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EDITOR'S PREFACE

The arrival of the 1985 W.E.I.G.0. Meeting in New Haven, only three years
after the 1982 meeting in Storrs, indicates the wvitality and breadth of
ongoing geologic studies in Connecticut.  One man who is to a large
extent responsible for the current health of geological studies in
Connecticut is Professor John Rodgers of Yale. He has accomplished this
through an enlightened cowbinstion of personal research and responsible
criticism of others' research, coupled with his overseer's role as
compiler of the very recently published Gealogic Map of Connecticut. I
guspect that there are few working in Connecticut geology who have not
been influenced by John's interested observation (sometimes uncomfortably
sharp!}. It has been a great pleasure fot me to agsemble this guidebook
as a permanent reminder of John Rodgers' commitment to field geology and
his impact on geoclogical studies in Connecticut.

I would like to thank several people for their agsistance in the assgembly
and editing of this pguidebook. Sidney Quarrier of the Connecrticut State
Geologic and Natural History Survey has provided great help {and moral
suppotrt in tough times), especially in the printing of the book. Craig
Dietsch and Kim Waldron of Yale have been very helpful in Che produciion
of the guldebook and the organization of the N.E.1.G.C. meeting in New
Haven. Judy Couture, Linda FPhillips and Beth Lofquist of the Yale Geology
Department have cheerfully and genetrously helpeéd me with many of the less
glamorous but necessary details of meeting organization and gulidebook
preparation. And last, but not least, I would like to thank the authors
of the trip guides for providing me with excellent contributicns which
should make this a most useful guidebook both fow and in the future.
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NEW ENGLAND INTERCOLLEGIATE GEOLOGICAL CONFERENCE
77TH ANNUAL MEETING

HONORING

JOHN ROUDGERS

For nearly four decades John Rodgers has been an active and vital part of
Copnectlicut geology, In his teaching at Yale University, in his
involvement with the work of the Counecticut Geological and Natural -
History Survey and the U.8. Geological Survey, and in other associations
foo numerous to name, he has enthusiastically provided generations of
students and colleagues with information and inspiration. Often acting
ag the focal point of intense discussion of ideas and interpretations, he
has continucusly encouraged the exploration of many facets of the State's
geoclogy. John's outlook has never been parrow, and his linguistic
ability and wide travel have broadened not only his own perspective, but
aothers as well. His skill at synthesizing diverse views is amply
demonstrated in his compilation of the 1985 Bedrock Geological Map of
Connecticut which incorporates the results of more than thirty years of
detailed mapping by many different {and differing) geologists. John's
part in geological activity in Comnecticut is a phenomenon as distinct as
the Moodus Noises, and when he favors us with his impromtu plane
recitals, far more melodiocus. It is a great pleasure, therefore, to
honor John Rodgers as friend and challenging colleague at this 77th
meeting of N.E.I.G.C. '

Joe Webb Peoples
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Dabuney Caldwell, Secretary
Department of Geology
Boston University
Boston, Massachusetts 02215

Conference Organization:

Robert J. Tracy
Department of Gevlogy and Geophysics
Yale University
New Haven, Ceonnecticut 065320

A special word of thanks 1s in order to all the secretaries and
illustrators whose extra effort at producing crisp, camera-ready copy on

a very.tight schedule has made this guidebook the attractive piece of
work that it is.

The fact that a locality is described in this guidebook does not fmply
that the public has access to the locality. Stopping on a limited access
highway is forbldden by a regulation of the State Traffic Commissioen,
which prohibits all vehicles from stopping or parking on any part of the
highway. These regulations also prohibit pedestrians on any limited
access highway, Field trip features on these highways can be viewed from
other ground. In other instances, stops on private property require
permigsion of the owner. Anyone planning to go on this field trip should
check carefully the suggested stops, and do unothing to jeopardize their
use by geologlsts in the years shead.
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GEOLOGY OF THE WATERBURY DOME

C. Dietisch
Department of Geology and Geophysics
Yale University
New Haven, C7T (06511

INTRODUCTION

The purpose of this field trip is to examine and discuss
rocks within and flanking the Waterbury dome. Questions
concerning the origin and evolution of these rocks have been
longstanding and important geoclogic problems =still remain.
Current understanding of, and controversy surrounding, the
stratigraphy, structure, and metamorphism of the rocks seen
on this trip will be placed in a regional context. The
information presented here represents part of a Yale
University Ph.D. d&issertation.

The area in question covers the aouthern two~thirde of the
Waterbury gquadrangle (Gates and Martin, 1967}, and adjoining
parts of the Waugatuck (Carr, 1960), Southington and Mt.
Carmel {Fritts, 1963), Southbury {Scott, 1974), and Woodbury
{Naruk, 1978) guadrangles. As compiler for the new
Connecticut bedrock map, Rodgers (1985} modified and
integrated thege guadrangle maps but the map pattern shown
on the new state map has been changed by my work.
Unfortunately, my mapping was not completed in time to be
incorporated on the new state map.

Outline of major structures and redefinition of the Waterbury
dome Remapping has established major fold structures that
dominate the map pattern, in particular, one large dome and
two previously unrecognized doubly~plunging anticlines
{(Figure 1), These structures form a more-cr-less parallel

" set trending roughly N40% and are separated by similar

trending synclines, Dominating the eastern half of the map
area isa large, internally complex dome to which I prefer to
restrict the name "Waterbury dome®. It is precisely on the
northern, eastern, and southern flanks of this structure that
steeply inclined regional foliation wrap arcund a "central
complex of gneigses” and traditionally define the Waterbury
dome., Although its map pattern is that of a rather brecad
culmination, folliation within the HWaterbury dome i=s
characteristically steep. On the southwestern flank of the
Waterbury dome and separated from it by a narrow syncline, is
the Naugatuck anticline, overturned towards the northeast.
West of the Naugatuck anticline is the larger Woodbury anti-
cline, nearly isoclinal and overturned towards the scuthwest.

REGIONAL GEOLOGICAL SETTING

The Waterbury dome is the southernmost of the series of domes
in the Connecticut Valley B8ynclinorium in western New
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England. In western Connecticut, the Synclinorium consists
of amphibolite~grade Lower{?) to Middle Paleozoic feldspathic
clastic and volcaniclastic rocks that have begen intruded by
small, mostly granitic to dioritic plutons with ages ranging
from 440 to 383 m.v. {Mose and Nagel, 1982).

The western boundary of the Synclinorium in Connecticut is
Cameron's Line, separating the Synclinorium from the massifs
of North American basement of Grenville age and their
autochthous and allochthonous cover. Cameron's Line is
generally regarded as a major tectoniec boundary (Rodgers,
1985) and is equivalent to the Whitcomb Summit thrust of Zen,
et. al. {1983). To the east, the Mesozoic Hartford Basin
separates the Synclinorium in Connecticut from the Bronson
Hill Anticlinorium.

The Waterbury dome is more~or-less eguidistant -- 30-40
kilometers (20-25% miles) —- from North American basement and
its cover to the west, dome gneisses of the Bronson Hill to
the east, and Avalonian basgement to the southeast, that
crops out in the southernmost domes of the Bronson Hill
Anpticlinorium along the Connecticut c¢oast, as far west as
East Haven. Thus the age and correlation of units in the
Waterbury dome have important regional tectono-stratigraphic
implications.

STRATIGRAPHY

Five major lithologic units are now recognized within the map
area:

(1) unit ga -- gneiss and amphibolite. Unit ga consists of
nmasses 10~20 meters across of more-~or-lesg texturally
homogeneous granite, granodicorite, and gquartz-diorite
interlayered with migmatized gneiss of similar composition
and subocrdinate hornblende gneiss, amphibolite, and hiotite-
garnet gneiss., In the field, granite gneiss of unit ga is a
distinctive white, and less commonly pink rock with large
feldspar megacrysts. Hornblende gneiss and amphibolite
layers range from ™0.5-2 meters thick.

{2) wunit gg -- gneiss and granulite. Unit gg consists of a
heterogeneocus assemblage of light- to dark-gray layered,
migmatitic, and massive plagioclase-guartz-biotite+/-alkali
feldspar+/~-garnet+/-nmuscovite+/-kyanite gneisses and gran-
ulites. Present throughout unit gg in subeordinate amounts
are biotite schist, biotite-muscovite schist, quartzite,
amphibolite, and calc-silicate rock. No regular pattern of
digstribution of thess rock types has yet been found on which
to base an internal stratigraphy.

Underlying large tracts of unit gg are rusty-weathering
layered rocks consisting of alternating bictite-kyanite
schist and guartz-microcline-~plagicclase gneiss; individual
layers are 1 centimeter or less thick and the schist layers
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form distinctive ridges on outcrop. This particular layered
gneiss is texturally gradational into unit rsg (see below).

{3) unit ras ~- rusty schist. Unit rs congsists of fine-
grained, commonly migmatitic biotite-quartz-plagicoclase-
muscovite-garnet-microcline schist and schistose gneiss.
Scattered throughout unit rs in minor amounts are small
boudins of calc~silicate rock, gquartzite, and ampbibolite,

{4)unit wgsa -~ white granitic gneiss, schist, and
amphibolite. Unit wgsa consgists of irregularly interlavered
white weathering, medium~grained quartz-microcline-
plagioclase~biotite~muscovite+/~garnet gneiss, rusty-
weathering fine—~ to medium-grained granular gquartz-
plagicclase-biotite-muscovite-garnet schist and schistose
gneiss, amphiboelite, and guartzite.

(3 wunit rggs -- rusty gneiss, granulite, and schist. Unit
rggs is dominated by rusty-weathering quartz-plagioclase-
alkali feldspar-bioctite-muscovite+/~garnet+/-kyanite gneisses
and granulites. Present throughout the unit are distinctive,
although subordinate, graphitic, generally sufidic, quartz-
plagisclase-orthoclase~-biotite-kyanite-muscovite-garnet

achists, and amphibelites. Other minor rock types include
gquartzite, hornblende gneiss, granitic gneiss, mica schist
{without graphite), and calc-silicate rock. As with unit ag,
no regular pattern of distribution of individual rock types
has yet been found on which to hase an internal stratigraphy.

INTRUSIVE ROCKS

A group of intrusive trondhiemitic, tonalitic, and quartz-
dioritic rocks, and several small bodies of granite and
granodiorite are present throughout the map area and intrude
all of the mapped units. These rocks occur as small sills
and plugs commonly not exceeding several tens, and in some
cages a few hundred, meters in their longest dimension.
Granitic pegmatites are also scattered throughout the area.

Recognition of (meta-)intrusive rocks in the map avea is not
always sgimple because upper amphibolite grade metamorphism in
many instances has blurred the distinction between intrusive
igneous rocks and "ortho"-gneisses and granulites produced by
in situ partial melting. This is particularly true for the
trondhjemitic and tonalitic rocks that intrude unit gg
because their mineralogy is similar to the paragneisses of
this unit. .

mhe age{s}) of the intrusive rocks have not yvet been
determined.

STRUCTURE

Major regional satructural features Structurally above the
Waterbury dome and plunging off it to the north and south,
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refolded nappes are outlined by the Silurilan-Devonian The
Straits Schist. Dieterich (1968) propeosed the following
sequence of folding for the evolution of these structures
(see Trip B-1, Skinner and Rodgers, Figure 2}:

{1) regicnal scale, west-directed isoclinal folding,
{2) regional scale, east~directed isoclinal "backfolding®,
{3) tight to open folding, trending N-35 and NW-3E.

Mose and Nagel (1982) reported an Rb-Sr whole-rock isochron
age of 383+/-5 m.y. for the undeformed, pegmatitic Nonewaug
granite which cross-cuts deformed The Straits Schist. :

Hall (1980) recognized that the isoclinal folds outlined by
The Straits Schist do not involve the "core" rocks of the
Waterbury dome as it was then mapped. Remapping has shown
that the inferred decollement exigts at the outer contact of
unit rggs: thus rocks exposed in the cores of the Waterbury
dome (as here defined) and the Wecodbury and Naugatuck anti-
clines:, as& well as unit rggs which overlies them, were
detached from isoclinal folding of Acadian age.

Sequence of deformation in the map area. Rocks in the map
area record at least seven deformation events. The regional
foliation (S5y in the five mapped units, including coarse
migmatitic layering, is interpreted to have been produced by
an early stage of thrusting {(d;) that established the contact
ralations now observed. The age of thrusting has not been
directly eastablished. Relicts of older fabrics within the
regional foliation in these rocks demonstrate that thrusting
was superposed on older strudtures.

After thrusting, the rocks were deformed by four phasesz of
folding; the earliest phase (F3) has only been recognized
west of the Naugatuck anticline. The map pattern is
dominated by folds trending NW (F4) that can be traced
directly into The Straits Schist. The Naugatuck and Woodbury
anticlines are F, anticlines. These Fg anticlines, trending
NW, are deformed by younger folds trending NE {Fg): Fg folds
superposed a doubly-plunging geometry on the F,p anticlines.
Likewise, the Waterbury dome formed by the interference of Fy
and Fg folds. Domes produced by fold interference confirm
Hall's (1980) view. Whether interference was accompanied by
kuovant rise of rocks now in dome core is uncertain,

The youngest folds are broad open folds with horizontal to
steeply plunging axes with variable trends. Brittle faults
post-date all other structures and are present throughcut the
map area.

d; thrusting and the Waterbury thrust The contacts between
map units that outline the Naugatuck and Woodbury anticlines
and the Waterbury dome are interpreted to mark major d,
faults or fault zones, interpreted as thrusts. Evidence to
support this interpretation includes (1) map scale as well as
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local truncation, and out of sequence Juxtaposition of units
along these contacts: (2) gneisses exposed along and adjacent’
to these contacts have augen and broken and strung out
ribbons of guartz-feldspar, and have boudins trucated by
shear foliation: {3) tabular bodies of trondhjemite with
mylonitic foliation are found along these contacts; and (4)
very fine-grained, thin, anastomoging bands of kvanite that
aurround lens-shaped aggregates of recrystallized guartz and
biotite have been found only in schists along and adjacent to
these contacts: these bands can be interpreted as mylonite.

Where unit rogs surrounds the Waterbury dome and units gg
and rs expoesed in the cores of the Naugatuck and Woodbury
anticliines, it forms an overlying tectonic cover. The
contact that separates unit rggs from the rocks below it has
been informally named the Waterbury thrust. A fault
{(thrust?) zone that cuts across the Waterbury dome (Stop 10)
indicates that the dome itself consists of two lavge, thrust
imbricated parts.

METAMORPHISM

The rocks of the map area form an upper-amphibolite facies
me tamorphic high within the regional amphibolite facies
terrane of the western Connecticut highlands. Previous
petrologic work has been limited, for the most part, to the
identification and mapping of mineral assemblages. 0O'Conner
{1973) mapped isograds in the area and discussed conditions
of metamorphism,

Detailed petrologic and textural evidence supports a
polyphase metamorphic evolution for the map area involving
three "phases": (1) early Xxyanite-garnet grade metamorphism,
My, (2} high P/high T metamorphism invelving migmatization,
M5, and {(3) "retrograde" metamorphism, but still in the
amphibolite facies, involwving recrystallization and
hydration, Mg,

The P-T conditions of M, and M; metamorphism have been
egtimated by combining careful petrographic analysis of
mineral assemblages and textures with guantitative thermo-
barometric techniques. Details of the methods used, the
problems associated with the caleculations, and the mineral
compositions used are given by Dietsch (1985).

Estimates of the conditions of M, metamorphism are T = 700 -
765° C and P = 8.5 -~ 9.0 kb, and for M3 metaworphism, T = 550
- 590° ¢ and P = 4.8 ~ 7.5 kb. Geochronologic results from
the region indicate that the auperposed, lower grade
metamorphic effects are Acadian.

- Igsoarads O'Connor {1973} mapped two isograds: (1) a
EEQG?STE?éwéisappearance isograd marking the upper limit of
the assemblage staurolite-muscovite-guartz, and (2) a
kyanite K-feldspar iscograd marking the first appearance of
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kyanite and K-feldspar in mutual contact without intervening
muscovite. Muscovite is present in all pelitic and semi-
pelitic rocks above the kyvanite K-feldspar isograd. All of
the stops on this trip, except stops 3 and €, lie well above
the kyanite E~feldspar iscograd. The occurrence of co-existing
kyanite and K~feldspar in migmatitic leucosomes, combined
with analysis of phase eqguilibria and thermobarcwmetric
calculations, indicate that the stable co-existence of
kyanite and K-feldspar did not result from the subsolidus
dehydration of muscovite. Petrologic relations are
consistent with melting reactiong involvinyg guartsz,
plagioclase, and muscovite producing the co-égxistence of
kyanite and K-feldspar. Thuz the kyanite K~feldspar isograd
delimits the critical assemblage kvanite + melt.

O'Conneor (1973} and Naruk {(1978) reported a few isolated
gecurrences of sillimanite and only along the northern margin
of the Waterbury dome can a sillimanite isograd be drawn.
Ubiguitous kyanite attests to the relatively high pressure
during all phases of metamorphism.

On the eastern flank of the Waterbury dome a normal fault
separates staurolite-~bearing The Straits Schist from kvanite
K-feldspar grade rocks. On the socuthern flank of the
Waterbury dome and south o©f the Naugatuck and Weodbury
anticlines, staurolite-bearing The Straits is interpreted to
be in thrust contact with units wgsa and rggs. North of the
Waterbury dome,; the limit on the occurrence of staurolite
coincides with the coentact between the Taine Mountain
Pormation and unit rggs. This contac¢t marks an Acadian
decollement.

CORRELATIONS

A "three—-tiered" stratigraphy is proposed for the five maijor
units: '

unit rggs -— Rusty-weathering mica-quartz-plagioclase gneiss
of unit rggs along the western flank of the Woodbury
anticline and gray-weathering guartz-plagioclase-biotite
gneiss and granulite along the southern and eastern flanks of
the Waterbury dome are lithically similar te Stanlev's {1964)
Seranton Mountain Member and Wildeat Member, respectively, of
the Lower? QOrdovician Taine Mountain Pormation. Stanley
{1963) defined the Taine Mountain Formation in the northern
third of the Bristol doms in the Collinsville guadrangle,
The carbonaceous, sulfidic, rusty-weathering schist of unit
rgges is similar to the Middle Ordovician Hawley Pormation of
“the so-called Hartland Belt of western Connecticut. Unit rqgs
is thus broadly correlated with these Lower? to Middle
Ordovician rocks.

unit wgsa —— Unit wgsa is lithically similar to rocks that

Hall {1376) mapped as various members of the Hartland Forma-
tion in the White Plains~Glenville area of gouthwesternmost
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Connecticut and adijacent New York. Unlike Hall's {(1976)
Hartland Formation, no internal stratigraphy with unit wgsa
has been recognized. Unit wgsa has only been mapped as large,
fault-bounded "slivers" aleng the Waterbury thrust where the
thrust outlines the Waterbury dome and the Waugatuck and
Woodbury anticlines; thus, it is pessible that rocks mapped
as unit wgsa along the Waterbury thrust are meta~mylonite,
Complicating matters, the white granitic gneiss included in
unit wgsa may be an intrusive rock.

unit rs -- The gnarly, rusty-weathering biotite-garnet-
kyanite schist and schistose gneiss of unit rs is in places
lithically identical to the allochthonous schistese rocks in
western Connecticut mapped as Cambrian to Protevreozoic 2(7?)
Waramaug Formation, Manhattan Schist, and Canaan Mountain
Schist. Correlation of unit rs with this group of units is
perhaps the strongest of all of the proposed correlations.

unit gq -- The rusty-weathering, layered gneisses of unit gg
that are texturally gradational into unit rs are lithically
similar to rocks mapped by Martin (1970) as Waramaug
Formation in the Torrington qguadrangle. Where unit gg
consists of interlavyered gray to green plagioclase-quartsz
granulite, biotite-muscovite schist, quartzite, and quartz-
rich gneiss {Stop 11l), it is lithically similar to the
clastic rocks that characterized the low Taconic sequence of
Zen (1967) in southern Vermont and western Massachusetts and
adjacent New York. Unit gg is thus broadly correlated with
the Cambrian to Proterozoic 2Z{?) clastic sequence of the
Taconic allechthons (including "Group 3 Taconicallochthons™
of Stanley and Ratcliffe, 1983).

unit ga -~ No good lithologic counterpart of these rocks lis
present in the region. Only unit ga contains large masses and
sills of leucocratic granitic gneiss which lie among other,
thoroughly migmatized, gneisses that may represent ultrameta-
morphosed greywackes and/or dacitic volcanics. The presgence
of the granitic gneiss in unit ga leads me to propose that
this uvnit represents Precambrian basement and I further
suggest that unit ga correlates with basement of Grenville.
age exposed in the massifs of western New England and in the
Chester, Athens, Rayponda Lake, and Sadawga Pond domes in
southern Vermont. If the correlations of units rs and ggq are
reasonably correct, correlation of unit ga with Grenville
basement would be entirely consistent with regional
structural and stratigraphic relations.

