Al-1

TRANSECT ACROSS THE NORTH-CENTRAL GREEN MOUNTAINS FROM THE CARBONATE
SHELF TO ULTRAMAFIC SLIVERS IN THE TACONIAN SUBDUCTION ZONE

by

Peter Thompson, Department of Earth Sciendesyersity of New Hampshire, Durham, NH 03824
Marjorie Gale, Vermont Geological Survey, Waterbury, VT 05671
Jo Laird, Department of Earth Sciences, University of New Hampshire, Durham, NH 03824
lan Honsberger, Department of Earth Sciences, University wfiEmpshire, Durham, NH 03824

INTRODUCTION

The main objective of this field trip is to compare the intensity of deformation and metamorphism within
each faukbounded lithotectonic package at the latitude of cross sectidhdbthe new Vermont bedrockap
(Ratcliffe et al., in press), just north of Middlebury. The cresstion, originally constructed by Stanley et al.
(1987b,c,d), was further developed by Gale and Thompson and spans the orogen from the shores of Lake Champlain
to the Silurian unconfonity. Laird and Honsberger will present data on pressure, temperature, and timing of
metamorphism, some Taconian and some Acadian, which complement the structural interprata¢idnp.starts
in fossiliferous, barely metamorphosed autochthonous¥iein rocks below the Champlain thrust and ends at
intensely deformed late Proterozoic to Cambrian schists, ultramafics and mafic rocks with chemically zoned
amphiboles in Stockbridge. (We will not go all the way east to the Silurian unconformity. hgitim® stops in
between we will see a textbook example of an open, upright fold in the Cheshire Quartzite, a sheared unconformity
(late Proterozoic boulder conglomerate on the Grenvillian Lincoln massif), the mylonitic root zone for thrusts west
of the Gren Mountains, multiply deformed rocks in the allochthonous rocks at Appalachian Gap, and evidence for
increasingly pervasive Acadian deformation toward the east.
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GEOLOGIC SETTING Laurentian shield

Vermont is positioned between the New York
promontory and the Quebeeentrant along the northeast
trending Appalachian Mountain system, east of the Adirondack
Highlands of Newyork (fig. 1). Therocks record a sequence of
rift clastic and volcanic rocks deposited on Grenville basement
development of a continental platfio which marks the ancient
margin of eastern North America in the Cambrian and Ordovici
Ordovician accreted rocks, and SilurBevonian rocks of the
Connecticut Valley trough. A variety of metasedimentary,
metavolcanic and serpentinized ultramafic make associated .
with the collapse and destruction of the continental margin duri "}i"é’ﬂé%;ﬂ;f?agen
the Ordovician Taconian Orogeny. Deformation associated witl e o (T QL) 4
the Devonian Acadian Orogeny and with eventual Mesozoic
rifting to form the current Atlantic Ocean add comptexo the D“'“Z’E%EZ{%E"“‘““
arc-continent collision were ractivated during the Acadian K e e
Orogeny when the lapetus Ocean closed and the eastern portion of Figure 1. General geologic setjinf
New England collided with Laurentia. No evidence for the Vermont (from Landing et al., 2009).
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Alleghanian Orogeny, during which Africa docked, has been recognized in northern Vermont. The resulting
supercontinent dPangaedegan to brealkp around 200 million years ago; Mesozoic dikes and high angle faults in
western Vermont record that event.

LEGEND
Mesozoic Intrusive rocks

Devonian Intrusive rocks of the New Hampshire
Series (granite, granodiorite, monzonite, gabbro)

St. George Fa
p :

Silurian-Devonian metasedimentary rocks deposited
in the post-Taconian Connecticut Valley Trough

Bronson Hill Arch metasedimentary
and metavolcanic rocks

Ordovician fore-arc and arc deposits in
the Moretown/Hawley slices

Cambrian to Ordovician schists, phyllites and mafic
rocks (accretionary prism) of the
Rowe-Stowe-Ottauquechee Zone

Serpentinized ultramafic rocks

Cambrian mafic complexes at Belvidere
Mountain (BMC) and Tillotson Peak (TP)

Cambro-Ordovician slates, quartzites and
comglomerates (metamorphosed continental
slope/rise deposits) of the Taconic Allochthons (TA)

