochthon, 2) weakly- metamorphosed sedimentary rocks of the
Hanging Wall of the Champlain Thrust; and 3) low grade (chlorite-sericite to biotite) rift clastic
metasedimentary rocks of the Hanging Wall of the Hinesburg Thrust.

Structure

At this lookout, the Champlain Thrust is ~160’ vertical feet (50 m.) below your feet, where the
dolomitic lower member of the Monkton Quartzite is in tectonic contact with the Middle
Ordovician Stony Point Shale. From Mt. Philo, one can see the geomorphic expression of this
thrust to the south as the slope breaks (steep = Monkton and gentler = Stony Point) on Buck and
Snake mountains, and to the north on Pease Mountain.

Tectonic/Stratigraphic Context

At the Lone Rock Point exposure of the Champlain Thrust in Burlington (e.g Stanley, 1987)(Stop
2), this thrust juxtaposes the Lower Cambrian Dunham Dolostone with the Iberville Shale; this
suggests the presence of an along-strike ramp that climbs ~2000’ (610 m.) up section between
Burlington and Mt. Philo. The stratigraphic throw of the Champlain Thrust is ~9000’ (2743 m.) at
Lone Rock Point and ~6000’ (1830 m.) at Mt. Philo (Stanley, 1987). Total displacement along the
Champlain Thrust ranges from 34-62 miles (55-100 km.) (Stanley, 1987; Rowley, 1982).

Apatite fission track work by Roden-Tice (2000) indicates that the exhumation of the
Adirondacks was complete by the Cretaceous. This uplift may have reactivated faults between
the Champlain Valley and Adirondacks.
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Figure 7. Brittle structure map of the Shelburne boat access. Modified
from Stanley (1974). Cm = Monkton Formation quartzite and Qs =
Quaternary surficial material.
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Hydrogeology and Groundwater Geochemistry

Based on domestic well logs, average yields from the Monkton Formation in the Town of
Charlotte are very favorable (Springston et al., 2010). Although we do not know of any bedrock
groundwater wells that penetrate through the Monkton Formation into the underlying shales,
Charles Welby (pers. Comm., 2009) said that numerous wells do. Such wells are often
characterized by unpleasant amounts of hydrogen sulfide (rotten egg smell) gas. A Middlebury
College student will be investigating the groundwater chemistry of the hanging and foot wall
aquifers of the Champlain Thrust during 2015-2016.

Cumulative Point to Point Route Description

miles

52.2 0.0 Turn right onto Mt Philo Road

54.7 2.5 Turn right onto Charlotte Road

56.4 4.2 Continue straight through the intersection with Spear
Street Extension.

60.6 8.4 Turn left onto Route 116 N

60.8 8.6 Turn right onto Mechanicsville Road

61.7 9.5 Continue straight through intersection with Richmond
Road.

62.3 10.1 Turn left onto Place Road East (a small gravel/dirt road)

62.4 10.2 Turn right onto an un-named road

62.5 10.3 Park on the right

Stop 6: Hinesburg Thrust at Mechanicsville, Vermont

Location Coordinates: 44° 21.126’, 73°06.472’

Introduction

Elevated radionuclide levels have been reported in groundwater from numerous bedrock wells
completed in the Hanging Wall of the Hinesburg Thrust and drilled through this thrust (Kim et
al., 2014a). This stop description was modified from Kim et al. (2011).

Lithology

The Hinesburg Thrust at Mechanicsville places overturned light green and gray metapsammitic
schists and quartzites of the Early Cambrian Cheshire Quartzite (argillaceous member) on top of
a slice of deformed dolomites, limestone and marble of the Ordovician Bascom Formation
(Thompson et. al., 2004). The hanging wall rocks display a lower greenschist facies metamorphic
mineral assemblage that includes chlorite, quartz, sericite, and biotite. The footwall is
dominated by a chloritic and graphitic carbonate mineral assemblage, indicating that the
Hinesburg Thrust is marked by an abrupt change in metamorphic grade as well as a change in
lithology.

Structure

The thrust fault itself is defined by a narrow zone (<10 cm thick) of cataclastic dolomite at the
top of the Bascom Formation (Figure 8). The dolomites below the fault are highly fractured and
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sheared. Ductile shear bands (C’ type) deform a penetrative phyllitic cleavage (S:) up to at least
a meter beneath the fault. The shear bands are variable in orientation, but most dip gently to
the northeast (298 31 NE). Quartz rods define a mineral stretching lineation on C’ shear planes.
This lineation plunges gently to the east and southeast (093 02). The asymmetry of the shear
bands yields a consistent top-to-the-northwest sense of displacement on the Hinesburg Thrust.