These stratigraphic correlations are presented as a possible
model. I share the view summarized by Stanley and Ratecliffe
{1983) and shown by Zen, et. al. {1983} that the maijcr map
units of the Connecticut Valley Synclinovrium are largely --
if not exlusively ~~ in fault contact. What do correlations
mean in such a pseudo-sratigraphy?
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If the correlations of units rggs, rs, and gg are correct,
then the Waterbury thrust marks the boundary between rocks of
the Hartland Belt {unit rggs) and rocks of the Taconic
seguence {units rs and gg) and is equivalent to Cameron's
Line in western Connecticut (Rodgers, 1985}, If the
Waterbury thrust is indeed a resurfacing ¢f Cameron’'s Line
then the high P/high T M; pmetamorphism is considered to be
equivalent to high P (and lower T} Ordovician metamorphism
recognized and dated within the Synelinorivm in north-central
Vermont.

ROADLOG WARNING! Many of the stops on this trip are
roadcuts along major highways. To reach sone
stopa requires walking along, and crossing,
ramps and roads. Be aware of the traffic and
proceed with caution!

 Mileage
total interval .
0.0 0.0 BEGIN TRIP. Commuter parking lot, Hamilton

Ave., Waterbury. {Al1l of the stops are
located within the Waterbury quadrangle
except Stop 6}.

STOP 1. (2 hours approximately) Tectonic window? and type
area of unit ga in the core of the Waterbury dome. Turn left
(north) from commuter Iot and walk to Washington Ave. Turn
left on Washington and walk up to traffic light., &t light,
cross over to roadcut, :

The dominant rock types here are mediuvm-~grained granodiorite
and tonalite that are "scaked” with leucocratic muscovite~
and muscovite-biotite granitic gneigs. Seams of blotite-
garnet gneiss may represent migmatitic melanosomes. Gray,
fine-grained sill-like bodies of trondhjemite are also
present and this particular rock type will be seen throughout
the area. Field relations seen at Stops 4, 5, 8, andlQ
demonstrate that intrusicn of trondhjemite probably spanned

dy deformation.

At the sast end of this cut walk up slope to huge roadcut on
the east side of Pine Hill. A large body of leucocratic,
migmatized granodioritic gneiss {average mode plg 38, gtz 33,
ksp 18, bio 8, mus 3) is well-exposed a short distance along
the cut. Observe that the large K—-feldspars are
porphyroblasts, cutting across the lecal feliation. In thin-
section, the muscovite present in this granocdioritic gneiss
{and in the intrusive trondhjemites} is poikioblastic; this
and traces of chlorite attest to retrograde metamorphic
effects, This leucocratic grancdioritic gneiss is present
only here at Pine Hill and in exposures in the immediate
area, and it is recognized as an integal part of unit ga.
Without detailed geochemical data it is not possible to
determine its protelith or the protoliths of the other ultra-
me tamorphosed rocks of unit ga. '
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A large, BE-W-trending recumbent fold and E- and NE~trending
Fg "dome-stage” folds are present within this roadcut but are
best seen from a vantage point away from the roadcut.

Return to Washington Ave. and walk under overpass to Hamilton
Ave. Turn left andwalk down to traffic 1ight. Turn left at
light to rogadcut on I-84 entrance ramp.

Various mesoscopic structures are well-exposed here.
Strongly sheared tonalite is cross-cut by granitic viens and
dikes, and mylonitic biotite-rich melanoscome(?}lavers are
conspicuous. Crenulations in these layers are axial planar
to large NE-trending Fg folds. Note the thin phyllonite seam
along the southeast-dipping limb of the large Fg fold,
presumably developed at a relatively late, cool stage of
"doming" and related to the arching of a stiff gneissosity.

At west end of this cut, climb scuthwestwards over the hill
to readcuts on westbound I-84., Ramp-like Pg folds can be
seen across I-84 near the western end of the Pine Hill
roadcut; asymmetric minor folds within the "steep zone® of
this fold have a consistent S3E-over-NW sense of movement.

Amphibolites and layers of hornblende gneiss within unit ga
are well-exposed in the roadcut along westbound -84, Hote

" the folded internal foliation within the large boudin at the

west end of the cut, truncated by the dominant foliation of

the enclosing gneisses. This 5; may be a relict of d; or
older deformation. '

Climb back over hill to entrance rvamp and Hamilton Ave. and
return to vehicles.

0.0 0.0 Exit from commuter lot: turn ‘
left on Hamilton Ave., get in right lane.

0.2 0.2 At traffic light turn right on Silver St.
(Rt. 69). Where road widens, get in left
lane,

0.6 0.4 At first light, turn left on East Main St.

1.3 0.7 Traffic light. Make first right past light

on Wall St. (drug store on cornerx).

1.5 0.2 Bear right on Wall, continue straight at stop
sign up steep hill.

1.9 0.4 Just before crest of hill, turn right on
Hobart 5t. Park at the end of Hobart on small
dirt pull-out opposite last house on west
{right).
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of hill.

The distinctive field appearance of this migmatitic schistose
gneiss has enabled it to be separated from rocks previously
mapped together as "Waterbury gneiss" and leads to the
proposed correlation of unit rs with the Waramaug Formation-—
Hoosac Schisgt-Canaan Mountain Schist. The assemblage of unit
ra here is biotite-~kvanite-plagioclase-musceovite~garnst-—
microcline-pyrrhotite-pyrite. Small boudins of garnet
amphibolite, calc-silicgate rock, and rare quartzite are
present and are characteristic of the unit.

Migmatitic leucosomes cross-cut the dominant gp foliation and
contain microxencliths of schist, and are also isoclinally

folded parallel to S».

Follow ouicrops scouth where a large body of dirty-white
weathering, medium-grained (anatectic?) granite cross-cuts
unit rs. Minor open to chevron folds with NNE-trending axes
deform the granite~unit rs contact. If 'this granite is
indeed anatectic then its crystallization age would place
limits on the timing of both deformation and metamorphism. .

Return to vehicles.,

Return to Wall St. Turn left and retrace
Wall down the hill to East Main St.
Prominent ridges seen to the west from the
crest of Wall are held up by NW-striking,
steeply dipping units gg and re of the north-
central portion of the Waterbury dome.

2.6 0.7 Turn right on Bast Main St.

2.7 0.1 At first light, turn left on Hamilton Ave.

3.0 0.3 At light, turn right Eto I-84 West
{(Danbury} then bear left onto I-84. XEEP RIGHT
on I-84.

4.2 1.2 Take Exit 20, Rt. 8 tYNorth {Torrington}.
Stay left onm Rt. 8.

5.2 1.0 Take Exit 35; Rt. 73 (Dakwville/Watertown).
Move inte right lane on Rt. 73 exit.

5.7 0.5 At first light, turn right on BEast Aurora St.

6.0 0.3 Turn left on Gear St.

6.2 0.2 Turn left on Huntingdon Ave., then make

immediate right on Brockside Dr. Park near
crest of hill just past outcrops.
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STOP 3. (30 minutes approximately) Unit rggs adjacent 1€
inferred contact with unit gg on northern flank of the
Waterbury domre,

These rocks lie within O'Connor's {1973} kyanite-garnet-
biotite zone just below the kyanite-K-feldspar isograd. The
dominant rock types here are light to dark gray, fine- tO
medium~grained guartz-plagioclase~biotite-muscovite+/~garnet
gneiss and granulite, and brown weathering biotite schist.
Interlayered garnet-bearing granitic gneiss and cross-
cutting, medium-grained garnet-bearing pegmatite are also
present. At the south end of the roadcut (on the east side)
is a small knob of green weathering tremclite-~guartz-
phlogopite rock; more extensive exposures of this and sinilar
rock types.can be seen at Stop 4.

The rocks are striking about E-W and are vertical or 4ip
steeply north off the dome. Note the broken and strung-out
lavers of guartz and feldspar and the porphyroclasts of
feldspar. A strong lineation plunges steeply to the NNW and
iz well developed in the pegmatites near the north end of the
cut; defined by feldspar porphyroblasts.

Detailed petrologic study, including microprobe analysis, has
been done on schists from this roadcut with the assemblage
guartz-plagioclase-nuscovite-kyanite-biotite~garnet~

pyrrhotite. In garnets with guartz inclusion-filled cores®
and clear rims, that have overgrown the S5 schistosity, 2
compositional discontinuity coincides with the boundary
between inclusion-filled cores and clear rims; this indicatesS
two episodes of garnet greowth, Quantitative temperature
estimates here were obtained here using Thompson's {1976)
empirically derived garnet-biotite Fe-Mg exchange thermometer
(Thompson's eguation is also used for the other temperature
estimates cited below). Using rim compoesitions of these same
garnets and rime of adijacent biotite, temperature estimates
range from 570~605% C. A minimum pressure of 6.1 kb was
obtained using the P~-T contours of ternary Fe-Mg-Mn garnet
compesition of Tracy., et., al. {1976) for the assemblage
garnet + cordierite + kyanite + guartz. This is a minimum
praessure because no cordierite is present, These are

estimates of M3 metamorphism,

Return to vehicles.
Use driveways at crest of hill just paat
outcrops to turn arcund. Retrace Gear §t.
and B, Aurora St. to Rt. 73 {(Watertown Ave.).

6.9 0.7 At light, turn left on Rt., 73 to Rt. 8
South/I-84. Follow Rt. 8 south. KEEP RIGHT

7.9 1.0 Take Exit 33, I-84 West (Danbury). KEEP RIGHT
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8.6 0.7 Take first exit, Exit 18, West Main 35t./
Highland Ave. Reoadcuts on right are Stop 4.
Keep/bear left on exit ramp to West Main St.

B,9 . 0.3 At light at end ¢f ramp, turn right and make
immediate right into A&P parking lot. Park.

STOP 4. (1 1/4 hours approximately) Antiformal "bow~tie" of
unit rggs in the core of the Waterbury dome, Retrace exit
ramp to roadcuts along I-84 that begin just east of the exit.
WARNING! Proceed with caution to the roadeuts! Where the
exit ramps splits is a very dangerous areal Examine the
rocks while slowly making your way ENE down the hill,

stopping just past the Highland Ave., overpass.

i3

Interpretaion of the map pattern and the location of the "bow-

tie" right along the major NW-trending antiformal axis of the
dome, combined with guantitative P~-T results from rocks
collected from this roadcut that give the highest calculated
pressure estimates from the dome, lead to the conclusion that
this area of unit rggs occupies 2 small culmination; i.e.
unit rggs 1in the "bow-~tie" 1is structurally beneath
surrounding unit ¢gg. Unit rggs here is interpreted as part of
an imbricate thrust sliver along a dz thrusgt contact at the
base of unit gg.

The dominant rock types here are rusty-weathering, sulfidic
quartz-plagioclase-mica-garnet-kyanite gneiss and schistose
gneiss, and blue-gray, medium-grained tonalitic and
trondhijemitic gneiss and granulite. Subordinate rusty-
weathering, fine- te medium-grained, friable sulfidic schist
with and without calc-silicate pods is al=o present,

Schistose gneisses from this roadcut have the assemblage
guartz-plagioclase-microcline-muscovite~kyanite-biotite~
garnet-pyrrhotite-ilmenite~rutile. HMatrix rutile and rutile
in contact with garnet are rimmed by ilmenite and these
textures are suitable fer guantitative barometric
calculations. Beohlen, et. al, (1983) calibrated the reaction
3 ilmenite + kyanite + 2 quartz = almandine + 3 rutile; this
reaction has a positive dP/AT slope with almandine and rutile
on the high P/low T side. Model pressures calculated from
this reaction in combination with garnet-biotite thermometry
yield P-T conditiong of 730° ¢ and 8.8 kb, These results are
consistent with kyanite K-feldspar grade metamorphism and are
interpreted to represent conditions obtained after 4,
thrusting.

Good igneous textures can be seen in gray tonalite at the
first cutecrop adjacent to the highway. Tonalite exposed on
the eastern side of the small "guarry" about 10 meters
farther along the roadcut. can be seen cross-cutting a {pre-

547) gneissosity.

Al-13



14

Scattered along thies roadcut at irreqular intervals are swmall
isolated blocks of green rock, The largest bleck of green

rock is located just to the west of the Highland Ave,
overpass. Observed assemblages of these rocks are diopside-
calcite~-plagioclase, cross—-cut by hornblende veinlets and
chromite vienlets; tremclite-Cr-bearing phlogopite-chromites
hornblende-epidote-diopside-apatite; and tremolite-
phlogopite—gquartz-sericite-calcite. Mineralogical zonation
igs developed in green rocks in contact with gray tonalite and
suggests that intrusion of tonalite produced Ca-metasomatism
of ultramafic rocks.

Beneath the overpass is a "mini marble cake" migmatite.
Hote the cross-cutting 2-mica melts which represent the last
stage of melting. The crystallization age of these melts
could place an upper limit on the age of migmatization.

Return to vehicles. Exercise caution when crossing exit ramp
to Highland Ave. on your way back to West Main St. Watch
traffic and proceed gquickly across this dangerous
intersection!

9.0 0.1 Exit from A&P Iotat traffic light., Turn left
on West Main St. Keep right avound right hand
curve where road widens and at light,
mileage {(9.3/0.3), continue straight on Chase

Pkwy.
10.4 1.4 At the end of Chase Pkwy.;, turn right oﬁ Rt.
64 West. :
10.7 0.3 At firat light, turn left on Rt. 63 South.
11.1 0.4 I-84/Rt. 63 intersection. Park on shoulder

Just before I-84 overpass next to roadcut.

STOP 5. (20 minutes approximately) Unit gg in the core of
the Waterbury dome,

Exposed in this roadcut is one variety of the migmatitic
plagicclase-quartz-bilotite gneisses of unit gg, here with
pink feldspar-bearing leucosomes. HNote the zonation of the
sSW-dipping, garnet-bearing dike and the extremely elongated
calc-silicate boudin within the gneizs.

At the south end of this roadcut, a massive body of blue~gray
trondhiemite has generally concordant contacts. & small
xenoclith of foliated plagioclase~quartz-biotite~muscovite-
garnet gneiss can be seen near the northern contact of the
trondhjemite, a few meters above ground level, showing the
intrugive origin o¢f the trondhiemite.

Walk around the north end of this cut to the smaller roadcuts

of migmatized gneiss along the east side of the sntrance ramp

onto I-B4. Rocks collected here by Clark and Kulp (1968)
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yvielded a best-fit Rb-8Sr whole-rock "errorchron" age of
455+/-50 m.y. Biotite from this roadcut analyzed by Clark
and Kulp gave a conventional K-Ar age of 345+/-13 m.y. (both
results are recalculated numbers using the decay constants of

‘Steiger and Jager, 19%77),

Return to vehicles.
12.4 1.3 Turn right on Allerton FParms Rd.

13.8° 1.4 Promiment ridge seen from credt of Allerton
Farms Rd. is held up by staurclite-bearing
The Straits Schist, dipping to the south and
southwest. This ridge of The Straits cores
the structurally lowest regicnal recumbent
fold of Acadian age that overlies the
Waterbury dome.

14.0Q 0.2 At stop sign, turn left on Jones Rd.

14,1 c.1 At stop sign, turn right on Neuman St.

14.3 0.2 At stop sign, turn right on Rubber Ave.

14.5 0.2 Carbonate block exposed on right hand side of
Rubber Ave, Rlocks of carbonate, calc-~

silicate rock, quartzite, and zmphibolite
have been mapped at numerocus localities at
the base ©f The Btraits Schist and are
considered to be a basal member of The
Straits in Connecticut. Hatch and Stanley
{1973} correlated these rocks at the base of
The Straits with the Middle Silurian Russell
Mountain Formation of western Massachusetts.

Rocks of unit rggs are exposed along the
entrance to the Southwood Apts. just past the
block of carbenate.

15.4 0.9 At small grass traffic friangle, bear left
down hill on Guntown Rd.

15,8 0.5 Cemetery on left:; at mileage 16.0/0.1 past
cemetery, turn around at paved drive on left
hand side. Park next to cemetary at mileage
16.1/0.1. '

STOP 6. (45 minutes approximately) (Naugatuck guadrangle}
Traverse across unit wgsa-unit 9g contact along the southern
margin of the Woodbury anticline, Walk about 50 meters up
Guntown Rd. and then cut left up hill through the woods to
cutcrops along the small ridge. Examine the rocks while
slowly following outcrops northeastwards. Continue until
ridge turns north into wide gully,
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Most of these outcrops consist of granoblastic, leucocratic
granitic gneiss, mapped as unit wgsa. Present at irregular
intervals are lavyers of amphibeolite, guartzite, lustrous tan-
weathering feldspathic biotite-muscovite schist, and gray
weathering, medium-grained . granulite. These subordinate rock
types become more common as the contact with unit gg is
approached. The contact is drawn where dark, rusty-
weathering migmatitic schistose rocks begin. Unit gg here
contains co-existing kyanite and K-feldspar but rocks mapped
as unit wgsa show no evidence of this upper amphibolite grade
me tamorphism.

L. Hall ({(pers. comm., 1983, along these same outcrops)
likened this sequence of rock types to the contact he mapped
be tween Harland Formation (unit wgsa) and Manhattan Schist
{(unit gg} in scuthwesternmost Connecticut.

Four fold sets can be seen in unit wgsa along this ridge.
These folds have been correlated with the same sequence of
structures mapped by Dieterich (1968) to the south and south-
east in rocks involved in the sequence of Acadian folding.
Structures correlated with the second phase of Acadian
isoclinal folding (F3 in the sequence outlined above) are
only present west of the Naugatuck anticline. An isoclinal F

feld with an axial planar foliation is exposed about 1

meters SW of the contact in the upper portion of the outcrop.
Mica crenulations in its hinge are remnants of an older
foliation (857}, This fold is folded by NW-trending Fyu
chevron folds with axes plunging steeply to the SE. Two sets
of younger open folds produce undulations on the sutcrops: F

folds have axes plunging gently to the SW and Fg folds have
subhorizontal axes trending NNYW.

From exposures of unit gg, descend down hill to road and
return to vehicles.

RetraceGuntown Rd.and Rubber Ave. back to
- Negman - St.

17.5 1.6 At stop sign on Rubber Ave., turn left on
Neuman St.

17.7 0.2 Turn left on Jones RA4. Watch this tricky
intersection, vield to traffic on your right.