Late Proterozoic to Cambrian rift/drift clastics
of the Green Mountain Slices

Lower Cambrian rift clastics and volcanics
capped by Ordovician phyllites

Cambrian-Ordovician carbonate platform
rocks of the Champlain and VVermont Valleys

I Proterozoic rocks of the Green Mtn (GMM) and
Lincoln (LM) massifs, and the Chester (CD) and
Athens (AD) Domes

N ——— Normal fault
W#»E 5250 5 10 15 20 Thrust fault
Py MBS —# — Backthrust

— River/Lake

Figure 2. General geology of Vermont. Box indicates the field trip area.
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LITHOTECTONIC PACKAGES

PreSilurian lithotectonigackages (fig) atthe latitude of the field trip (about 44° north) are described
below, from west to east. The reader is referred to previous NEIGC field trips for comparisons of the conditions and

mechanisms of faults that separate the packages (Stanley et al., 1¥frday et al., 1987a) and for a more
detailed look at the hinterland (Stanley et al. 1987b, ¢ and d), although the structural relationships and definitions of

thrust slices there have been somewhat modféisgdecially east of the Underhill slice)
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Figure 3 Lithotectonic packages-KIV), field trip stops (starred-B) and crossection line BD 6 .
(XV, the Jerusalem slice, was numbered out of order; it lies between V and VII.)
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I. Champlain Lowlands (Stops 1 & 2)

From the Adirondek massif east to the Vergennes and Champlain thrusts, stratigraphy in the
autochthonous Champlain Lowlands is largely intact, with good fossil control. This package preserves rocks from
the early Cambrian passiveargin shelf onlap up through Middle Oxdcian flysch, which flooded westward from
the advancing Taconian orogeny. Local Taconian thrusts thicken the section, especially in the younger shales.
Cretaceous lamprophyre and trachyte dikes are abundant (McHone, 1987).

II. VergennesSlice

The Vergnnes thrust carries a thin slice of rocks that peer out from beneath the Champlain thrust south of
our transect. The Highgate Springs slice in northern Vermont and the Orwell thrust still farther south occupy a
similar position. In each case, the bakalist places Ordovician carbonates on younger Ordovician shales.

[ll. Taconic Allochthons

The Taconic allochthons are imbricated thrust slices comprised of Late Proterozoic to Middle Ordovician
metasedimentary and metavolcanic rocks, largetpotinental slope origin and emplaced onto the carbonate
platform during the Taconian Orogeny. They project into our line of section above the Middlebury synclinorium.

IV. Champlain Slice(Stop 3)

The Champlain slice extends from the Champlain thrust east to the Hinesburg thrust, and farther south,
beyond where the Hinesburg thrust dies out, it includes the Middlebury synclinorium east to the Lincoln massif.
The Taconic allochthons would projectrtipabove the synclinorium into the line of our section about two km
above the present erosion surface. The Champlain thrust is a brittle fault surface dipping about 15° east, with
di spl acement N60eW of 60 to 80 repmsehtdmaradiswlypartofitie8 7 ) .
carbonate shelf, including the Cheshire Quartzite, Dunham Dolomite, Monkton Quartzite and Winooski Formations,
which are older than the basal Potsdam Sandstone of the Champlain Lowlands section, due to westward ocean
transgression in the Cambriésee fig. 4). The rocks are below chlorite grade and fossils are well preserved, except
where dolomitized. At this latitude the Champlain thrust forms a prominent scarp where the Monkton overlies
shales in the footwall. Althayh the displacement on the Champlain thrust becomes distributed among several faults
farther south, all the rocks east of it, including the Green Mountain massif, are allochthonous relative to the
Adirondack basement.