Above the Hinesburg Thrust at Stop 6 the metapsammite schists and quartzite layers of the
Cheshire Fm are mylonitic (Strehle, 1985; Strehle and Stanley, 1986). The oldest structures
preserved include a compositional layering (So) defined by alternating bands of micaceous and
quartz-rich laminae and >3 cm thick quartzite beds (Figure 8). This layering, which most likely
represents sheared, stretched, and recrystallized bedding planes, is deformed into a series of
tight-isoclinal, reclined-recumbent folds (F1). A fine grained mylonitic foliation (S:) defined by
the alignment of graphite, mica, and recrystallized quartz parallels the axial planes of the F; folds
(Figure 8). On S; surfaces, a penetrative mica and quartz mineral lineation (L:) plunges gently to
the east and southeast. Locally, and especially within thin quartzite bands, the L;-S; fabric is
deformed by a series of shear bands (C’ type) similar to those in the foot wall rocks (339 13 NE).
Both sets yield a similar top-to-the-northwest sense of shear parallel to the Ly mineral lineation
(106 12). The S; foliation also parallels the surface of the Hinesburg Thrust and is interpreted
here to reflect early ductile thrusting at depth prior to the final emplacement of the Cheshire Fm
onto the Bascom Fm along the semibrittle Hinesburg thrust fault.

The structural features observed in the mylonitic rocks above the Hinesburg Thrust display an
elegant interplay between ductile deformation, in the form of folds and cleavages, and brittle
deformation, in the form of veins. Throughout the outcrop the mylonitic S; foliation locally is
cross cut by a set of quartz veins (V1) that are tightly folded within the F; folds, indicating that
they formed during folding, probably as a result of pressure solution and fluid transfer
processes. Cross cutting both the S; cleavage and the Vi veins is a second set of asymmetric
quartz tension gashes (V;) that localized within thick (>30 cm) quartzite layers (Figures 8, 9a).
The tips of the asymmetric veins penetrate into the mylonitic schist surrounding the quartzite
layers. A close inspection of the V,veins (both on the outcrop and in thin section) indicates that
they are sheared and protomylonitic (look for the milky white, recrystallized appearance and the
presence of quartz ribbons). These characteristics contrast with a younger set of quartz tension
gashes (V3) that cross cut the V; set in the same quartzite layers (Figure 8). The Vs vein set is
only weakly deformed, less recrystallized than the V; veins, and are mostly symmetric to slightly
asymmetric. A black, quartz-poor pressure solution selvage surrounds the veined quartzite
layers (Figure 9a) strongly suggesting that the vein material was locally derived and that
dissolution and fluid migration depleted these zones of silica during progressive deformation.
These relationships indicate that crystalplastic deformation alternated with brittle deformation
as the superposed sets of tension gashes formed.

Both the V3 and V, vein sets, as well as the F; folds, Si cleavage, and quartzite layers, are all
deformed into a series of northwest-vergent asymmetric folds (F,) of variable tightness (Figure
18). The fanning of the V; vein sets around fold hinges is a good indicator that they are folded
(Figure 19c, 19d). The tightest folds are recumbent and tend to occur nearest the Hinesburg
Thrust close to the base of the mylonitic section. Farther above the thrust, the F; folds tend to
be more open and upright to gently inclined. This increase in fold tightness and orientation
suggests that the folds record an increase in finite strain downward toward the Hinesburg
Thrust.
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Figure 8. Sketch of structural relationships above and below the Hinesburg Thrust on vertical cliffs at
Mechanicsville (Stop 5). Cliff face is oriented parallel to an Li1 quartz-mica mineral lineation.

A spaced crenulation cleavage (S;) parallels the axial planes of the F, folds and also displays
variable dips (Figures 8, 9d). In addition to recording a strain gradient, the variability in axial
plane and cleavage orientation with increasing fold tightness provides kinematic information.
The rotation of fold axial planes and S; to the northwest as fold tightness (and finite strain)
increases, yields a top-to-the-northwest sense of shear identical to that indicated by the shear
bands (Figure 9d). This relationship indicates that the F; folds reflect progessive deformation
during the same ductile thrusting event that produced the S; mylonites and F; folds.

The following model, which is based on sketches of features at Mechanicsville, explains the
evolution of the veins and the F; fold structures. See if you can find features on the outcrop that
record each of these stages:

Stage 1 (Figure 9a).

En echelon arrays of quartz veins (V2) open perpendicular to the direction of maximum stretch
(X) of the instantaneous strain ellipse (ISE) in quartzite layers.
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Stage 2 (Figure 9b)

After the V; veins finish forming, noncoaxial shear zones localized by the rheological contrast
between the shale and the quartzite causes the parts of the vein tips that extend into shale to
deform and rotate to the left. This process causes the veins to become asymmetric. A new set
of veins (V3) open

perpendicular to X-direction of instantaneous strain ellipse (ISE). A comparison of instantaneous
and finite strain ellipses and the asymmetry of the two vein sets yield a top-to-the-NW sense of
shear, identical to that recorded by shear bands in the mylonitic matrix. Note that this process
differs than that which forms sigmoidal veins in brittle shear zones where the veins continues to
open during shearing (Figure 10). In this latter model, a comparison of instantaneous and finite
strain ellipses yields a top-to- the-SE (normal) sense of shear. This is because, in this latter case,
the tips of V, veins are younger than their centers and so the former record instantaneous
strains (ISE, Figure 10) and the latter record finite strains (FSE, Figure 10). We ruled out this
model because, given the top-to-the-NW sense of shear at Mechanicsville, it would produce V;
and Vs vein asymmetries opposite to those observed (Figure 19). In the Mechanicsville model,
the vein is required to form quickly and finish opening before ductile shear begins, yielding an
asymmetry similar to that of a shear band.