17.8 6.1 Turn right on Allerton Farms Rd.

19.4 1.6 At stop sign, turn right on Rt. 3. Pull off

immediately on shoulder and park.

sTOP 7, optional. (15 minutes approximately) Unit rggs in Fy
syncline between the Waterbury dome and the WNaugatuck

anticline.
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The roadcuts on both sides of Rt., 63 expose large bodies of
amphibolite within unit rggs. A variety of migmatitic,
gsulfidic gneisses and schists, and sulfidic granulites
characteristic of unit rggs are exposed. In the
amphibolites, ilmenite inclusions in sphene are ubiqutous but
other high pressure petrologic indicateors are absent.
Amphibole compositions are Ca-rich and compositional zoning
or overgrowth features indicative of high pressure are
absent.

Mear the scuth end of the roadcut on the east side of Rt, €3
a brittle fault is marked by a wellw~exposed carbonate
breccia, a feature common to faults of Mesozoic age in the

region.

Return to vehicles.
Continue south on Rbt. 63,

20.1 0.7 Turn left into Hop Brook Dam, Army Corps of
Engineers parking lot. If gates at the end
of the lot are open, follow road across dam

to small circle. Park.

SToP 8, (1 hour approximately) Units rggs and gg across
their contact on west-central margin of the Waterbury dome.

Examine unit rggs in the small qguarry at the east ond of the
Hop Brook dam., Unit rggs consists hers of rusty-weathering,
sulfidic schist with interlayered guartzite and small calg-
silicate pods. Minor Fy folds plunging gently to moderately
to the SE are well developed here in the sulfidie schist. On

17

top of the gquarry, sulfidic schist is in contact with a gray

weathering, kyanite schistose gneiss that is similar to rocks
seen elsewhere along and near the unit gg-unit rgygs contact
that outlines the Waterbury dome.

Leave the guarry and follow the wide path to the SE down the
east side of the dam; continue along the path, bearing left
{NE) at the bottom of the hill, until you emerge from the
woods along the side of the dry overflow resgervoir. Unit rggs
in contact witha sill of gray trondhjemite is exposed in the
scuthernmost outcrop along the west side of the dry
reservoir,

Where the cuts resume northwards from this outecrop of unit
rggs, unit gg is exposed, consisting of a heterogeneous
sequence of strongly deformed; green- and blue-gray, medium-
grained migmatitic gneisses and granulites. Compositions
range from quaritz-diorite and tonalite {(generally the darker
layers) to granodiorite {generally the lighter layers) and
garnet and kyanite are common minor phases. These rocks are
similar to unit ga seen at Stop 1 but the large bodies and
8il1ls of leucocratic granodiorite and pink feldspar-bearing
granities of unit ga are absent here. Thin, green-—-gray
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schist layers which are characteristic of unit gg are common
in the gneisses here and help to distinguish the two units.
Dark green garnet amphibolites and calc-silicate rocks with
the assemblage hornblende-plagioclase-clinozeoigite~diopside-
quartz-garnet-sphene~rutile are common in the southern 50
meters of the large continuous cut.

A variety of minor structures are present, including Fy folds
that plunge to the SE like those seen in unit rggs in the
quarry, but of particular interest are small shear zones and
mesoscopic folds with mylonitic axial planar fabrics that
deform migmatitic leucosomes and leucocratic 2-mica granitic
veing. These structures have a consistent SE-over-NW sense
of asymmetry similar to asymmetric structures associated with
Fg5 folding of unit ga. What is the relation, if any, between
these two sets of structures?

Retrograde metamorphism (M3) of the gneisses exposed in the
dry reservoir can be seen in thin-section. Remnants of
garnet are embaved by plagioclase, muscovite, and biotite,
and remnants of kyanite in schist layers are completely
enclosed in large mats of muscovite. P~T conditions of
retrograde metamorphism affecting these rockas have been
eatimated usingthe equations of Ghent and Stout (1981} for
the reactions pyrope + grossular + muscovite = 3 anorthite
and almandine + grossular + muscovite = 3 anorthite. Average
rim compostions of garnet, plagisclase, bictite, and
muscovite that form the retrograde textures vield T = 5759 ¢
and P = 6.4 kb,

After looking at rocks on the north side of the concrete
barrier, return to vehicles.

20.4 0.3 Leave parking lot, turn left on Rt. 63,
NOTE: total mileage assumes parking across.
the dam for Stop 8. Subtract 0.2 from total
mileage if you did not cross the dam to park
for Stop 8.

20.9 0.5 Pull off Rt. 63 over curb and park.

STOP 9, optional. (15 minutes approximately) Intrusive plug
af trondhijemite cross—-cutting unit rgags

The intrusive contact of a medium-grained plug of
trondhijemite is well exposed up along the central portion of
the outcrop. Xenclithe of calc-silicate gneiss and sulfidic
schist of unit rggs are present in the central and northern
pertions of the outcrop.

21.7 0.8 At first light, turn left on Rt. 68 East.
22.1% 0.4 Turn right, follow Rt. 68 over Rt. 8.
22.3 0.2 At light- turn left on Golden Ct.
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22.4 0.1 At atop sign, turn right on Golden Ct. (0ld
Rt. 8}, folleow entrance ramp onto {new) Rt. 8
Nor th. REEP RIGHT

23.0 C.6 Take Bxit 29, South Main St., Waterbury.

23.2 0.2 At light at end of ramp, c¢ontinue across
. S8outh Main St. into parking lot. Park.

STOP 10. (1 1/4 hours approximately} Fault -~ thrust? —-

zone marking the imbrication of the Waterbury dome. From the -

parking lot, cross South Main St, at traffic light. Proceed
guickly up the road leading to the Waugatuck Industrial Park
to where the reoadcut ends. Examine the rocks while slouly
returning to Scuth Main.

In this cut, characteristic rock types of units ga, gg, and
rggs, striking NE and dipping SE, as well as small plugse of
unfoliated, fine-grained trondhijemite, are imbricated in an
irregular sequence. The different rock types are commonly
separated by isoclated layers and lenges of green rock
similar to those seen at Stop 4. HMany of these green rocks
haveone the high varianceassemblagestremolite~chromite,
tremolite—quartz—-chromite, or diopside-hornblende~chromite.
Chromite viens are present in gome of these 2- and 3-phase
rocks, Some of the green rocks have c¢alec-silicate
assemblages; observed assemblages are diopside~hornkblende-
Cr~bearing epidote-chromite and diopside-~Cr-bearing epidote-
garnet,

Also present in this cut are blocks of bona fide ultramafic
rock -~ metamorphosed harzburgite —-- with the assemblage
olivine (foglwg7)—en3tatit€ iengl_gg)mtremolite (&g/mg+f398u
g¢)—-Fe-Cr spinel. The presence here of barzburgite lends
support to the view that the family of chromite~bearing rocks
began life as ultramafics. :

Detailed petrologic/microprobe study of gneisses of unit rggs
from this fault zone produced estimates of both peak M, and
retrograde M4 metamorphic P-T conditions. Conditions of M,
me tamorphism were estimated using garnet-rutile-ilmenite—
kvanite~quartz reaction textures {see¢ discussion Stop 4}: T =
740° ¢ and maximum P = 10.9 kb. Conditions of M3
me tamorphism were estimated using reaction textures involwving
the breakdown of garnet, aligned parallel to migmatitic
lavering, to plagioclase. Calculations using Newton and
Haselton's (1981} egquations to describe the reaction
grossular + 2 kyvanite + guartz = 3 anorthite, combined with
temperatures calculated from adjacent garnet rim-biotite rim
compesitions, yield conditions of T = 5209 C and P = 6.3 kb.
These results are in close agreement with those from Stop 8.
Olivine-spinel Fe~Mg exchange thermometry from samples of
me tamorphosed harzburgite yield temperatures in the range
565~-580° ¢,
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At the bottom of the hill, follow South Main St. under the
Rt. 8 overpass and walk up to the cutcrops of the west gide
of Rt. 8., These outcrops expose mylonitic migmatitic gneisses
and gray tonalite cut my mylonitic pink feldspar-bearing
pegmatites., From atop these cutcrops, look across Rt. 8 to
the roadcut that is a lower extension of the rocks just
traversed. The large-sgcale imbrication of rock units is
interpreted to mark an important fault =zone but the timingof
faulting is not completely clear. Fabrics indicative of
shearing are only locally present. The metamorphosed ultra-
mafic rocks do not contain shear fabrics; foliation within
the fault zone wraps around them. This suggests that the
present configuration of the ultramafics, as well as the
other rocks, could have been produced by faulting at a late
stage in the structural development of the dome.

Return to vehicles. Be aware of traffic when crossing South
Main St.!

Leave parking lot. Turn left on South Main

sSt.
24.4A 1.2 Turn left on Leonard St.
24.6 0.2 Turn tight on South Leonard S8t. {(to Rt. 8).
24.8 0.2 Park on right hand side of streest or pull

into open area on left.

STCP 11, optional. (20 minutes approximately) Migmatitic
unit gg in the core of the Waterbury dome. Leave road and
walk northwestwards towards Rt. & and then north to the small
roadcuta on the east gside of the highwavy.

Migmatitic gneisses of unit gg in this reoadcut are inter-
lavered with variocus gray and green plagioclase-quartz
granulites and gneissges, and biotite~rich schists. The
northern portion of the cut typifies the complex relation-
ships between deformation and migmatization in high grade
rocks. Relict structures that pre-date the main
migmatization can be found in blocks within the migmatitic
gneissosity that have a truncated internal gneissosity.
Complex cross-cutting relationships can be seen between two
generations of leucosomes and the local shear foliation
present in the lavers of schist, and at least two set of
folds.

Looking westwards across Rt. 8, a large body of trondhijemite
can be seen in the northern portion of the roadcut. The
extent of brittle faulting present within the dome is
typified by the brittle faults seen directly across the
highway.

Return to vehicles.

Al-20



Continue north on South Leonard St.
25.6 0.8 atlight; turnrightonWashingtonave.

25.9 - 0.3 At light at South Main St., turn right then
immediate left across South Main. Follow
Washington Ave, up and over hill.

26.6 0.7 At light, turn right on Hamilton Ave.
26.8 0.2 Commuter lot on right. END TRIP.

To New Haven, turn right from commuter Iot on
Hamilton Ave./Rt. 69. Follow Rt. 69 south to
its end at Whalley Ave. in the Amityville
section of New Haven, about 17 wiles. it
traffic light, turn left on Whalley. TFollow
Whalley, through the Westville section of New
Haven, until it merges with Broadway, about 3
miles. Continue straight, Broadway turns
into Elm St. (one way). ’

To Kline Geology Lab, follow Elm past New
Haven green. At {(east) end of green, turn
left on Church 8St. At fifth light, tuen into
KGL parking lot. :
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ORDOVICIAN DUCTILE DEFORMATION ZONES IN THE HUDSON
HIGHLANDS AND THEIR RELATIONSHIP TQ METAMORPHIC

ZONATION IN COVER ROCKS OF DUTCHESS COUNTY, NEW YORK

Hicholas M. ﬁatcliffe?, Rosemary Vidale Budeng, and William C. 8urton1

Introduetion

The results reported here stem from a program of detailed mapping of

" fault zones within the Ramapo selsmie zone in New York, New Jersey and
Pennsylvania funded by the U3GS Reacter Hazards, and Earthquake Hazards
Programs and by the Nuclear Regulatory Commission. The objective of these
studies 1s Yo establish the relationship between geologic structure and low
level seismicity that has been well located in this area. The rocks traversed
on this trip are dominated by Paleozoic age semiductile shear zones in
Proterozole basement gneiss that ferms the seismogenic source rock in the
Ramapo seismic zone. Knowledge of the structure and mineralogy of these shear
zones should provide important clues to the understanding of desper partis
{depths greater than 10 km) of present day seismogenic structures. On a
regional scale these structures localized brittle failure in Barly Mesozoic
time to create the Triassic-Jurassic Newark basin {Rateliffe, 1980).

Recent 1:24,000 mapping of the Middle Proterozoic basement rocks and the
Cambrian through Ordovician cover sequence of the northern Hudson Highlands by
Rateliffe and Burton has defined a complex ayster of semiductile deformation
zonas (Fig. 1) that are largely responsible for deformation of the basement
rocks in the Taconle orogeny. We have traced these narrow 0.5 to 100 meter
thick zones of intense deformation and determined that the mineral assemblages
contained in them record a prograde sequence from chlorite to sillimanite plus
muscovite grade that is colipear with the Barrow zomation in Dutchess County
described by Balk (1936) and Barth (1936} and most recently studied by Vidale
(1974, a, b), Bence (Bence and Mclelland, 1976) and McLelland and Fisher
(1976} (Fig. 2). ' '

goﬂrfggﬁr mineral dates from muscovite, biotite and hornblende from
basement rocks and Paleozoic cover rocks in thia zonation suggest that the
metamorphic zonation is Taconian, perhaps as old as 465 Ma., and not
Acadian. (Bence and Rajamani, 1972, Dallmeyer and Sutter, 1976, Sutter and
others, 1985},

The shear zones and Middle Proterpzolce basement gneilss near shear zZones
contain new metamorphic assemblages that are consistent with Taconian remeta~
marphism.goﬁiaggte from the California Hill shear zone at staurolite grade
gives an “Ar/°7Ar plateau age of U36 3 Ma, {John Sutter, persenal communi-
cation, 1982). : : :

When traced northward these ductile deformation zones pasS'&pwérds, as
strong 82 deformation zones, into the Paleozoice cover rocks that contain the

c¢lassical garnet through sillimanite grade assemblages of Dutchess County.
Locally these zones of 5, deformation are retrogressive and tectonic fore-
stiortening of the isograds in the cover rocks is indiecated from structural

studies.

Tu.s. Geological Survey 2Scientific Applications Int. Corp.
MS 925 505 Marquette, Suite 1200
Reston, Va. 22092 Albugquerque, N.M, 87102
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Figure 1

Simplified regional geologic map of the northern end of the Hudson

Highlands showing semiductile deformation zones. Formlines show

prominent regional F, foliation of Proterozoic age in basement rooks,

barbs show dip.
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At the time Vidale published her paper on veln assemblages (Vidale, 1974,
a, b), she recognized that the occurrence of index minerals and critical
assemblages was qulte irregular and probably affected by structural and or
retrogressive complications. She therefore did not publish her mineral
assemblage data.

We have reexamined all of Rosemary Vidale's unpublished mineral
assemblage data and her exbtensive thin section collectlon from this area as
wall as our own oriented sectlons from shear zones in the cover rocks In an
attempt to relabe the distribution of isograds to structural evolution of the
area. We believe the dabta indicate thalt the pattern of metamorphic lsograds
in Dutchess County was strongly affected by laulting and deformation resulting -
from accumulation of strain in the gquartzofeldspathie basement rooks arising
from failure along semiductile shear zones. We relate strain softening of the
hasement rocks, oversteepening of the isograds and final tectonic emplacement
of the isograd-contalning rooks to a single but dynamically changing dynamo-
thermal regime of Taconian age (Rateliffe, 1983).

We have mapped basement and cover rock in detail in order to delimit
zones of faulting; however, the lithic successions and details of the mineral-
ogy of protoiiths and their relationships will not be stressed on this trip.
Those interested in the reglonal distribution of shear zones of this gystem
exposed Lo the aocuth in New Jersey may find a discussion and maps in Rateliffe
{1980). Comparable features from the Berkshlre massif in Massachusetts have
beerr described by Rateliffe and Harwood (1975). '

The purpose of this trip iz to examlne the structural details of the
semiductile shear zones, associated folding, and mineralogy of the shear zones
at various grades from chlorite through sillimanite grade and to relate these
features to structures found in the cover rocks in Dutchess County. The route
and stops are ldentified in Figure 3.

Finally we would like to thank John Rodgers who flrst introduced us in
the 1960's to the "chicken and egg argument™ regarding the role of metamor-
phism in controlling of styles of deformation in basement rocks. We are not
certain which one is the egg in this case, but it seems ciear that the form
and style of the structures and the metamorphic patbterns are interrelated in a
very complex fashion.

Hegional geology

Middle Proterozoic gneiss that was strongly deformed and metamorphosed to
hornblende or pyrogene granulite grade during the 1,000 Ma. "Grenville svent"
constitute the core of the Hudson Highlands and the basement (Fordham Gneiss)
of the Manhattan Prong. Late Proterozaoie, largely undeformed metadiabase
dikes locally provide good strain markers within the basement. Lower Cambrian
through Middle Ordovician cover sequence rocks locally are preserved as
infolds within the Hudson Highlands, providing additional information for
estimation of Paleozole folding and metamorphic grade of remetamorphism of the
bagsement rocks. The cover sequence in ascending order consists of: Lower
Cambrian Poughquag Quartzite, Lower Cambrian through Lower Ordovician
Wappinger Group (dolostone and limestone), Middle Ordovician Walloomsac
Formation, {carbonacecus schist, quartaite and aluminous schist) and rocks of
the Taconlc allochthons (aluminous schist and pbyllite) ranging from Late
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Proterogoic through Middle Ordovieilan. Correlative rocks of the Manhattan
Prong consist of: Lowerre Quartzite, Inwood Marble and Manhattan Schist. The
Manhattan contains units correlative with the Walloomgac Formation as well as
several possibly allochthonous units similar to, but not identical with rocks
of the Taconic allochthon (Rateliffe, 1968, Hall, 1968). FPlutonic igneous
rocks and dlkes of the Cortlandt, Rosstown, Croton Falls, and Peach Lake
intrusives of probable Late Ordovician age (Rateliffe and others, 1983) cross-
cut gehistosity and Paleozoic shear zones in metamorphic cover rocks and
basement. In both the Manhatftan Prong and Hudson Highlands. These rocks were
intruded into the already highly deformed and tectonically thickened basement
rocks near the end of the Taconic orogeny (Rateliffe and others, 1983).

Formlines within Middlie Proterozoic gneiss (Fig. 1) outline the attitude
of the prominent foliation and gneisslc layering (F, foliation) of the
Proterozoic deformation. Discontinuities marked by mylonitic rocks are iden~
tified as solid heavy lines with teeth that show dip direction of the shear
zones. Section A-A'" {Fig. #) shows our interpretation of the relationship of
shear zones to isograds.

Structural Terminology

Fault and fault zone rocks described in this guidebook are classified
using the terminology of Sibson (1977). Semiductile faults, as opposed to
brittle and ductile faullts, are faults in which discrete dislocation is dis-
cernible and both ductile and brittle deformation characteristics are present
a3 expressad by minerals with different ductilities. The protoliths for all
of the fault-zone rocks in basement are moderately coarse-grained gneisses,
containing hornblende-granulite-~facies assemblages, but the bulk of the
deformation in the shear zones was accomplished under metamorphic conditions
much less intense than that of the formation of the protoliths. At low gradea
{chlorite and biotite zone) retrogression is pronounced and the final products
are fine-grained diaphthoritic mylonites, that is, phyllonites. At higher
grades, {(garnet to kyanite grade} protomylonite, mylonite, mylonite gneiss and
ultramylonite are common. At sillimanite grade coarser-gralned fault rocks
marked by coarse biotite, complete recrystallization and annealing of quartz
ribbons, and triple-junction grain contacts are common although fthe unmistak-
able fault structures are present. We prefer the term blastomylonite for
these rocks in order to distinguish these rocks from mylonitic rocks that
preserve subgrain shapes formed by dynamic recrystallization. The sequence of
fault-zone rocks described here thus range from phyllonite, through mylonitic
gneiss, augen gneisa, protomylonite, and mylonite, to blastomylonite. With
increasing metamorphic grade the ductile response of the basement rocks
inereases and fault-zone rocks change from having relatlvely brittle defor-
mation characteristics to totally ductile fabrics. This change in structural
style becomes pronounced in the transition zone bebtween staurolite-Kyanite
zone and alllimanite zone and corresponds with the onset of dynamic
recrystallization of plagioclase and of microceline in gquartzofeldspathic
rocks.