V. Hinesburg Slice

The Hinesburg tlust is shown on the new state map as a relatively short (80 km) fault, with at most six km
of displacement, and dying out in both directions. The upper plate consists of Late Proterozoic to Cambrian rift
clastics and volcanics of the Pinnacle and Faitfitrond Formations, overlain by the basal drift or passiaegin
units, Cheshire Quartzite and Dunham Dolomite. At the latitude of the Winooski River the Hinesburg thrust and
underlying Muddy Brook thrust (Thompson et @002a) occur right at the easteedge of the carbonate bank in the
Champlain slice; at Hinesburg the overturned Cheshire is faulted onto upright carbonates. In other words, the fault
marksapproximatelythe boundary between foreland and hinterland. The rocks east of the faulteartiahe
Oak Hill slice of Quebec (Colpron et al., 1984), including the 554 Ma Tibbit Hill Volcanics (Kumarapeli et al.,
1989). Metamorphism increases to greenschist facies across the Hinesburg thrust, but a coherent stratigraphy and
primary structuresare preserved within the slice. During the trip we will discuss evidence for the Hinesburg thrust
cutting southeast, deeper into the clastic section and rooting along the east side of the Lincoln massif, rather than
within steeply dipping Cheshire Forriat northeast of Bristol as shown on the new state map. Stanley and Wright
(1997) postulated that the Hinesburg thrust roots between the two anticlines of the Lincoln massif, but so far no one
has identified the trace of such a connection on the ground.

Th
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VI. Lincoln Massif (Stop 4)

The Lincoln massif consists of two anticlines of Middle Proterozoic rocks, together covering about 80
square kilometers. The eastern part, the Lincoln anticline, mostly consists of granitic orthogtheiddtoHolly
Complex, locally with dark green amphibolite and minor metasedimentary rocks, all with faint Grenvillian
schistosity. The massif is unconformably covered by the Late Proterozoic Pinnacle Formation, locally with a basal
conglomerate, which &vwill seeat Stop dwhere it is cut by the Cobb Hill thrust fault. Elsewhere, metamorphosed
Late Proterozoic mafic dikes are preserved, which truncate the Grenvillian schistosity. The eastern margin of the
massif is sheared by anastomosing fault zoregsniay follow reactivated normal faults inherited from early rifting
(Warren, 1990).

XV. Jerusalem SlicgStop 5)

The Jerusalem slice consists of mylonitic qudattminated schist up to 1500 meters wide and about 10
kilometers long, rooted along the esgte of the Lincoln massif (Tauvers, 1982). The mylonitic zone pinches out
both north and south, merging with the overlying Underhill thrust (DiPietro, 1983).

VIl . Underhill Slice (Stop 6 viewed from VIII at Appalachian Gap)

The synmetamorphic Tacoan Underhill thrust was named for the predominant formation in the slice
above it (Tauvers, 1982); the actual fault passes west of the town of Underhill and merges withdinectedt
Brome thrust in northern Vermont and southern Quebec. At our kfitigla westirected Taconian fault, along
which garnefgrade schistsmetawackes and metavolcanics of the Underhill and Hoosac Formations truncate the
inverted Lincoln anticline. The fault has several branches, locally decorated by slivers of bagesriarthe
AMansville phased of Quebec (Col pron et al., 1984) def
to the west, to the point where coherent stratigraphy is no longer certain, despite locally preserved graded beds. The
fault-bounded Monastery Formation, which contains rock types common to several other formations, may represent
a mélange zone internal to the Underhill slice. Middle Ordovician condmaming deep water turbidites (now the
West Bridgewater Formation graphitichists with dolomite pods) that lie unconformably above the rift clastics are
preserved in a few key places (Ratcliffe et al ., 1999;
along the Appalachian Gap Road.

VII'l & IX . Green Mountain Slice (Stop 7)

The Green Mountain slice |ies between what Stanley
fault zoneo a npdakmetamorphiv Mtr Abrgham and Rrasgect Rock slices. Stanley and Wright
(1997) also proposed thédet Taconic allochthons were ejected from beneath this slice, rather than from beneath the
Underhill slice (Stanley and Ratcliffe, 1985). The Green Mountain slice contains several formations, including the
Fayston Formation, Hazens Notch Formation andewed®inney Hollow Formation, which are interpreted as
eastern rift clastic correlatives to units in the Underhill slice. These rocks are Late Proterozoic to (?) Cambrian
albitic schists, quartzites and greenstones. The Fayston and Pinney Hollowesugredwn to gray schists, often
with magnetite, whereas the Hazens Notch is gray to black, graphitic and commonly sulfidic. The grouping of
formations into slices that we present here is differei
(Stanley and Ratcliffe, 1985) and also different from the original interpretation of the hinterland at Lincoln Gap
(Stanley et al., 1987b) whereby all black rocks (Sweetsburg, carbonaceous Hazens Notch and Ottauquechee) were
assumed to be younger than a# tireen units (Underhill, silvegreen parts of Hazens Notch = Fayston, Pinney
Hol l ow and Stowe). As mapping proceeded during the 19¢
and Hazens Notch lie structurally below the +adipitic Mt. Abraham, Ottauquechee and Stowe (Walsh, 1992;
Thompson and Thompson, 1998; Thompson et al., 1999; Kim et al., 1999).
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X. Mt. Abraham allochthon