Stage 3 (Figure 9c¢)

As the rotation of the veins during noncoaxial shear continues, the F; folds begin to form along
with an axial planar crenulation cleavage (Sz). The F; axial planes and S; cleavage initially form at
45° to the quartzite layers and then rotate to the northwest toward the shear plane (defined by
S1). The V3 vein sets also begin to rotate toward the northwest as noncoaxial shear continues.

Stage 4 (Figure 9d)

As noncoaxial shear continues the F; folds continue to rotate and tighten, recording a
progressive increase in finite strain durign ductile thrusting. The S, crenulation cleavage rotates
to the northwest along with the folds. The V, veins exhibit a characteristic fanning geometry
around fold hinges, indicating that they also rotated during folding. The F; and S; structures are
transposed parallel to S,. The rotation of F; axial planes to the left with increasing fold tightness
yields a top-to-the-northwest sense of shear, which is the same as that indicated by the
asymmetric veins and shear bands.

The Hinesburg Thrust surface, and all other structures above and below it, are corrugated by
two orthogonal sets of gentle, upright folds, forming a dome and basin pattern with a
wavelength on the order of a few meters (Figure 10). This fold geometry mimics a kilometer
scale dome and basin interference pattern formed by north-plunging (F3) and east and west
plunging (F4) folds across the field trip area. These orthogonal fold sets are among the youngest
ductile structures preserved at Stop 6. On the thrust surface itself two orthogonal crenulation
lineations (Ls, Ls) mark the presence of the corrugation folds (Figure 11). A regional correlation
of similar structures across the field area indicates that the orthogonal fold sets everywhere
postdate thrust sheet emplacement and imbrication on the Champlain, Hinesburg and Iroquois
thrusts. Earle et al. (2010) suggested that the two folds sets formed together as a result of a
constrictional style of deformation during the Acadian orogeny, possible reflecting the
reactivation of inherited basement faults or lateral thrust ramps. However, it is also possible
that the fold sets formed in sequence as separate events.
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Figure 9. Cartoon showing the preferred model of progressive
formation of F2 fold and veins structures in the mylonitic hanging
wall of the Hinesburg Thrust at Mechanicsville. This model
requires the veins to finish opening prior to the onset of
noncoaxial shear.
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Figure 10. Cartoon showing an alternative model of progressive
formation of vein sets during simple shear. This model requires
the veins to continue to open during shearing. This model does
not predict the correct orientation of Vs veins or the top-to-the-
NW sense of shear observed in the outcrop.
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Hydrogeology and Groundwater Geochemistry

Elevated levels of alpha radiation (> 15 pCi/L as gross alpha) were observed in 38 % (12/31) of
bedrock wells drilled into the hanging wall, including wells that penetrated the thrust into
carbonates below; for comparison, no wells [0/21] in the carbonate-dominated footwall west of
the thrust front exceeded 15 pCi/L (the EPA MCL). The source of the elevated radioactivity was
evaluated by testing groundwater from hanging wall and footwall bedrock wells and by
analyzing compositions of bedrock from local outcrops. The chemical composition of
groundwater in hanging wall and footwall aquifers is mainly controlled by whole-rock
geochemistry. Hanging wall groundwater is enriched in alpha radiation, K, Cl, Ba, Sr and U,
whereas footwall groundwater is enriched in Ca, Mg, and HCOs. These signatures reflect the
distinct compositions of phyllite-dominated bedrock in the hanging wall compared to Ca-Mg-
CO3-rich limestones and dolostones of the footwall. Elevated alpha radiation and U in wells that
produce from footwall carbonates below the thrust recorded compositions that are
intermediate to hanging wall and footwall end-members, indicating that alpha and U are
transported in groundwater downward through the thrust via fractures into the footwall below
(Kim et al., 2014a).

F4

Figure 11. Block diagram showing the relative geometry of orthogonal fold sets that
deform the Hinesburg Thrust surface and the mylonites at Mechanicsville,
producing a dome and basin pattern. The two fold sets (Fz and Fs) are associated
with two steeply dipping orthogonal cleavages.

Cumulative Point to Point Route Description

miles

62.5 0.0 Leave on un-named road, left onto Place Road East

62.7 0.2 Turn right onto Mechanicsville Road

63.2 0.7 Turn right onto CVU Road

63.8 1.3 Continue straight through intersection with Route 116 onto
Shelburne Falls Road

64.3 1.8 Turn right into Geprags Community Park
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Stop 7: Multiple Structural Generations and Hydrogeology at Geprags Park, Hinesburg,
Vermont

Location Coordinates: 44° 20.448' N, 73°07.389’ W

Introduction

The Town of Hinesburg drilled three bedrock we