Folds assccliated with shear zones commonly have curved hingelines, and
are purse~or sheath-shaped., They commonly pitch down the dip of elither the
schisteaity "™a" or Yo surfaces. Such folds are termed reclined folds
{Rickard, 1971). The reclined nature of these folds is important becauss the
hingelines in many exposures parallel the strong lineation or mullion struec-

AZ-7



32

ISOGRADS IN RELATION TO SHEAR ZONES
" DUTCHESS CO. STEEP GRADIENT

-~ - o AL P
mf’, - e — w3 -
/a-’ -~ - —r / ‘Q
i | e =T @
Chlorite zone /s {/- L - o
LN PNy Om et NS e ~ m‘;/v
MO¥ o&i
< Sillimanite zone 5 7 _ —
S epﬂ ~ q\ ¥ \\‘j/ ~0m ¢ f
% " . " i §
] ; el Y o
-5
KM
—10
BASEMENT CARBONATE-PELITE
—15

CROSS SECTION ACROSS HUDSON HIGHLANDS; N.Y.
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ture in the mylonite zones interpreted as the elongation lineation,

Textures seen in outerop and in thin zection are: "a", a schisbtosity
axial planar to folds in the protolith near shear zones; "e*, shear or
mylonitic foliation parallel to the mylonite zones; and "sb", shear bands
expressed as spaced dislocations in the mylonitic e fabrie, Larger augen or
porphyroclasts, principally of K feldspar, commonly show sxcellent retort
structure in which tails of recrystallized materials or metamorphic products
of the augen define the senze of displacement. Plagioclase crystals in some
exposures exhibit brittle fracture, and "card deck displacements, in which
microdisplacements have a sense reversed to that of the bounding shear zone.
These textures and structures and their kinematic significance are neatly
described by Simpson and Schmid (1983). Photomicrographs are given in Plates
1-5,

Following the techniques outlined by Hansen {1971) the rotation senze and
plunge of minor folds with amplitudes of 1 to 2 em and wavelengths less than a
centimeter within the mylonite fabric YeY are useful in determining teckonic
transport. These minor folds commonly have curved hinge lines and are minor
sheath folds as originally described by Hansen. Measurements from narrow
zones are consistent and repeatable resulting in unusually narrow separation
angles. Treatment of larger amplitude folds across an outcrop is less use-
ful. The strong lineation on the mylonite surfacss, l.e. within the "c*
surfaces, are rods or mullion-like structures related to the intersection of
ot and MsY or "sb" and are substantially parallel to the slipline as deter-
mined from the separation-angle technique,

Throughout the area samples of phyllonite and mylonite from shear zones
were ocollected and sectioned in a direction normal o "oV and parallel to the
strong elongation lineation, and in a section normal to the lineation. The
growth fabries of fault minerals and protolithic minerals were noted. The
results indicabe that ZM, muscovite, chlorite and epidote grew in low grade
rocks, followed by biobite, garnet, hornblende, staurclite-kyanite and finally
by sillimanite, with mierociine, and muscovite. The minerals are progres-
sively stable within the shear zones (in rocks of suitable compesition) in a
zone approximately colinear with the mineral zonation in Paleozois cover rocks
of Dutchess County {Vidale, 1974a, b) Bence {in Benece and MeLelland, 1975),
and in the Manhattan Prong (Ratcliffe and others, 1983).

Description of the shear zones

A ten-kilometer-wide zone of closely smpaced anastomosing shear zZones
transects the basement rocks east of the Dennytown~Canopus fault system
{Fig. 1) based on our detailed ?:246000 mapping. Shear zones 0.5 meter to
100 meters thick trend N-S fo N. 40% E forming right-lateral sigmoldal
patterns. Dips range from near vertical to 45° S3.E. In cross section the
shear zones also have sigmoidal forms with southeast-side-up sense of dis-
placement. The entire package of shear zZones is limited at its upper surface
by a major thrust, the Whaley Lake thrust, that transports inverted Paleczoic
cover-gequence rocks over gneiss. To the southeast this thrust is traceable
to the area of the Towners thrust {(Fig. 1}. The floor of the package is the
Canopus-Dennytown fault system that can be traced northward into the
Poughquag-Clove Valley fault that places cover sequence rocks at garnet and
higher grade over carbonate rocks of the Wappinger Group. The assemblage of
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Figure 5 Block diagram illustrating sigmoidal thrust faults and lineations
expacted, lower hemisphere projection.

Figure 6 Block diagram illustrating obligue-thrust faulting and lineations
expected on pure thrusts and obligue-thrust fault segments of sigmoidal
faults, lower hemiaphere projection.

» Figure 7 Relationship of folds in cover sequence and basement within blocka
between shear Zones.
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shear zones cah be viewed as floor and roof of a complex duplex system with
intense internal deformation. The Poughgquag Quartzite at the base of the
cover sequence is preserved in a series of fault~bounded synforms that record
the passive style of the thrust-related folding.

The block dlagrams in Figures 5, 6, and 7 portray conceptually the rela-
tionship of the semiductile shear zones to the folds in the cover seguence.
In Fipgure 5 the map and cross section of normal thrust ramps are portrayed ane
the elongation lineations {mullions and sliplines) expected illustrated. In
Figure 6 shear zones having sigmoidal plan views as well as cross-section forn
are illustrated. Slip directions for such faylts are illustrated. This
pattern is thought to represent the Hudson Highlands shear zones. Folding of
the cover sequence into aynforms formed over basement rooks deforming by such
a sigmoicdal oblique~thruat pattern is illustrated in ¥igure 7. Of particular
note is the trend of folds in a more northwesterly direction than the trace of
the master shears. The complex series of mylonite-related foliations and
folds might normally be ascribed to multiple deformational episodes 51, FQ
ete. but we believe that they are wmore logically explained by a single fold-
thrust model deseribed by Figures 6 and 7.

Sliplines and movement sense of shear zones

Slipline determinations after the technigue of Hansen (1971) show a slip
direction of approximately W. 77° E. regardless of the strike of the shear
zone, showing that the curvilinear traces of the shear zones are primary
rather than folded., Additional data from west and south of the srea shown in
Figure 8 show sliplines ranging from due E. to N. 70° E. The lineations
mapped by Balk (1936} are approximately parallel to this lineation and date
from the fold«thrusi event.

Relationghip of fold-thrust structures to foldy and foliations in the cover
rocks

The fold and thrust fabrics, and lineations related to the shear zones,
represent at least the second dynamothermal event seen in the Paleozole rocks
(Fig. 9). Cover=-sequence rocks attached to the basement gnelss contain a
atrong follation or schistosity substantially parallel to bedding and contain
beds highly folded about recumbent to inclined axial surfaces. These first
generation folds are deformed in the shear zones into tight second generation
52 folds. Similarly, cover rocks above the Whaley Lake thrust contain folds
and schistosity older than the thrust fabric. HNear thrust faults the gtruoe
tural overprinting by the S2 (thrust-related) fabric is strong. This post-
sehistozity fabric continues northward into the cover-sequence roaks east and
weat of Clove Valley, where it 18 expresssed locally by zones of phyllonite,

Metamorphic assemblages in shear zones and regional isograds

Previous workers do not all agree on the location of metamorphic
isograds. Vidale (1974a, b) moved Barth's (1936) isograds further west than
previously shown but Bences isograds {in Bence and McLelland, 1976) differ
markedly from Vidale's results. Additional data and reexamination of all of
Vidale's thin sections has resulted in a minor modification (Fiz. 9). Biotite
first oceurs west of Clove Mt. in the Pleasant Valley quadrangle as sporadi-
cally developed small crystals growing across a foliation but almost always
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partially retrograded by a later foliation (Vidale, 197Ha). East of Clove
Valley two generations of biotite are widely developed: (1) as large post-
schistosity (ST) non-oriented porphyroblasts that include schistosity and

{2) as small, fine-grained crystals intergrown with muscovite and/or chlorite
or az small isclated flakes in a second- generation foliation associated with
32 shear zones.

Chloritoid is streongly dependent upon the highly aluminous compozition
present only in the Taconic allochthonous rocks. It alse occurs sporadically
as post-S, crystals that are retrograded in 32 in rocks at the northern end of
Clove Valigy and along the foot of East Mountain. Above garnet grade chlori-
toid occurs as robust post-3, and as post-sa crystals.

Garnet first ooccurs at the north end of Clove Valley in isolated outorops
and agaln along the west foct of East Mountain east of a prominent 3, shear
zone. Oarnets are compositionally zoned (Bence and MelLelland, 1976} and
suhedral in rocks west of the Pleasant Ridge shear zone, but east of this, in
staurolite-zone and higher grade rocks, have deeply corroded cloudy cores and
clear but irregular overgrowths. Garnet is post-3; in most exposures but is
sya-Sz in rocks east of the Pleasant Ridge shear zone {Fig. 9). Although the
staurolite isograd appears to be offget by the Pleasant Rldge shear zone, tiny
euvhedral staurolite, garnet and biotite appear as syntectonic minerals in S2
fabric in mylonite of this shear zone. This suggests that synmetamorphic
recrystallization accompanied rapid uplift along the shear zone.

Sillimanite first occurs as fibrolite tails on kyanite kinked in SZ shear
zones, or on biotite in the same fashion. The isograd for sillimanite,
parallel to the Whaley Lake thrust, is controlled by these reactions in 32
Just above the fault. Further east, away from the fault, staurolite and
kyvanite without Tibrolite are widely present. A small area of fibrolite-
bearing roocks is also present in strongly sheared kyanite-staurolite and
kyanite schist along the Pleasant Ridge shear zone. On Figure %, the deflec-
tion in the sillimanite isograd is produced by the preferential growth of
fibrolite in Walloomsac schists having a strong Sa fabric near the Whaley Lake
thrust. Here the sillimanite isograd may have been controlled kinetically by
conditions in the dynamically recrystallizing rock.

From west to east in the basement rocks muacovite, epidote, chlorite,
biotite, garnet, trewmolite-talc, hornblende, staurolite, kyanite, siliimanite
and microcline have grown in shear zones. Clear growth in the elongation
direction indicate syntecionic c¢rystallization in wmany specimens. Based oun
these observations re-metamorphism of the basement rocks and shearing ware
contemporaneocus. In the cover rocks the observations differ. 82 shear zones
with the same prominent N. 70° to N. 80° E. lineation are retrogressive and
destroy previously formed blotite in areas west of Clove Valley and aleng the
base of East Mountain (Stops 12, 13, Fig. 9)., Rocks in the highlands on East

‘Mountain and cover rocks south along the Whaley thrust contain elear indica-

tions of syntectonic thrusting and crystallization of sillimanite, kyanite,
stauroiite and biotite and garnet. .

Mineral assemblages within the cover rocks affected by the shear zones
indicate that the isograds for staurolite, kyanite and sillimanite trend more
northeasterly than the shear zones (Fig. 9). However, mineral assemblages and
growth fabriecs indicate peak temperature assemblages are shared between foobt-
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wall and hanging wall blocks of the shear zones a2t high grades. The minersal
data therefore suggest that the peak metamorphic gonditions in the high grade
rocks formed aynchronous with the semiductile faulting but that similar-style
S, faulting postdated peak conditions in the lower-~ temperature cover rocks,
along the Poughquag-Clove Valley fault (Fig. 9) and to the west. Examination
of the cross seotion along line A-A' (Fig. U) shows that the metamorphic
zonation from bictite to sillimanite is too narrow, less than 5 km wide (Fig.
3}, to be accounted for by shallow-dipping regional isothermal surfaces, and
steeply inclined isograds are required. The close correspondence between
index minerals in the cover pocks and the shear zones in the basement rocks
suggests that the isogradie surfaces were deformed by the same episode of
ductile deformation that produced the shear zones in the basement.

The model we propose, therefore, involves thermal weakening of the
quartzofeldspathic basement rock during the M1 avent, uplift by formation of
shear zones, strain softening, acceleration of this uplift, and final upward
and westward movement of the core rocks and Barrovian assemblages contained in
the cover rocks.

Geochronology

Hﬂﬁrf3gﬁr data from biotite, mmscovite, and hornblende from the basement
and cover rocks affected by the Barrovian gradient described here yield ages
ranging from 465 Ma to 370 Ma. (Bence and Rajamani, 1972; Dallmeyer and
Sutter, 1976).

Basement rocks across the Hudson Highlands have been unevenly retrograded
in the Taconic dynamothermal events to form new mineral assemblages. Petro-
graphic data indicate that this retrogresaion is most pronounced near shear
zones. Enclaves of noni-{gor ggly partially-retrograded rocks exist between the
Egea?gseﬁea. K-Ar and Ar/7°7Ar geochronologlec data from biotite, hornblende

Ar/-7Ar ages Trom the northern Reading Prong and areas within the over-
printed arsas to the north are shown on Figure 10 {(reproduced from Sutter and
others, 1985). Included are data from Dallmeyer and Sutter (1976), Bence and
MeLelland {1978) and a new biotite plateau age of 436 33 Mz from the
California Hill shear zone near Stop 6. Sample 11HP was taken near stop 2,
512 BP at stop 11; and 179 BP from cover rocks on East Mountain near stop
12. The biotite sample in the California Hill shear zone was collected from
an area where protoliths adjacent to the shear zone ylield hornblende and
biotite plateau ages of 913 and 710 Ma, and conventional K-Ar ages on biotite
are 800 Ma (Dallmeyer and Sutter, 1976 Figure 1).

ﬁaﬁr!39ﬁr plateau ages of hornblende and biotite between 470 and 377 -
shown in Figure 10 have been interpreted as cooling ages from a 460470 Ma,
Taconic metamorphic plutonic event (Dallmeyer and Sutter, 1976). The biotite
plateau ages from cover rocks at U444 +3 Ma (staurolite-kyanite grade), of 418
5 Ma at sillimanite grade, and a 436 +3 Ma at staurolite-kyanite grade
(California Hill shear zone) support the idea that the remetamorphism and
mylonitization are of Taconic¢ age. The regular Increase in grade eastward
found within the shear zZones reported here reinforces the conclusion that the
shear zones and deformation related to them are Taconic rather than Acadian or
younger.
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Figure 10 Selected qur/39Ar data from northern end Hudson Highlands and
western New England, reproduced from Sutter and others (1985),
where references not referred to in this paper may be found.

Summary and tectonic setting

The structural evolution of this area is intimately related to the
thermal history that accompanied dynamothermal metamorphism in the closing
stages of the Taconic orogeny. Previous studies to the south, near the
Cortlandt complex, and to the north in the Berkshires of Massachusetts have
shown that aniepisode of ductile faulting on imbricate thrust slices was
coincident with peak dynamothermal metamorphism about 3#60-470 Ma (Sutter and
others, 1985, Rateliffe and others, 1983). Stanley and Rateliffe (1985) have
related this event to tectonic thickening of sialic crust-beneath an east
dipping collisional margin. The remetamorphism of the basement rocks, forma-
tion of the shear zones and ductile remobilization formed during this Late
Ordoviecian event.
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Piates ~ Photomicrographa of shear zone rocks

The following plates contain photomicrographs of thin sections of shear-
zone rocks arranged in order of increasing metamorphic grade., Baech iIs
approximately 1 om across, taken in plane polarized light except where crossed
picols noted. References to Plates indicated in margin of road log as: PIL.
14 to read see Plate 14,

Plate 1. Chlorite and biotile zone phyllonites from Dennytown-Canopus fault
system, Stops 3 and 4,

A, Phyllonite from Proterozoic quartz plagioclase gneiss, Stop 3, section
parallel to strike, N.E. at top, S5.E. at right, matrix fine grained
muscovite, epidote, chlerite, quartz and albite, biotite is shredded and
replaced by muscovite, chlorite and opaques, ¢lear sigmoidal flagbolds of
strained guartz, crossed nicols.

B. Mylonitid Poughquag Quartzite, Stop 3, section parallel to strike, N.E. at
top, 3.E. to right, strained guartz pebbles show right sigmoidal shapes,
matrix {ine-grained muscovite, chlorite and quartz, crossed nicols.

C. Phyllonite, Stop #, Canopus shear zone near T.S5.P., down dip section, top
up, S3.E. top right, ¢lear areas folded quartz ribbons consisting of
dynamically recrystallized subgrains in a matrix of muscovite, epidots,
quartz and new biotite, relict Proterozoic biotite {dark spots) is
shredded.

.. Biotite-rich mylonite in Dicktown fault near Stop %, horizontal section N.
at top, B. at right, mylonitic foliation "¢ consists of fine bilotite,
epidote, albite and muscovite, largely from breakdown of original
plagioclase in gneiss, garnet in quartz ribbons are fractured, pulled
apart and retrograded to chlorite. H. 50° E, shear bands show right-
lateral component.

Plate 2. Biotite and garnet grade mylonite of the Dicktown and Galifornia
Hill fault zones.

A. Horizontal section of biotite-oligoclase-rich mylonite of California Hill
fault showing right-lateral quartz, oligoclase tails on a large oligoclase
porphyroblast, sigmoidal mylonitie "e®._ HN.E, at top, S.E. at right.
Biotite from this rock yielded U436 & 3 39Ar1a0Ar plateau age {(Sutter,
personal communication, 1982).

B. Vertical sectlon parallel to rods in muscovite mylonite, Stop 2, S.E. to
right, showing brittle fracture of plagioclase and mlerocline in a matrix
of ductile quartz, muscovite, biotite, epidote; ribbon of quartz are
polygonized. Euhedral garnet present in some samples from this outcrop,
garnet isograd, '

C. Vertical section parallel to rods of vertically dipping mylonite in South
Lake shear zone near Stop 0, vertical mylonitie felilation top left to
lower right corner. 3Sigmoidal mylonitiec foliation shows up from the west
sense of motion, matrix, muscovite, bioitite and dynamically recrystallized
quartz, plagioclase, microcline, and tiny euhedral garnet. {(Upper garnet
to staurolite-kyanite zoue.)

D. Horizontal section of augen gneiss In Nuclear Lake shear zone near Stop
11, showing right-sigmoidal "o foliatlon, crosscutting shear bands “sb®,
N.E. at top, S.E. at right, matrix muscovite, biotite, and dynamically
recrystallized plagioclase, microcline and gquartz staurolite-kyanite
zZone .,
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Plate 3. Mylonites (staurclite~kyanite and sillimanite grade).

Al

c.

Augen gneiss, Stop 10, cut parallel to strike, N.W. at top, N.E. to

right. Mylonite matrix muscovite, bilotite, plagioclase, microcline
surrcunding augen of microcline-perthite, ductile flamboids of quartz have
annealed texture. Small plications suggest shortening perpendicular to
ig# pight-lateral sigmoidal "e", and shear bands "sb®.

Vertical section parallel to reods, in same rock as A, clear area polygonal
guartz in flamboids, microcline light grey, plagioclase clear, biotite and
muscovite define Yo' and "s%, N.E. to right.

Vertical section parallel to rods, blastomylonite at Stop 7, E. to right,
ramp structures defined by dynamically recrystallized quartz microcline
(grey), and plagioclase with annealed polygonal quartz, muscovite and
biotite define schistosity. The loss of all brittle deformation
characteristlcs marks the change to completely ductile, penetrative
deformation of the basement gneiss at the kyanite- sillimanite
transition.

Plate 4., Structures in cover rocks. Whaley Lake thrust.

A.