The Mt. Abraham allochthon forms the long ridge of Lincoln Mountain between Appalachian Gap and
Lincoln Gap, as well as Vermont s fiPresidenti al Rangeo
Lincoln gap. Itisalmost entirely Mt. Abraham Formation: luminous sibggeen to blueblack quartzmuscovite
chlorite phyllite +# chloritoid, garnet, kyanite, magnetite, and locally staurolite (Albee, 1968). A few patches of
Ottauquechee Formation at the north endhefdllochthon link it to the Prospect Rock slice, and the two packages
are shown as continuous oncrosssectidd® ( fi g. 5.,08X, ouxghl iXnl land Stanley (198
garnetmagnetite zone along what we now interpret as the thrust ¢avitache underlying Green Mountain slice.
Similar rocks are exposed in a 100 to 300 m wide fault slice along the Battell Trail west of the main allochthon,
interpreted as Mt. Abraham Formation broughativelydown by virtue of late, steep faults.

Xl &XII . Prospect RockSlice (Rowe slice): Ottauquechee, Stowe & Jay Peak Formations (Stops 8 & 9)

At the latitude of our transect the Prospect Rock slice is juxtaposed against the Green Mountain slice by
steep Acadian faults, and the rocks are mostly Qttachee Formation: rustyeathering, black quartzose phyllites
with black quartzites. The Prospect Rock thrust itself is a foldednptamorphic fault, which veers northwest
away from Acadian faults north of the Winooski River and eventually makesyjtacross the Green Mountain
anticlinorium to be truncated against the Honey Holfault (fig.2). Therocks above this thrust (Ottauquechee,
Stowe and Jay Peak Formations) were likely deposited in the same ocean basin as rocks in the Green Mountain
slice, but they were transferred to the upper plate of the subduction zone by underplating and thus have a different
tectonic history (Thompson and Thompson, 2003) , discussed more fully in the next section. Ultramafic bodies are
common along the fault and aujacent rocks, both above and below. The Tillotson Peak Complex and Belvidere
Mountain Complex lie above the Green Mountain slice and below the Prospect Rock slice.

X1lI. Moretown and Cram Hill Slice (Cambro -Ordovician forearc and arc rocks)

Metasedirentary and metavolcanic rocks of this slice are in fault contact with the Prospect Rock slice. The
rocks are predominantly gray green pinstriped granofels and schist, gray and rusty schists, and quartzites. The
section is intruded by Silurian (4423 M3 diorite, trondhjemite, and granite near Newport and Braintree
(Ratcliffe, 2010).

XIV. Silurian & Devonian rocks

Silurian and Devonian metasedimentary rocks deposited in thd aoghian Connecticut Valley trough
include phyllites, sandy marble, caleaus quartzites, and quartruscovite schist. Throughout most of Vermont,
the contact with the underlying Ordovician section is mapped as an unconformity. Acadian offset of the
unconformity has been mapped locally in the Braintree and Montpelier arestefvan, 1987; Martin, 1994; Kim
et al., 2003; Walsh et al., 2010).