Biotite, garnet, plagioclase, fibrolite, guartz Walloomsac schist with
strong 82 folds and fibrolite growing in 82 subparallel to thrust. E. teo
right. Stop 11.

Mylonite in Walloomsac, 6 om above contact with mylonite gneiss Stop 11,
vertical section parallel to rods, and S, hinges, polygonal quartz in
ribbons, ramp faults, and "augen' of cearse M1 biotite with syntectonie
tails of fine biotite inm 3.

Mylonitic Walloomsac 1 cm above contact with Pine Plains Formation,

-Poughquag~Clove Valley fault, showing shredded M, biotite and muscovite-

rich mylonite, thruat direction from right (N.E.) to left (S.W.).

Mylonite in Walloomsac at staurolite grade along Pleasant Ridge fault,
seotion perpendicular to hingelines of S, folds, matrix contains tiny
euhedral staurolite, garnet, biotite and muscovite;

synmetamorphic thrust fabrie,

Plate 5. §, fabries in cover rooks, Stops 12-13.

A,

C.

Mylonitic Walloomsac at north end of Clove Valley near Stop 12, showing
shredded M, biotite in retrogresaive matrix of muscovite, chlorite and
caleite, horizontal section.

Phyllonitic Taconic rocks at Stop 13, horizeontal section showing low angle
intersecting shears. Biotite and muscovite in 82, parent rock may have
had small garnetg-~like C below.

Euhedral small garnet, ilmenite, biotite, plagioclase, muscovite, chlorite
quartz schist, Stop 12, showing ilmenite oriented in 82, and locally bent
where passing from garnet into 82 matrix, whers 32 shearing is atrong,

" near top, matrix is chlorite-rich and resembles D below.

Mylonitic muscovite, chlorite quartz S, phyllonite from same outerop ag C3
matrix is rich in chlorite and iron-stained chlorite or stilpnomelane, no
garnet or coarse grained muscovite present in C_remains. Interpreted as a
rock retrograded from C along S, fabric.
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. 51
Road log (see Plates for photomicrographs)

(For route and stop locations refer to Figure 3.)

-Starﬁlng point: entrance ramp tc westbound lane of I-BU (Exit 17} .at Route

52, Luéingtonviile, N.Y. in the Poughquag quadrangle. Introduction 8:00,
leave 8:30, References to plates pertinent to Stopa given in margin.

Stop 0: Introduction at first outerops in westbound lane to I-84 at
- Ludingtonville, shaurolite-kyanite zone, Poughquag quadrangle
(Figs. 2,8) (30 min).

The trip begins within the interior of the basement massif in rocks
strongly affected by Paleozoie remetamorphism. A small but wellw
developed shear zone in granitlc gneiss and amphibolite can be seen
in the north side of the entrance ramp. 3trongly developed folds
in gneiss and amphibolite have axial surfaces expressed by a

{(P1. 34,B) moderately atrong schistosity "s" striking N-3 to N.15 W. Biotite
lineations plunge southeast parallel to the hinge lines of these
folds. In the vicinity of the shear zone the schistosity swings
into parallelism with the N, 35° E. trend of the strong "e" or
ashear foliation, in a right- lateral configuration. chally shear
bands trend N. 60 E, and produce microoffaets in a right- lateral
sense. In vertical section, ramps indicate motion up from the
southeast or east. A strong lineation plunges N. 75-80° E. in the
plane of the achistosity "s" as an intersection lineation, or down
the "e" surfaces, producing a mullion structure common to all _
mylonites in the Hudson Highlands. The structurazl elements seen in

< this small exposure are commen throughout the shear zones and

basement rocks in .the northern end of the Hudson Highlands. At
garnet grade or lower (Stops 1 and 2) the zones of straln are
spaced and penetrative internal deformation by "s" is rare except
within shear zones. Outerops at this stop exhibit the type of
structures illustrated by Figure 6.

Cumulative mileage

00 - head west on I-84 {(Poughquag quadrangle)

1.5 -~ outorops of amphibolite, rusty cale-silicate gneiss with near-
vertical foliation

2.6 - well foliated grey biotite-feldspar gneiss (Ybg), minor
amphibolite (Ya} intruded by biotite granite gneiss {(Ygg)

3.5 - large outerop of Ygg and Ybg ~~ park on entrance ramp near
wyest end of roadeut

3.8 Stop 1:
(20 min) Middle Proterozoic granitic gneiss, biotitic feldspar
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gneiss intruded by Middle Proterozoic granite, Poughquag
quadrangle. 'This stop and the previous two large outcrops
illustrate well the nature of the bassment rock that is largely
unaffected by Paleozoic faulting or mylonitization. This material
wag the protolith for almost all of the shear zones we will '
visit., Note the coarse grain size, the coarse gnelssosity and
style of the Proterozolc folds.

The roadcut exposes a suite of gneisses which are a produet of
- partial assimilation of mafic country rock by intrusive granitic

material. The darker-colored gneiss represents the relict parent
material and was originally hornblende or hornblende-biotite

‘gneiss, It contains blue~green hornblende altered to biotite,

primary blotite, plagioclase and guartz. Small felsic "sweatouta

4in the mafic gneiss contain squal proportions of micrecline,

plagloelase and quartz.

The lxghter-calored'gneisaes are more c¢learly intrusive in
character and contain abundant microtline, plagioclase, and
quartz. Country-rook contamination is evidenced by scattered
grains of hornblende altered fo bictite and badly corroded

-garnets. Primary biotite defines the Proterozoic gneissie

foliation. A cecarse-grained pegmatite appears to c¢ross-cut the

-other granitia gneisses and may represent a later intrusive svent.

With the possible exception of the pegmatite, strongly aligned
bictite flakes in the gneisses indicate that intrusion and

- egrystallization took place during or before formation of the
dominant mid-Proterozoic gneissic fabric (FE). This fabri¢ is the

structure ocutlined in Figure 1 within Proterozole rocks. Strained
quartz is common in all the rocks, and partial but widespread

~alteration of plagioclase. and breakdown of biotite to epidote and
- muscovite: are indications of Paleozoic retrogression, (Reboard

cars and drive to extreme west end of parking lot.)

An hornblende HOArf3gAr incremental release age of 928 320 Ma (Fig.
10) -has been determined from outcrops to the west on I-84.

b.1 Stegnz:

{P1. 2-B)

{15 min} Muscovite-rich mylonite zone in biotite-quartz-feldspare
gneisa near Dicktaun shear zona (garnet zone).

A 3-meter-bhiek musaovitewrich mylonite is exposed near the contact
between biotite granitic gneiss and more plagloclase-rich biotite
gnelss. This outerop is sltuated within a zone of highly
mylonitized and retrograded gneiss within the garnet zone of
Paleozoic metamorphism. Tiny euhedral garnets, biotite, epidote
and abundant muscovite characterize mylonite in this area. A short
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distance west mylonite zones contain Proterczoic garnets
retrograded to bictite. The mylonite strikes ¥.30° E. and dips 740
SE., and contains a strong east-plunging rodding. Ezxposures of
minor shear zones at the west end of the cut show shear bands
striking N 55° E, with a right-lateral sense of motion. Retort
structures and card-deck displacements of fractured plagioclase
srystals might be seen in vertical sections. Tracing of Middle
Proterozoic units shows Paleozoic folds were limited to the ductile
deformation zone and penetrative Paleozcic foliation is absent from
the areas between shear Zones.

West on I-84

4.5

6.5

10.6

12.7
13.1

Stop 3:
(P1. 14,B)

1307

13.4

Crops of rusty guartz-pyroxene and hornblende- plagioclase gneiss,
amphiboiite and other paragneisses.

Exit I-84 onto Taconic State Parkway headed south toward N.Y.

Hortontown Hill Poad, mylonitic biotitic paragneiss and calc-
gilicate rock in Canopus sheap zZone.

Exit Rt. 3071 west.
Entrance to Canopus Beach (log ends)

Dennytown fault zone and the town of Poughquag (20 min.).
Quartzite ‘and chlorite-grade phyllonitic rocks.

This exposure marks the westernmost and lowest- grade phyllonitse
zone that we have mapped. 1f essentially marks the start of the
Paleozoic structural front in which mylonite-phyvllonite
retrogression becomes important. From this point sputh for about 2
km a series of small inliers of fault-bounded exposures of
Poughquag Quartzite can be found. From this point chloritice,
muscovitic phyllonite can be traced southwestward to near
Peekskill, New York {(Figs. 1 and 2). Phyllonite zones are exposed
both east and west of the samall syncline in the Poughgquag. The
unconformity with biotite-quartz-plagiocclase gneiss is nearly
exposed near the socuthwest end of the syncline. Musacovite,
chlorite, epidote and locally actinolite are retrograde minerals in
the shear zones where Proterozoic biotite, garnet, plagioclase and
hornblende show complete retrogression to a fine-grained
phylionitic matrix, Plagicclase, miocrocline, pyroxene, and
hornblende are microfaulted, and quartz forms excellent nonannealed
ribbon structure. )

Log resumes - turn west on Rt. 3071,

Turn right onto T.5.P. southbound ramp, park at maintenance shed
before parkway.
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Stop 4:

{P1L. 1-C)

13.5
16.2
16.4
16.6

Stop 5:
(P1. 1-D}

(Pl. 2-4)

(15 min.) Chlorite-biotite zone shear zone in Canopus fault.

Small outcrops by the Taconic Parkway and in the woods to the south
illustrate well the type of mylonite and phyllonite developed along
the Ramapo-Canopus fault system. Garnet and bioctite are altered to
chlorite, K feldspar and plagioclase are altered to spidote and
migcovite, and guartz is present in ribbon structure. Loecally
cale-silicate rocks form spectacular fine-grained calcite-rich
mylonite in which chunks of diopside-hornblende cale-silicate rocks
float. Actinolite is the common alteration mineral along borders
of cale-silicate blocks and is present as fine needles in the
ductilely deformed calcite makrixz. Green muscovite-rich phyllonite
like this is easily traced in mapping, forming resistant small
ridges In lowlands or distinctive notches on hillsides. This zone
extends southwestward to near Annsville, New York where evidence of
Proterozoic sillimanite-grade ductile shearing as well az Mesozoic
reactivation ia present.

{turn around and return to Rt. 301}
Eastbound (right turn on 301%)

Turn right on Sagamore Drive

Turn left onto unnamed dirt road.
Stop by small grey garage on left,

Garnet to blatite-grade myloniﬁe in Dicktown fault, (Oscawana Lake
quadrangle) (10 min.).

This small outerop i1s the only one easily accessible to a group so
we will have to settle for this. The Dicktown fault is traceable
as a continuous fault zone sxpressed by a thickness of up to 100
meters of medium-grained biotite-rich mylonite, protomyicnite and
ultramylonite aleng the northwestern side of a large block of
internally undeformed Proterozoic gnelss (Flgs. 1 and 2). The
southeastern boundary of the bﬁsck %8 the California Hill shear
zone from which the U436 23 Ma "~Ar/“’Ar age was obtained. The
Dicktown fault rocks dip vertically or steeply to the northwest.

To the south garnet within this zone is retrograded to biotits.
Locally, spears of biotite formed from garnet have aspect ratios of
15:1 in the mylonitic foliation. Microtextures support an up-from-
the-northwest and right-lateral sense of motion consistent with the
steep northwest-dipping planes shown in Figure 6. To the north
tiny euhedral garnets have grown wlthin mylonites of the Diecktown
fauit.

In this outerop bands of ultramylonite -2 ¢m thick bound layers of
mylonite econtainlng complex intrafplial folds. Exposures to the
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17.1
18.6

19.0

Stop 6:

23.6

24,2

Stop T:

(P1.3-0)

northwest are of biotite granitic gneiss which is the protolith for
this rock.

Stop sign, turn right on Route 301,
at Kent Cliffs
Park on left side of road opposite large roadcut.

Mylonitic fabrie, shear zones and reactivation atructures at ESERCO
drill site (Fig. 11). (20 min).

At this roadeut, in Ygg bilotite granitic gneiss, strongly developed
mylonitic structures ovccur 1ln spaced shear zones identified as Ml
to M. Near mylonite zones the K-feldspar becomes pinkish and
muscovite more abundant. Augen gnelss is commen. A 1 km deep
drill hole was completed near the site (Fig. 11} in Nov. 1984 by
ESERCO for in-situ stress determinations. The hole started in
amphibolite gneiss and penetrated down into granitic gneiss. The
log of the drill hole and core taken at spaced intervals reveal
mylonitic structures similar to those seen in the roadeut. At 1680
feet a biotite-~rich mylonite zone was cored that shows atructures
gimilar to zones M1-M3 (Fig. 11}). Brittle fractures are apaced
throughout the core and the mylonite at 1680 feet shows clear
evidence of reactivation as a normal Fault. Examination of the
mylonites at M-3 and M-l also reveal gouge and evidence of normal
favlting, Triassic reactivation of Paleozcic and older mylonites
is common in the Hudson Highlands, and the exposures here
illustrate this well. Bilotite from 559 €§&ifornia Hill fault zone
resembling zones My - yielded an ~Ar/<’Ar plateau age of H36 13
Ma. Zoback and others (1385) determined from hydrofracturing and
bore-hole~breakouts that the principal horizontal compresaive
stress i3 located in the northeast guadrant.

Turn right on 301, aross viaduct, turn left and follow 3G1 to
Carmel.

At light turn left on Rt. 52, follow 52 Rorth.
Pull into shopping center and park behind bulidings.

High grade mylonitic gneiss and blastomylonite in granitic gneiss
in sillimanite and kvanite grade at Carmel, New York (Lake Carmel
quadrangle).

Between the last stop and this point we have crossed into a zone in
vhich redeformation of the Proterczoic basement is intense.
Mylonite zones up to Stop & are clearly defined zones of intense
deformation that bound relatively undeformed areas of gneiss. In
the area between Stop & and 7 shear zones contain biotite, garnet
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MAP OF ESERCO WELL SITE
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Figure 11 Cross section of roadcut in myloﬁitic granite gneiss at Stop 6 and partial log of
ESERCO drillhole showing mylonite zones M, - M3 sampled in core.
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and kyanite and locally staurolite and kysnite, and deformabion
zones are 8till disarete features., At the stop and to the east
shear zones become less gonbinuous and internal deformation in the
gneiss more fully developed, with complete refolding of Proterozoic
structures.

The augen gnelss and blastomylonite seen in this outerop can be
traced northward to Stop 9. At this localilby, coarse biotite-rich
zones and anatectic (2} granitic material define the mylonitie
fabric., A strong downdip rodding, retort-shapsd augen, and
microramp structures define foldw-thrust fabrics similar to those
sesn ab lower grades. Muscovite, biotite, microcline and
plagioclase all show ductile deformation and evidence of dynamic
recrystallization. No sillimanite has been found at this sits but
we are close to if not within the sillimanite zone.

From the parking lob walk up the slope to outecrops of well-rodded
mylonitic gneiswe, blastomylonite showing reclined folds wlkh axes
plunging N, 759 E., and excellent ramp structure showing an up-
from-the-northeast sense of motion. Stringers of aplite and
pegmatite appear in segregrations in the mylonitic fabrie.

Resume log: exit parking lot and turn right on Rbt. 52,

Turn rignht on Rt, 311 8,

I-84-~turn onto westbound lane.

Excellent outorops of sillimanite schist of Walloomsac Formation
near contact with gneiss. Sillimanite rods plunge down the dip
of 5, {fault-related structure).

Contact with mylonite gneiss.

Exit 17-~turn right at Ludingtonville exit,

Immediately turn left on unmarked road (Carey Rd.)

Stop sign-Qright onto Holmes R4.

Rt. 292--turn left at Holmes Rd.

Entrance to Camp Henry Kaufman (log ends}.

Contact of mylonitie gneilss with Walloomsac Formation at Whaley
Lake thrust (sillimanite grade). (Optional Stop)

Park by superintandent.'s house in excellent mylonitic gneiss with

atrong NE-plunging fold~thrust lineation. Walk east 600 feet to
small oliff exposure of Walloomsac exhibiting excellent slabby SZ
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37.9

Stop 9:

(P1. 3A-B)

Stop 10:

fabric and bictite spears that plunge northeast parallel to the
strong lineation in the underlying and highly folded gneiss,
Intensaly developed mylonite and fold-thrust fabric ia present
immediately beneath the Whaley Lake thrust in a zone up to 0.25 km
thick.

The Walloomsac Formation and the underlying mylonite derived from
gneiss contain fibrolite, garnet, biotite and locally hornblende
growing within the thrust (8,) fabric.

From camp turn right {(north) on 292.
Pear Tree Rd.--park on side street.
Augen gneiss at sole of Whaley Lake thrust.

Guterops in the railroad cut under the bridge exhibit excellent
augen gneiss with N. 35° W. 50° NE mylonitic foliation. Augen of
microcline show ratort structure indicating up from the northeast
side parallel to the northeast-plunging strong lineation. Outerops
to the north belong to Walloomsae Formation above the Whaley Lake
thrust, and contain a strongly developed 82 fabric with spears of
biotite that plunge downdip. From here follow leader into
development te N. and park at circle- Note: You must have owner's
permission to park here to get to RE tracks, When revisiting this
outerop utilize the BR access road from Rt. 292 at north end of
Whaley Laks, net this entrance.

Whaley Lake thrust, carbonate sliver, fold~thrust folds and gneiss
gliver, '

Outerops by the lake shore are Poughquag Quartzite with stacked
isoclinal reclined folds that plunge K. 86° E. On the east side of
the railrcad tracks are exposures showing white dolostone
(Wappinger) which are also folded into reclined folds. Near the
top of the cut steeply-dipping beds on the limb of a recumbent
synform are truncated by dark gray, mylonitic Poughquag

Quartzite. The fault contact can be traced Iin the top of the
outcrop where recumbent, reclined folds involving both rocks plunge
due south to N. 60° E. down the dip of the axial surface of the 5,
folds.

Walk east into the woods following the quartzite to its contact
with mylonitic augen gneiss similar to rocks at 3tep 9. The upper
contact of the gneisz sliver with overlying mylonitic Walloomsac
Formation is exposed at the break in slope to the east. This
entire sesqguence is interpreted as slivers of guartzite, dolostone
and gneiss Interleaved in the Whaley Lake thrust. Near this
locality syntectonic (S5;) garmet, biotite, and sillimanite are
preasent in the Walloomsac.
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Log resumes at Pear Tree Rd. and Rt. 292, a% 3top 9~~turn left on
292 and follow north to Rt. 55 east.

Stop sign~-take 292 to right.
Stop by large outcrop at west end of Walloomsac Formation.
Contact Walloomsac Formation and gneiss.

Theze excellent exposures show the nearly exposed contact between
mylonitic granivic gneiss and the Wallcomsac at sillimanite

grade., "' and "s" fabrics show up-~-from-the-east and right-lateral
sense of motion. The strong platy structure and iscelinal folds in
the Walloomsac are 3,-generation structures that postdate the
cryatallization of coarse bioctite, garnet and staurolite and
locally kyanite, In exposures to the east biotite and kyanite are
kinked and form retort structures with syntectonie fibrolite
forming the tails, indicating up from the northeast parallel t¢ the
slongation lineation., Thrusting and the 82 event were accomplished
under sillimanite-grade ceonditions.

Biotite from this outerop yield an uoﬂrf3gﬁr plateau age of 418 45
(Figure 10, Bence and MeLelland, 1976). Turn around and follow 55
west through town of Poughguag, to Columbia County Bt. 9 and turn
right.

Turn right onto Columbia County Rt. 9.

Intersection Columbia County Rt. 21.Continue north on Columbia 9
through Clove to small bog or pond on east side of road 800 feei
south of Sweezy Creek. (et owner's permisgsion and park by pond,

32 fabric in Walloomsac Formation, aluminous Taconic rocks, and
structures of Clove Valley in relation to isograds (30 min).

Park byrpOnd and walk south and east through pasture to low ocliffs
1000 feet southeast of pond.

These exposures of muscovite-chloritoid-quartz schist contain
excellent quartzite beds that outline intense reclined 82 folds
with northeast-plunging axes., Locally, minute garnet is present.
32 structures like these dominate the fabric¢ in the Walloomsac and
Taconic rocks on East Mountain, above the (82) Poughquag~Clove
Vailey fault. Loecally zones of retrogression are intense and
phyllonites contain muscovite and chlorite. In the Walloomsae a
second generatlon of fine biotite and muscovite defxnes the 32
structure.
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(P1. 5 A,

B,C,D)

48.0
49.0

49.5

50.0

50.5

Stop 13:

To the north along the slopes can be seen sheared Walloomsac with
82 structures and finally a large and spectacular outerop of
brecciated limestone conglomerate belonging to the Balmville

Limestone, which forms the basal conglomerate at the
Walloomsac Formation.

In Figure 9 we have related the mineral data and the
structures to the isograds. It is important to note
garnet and higher grade rocks lie for the most part e
above the Poughquag-Clove Valley fault that is expres
retrogragsive phyllonite. One locality containing ga

base of the

shear zone
that the
ast of and
sed by
rnet is

present west of the fault zone, but a garnet-absent retrograded

zone intervenes.

In our interpretation the metamorphic isograds have b
faulted during late-stage events so that the metamorp
assemblages have been juxtaposed.

Turn right on 9 and follow leader north.

Horth Clove Rd.

Brush Hill Rd.

Cutcrop of Walloomsac with strong 52 structure and no
turn to left.

Right-angle turn to left

Cross Beaver Creek and park by white barn-house on ri
road.

Green phyllonite in 32 shear zone.

Well displayed small exposures of phyllonite derived
rocks that normally contain garnet and chloritoid, ex

owner's swimming pool and in small ledges to the east.

of Rosemary's thin sections from the Dover Plains and
gquadrangles te the northeast, on strike with this zon
extensive 82 shearing and retrogression.

In the area west of Clove Valley, on Clove Mountain,

een folded and
hic mineral

garnet, sharp

ght side of

from Taconic

posed by the
Examination

Amenia

e, all exhibit

chloritoid and

biotite both exist sporadically as relict minerals of the M1 svent

and are commonly retrograded in the strong penetrativ
follatlon.

Qur conclusion therefore is that the classical progra
zonation in eastern Dutchess County is really a strue
complicated and partially retrograded sequence and no
package of prograde assemblages.

~-End Trip~

Return on Rt. 9 via Rt. 55, to Ludingtonville exit.
I-8Y4 east to Danbury and Hartford.
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AGE AND STRUCTURAL RELATIONS OF GRANITES,
STONY CREEK AREA, CONNECTICUT

Eileen L. Mclellan and Stephanie Stockman
University of Maryland

INTRODUCTION

The Stony Creek gneiss dome of coastal Connecticut is a possible
diapiric structure containing four distinct granitic (sensu latu) units.
These show variably concordant to discordant contacts to assaciated Pre-
Cambrian metasediments. The field trip will offer an opportunity to
discuss the origins (intrusive, extrusive or anatectic) and ages (Pre-
Cambrian? Acadian? Alleghanian?) of the granitic units, and their rela-
tions to the metamorphic and structural history of the area. In particu-
lar, discussion will center on:

(i)  possible polymetamorphism and associated melting of basement
material, and

(ii) possible relations between melt segregation and shear deformation.

This roadlog presents preliminary petrographic, structural and chemical
data. Rb/Sr dating of the various granitic units is in progress, and results
should be available at the time of the field trip.

A sketch map showing approximate locations of stops is shown in Fig. 1.

REGIONAL SETTING

The Stony Creek gneiss dome 1ies at the intersection of two major
structural trends (Fig. 2). It is the westernmost of a series of gneiss
domes extending E-W along the Connecticut coast from just east of New Haven
to the Rhode Island border. It also lies on the southernmost extension of
the Bronson Hill Anticlinorium.

Rocks in the core of the Stony Creek dome have been mapped as inter-
mixed Sterling Plutonic Group and Plainfield Formation (Dale, 1923). This
interpretation implies correlation with rocks in the core of the Lyme dome
to the east, and this in turn is correlated with the Hope Valley terrain
of southwestern Rhode Island (Loughlin, 1910). The Hope Valley terrain is
~ 600m.y. in age (Hermes et al., 1981; Gromet and 0'Hara, this volume).

In support of possible correlation, Hills and Dasch (1972) obtained a
6lém.y. Rb/Sr whole-rock age on the Stony Creek. However, the interpreta-
tion of this age presents some difficulty in view of the large error

(£ 78m.y.) and poorly-controlled sampling.
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Figure 1.

Location of field trip stops.
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Rocks of the Lyme dome and Hope Valley terrain are separated from
Siluro-Devonian rocks of Merrimack Synclinorium affinity by the Honey Hill
Fault. The significance of this structure is unclear: movement on the
fault is known to have occurred = 250m.y. ago (O'Hara and Gromet, 1983)
but it is not known whether this movement was an Alleghanian suturing
event or local basement-cover sliding on an existing {?Taconic ?Acadian}
suture. Mylonites of the Honey Hill Fault are deformed by the Lyme dome
{Lundgren and Ebbin, 1972) suggesting the Lyme dome to be a late Alleghanian

feature. However, the Honey Hill Fault cannot be traced west of the Lyme

dome, and no major tectonic discontinuity can be traced between the Stony
Creek rocks and overlying Siluro-Devonian strata.

Hall and Robinson (1982) suggest correlation of units in both the
Stony L{reek and Lyme domes with the ~ 560m.y. (Naylor et al., 1975) Dry
Hi1l Gneiss in the Pelham Dome of the Bromnson Hill Anticlinorium. Domes
in the Bronson Hill are generally considered to be of Acadian age (c¢.f.
the Alleghanian Lyme dome)} {Hall and Robinson, 1982). It has been suggested
that ~ 600m.y. rocks of Pelham-Stony Creek-Lyme-Hope Valley affinity were
already sutured to the North American continent by the time of Taconic (Hall
and Robinson, 1982} or Acadian (Naylor, 1975; Osberg, 1978) orogeny. An
attempt to reconcile apparently conflicting evidence in terms of successive
docking of discrete fragments of a dispersed terrain is presented by Gromét
and O'Hara (1983 and this volume).

There are no studies of the grade or timing of metamorphism in the
Stony Creek area. The role of Alleghanian metamorphism in eastern Connecti-
cut is ven5 difficult to determine. Dallmeyer (1982) has reported - 250m.y.
K/Ar and 30Ar/ gﬁr‘ageﬁ across the Hope Valley terrane and into an area of
eastern Connecticut traditionally viewed as having been subject only to
Acadian eyents, Similarity of biotite {~248-240m.y.) and hornblende {- 260-
255m.y.) 40ar/39ar ages arques for this being a discrete Alleghanian thermal
pulse, rather than slow post-Acadian cooTing., No data are yet available

“from as far west as Stony Creek.

In the interpretation of their Rb/Sr data, Hills and Dasch {1972) note
localised remobilisation of Rb on a scale = 0.3m; on this scale data could
be fitted to a ~ 250m.y. isochron. Hills and Dasch therefore suggested
Alleghanian metamorphism as a possible explanation, but noted that "earlier
redistribution of Rb and Sr cannot be disproven”.

Two problems therefore arise:

{1} can the Stony Creek rocks be correlated with any or all of the
Pelham dome, Lyme dome or Hope Valley sequences?

{91} what was the timing of suturing of Stony Creek rocks to the
North American continent--Taconic, Acadian or Alleghanian?
STRATIGRAPHIC FRAMEWORK
Some discussion of stratigraphy in the Stony Creek area may be found

in Mikami and Digman (1957}, Bernold (1962} and Sanders (19€8}. The 1itho-
stratigraphic sequence proposed by the author is shown in Table 1, and the
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Figure 2. Geologic setiing of the Stony Creek Dome, (a) TLocation of
Stony Creek, Lyme and Pelham Domes, Hope Valley terrape and other
major structures. : ' )
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{b) ZRegions of PreCambrian and Alleghanian wetamorphism, from

Robinson {(1984). A3-4 :
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distribution of the various units is shown in Fig. 3. This sequence is
similar to that of the above authors, and to that of Goldsmith {1967) for
the Lyme dome, with the following additional information.

The core of the dome is dominated by gneisses and amphibolites, identi-
fied as part of the Lower Plainfield by the abundance of garnet-bearing
Tithologies. The amphibolites are typically coarse-grained and massive.
They may have a spotty appearance in outcrop {e.g. STOP 12) due to the
irregular distribution of plagioclase crystals, and thev are usually
extensively veined by subpegmatitic fonaiite veins. The majority of the
Lower Plainfield gneisses are dark bi-plag-qz-gt + amph gneisses, with very
prongunced gneissic banding on a scale of ~ 2cm. Garnet selvedges are very
common along the contacts to associated granites {STOP 11). The Middle
Plainfield is very heterogeneous. Quartzites ogccur at severat different
levels within the Plainfield, but only the Upper Plainfield is dominated by
guartzite and only at this level ic the rock massive. This massive quartzite
marks the top of the Plainfield.

Mamacoke and Monson gneisses are relatively easily distinguished by the
abundance of very dark, hb-bearing 1ithologies in the lTatter, together with
its more massive character. The Mamacoke is commonly layered on a scale
1-2c¢m., and often weathers with a distinctive red-and-green striped appear-
ance. .

STRUCTURAL FRAMEWORK

Interpretation of the Stony Creek structure as a dome follows from the
approximately concentric disposition of lithostratigraphy (Fig. 3) with a
core of older units {Lower Plainfield) and a margin of younger units
{Mamacoke and Monson). Basement domes in the southern and central Appala-
chians have been variously attributed to thrusts, diapirs and refolded nappes
(Hatcher, 1984; Muller and Chapin, 1984}. Gneiss domes in the Bronson Hill
Anticlinorium, of which the Stony Creek dome is the southern extension, are
considered diapiric (Hall and Robinson, 1982). The Lyme dome may be a base-
ment ramp {Losh and Bradbury, 1984). The alternative possibilities can be.
evaluated by careful search for the characteristic thrusts, strain distri-
butions and cross-folds. :

No major thrusts have been recognized in the Stony Creek dome or at its
contact to overlying strata. The mapped distribution of Upper Plainfield
strata reveals the existence of a north-plunging overturned anticline, the
Sachem's Head anticline (Sanders, 1968}, the axis of which is almost coin-
cident with one axis of the dowme (Fig. 3). Other, more minor, folds parallel
to this axis may aiso be recognized. However, the cross-folds which would
be necessary to warp the ]inear anticline into the observed dome shape have
not been observed,

Much of the evidence is suggestive of a diapiric origin. Foliation
{phase layering in SCGI and biotite selvedges in SCGII) is flat-lying in
the core of the dome and steepens gradually outward to ~70% at the margins
(Fig. 4, STOP 6). Lineation {defined by feldspar shape aggregates in SCGI
and SCGII and by feldspar augen and biotite stringers in SCGII)1ikewise
shows a transition from flat-Tying in the core to steeper in the margins
{Fig. 4). This lineation is not strictly a downdip lineation--it is often
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more steeply dipping than foliation, possibly suggestive of non-coaxial
deformation. L-fabrics are strongly developed in the core of the dome,
whereas margin fabrics are LS or § type. The concentric foliations, radial
Tineations and change outward from L to S fabrics are more suggestive of an
origin by diapirism than by multiple folding.

, An estimate of variations in strain across the dome is shown in Fig.
5(a). Strain estimates are from:

{i} Re/§ analysis of grain aggregates in SCRI and SCGIT (only R
shown on Fig. 5{a}}

{i1) direct measurements of axial ratios (X:Z) of enclaves in SCGI.

Not surprisingly, enclave measurements suggest greater eilipticity
(higher strains) than do grain aggregate measurements. This may be due to
originally higher ellipticity {Ry}, indicated by the tendency of biotite
schists to have higher ratios than do {presumably more isotropic) amphi-
bolites or quartzites from the same area. Only values for quartzites are
shown on Fig. 5(a), to allow for comparability. Alternatively and/or addi-
~tionatly, 1f SCGI is intrusive then the greater ellipticity of enclaves than
of granite fabrics may indicate that enclaves are in fact xenoliths deformed
more strongly than the enclosing granite, due either to syntectonic intru-
sion of SCGI or to preintrusion deformation of the country rock. Compatibie
with this latter suggestion is the truncationof folded fabrics in the enclaves
at their contacts with. SCGL (STOP 2). Comparison of the strains recorded in
SCGI and SCGII is complicated by their spatial separation; it is not cliear
whether the differences in strain magnitude (SCGI more strained than SCGII) .
are due to real differences in strain history {SCGI predates SCGII) or are
due to variations in strain across the dome.

On a Flinn diagram (Fig. 5(b}) data are clearly suggestive of near-
plane strain in the core of the dome and increasing flattening in the
margins. Flane strain near the core of the dome is compatible with the
diapir models of Dixon (1975) which predict a neutral surface (K=1) where
vertical extension in the "stalk” passes into horizontal extension in the
"cap" of a mushrooming diapir. Similar strain distributions have been
reported by various workers { Holder, 1979 ; Ramsay, 1979 )
for plutons infilled by ballooning; however, the apparently diapiric strains
extend well beyond the regions of possible intrusion {SCGI outcrops).

If the Stony Creek dome is indesd a diapir, this may imply a structural
history more similar to the Pelham dome than to the Lyme. This, in turn,
would by implication suggest Acadian-age diapirism, i.e. Stony Creek base-
ment would have been already sutured to North America by the Acadian.

Both foliations and lineations are deformed by shear zones {Plate 8).
These typically dip gently to the N{ (STOP 3} or N (STOP 12}. They are the
last penetrative deformational event seen. SCGIII and SCGIV are closely
?ssaciat?d with these shear zones and commonly are concentrated within them

Fig. 20;}.

Any proposed structurai history for the Stony Creek dome must take
account of the above, and must aisc answer the following:
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(i) what is the timing of diapirism?

{i1) what is the relative timing of SCGI and SCGII formation, and of
this compared to formation of the Sachem's Head Anticline? Can
SCGI develep in a pre-existing fold {possibly by lit-par-1it
injection, STOPS 3 and 6)7 Alternatively, could the fold develop
on a large scale without producing small-scale fabrics in the
granite?

{iii1) what is the timing of folding seen in enclaves of Plainfield
within SCGI? Do these folds relate to the Sachem's Head
Anticline, or are they an earlier, possibly PreCambrian (the
Hills and Dasch (1972) date, if accepted) event?

{iv) does the occurrence of SCGIII and SCGIV in shear zones indicate
the segregation of melt into shear zones, or the localisation
of strain in relatively low-strength melt areas? Why do SCGIII
and SCGIV lack fabrics--was melt crystallisation post-tectonic,
but melt-segregation syn~tectonic? If SCGIII is ~ 250m.y. (as
implied by Hills and Dasch {1972)) then these shears must be of
Alleghanian age.

METAMORPHIC FRAMEWORK

Only limited geobarothermometric data is presently available. Further
work to detail {i) possible variations in P and T within the dome and {(ii)
changes in P and T with time is planned. Deduced metamorphic conditions are
plotted on Fig, 6 together with curves for the beginning of melting of
granite {Johannes, 1984) and of peraluminous granite (Clemens and Wall,
1981). ’

Ternary Feldspars

Compositions of coexisting feldspars are plcited in Fig. 7, where they
are compared to the isotherms of Whitney & Stormer {1977) for low-structural
state feldspars. The calculated temperatures are slightly P-dependent, and
maximum recorded temperatures range from ~ 6800C at 5kb to ~ 7200C at 10kb.
Most temperatures are lower than this due to re-equilibriation. The maximum
recarded temperatures are likewise under-estimates of maximum attained
temperatures, due to possible re-equilibration.

Garnet-biotite

Due to the generally high Al and Ti contents of the biotites, the
formulation of Ferry and Spear (1977) gave anomalously high temperatures.
Recalculation using the equation of Indares and Martignole {1985) suggests
temperatures in the range 730°C to 770°C. These temperatures are for garnet-
biotite pairs from the Lower Plainfield and work is in progress to obtain
thermal data from other units.

(Gz-Plag-As-Gt

Using the equation of Ghent (1976) a pressure of 8.1 was obtained from
this geobarometer; this estimate appears too high in view of the absence of
kyanite from the Stony Creek rocks {although this may be & bulk composition

A3-9
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problem). The method of Newton and Haselton {1981) gives pressures of
5.2kb to 5.8kb from the core and rim of a garnef respectively. These
values may be low, but the relative increase in pressure from core to rim
appears real.

GRAIL

One sample from the Lower Plainfield Formation contains rutile in the
core of the garnet and ilmenite in the rim (note that this implies P decrease
during garnet growth, the opposite to that noted above)}. Using the data of
Bohlen (1984), the assemblage gt-rutile-sill-ilm-qz in this rock implies
P ~ 7.8kb. This appears high in view of the lack of kyanite.

Bi-Kspar-Mt

Using the eéuifibriums
Annite + 05 = Sanidine + Mt + H,0

and assuming T ~ ?GQOC, ay g < 1, we obtain a value of log fg for samples of
SC&I1I ranging from -20 t02-22 {NNO to QFM) {Eugster & Nones,21§62}.

Possible polymetamorphism

Complex garnet zoning (Fig. 8) may be interpretable in terms of poly-
metamorphism; further work is needed to constrain possible pressure variations
noted ahove. LEvidence for polymetamorphism would clearly be of great signifi-
cance for the tectonic evolution of the Stony Creek dome.

GRANITIC UNITS

In addition to the stratigraphic sequence outlined above a variety of
granitic {s.1.) units can be recognised (Fig, 3, Plates 1-3, 5-8). Modal
and bulk chemical analyses of three of these units can be found 1n Tables
2 and 4. The amount of granitic material is greatest in the core of the
dome, where outcrops of homogenegus granite occur, and decreases outward.
Granite is very much more abundant in the Plainfield Formation than in the
overlying Mamacoke and Moncon, where it is typically restricted to cross-
cutting pegmatites {Fig. 9). Four distinct granitic units {Stony Creek
Granite I-1V {SCGI-IV)? can be recognised on the basis of mineralogy and
relations to structural chronology.

Field Relations

The first of these units, referred to as Stony Creek Granite I (SCGI)
is most abundant in the northern part of the dome. It was the subject of
the local quarrying industry and is the type referred to in the literature
as "Stony Creek Granite”. It is a medium-grained {(3-5mm), granular-
weathering biotite-granite. A garnet-bearing facies of SCGI is developed
locally (STOP 7) (Plate 3) where it appears gradational to the more normal
type. This rock type is also found to the west of Stony Creek where it has
been mapped as the Branford Quartz Monzonite {Mikami and Digman, 1957).
SCGI can be seen to wedge into disrupted country rock {STOPS 3 and 5} and
to assimilate xenoliths of Plainfield Formation (STOPS 3 and 5). Large
blocks of resistant quartzite from the Upper Plainfield form a series of
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problem), The method of Newton and Haselton (1981) gives pressures of
5.2kb to 5.8kb from the core and rim of a garnet respectively. These
values may be low, but the relative increase in pressure from core to rim
appears real.

GRAIL

One sample from the Lower Plainfieid Formation contains rutile in the
core of the garnet and ilmenite in the rim {note that this implies P decrease
during garnet growth, the opposite to that noted above). Using the data of
Bohlen ?1984), the assemblage gt-rutile-sill-ilm-qz in this rock implies
P ~ 7.8kb. This appears high in view of the latk of kyanite.