TECTONIC HISTORY OF NORTH -CENTRALVERMONT

The story of how the various lithotectonic packages came to be where they are today starts in the Late
Proterozoic, as rifting along normal faults in the continent Rodinia created rift valleys in the Grenvillian crust.
Clastic sediments and volcanics weeposited in the valley$top 4), at first as coarse subaerial fans and
eventually as submarine deposits into the ocean that opened along the Laurentian margin. Rift volcanics range in
age from 570 Ma in the Pinney Hollow Formation (Walsh and Aleinik®99) to 554 Ma in the Tibbit Hill
Volcanics (Kumarapeli et al., 1989). The main transition from rift to drift, or passive margin conditions, is marked
by the Lower Cambrian Cheshire QuartZ&top 3, which locally contains Olenellus Zone fossils thaggest a
maximum age of about 542 Ma. A carbonate shelf built up on top of the Cheshire during the Cambrian and Lower
Ordovician. Deposition in the ocean basin slowed during the drift stage, but turbidity currents continued to sweep
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sediments out ontdné slope and rise. Some sediment may have been provided by longshore currents from rivers
entering the ocean at the Quebec reentrant and the failed Ottawa rift graben. Other parts of the basin received little
or no sediment (for example, where Middle Ovitian rocks lie directly on rift clasticStop 6. By at least 505

Ma (Laird et al., 1984), oceanic crust was getting subducted and metamorphosed far off the coast of Laurentia. How
far away can be estimated by multiplying about 60 million years tymesfavorite average spreadingrate e t 6 s

say 2 cm/year each waywhich yields 2400 kilometers. Now the ocean basin began to close and the Taconian

Orogeny got underway.

An accretionary wedge of sediments that were too buoyant to be subductdg,dariyed from Laurentia,
underplated the hanging wall of the subduction zone. These are preserved today as the Ottauguechee Formation
(Stop 8), Stowe Formation, and perhaps the eastern Pinney Hollow Formation, which correlate with the Rowe
Formation insouthern Vermont and Massachusetts. The earliest Taconian folds and faults (D1 in the Prospect Rock
slice, for example) formed at this time far earlier than D1 structures in more western packages. As thartore
wedge grew toward the trench, the lengf the active subduction channel became less steep. Serpentinized
ultramafic and mafic rocks, less dense than when they were subducted, rose along zones of weakness in the
subduction channel- along faults in both the upper and lower pld@&®p 9. Meanwhile the carbonate shelf
continued to grow upward (for example Chazy rockStap 1). The conodonts from the West Bridgewater
Formation at Buels Gorgtop 6)are a Chazy cratonic specieégptochirognathus quadratug/hich lived only
from about 43 to 460 Ma (Thompson et al., 2002b). The teeth were apparently swept from the shelf into deeper
water by currents. Within five million years, the carbonate shelf began to receive flysch from the east, as seen in the
shaly, dark limestones of the Gldralls Formation and younger Middle Ordovician shé&sp 2. (An
alternative to the starvesbquence explanation for the unconformity beneath the West Bridgewater would be that
erosion, due to the rise of a foreland bulge in advance of the approantegoremoved any drift facies that had
been deposited.)

Eventually subduction closed the ocean basin to the point where the accretionary wedge began to override
the thicker rift clastics buried under the continental slope (Green Mountain slice)psamieh were drawn down
in the lower plate deeply enough to reach medhigh pressure metamorphic conditions. Folds and faults began to
move these rocks westward onto more proximal rift clastics (Underhill slice), along the Green Mountain frontal
thrug. D1 folds and faults in the Underhill slice cannot be any older than the rocks they deform, including the West
Bridgewater Formation at about 462 Ma. All the faults discussed so far were initially ductile, relatively flat, west
directed thrusts. Somdwere to the west they may have reached higher levels in the crust, where they became brittle
faults, and may even have broken the surface to form tectonic olistostromes, but we would have to take a detour to
the Taconic klippen to see such structures.

As the accretionary prism met the resistance of the Laurentian margin, faults cut deeper into the crust, at
some point involving basement, perhaps initially taking advantage of old normal faults from the time of rifting. The
Hinesburg slice rode up over thistal shelf edge as the overturned limb of a large nappe failed (Dorsey et al.,
1983). Close inspection of the fault itself reveals a transitional history betwegle @nd brittle behavior istop
andgo activity dependent on water pressure (Staeteyf., 1999). The Champlain thrust brought a still larger slice
of deeper basement into action and the fault cut up across the shelf units in a ramp. There is apparently also a lateral
ramp between the Winooski River and our transect, for autochthdasesment here is closer to the surface. The
Champlain thrust brought the assembled packages in the hanging wall along for the ride, although forward motion
likely also continued along the earlier thrusts. When forward motion on the Champlain thradtupcla flower
structure developed in northern Vermont, with both wastl eastlirected D2 folds and faul{&top 7). The
Honey Hollow back thrust is rooted just east of the Lincoln massif. Stanley and Wright (1997) suggested that the
Lincoln anticline formed above an imbricated pilp along the Champlain thrust below it. Forward motion of
materialfarthereast was forced upward. The Champlain thrust moved again in Acadian time, producing the Green
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Mountain anticlinorium in northern Vermont, whighcentered above the point where allochthonous basement
ramped up over autochthonous basement. The anticlinorium dies out to the south, so that at our latitude D3 strain
was taken up mainly along steep Acadian reverse faults east of the Lincoln avassidist of the Green Mountains
(Stops 8 and 9. D3 fold axial planes and associated spaced cleavages are steep throughout the region, deforming
older structures.

METAMORPHISM

In a note that accompanies previous NEIGC field trips (Stanley et al.,h1@34d), Laird discussed the
metamorphism along our traverse. Here we present the same data but with a better understanding of the tectonic
setting and a more fAuser friendlyo discussion of the
addesses the metamorphism on the boundary between the Prospect Rock and Green Mountain slices farther south
than any of the NEIGC trips in which we have been involved.

Metamorphism in théliddlebury synclinorium is weak with calcitedolomite solvus and stable isotope
temperatures between 210 and 2@5(Sheppard and Schwarcz, 1970). Along the New Haven River west of the
Lincoln massif, oxygen isotope quadalcite temperatures are between 400 and®@&lttough the amount of
retrograde exchange is in question (Schwarcz et al., 1970).

At our latitude, pelitic rocks in thenderhill slice reach garnet grade and mafic rocks are epidote
amphibolite facies (hornblende+chlorite+epidote+albite+quartz). Tempetdrpressure from calcit®lomite
and amphibolglagioclase geothermobarometry are 450 to48%nd 7 to 8 Kbar. Amphibole is chemically
zoned with rims showing more TK substitution (AlIVI, AllV for FM, Si) than the cores, indicating higher
temperatee metamorphism (along a reaction such as epidote + chlorite + quartz = amphibole +TK + H
Thompson and Laird, 2005) and consistent with conodonts from Buels Gore, which were heated to ati€ast 500
(CAI'7 2 t0 8). 40Ar/39Ar total fusion ages on@mbole reported by Laird et al. (1984) are Taconian (475.8/
Ma) along the Appalachian Gap ro@dIL225)but Acadian (382 +/3Ma) along the Lincoln Gap rod&JL340).
The latter is consistent with 384 to 387 Ma biotite ages and with the 38&%-Ma muscovite age reported by the
same authors from chloritoklyanite grade pelitic schist in the Mt. Abraham allochthon south of Lincoln Gap
(LA10K).

Petrographically and chemically, amphilie mafic rocks from th&reen Mountain sliceare distinctly
different (fig.6). Amphiboleis discontinuously zoned, and cores have greater PL substitution (Na, Si for Ca, Al)
than amphibole from the Underhill slice. This substitution is controlled by a reaction such as albite + actinolite + H
O = chlorite + epote + PL + quartz and is interpreted to increase with metamorphic pressure (Thompson and Laird,
2005). Rim compositions are actinolite (less TK and PL than cores) consistent with greenschist facies
metamorphism (chlorite + epidote + actinolite + albitguartz). 40Ar/39Ar amphibole ages reported by Laird et al.
(1984) for the Pinney Hollow Formatiai Stop 8 are 471 +10.6 to 448 +/5.1 Ma.

East of our traverse in tiRowe slice(Northfield Mountains), amphiboleores havéL and TK
substitutions intermediate in value between those in the Green Mountain and Uistieessil{fig.6). Honsberger
will discuss recent results from amphibole studies along the Green Mountain/Rowe slice boundary at Stop 9.

m:
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Figure 6. Bar graphs showing PL, TK and ED substitution in amphiboles collected from mafic rocks in the
central Green Mountains. Higher PL is a proxy for higher pressure; higher TK is a proxy for higher temperature.
Roman numerals indicate lithotectomackages (see fig).3