Bi-Kspar-Mt .

Using the eﬁué]ibrium?
Annite + 92 = Sapidine + Mt + Ho0
and assuming 7 ~ 700°C, ay g = 1, we obtain a value of log fO for sampies of

SCGIII ranging from -20 to°-22 (NNO to QFM) (Eugster & Wones,21962).

Possible polymetamorphism

Complex garnet zoning (Fig. 8) may be interpretable in terms of poly-
metamorphism; further work is needed to constrain possible pressure variations
noted above. Evidence for polymetamorphism would clearly be of great signifi-
cance for the fectonic evolution of the Stony Creek dome.

GRANITIC UNITS

In addition to the stratigraphic sequence outlined above a variety of
granitic {s.1.) units can be recognised ?Fig. 3, Plates 1-3, 5-8). Modal
and bulk chemical analyses of three of these units can be found in Tables
2 and 4. The amount of granitic material is greatest in the core of the
dome, where outcrops of homogenesus granite occur, and decreases outward.
Granite is very much more abundant in the Plainfield Formation than in the
averlying Mamacoke and Moncon, where it is typically restricted to cross~
cutting pegmatites (Fig. 9). Four distinct granitic units (Stony Creek
Granite I-1V (SCGI-IV)? can be recognised on the basis of mineralogy and
relations to structural chronology.

Field Relations

The first of these units, referred to as Stony Creek Granite I (SCGI)
is most abundant in the northern part of the dome. It was the subject of
the local quarrying industry and is the type referred to in the literature
as “Stony Creek Granite”. It is a medium-grained {(3-5mm}, granular-
weathering biotite-granite. A garnet-bearing facies of SCGI- is developed
locally (STQP 7) (Plate 3) where it appears gradational to the more normal
type. This rock type is also found to the west of Stony Creek where it has
been mapped as the Branford Quartz Monzonite (Mikami and Digmen, 1857).
SCGI can be seen to wedge into disrupted country rock (STOPS 3 and 5} and
to assimilate xenoliths of Plainfield Formation (5TOPS 3 and 5). Large
blocks of resistant quartzite from the Upper Plainfield form a series of
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raft trains near the outer margin of the bedy. Xenoliths .are most common
near the outer edges of the dome. There is a gradual transition in granite:
host proportions over a distance ~ 400m. from country rock with veins (STOP 1;
to masses of SCGI with occasional xenoliths (STOP 2). Fabrics within xeno-
liths are truncated at xenolith margins {STOP 2}, SCGI shows pronhounced
phase layering, marked by the development of Kspar-rich and gz+plag-rich
bands. This phase layering is parallel to locally abundant biotite schlieren
{STOPS 3 and 6) (Plate 1), Both features were attributed by Mikami and

*Digman (1957} to filter pressing during melt crystallization,

The second granitic unit, SCGII, is a relatively fine-grained (1-3mm.}
garnet- and locally muscovite-bearing granite. It is found in lit-par-1it
association with the Lower Plainfield Formation. Layers of SCGII may be
very thick, up fto 10m. across; many outcrops contain several such units
separated by thin layers of Lower Plainfield (STOP 9). Fragments of Lower
Plainfield can be traced out into surrounding SCGII as biotitic clots and
stringers of tiny garnets {STOPS ¢ and 11). SCGII shows a weli-developed
lineation (Plate 5] formed both by biotite and garnet stringers (Plate 6)
and by elongate aggregates of qz and feldspar. Kspar augen are common
(STOPS 9 and 12}.-

. The third granitic unit (SCGLII) is typically very closely associated
with SCGI (STOPS 3 and 4}, Rocks apparently correlative to SCGIII can be
found as pegmatitic veins cutting the Plainfield, Mamacoke and Monson
Formations (STOPS 5a and 6). MWhere associated with SCGI, SCGIII may form
5-15% of the .outcrop and may occur either as veins (~ 3-20cm. wide) cutting
layering in SCGI, or as subpegmatitic to pegmatitic {grain size 5-10mm.)
patches. Such patches range in size from ~ 3x3cm. to ~ 40x40cm. Pegmatitic
patches of 3CGIII merge into host SCGI by a decrease in grain size and by a
decrease in the proporticn of Kspar. The high Kspar content of those patches
renders them more distinctly pink than the host. Veins are more sharply
bounded than patches and often have a = lcm. wide selvedge rich in bi +

plag. MNeither veins nor pegmatitic patches have an internal fabric (Plate
2). Coarse garnet-bearing veins in the garnetiferous facies of SCGI {STOP

7) may be a garnetiferous facies of SCGIII and will be treated -as such below.

SCGIV occurs as pods and veins at a high angle to the lineation 1in
SCGII. Proportions of SCGIV to SCGII in outcrops vary from ~ 5:95 to
20:80 (STOPS 9 and 12). SCGIV is often concentrated in shear zones {Plate
8) within SCGII (STOP 12}; such pods can be traced several m. across the
outcrop. SCGIY lacks the fabric of the enclosing SCGII, and contains garnets
which are both coarser and more abundant than those in SCGII. o

~ Petrography

Modes of units SCGI-III are shown in Table 2 and Fig. 10.. With the
exception of a few samples of SCGII (which are classified as quartz monzo-
nites) samples of all units lie in the granite field of Streckeisen (1976}.
Shown on Fig. 10 for comparison are modes of granitic rocks from possibly
correlative Sterling Plutonic Group sequences, i.e. the Hope Valley alaskites
of Rhode Island and alaskites and gneisses from the Lyme dome. Data from the
Stony Creek samples are more Kspar-rich than the field of Hope Valley alaskite
samples. Material from the Lyme dome 1s represented by only 2 samples; how-
ever, these samples lie in the center of the field defined by the Stony Creek

A3-13



74

-
$
o
-
H
H
SRAMITE
- .‘
P :; . "
‘hlﬁ ;‘ ‘ »
. .g;. 0 cLGRANODHMITE
Ld
» 7. »
N * e 1
.
QUARTZ QUARTI qQUiRTL
SYENTE MONIOWITE WONIChIO KITE
- * - > Plag

hap

Figure 10. Modes of SCGIm, SCGILI®, SCCIILA, in Qe-Ab-Or.
Other data: Westerly®¥and Narragausett Pier Granites #
from Hermes et. al. (1981) and Quinn {13872%; Hope Valley
alaskites Xand Ten Rod Granite GneissO frowm Day et. al.
(1980); Lyme alaskite@and biotite-granite-gneissdlirom
Goldsmith (1967). .

"
*z,:'- . .
L) - . »
- - * »
e 2 * e, + * b
o Q ® o N
o A o g o a 4 Ny
] - -
f A a A - e
&3 A 2 a & A 4 & » Al
[ . &
w 4 4 s *
o 2?0 0000 %0 "
e 0 o o #;g -
* » 3 [ E E ® " 4 L [ ] Ed Q #* 5 ¥ nzs
ENTY
" . N . . i
. an . * Y & ® 0w ® ¢ o * *
Garnetiternys SCGTH LTS

Figure 1I. Gernet from SCGIIL sample 7, showing (a) qz inclusions and rim of
sillimanire, together with (b} zoning.

A3-14



75

data. Also shown on Fig. 10 are modes of the Alleghanian-age Naragansett
Pier and Westerly Granites. Coarse material of SCGILI type has previously
been interpreted as pegmatites of Narragansett Pier Granite; however, Fig.
10 shows that the fields of SCGIII and of Karragansett Pier Granite are
different.

SCGI samples in thin section show very highly strained quartz; grain
contacts are extensively sutured and subgrains are abundant. In some samples
local production of smaller, more equant, strain-free quartz grains has
occurred. The samples have therefore been deformed at temperatures where
recovery and recrystallisation was possible (~ 400°C). Work to characterise
quartz c-axis fabrics in terms of temperature and strain-rate is planned.

No relict igneous textures can be recognised; all Kspar 1s microcline.
SCGI samples contain abundant accessory sphene, zircon and magnetite.

The garnetiferous facies of SCGI {STOP 7) Tooks texturally like the
garnet-free SCGI, with evidence of recovered and recrystallised gquartz.
Biotite flakes define a Tayering.

SCGII samples in thin section show textures very similar to SCGI, with
no relic igneous textures and with zbundant recovered and recrystallised
quartz grains. Ribbons of sutured quartz are very common, and elongate
aggregates of feldspar (interpreted as the products of recrystallisation of
highly deformed feldspar) occur. Both shape fabrics and phase layering are
more obvious in SCGII than in SCGI. Apatite is an abundant accessory in
SCGII; magnetite and zircon occur sporadically.

SEGILI samples in thin section are highly ineguigranular, with Kspar
much coarser than the other species. Kspar grains are often perthitic,
and often contain plagioclase and quartz inclusions. Myrmekitic inter-
growths of plagioclase and quartz often invade Kspar. Some Kspar is micro-
cline. Kspar grains often show brittle fractures, which Tocally displace
perthite lamellae and/or microcline twins. Plagioclase is occasionally
Carlsbad-twinned, and may show discontinuous zoning to more sodic rim compo-
sitions. Quartz occurs as strained grains with abundant fluid inclusion
trails. These fluid inclusions will be examined in a later stage of this
project. There is no sign of recrystallisation in quartz. Accessory
minerals are represented by large grains of magnetite. :

Yeins of garnetiferous SCGIII are texturally similar to non-garnetiferous
SCGITI, with large and ragged Kspar containing quartz inclusions and being
invaded by myrmekite. Garnets in these veins are often partially atolled
(see also Fig. 11), with concentric: inclusions of quartz. These garnets are
mantied by sillimanite + biotite, now partially altered to muscovite and
chlorite. Myrmekitic intergrowths of plagioclase and quartz, together with
tiny anhedral grains of Kspar, surround the sillimanite -« biotite rim
{Fig 11). Quartz in the garnetiferous facies of SCGIII is highly strained
but not recrystallised.

Diagrammatic sketches to illustrate the textures of SCGI-IIT are pre-
sented in Fig. 12. The above descriptions indicate that SCGIII (both
garnet-bearing and garnet-free} contains relict igneous textures which have
been destroyed by high-temperature deformation in SCGI and SCGII.  This
fits with field observations {above) that SCGIII cross-cuts fabrics in SCGI
and SCGIIL. ‘
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Mineral Chemistry

Feldspars

Representative feldspar compositions (obtained by microprobe analysis
with a 20u beam) from samples of SCGI-SCGIIT are shown in Table 3 and plotted
on Fig. 7. Ternary feldspar isotherms on Fig. 7 are from Whitney & Stormer
(197?? for low structural state feldspars. Peak temperatures {obtained from
the most sodic Kspar in a sample) range from ~ 6800C (at P = 5kb) to ~ 720VC
(at P = 10kb). These temperatures are minimum estimates due to the possibil-
ity of re-equilibration. In general, peak temperatures from SCGIII samples
{including the garnetiferous SCGIII sample no. 7} are - 100°C higher than
the peak temperatures from SCGI and SCGII samples. This difference is
probably more apparent than real; rather than indicating any real temperature
gradient between the different groups {which is physically implausible} it
probably reflects variations in the extent of post-peak re-equilibration.

All of the analysed samples show some evidence of resetting to lower tempera-
tures (- 500°C), as shown by the occurrence of grains of less sodic Kspar.
The difference in peak temperatures between groups SCGI, SCGIL and SCGIII
probably relates to more extensive solid-state homogenisation in the former.

“This interpretation is supported by the textural differences noted above,

whereby SCGI and SCGII have solid-state deformation textures whereas SCGIII
retains igneous textures.

Consistent zoning of plagioclase was noted only in samples V¥ and 3 of
group SCGIII, where zoning ranged from Abyg te Abgg {core to rim} and from
Abya to Abgg (core to rim) respectively.

Garnet

The typical composition of garnets in garnetiferous SCGIII veins is
Pyg 5 Almgg Gryq Spg 53 for comparison, garnet in metagreywackes of the
Plainfield Formation averages Pysy Almyg Gry Spp (Table 3). Thus garnets
in the veins are notably richer in Ca0 and MnO than those in the country
rock. Vein garnets have considerably Tower M/FM {0.106) than country rock
garnets (0.211).

Comparative zoning profiles of vein and couniry rock garnets are shown
in Figs. 7 and 11. Country rock garnets have very complex zoning whereas
vein garnets are essentially unzoned. This cannot be an effect of diffusive
homogeniszation which would preferentially homogenise the smaller (country
rock) garnets, contrary to observation. Thus it appears that vein garnets
are not xenocrysts of country rock.

AMlen and Clarke{1981) separate xenocrystic garnets from magmatic garnets

in the South Mountain Batholith of Nova Scotia by composition, Pyg sAlmggGri 3Spg. g

vs. PygAlmyaGroSpie. Similarly spessartine-rich compesitions (Py3 5 Almgy g
Gro £ Sp3p ) characterise magmatic garnets in the Ruby Mountains {Kistler

et al., 198?). Not all magmatic garnets are so spessartine-rich; for example,
samples from the Kinsman Quartz Monzonite of New Hampshire {(Clark, 1977)
average Pypz Almyz Gro Spo.  Thus spessartine content alone may not dis-
criminate magmatic ang metamorphic garhets, and the relatively low spessar-
tine content {6.5%) of sample 7 garnets does not necessarily imply a non-
magmatic origin. '
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The abundant quartz inclusions in the SCGIII garnets are cowpatibie
with synchronous crystallisation of garnet and quartz from a melt. Garnet-
biotite tie-lines for sample 7 are shown in AFM projection in Fig. 13 in
comparison to tie-lines for garnet-biotite pairs in surrounding metamorphic
rocks. The crossing tie-lines for rocks of similar grade are suggestive of
very different modes of origin, i.e. magmatic vs. metamorphic.

Abbott and Clarke (1979) present a variety of AFM liquidus topolcgies
to allow crystallisation of garnet from granitic liquids; these are shown
below as Fig. 14, Topoiogies A and B of Fig. 14 allow crystallisation of
beth garnet and sillimanite from liquid, and wmay allow the observed mantling
of garnet by sillimanite in sample 7. Both topologies require T > 7000C;

A {cordierite-absent) is favoured over B at P > 7kb. These conditions

(P > 6kb, T > 7009C) were apparently attained in the Stony Creek area (see
"Metamorphic Framework" section). 1t is therefore plausible that the
garnets in SCGIII crystallised from a melt.

Biotites

Representative bicotite compositions from SCGII and SCGIII are shown
in Table 3. The high (~ 3.2%) Ti02 contents suggest that even in strongly
deformed SCGII much original igneous mineral chemistry is retained. Par-
ticularly striking is the very low M/M of biotites from sample 7 (which
contains garnet interpreted as igneous). Biotites of peraluminous granites
are characterised by tetrahedral Al contents of 2.5-2.8 per 22 oxygens, and
by Mg0/Mg0 + FeQ ~ 0.6-0.8 (Clarke, 1981). Only biotite from sample 7
{SCGI1I group) fits both criteria.

Bulk Chemisiry

"XRF analyses of samples from units SCGI-SCGILI are presented in Table
4, together with published analyses of Narragansett Pier Granite, Hope
Vailey alaskite and Pelham dome gneiss {Dry Hill Gneiss) for comparison.
Also shown for compariscn are published analyses of a peraluminous garnet-
granite from the Ruby Mountains and of a metamorphesed rhyoltite from the
Adirondacks. Previously published analyses of Stony Creek Granite {here =
SCGI) and Branford Quartz Monzonite (= garnetiferous SCGI) are also shown
in Table 4.

There is very 1ittle difference between SCGI sampies and SCGII sampies,
marginally higher Nap0 in SCGII may be more apparent than real. Some SCGI
samples have very high K20 (~74). To test proposed correlations of Stony
Creek basement with Pelham Dome basement and Hope Valley basement, published
analyses of these are shown. OUnly partial analysis of the Dry Hill Gneiss
was reported {Hodgkins, 1983). The Dry Hill Gneiss is clearly richer in
Fetotay and poorer in Ca0 {and possibly Na20) than Stony Creek samples. Hope
Va%?ey alaskites (this study and Day et al., 1980) are typically higher in
510z and lower in Al03, Cal and Feyqy,; than SCGI and SCGIF. Similarly the
Adirondack metarhyolite {which is chemically similar to Hope Valley alaskite)
is higher in 5102 and lower in Alp03, Cal and Feygy,y than SCGI and SCGIL.

surprisingly, the garnetiferous SCGI sample no. 6 shows very little
difference from garnet-free SCGI. Published analyses of Branford Quartz
Menzonite, however, show markedly higher Al203: (Nap0 + Cal + Kp0) con-
sistent with the presence of garnet. Analyses of these show similarities
to the garnet-Z-mica granite from the Ruby Mountains.
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Samples ¢f SCGIII are typically richer in FeQ and Mgl than are SCGI
and SCGIT. The very high FeQ content of sample 5V correlates with very
Tow Si0s; the reason for this anomalous analysis is unknown but may reflect
sampling of a very magnetite-rich region. SCGIII samples appear more
variable in composition than those of other groups. It is therefore diffi-
cult to compare them with possibly-correlative Narragansett Pier Granite;
both groups occupy similar ranges of Feygray, Cal, NapD and Ko0. However,
Narragansett Pier Granite has higher A1263:}Na20 + Cad + K20} ratios.

Phase Relations

Modal analyses of groups SCGI-SCGIIT are plotted onto a series of Qz-
Ab-Cr phase diagrams in Fig, 15. MNone of the samples lie close to the
eutectics (at 5 or 10kb) for the An-free system. However, with the excep-
tion of sample V whose unusual chemistry has already been noted, samples
of SCGIIIshow a clustering avound the eutectic for the system with Ab/An =
3 at 5kb. The low-temperature valiey in the Qz-Ab-Or system runs along the
quartz-Kfeldspar cotectic {as shown by the liquidus isotherms for the An-
free system at 5kb in Fig. 15). Samples from SCGITI generally 1ie along
this Kfeldspar-quartz cotectic and thus, although not minimum-melt composi-
tions, SCGIII samples probably represent relatively low-temperature melts.
SCGIT samples appear to occupy the positions of reiatively higher-
temperature melts further from the eutectic and cotectic. SCGI samples
occupy a relatively wide area of the diagram.

Liquidus isotherms for the Ab/An = 3 system at P = Bkb are unknown;
temperatures are anticipated to be slightly higher than for the An-free
system. Note that all samples lie within the 740°C isotherm for the An-
free system at P = 5kb; temperatures in the Anps system are unlikely to be
more than about 259C higher {Johannes, 1985). It seems likely therefore
that groups SCGI-SCGIII all lie within the 760°C isotherm; this is near
the upper 1imit of temperatures recorded by metamorphic assemblages in the
area. The data is consistent with, but does not demand, occurrence of
SCGIIT as melts at metamorphic temperatures where SCGI and SCGII were not
melts. This interpretation is open to question, as discussed below.

Firstly, identification of SCGIII samples as relatively Tow-melting
compositions depends on corvect identification of theivr relatively higher
plag:Kspar ratios. In view of coarse grain size (and consequent sampling
problems} and the use of unstained sections, this may need further revision;
analysis of additional, stained sections is planned, Secondly, the locations
of eutectics, cotectics and isotherms are less well-known than Fig. 15 implies.
Johannes (1985) suggests that most published experimental data dre for dis-
equilibrium melting and so may be of 1imited value for petrogenetic inter-
pretations. Thirdly, the accuracy of geothermometers is inadequate to
resolve the ~ 20°C difference in melting temperatures between group SCGI +
SCGIT and group SCGIII proposed in Fig. 15. As noted earlier ("Petrography"}
SCGITI retains textural evidence of meltiing which has been lost during defor-
mation in SCGI and SCGII. This is compatible with the suggestion above that
SCGITI were molten in preference to SCGI and SCGII. However, if metamorphic
temperatures of 7700C are real, samples of all groups would have been molten
during metamorphism, as all lie within the 760°C isotherm of Fig. 15.

This suggests that factors other than composition in tevms of (z:Ab:An:
Or were important in determining the behaviour of the various granitic units.
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Figure 16. AFM proiection of SCCGIIL samples
compared to liquidus fields or sill. and gt.
from Abbott and Clarke (13979).

B 4 ¢ 4

Ksp Filag

Figure 15. Modes of SCGL-SCGIII in Qz-Ab~0Or compared
ro experimental data. Eutecrdies for An at 5 and 10 kb
from Johannes {(1985}; eutectic for ébfﬁﬁ = 3 from
Winkler {1976). Liguidus contours for 5 kb from

Luth and Tuttle (1964),
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SCGIII occurs both as pegmatites outside the envelope of Plainfield
and in association with SCGI inside it. The wide range of compositions
may argue for a hydrothermal-vein origin, possibly derived from SCGI.

SCGIY is restricted to association with SCGII and may form by {hydrothermal
or anatectic) remobilisation of 1it.

SPECULATIONS

The reader will have noticed that, in the Stony Creek dome, at the
present stage of investigation, the method of multiple hypothesis may be
more aptly re-named "the method of multiple confusion”. Undeterred by
conflicting data, or indeed the Tack of data, we present for amusement the
following speculative history. The Stony Creek dome represents a far-
travelled slice of Hope Valley--correlative basement, subject to deforma-
tion, metamorphism {with possible anatexis-SCGII) and intrusion (SCGI; in
the Pre-Cambrian. This basement was sutured to North America before or
during the Acadian (gneiss dome tectonics). Subsequent Alleghanian effects
included ductile shearing and remobilisation {hydrothermai or anatectic)
of the existing granitic units to form SCGIII and SCGIV. We look forward
to animated discussions!
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Possibie factors favouring me?ts of SCGIII include:

(i} higher MgD and/or Fe0--this has been shown to Jower the solidus
by ~ 30°C {Naney, 1983)

(ii) higher B or F (Manning, 1981)
(i11) higher P»0g (Johannes, 1385)--although Pp0r was present in anly

trace amounts, and apatite is more abundant in SCGII than in
SCGIIT.

Bulk analysis of one SCGIII garnetiferous vein and of published analyses

of the Branford Quartz Monzonite are shown in AFM projection in Fig. 16.
Also shown are Abbott and Clarke's (1979) schematic Tiquidus fields for

P > &kb, T » 7000C. All samples contain garnet, none contain AlpSiOs
{although sample no. 7, which is otherwise identical to the plotted sample,
does contain sillimanite). A1l samples plot within the A125105 liquidus
field. Boundaries in Fig. 16 are not well-constrained, so the significance
of this is unknown.

Sampie no. 7 contains fextures suggestive of reaction of the form Gt +
Lig ~ Sill % B1; this is incompatible with Abbott and Clarke's topologies.
However, Clemens and Wall (1981) note that at temperatures ~ 700°C the
veactions:

Bi + Plag + AS + V = Gt + Liq
and Bi + Plag + AS + (Qz = Gt + Kspar + Lig
can occur, Such reactions, operating during melt crystal]isatian, could
generate the observed textures. Reaction temperatures lie well below peak
temperatures for the area (Fig. 6}.

Possible Origins of Units SCGI-SCEIV

Field evidence (the cross-cutting relations and apparent assimilation
of xenoliths} strongly suggest that SCGI was intrusive. HNo explanation can
be given for the Tocal development of a more garnetiferous facies (STOP 7}.
This is restricted to a level in the dome where Middle Plainfield assimila-
tion might be anticipated, and so local assimilation of pelites and conse-
quent raising of the Alp03: (Napd + Cal + Ko0) ratio of the magma might be
postulated. Sample 6 however gave a surprisingly low Alp03: (Rap0 + Cal +
K20 ratio}. If the Branford Quartz Monzonite is a correiative of garnetif-
erous SCGI, the hypothesis of preferential assimilation breaks down; the
Branford masses occur at the level of the Mamacoke Formation.

83

SCGIT is chemically very similar to SCGI, but is aIQays layer-conformable
and is of limited vertical extent. 1In field relation, it is very similar both

to the alaskites of the Lyme dome (Lundgren, 1967) and to alaskites of the
Adirondacks (Carl and van Diver, 1975}, The latter are interpreted as meta-
morphosed rhyoiites. Chemically, SCGII is distinct from these (lower Si0s,
higher Alp03, Ca0 and Feggiay). The association with migmatised tower
Plainfield éor

mation and the occurrence of possibly restitic garnet stringers
is consistent with formation by anatexis. This will be investigated further.
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TABLE 1
STRATIGRAPHY

MONSON GNEISS

Massive or, less commonly, Tavered gneisses. Dark grey,
medium-grained qz-pl-bi-hb gneisses, probably intrusive.

MAMACOKE FORMATION
Massive or layered, fine-grained, 1ight grey, qz-pl-bizhb

gneisses. "Striped" appearence in outcrop. Rare garnetiferous
gneisses. ,

PLAINFIELD FORMATION

Upper  Well-bedded massive quartzite, minor calc-silicates and
amphibolites.

Middie Foliated grev pelitic gneisses, often migmatitic. Very
variable; minor quartzite.

Lower Highly migmatitic garnetiferous gneisses, garnetiferous
amphibalites.
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TABLE 2

MODAL ANALYSIS

SCGI Samples

SCGI/1 SCGl/2 SCe/1  SCo/é 7/3
Qz 38 28 33 35 41
Plag 20 24 23 24 28
Kspar 33 38 40 39 25
Bi 8 9 3 1 6
Mt 1 1 tr. 1 tr.
Ap tr. tr., 1 tr, tr.
Jthers tr. tr. tr. tr. -

SCGII Samples

19/1 19/2 20/1 20/2

Qz 31 34 35 39
Plag 21 21 . 21 14
Kspar 35 39 33 43
Bi g -4 5 a
Mt 3 S 2 4 2
Ap 1 tr Z tr.
Others tr. . tr. tr.

SCGITI Samples

2 3/1 3/2 6/1 6/2 6/3 ¥/1
0z 28 32 28 32 3 39 18
Plag i8 25 18 23 2 22 39
Kspar 51 39 39 42 36 31 37
Bi 2 3 10 3 4 6 3
Mt 1 i 3 - 1 tr. 3
Ap - tr. tr. 2 - te, tr. -
Others tr. - tr, - (6t)1 (GT)1 .

V/2

17
37
40

1o LA D

7/2

26
28
32

tr.
tr,

11
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TAHLE 3
HINERAL COMPOSITIONS
Keldspar Plagioclase Biotige
scer' | oscet gt ¢ gl st sl gt 1w xf st g2 S 7
§40 §4.20  55.24  B5.78 6313 63.98 80 61.98 62,88 £3.41 63,11 4.4 5405 31.85 3928 3.z 15.45
&1%3 1875 18.83 1873 18,52 13,24 My 2.8 84 2291 a4t 2n.18 Til 4.37 1.48 231 5.0
Ca 0.06  §.0F 0.08 .02 0.0t Caft - 4.88 4.92 3.93 3.22 3.38 Mgsg 13,70 13.30 14,06 16.00
msa .30 1.62 1.21 L9 2.93 Hagh 8.94 872 8.95 3.38 9.69 Fal 26.08 0.5 20,76 26,13
L¥1 1#.93 13,77 1415 14.05  14.26 xzs 6.35 0,26 0.74 .40 0.2 #n0 - 0.11 0.0% 0.
Total 99.87  99.95 100.00 99.39  88.58 Total  1Bg.34 100059 100.94 98.54  99.1% Mgd 14. 1; Lg.gg 8,28 3??
Cal 8.4 . - .
ar 87.7 85.% 8.5 89.5 8.3 or 1.8 1.5 4.1 2.2 1.6 Nagt .02 .03 - 0.19
A n.3 5.5 .4 0.5 7.6 an 75,85 755 L1 8.3 888 X0 10.19 9.9 19.24 9.40
An - - - . An 22.7 230 18.8 15.3 15.8 Hgl 3.00 3,40 1,00 3.00
: . Tetal G544 160,88 180.05 inn.g7
2 2 v 74 A 3 " 7
lons s 241004}
516 64.56  £A.74  §4.74 £2.93 530, 51.82  #2.40 8253 64.08 1 2 5 4
Alatly 19,14 33,13 - 18.53 18, 28 alp 24.16 23,67 Z1L12 28,59 SCG1 19 ¥ ?
Cad G610 6.8 0.04 8.4% cad 4.93 485 4.20 3.85
uaﬁo 271 1.74 %34 1,92 Na 0 8.55 8.61  9.05 306 s 5.51 6.44 .29 5.5
Ky L3 1.9 s 1477 K30 .47 0.3 0.7 0.38 Atd 2.49 1.85 1.71 2.4]
Total  §0.8% 9814 0.1} 100.00 Totsl  $9.30 99,98  99.58 100.G0 Ak 6.30 1.02 1.5 1,18
T 8.57 042 9.3 0.63
gr 73.7 83,5 B7.1 §3.2 e 2.5 2.9 1.4 2.2 fe 3.37 .82 347 3.59
Ab 23.4 8.3 11.6 16.5 Al 73.9 75.5 1.3 8.9 ¥n - 3.01 0.0 3.01
An 2.9 - 1.2 9.7 An - 236 23.5 20.1 8.9 ng 2.62 2.52 2.29 117
ca . - - 0.03
Ha - - - 0.06
1 e Il 2.36 2.08 297 2.03
2 SEGHL .
3 56111
4 BCRIL garaet-banring : WP 41,0 4N 4L9 24.1
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TABLE 4
BULK_CHEMISTRY

SCG1_Samples SCGEIT Samples

sC 32C SCGI 6 i 2 5¢ v 61V v
Siga 68.68 74.23 71.24 70.25 Si0 70.83 57.38 71.32 70.35 71.66
Al 15,20 1449 14.43 15.11 Alaly 14,57 15.89 14.78 16.20  17.57
Fetpra1 1.64  2.19  2.29 2.22 Feaota] 227 7.81 1.5 2,54 2,45
Mg0 0.09 0.10 0.22 0.01 Mg 0.09 0.11 0.10 0.08
cag 1.55 1.33 P 1.63 . Cal0 1.78 1.55 1.24 1.66 2.63
Na 420 229  4.67 5.09 Nﬂsﬂ 5.10  3.77 4.53 369  1.57
K2 7.31 4,497 4.36 511 K2l 5.00 9.13 5.97 5.02 3.65
Ti0p 0.28 0.28 0.3 0.28 Tidp 0.42  0.57  0.25 0.31 0.35
Mnd 0.01 0.02 0.03 0.06 . HnQ 0.03 0.05 0.02 0.09 0.04
AlFATK 1.24 1.68 1.27 1.27 Al/Alk 1.22 1.09 1.26 1.56 2.24
Possible correlatives to SCG1 Possidie correlatives to SCGIII

scal  TRe? s B wee®  wesll  wpell  ppgld we!l  wpgl!
SiD 70.1% 73.00 74.29 712.47 73.60 Sily . 70.37 71,96 70.45 70.59 74.3
A|253 15.66  13.60 14.74  14.78  14.00 A1253 15,75 14.26  14.09  15.76 1sl1g ii'??
Fes0y  0.72  2.98 0.20  0.57  0.80 Feal3 206 0.8 0.9 1.13 038 0.01
Fel 0.81 0.65 2.00 1.40 Fe 1.29 0.96 0.69 0.26 0.21
M0 0.24 0.56 0.15 0.3 0.18 Mg0 0.13 0.49 0.34 0.42 0.18 0.07
tap §.23 1.51 0.80 1.27 0.92 a0 1.77 1.58 1.18 1.14 1.05 0.77
hagd 237 391 270 403 2.90 Naplt 4,62 337 L35 4.08 3.27 3.75
X20 7.41 4.47 4.62 4.53 4.70 K20 4.93 5.06 5.13 4.99 4,35 4,88
Ti0z 0.15 8.31 0.10 - 0.06 Ti0; 0.39 0.45 0.24 D.29 0.11 0.08
Mn0 0.01 0.07 0.08 .48 0.01 Mn0 0.03 0.03 0.02  0.03 0.01 0.0l
AlAlk 1.36 1.48 . 1.82 1.50 1.64 AlfATK 1.39 1.42 1.43 1.54 1.75 1.56
SCGIT Sample

20 1. Steny Creek Granite from Mikami & Oigman {1957}
. 2. Ten Rod Granite Gneiss from Day et al. {1980)

smE 10.71 3. Branford Quartz Monzenite from Mikami & Digman (1957;
1503 14.48 4. Ruby Mountains 2-mica-granet granite from Kistler et al. {1981)
Feaou] 1.89 5. Hope Valley Alaskite, this study
My 007 6. Dry Hill Gneiss (Pelham Dome) from Hodgkin {1981)
cap 1.63 7. Adirandack alaskite from Carl & von Diver (1980}
Na20 5.29 B, Hope Yalley Alaskite, from Day et al. (1980)
Kgg 5.34 9. Narragansett Pier Granite, this study
110, 0.41 10. Marragansett Pier Granite, Hermes et al. (1981)
Mnd 0.12 11. Muscovite-garnet Narraganmsett Pier Granite, Hermes et al. {1981}
Al/ATk 1.18

Possible correlatives to SCGI1

wa® o’ Y T I T
5i0 73.61  n.a.  76.51 76.08 76.70  76.10  72.85
Riby 1525 na.  10.60 .08 11.06 12.98 13.12
Fes03 0.7 1.2 2.7l 0.62 047  1.03 .02
fe l.sgp 134 0.57° 0.5
g0 0.04 ©0.08 0.18 010 007 D0pAa 032
Ca0 108 0.67  0.62 079 0.60 075  0.89
Naz0 58 273 3.53 296 2.98 3.9  1.56
K, .98 4.42 .40 528 541 503 483
140, 0.14  n.a. : g21 017 012 0.2
M0 0.06 na. 0.0l 0,07 0.05 o002  0.05
Al/AIK 153 na. L4 L2 123 1.3 L4
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PLATE CAPTIONS

PLATE 1
SCGI from STOP 3, showing phase layering and biotite schlieren.

PLATE 2
Close-up of SCGLI from STOP 3, showing lack of internal fabric.

PLATE 3
Veins of garnetiferous (?) SCGII in garnetiferous(?) SCGI, STOP 7.

PLATE 4 :
Migmatised Lower-Plainfield from STOP 8. Note marginal selvedges,
very open folds and cross-cutting pegmatite.

PLATE 5
SCGIIT from STOP 9, showing very strong L fabric; flattened aplitic
layer parallels this.

PLATE &
Close-up of SCGIII at STOP 9, showing garnet + bigotite stringers.

PLATE 7

SCGIII from STOP 12, with feldspar augen forming strong L fabric,

warped into shear zone.

PLATE 8
SCGITI from STOP 12, deformed in shear zones; SCGIV concentrated in these.

PLATE 9 :

Migmatised Lower Plainfield with pegmatite, possibly equivalent to
SCall, STOP 12.
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ROAD LOG AND STOP DESCRIPTION
Assembly time: &:00 a.m.

Assembly point: Eranhaven Plaza, Branford.

If coming from New Haven and west, take exit 53 from 1-95 (Connecticut
Turnpike}. Turn right on U.S. Rte 1 west - Branhaven Plaza is approximately
0.25mi on left.

If coming from New London, Rhode Island or most points east of New
Haven, take exit 55 from I-95 (Connecticut Turnpike). Turn right at stop
sign onto U.S5. Rte 1 west, drive 2.8mi. Turn left at lights into Branhaven
Plaza.

There will be an opportunity to buy lunch supp1ies‘between STOPS 4 and
5. Lunch is scheduled for the scenic attractions of STOP 9, but may be

- brought forward to STOP 7 {by a consensus of opinion) if hunger intervenes.

Please consolidate vehicles as much as possible; many of the stops have
extremely Timited parking. We will be returning to Branhaven Plaza at the
end of the trip to collect vehicles left there.

- Mileage
Interval Total
0.0 Turn right out of plaza on U.S.1E and follow signs for

1-954.

0.3 0.3 Bear left: follow signs for I-95N.

0.8 1.1 Turn 1eft at 1ight for I-8GN,

0.1 1.2 Tur§“§i§hﬁ for 1-95N {signed for "Rhode Island and
past”).

Several outcrops of Branford Granite.

2.9 4.1 Take exit 56 off I-95N {signed for "Stony Creek").
3.3 4.4 Turn right at stop sign onto Thimble Island Road.
0.8 5.2 STOP 1

Turn left down Flat Rock Road and park. Walk back up
Flat Rock Road, cross Thimble Island Road to low flat
outcrops. We are here near the northwestern margin of
the Stony Creek dome. The outcrop is dominated by
units of the Upper Plainfield Formation, particularly
the well-bedded gquartzite member. Rafts of this,
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several meters in length, are surrounded by anastomos-
ing veins of .granite belonging to the SCGI unit. The
granite locally reaches 40 volume percent, and Jocally
contains coarser subpegmatitic patches. Relict
stratigraphy is preserved here.

The SCGI here shows a mineral shape fabric which wraps
around enclaves of Upper Plainfield. Flatiening strains
here {discussed in the introduction) are attributed to
ballooning during emplacement of SCGI.

Walk 0.3mi down Flat Rock Road past vehicles and up
gentie hill. After 9th house on left, road forks; bear
Teft and turn into first driveway on left. Walk to Tow
flat outcrops behind house.

STOP 2. .

Northwestern margin of Stony Creek dome. Enclaves of
Upper Plainfiéld in SCGI. Upper Plainfield here is more
varied than at STOP 1 and includes biotite-schists,
amphibolites and semi-pelites together with quartzite.
Granite: enclave ratio varies from 20:80 to 60:40.

Some parts of the outcrop show relict stratigraphy as

at STOP 1, and here foliations can be traced continu-
ously from enclave to enclave. Elsewhere in the outcrop,
however, internal fabrics cannot be traced continuously
between enclaves; relative rotations of up to 600
between adjacent blocks can be documented (see sketch
below). Such rotation can apparently occur without
disrupting the larger-scale stratigraphy. Towards the
base of the outcrop both fabric and stratigraphy are
disrupted, with various lithologies chaotically

jumbled in apparently random orientation (see sketch).
The extent of stratigraphic disruption does not seem

to be solely controlled by the relative volumes of host
and enclave,

Amphibolitic and Biotitic enclaves contain apiitic
layers which commonly show biotite-rich selvedges.
These aplitic layers are folded, and the folds them-
selves are truncated at the margins of the enclaves
{see sketch). Amphibolitic layers are commonly sub-
equant (axial ratios - 1:1:1) whereas semi-pelitic
enclaves are more tabular {axial ratjos ~ 2:5:1:1).
This is presumably due to variations both in original
Tithology and in competence contrast with the host.
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The host is granite of SCGI type, here ~ 5mm in grain-
size and without pronounced fabric. Locally coarser
patches occur. Enclaves are commoniy cut by small

(~ 3cm.) veins of this coarser, undeformed SCGI.

We expect debate to focus on possible relations between
the aplitic layers in -the ‘enclaves and the granite
surrounding the enclaves.  If these are gradational,

why do the aplitic layers appear to define folds whilst
the granite appears undeformed? Are the aplites mimetic
after an eartier folded fabric? “What is the significance
of the biotite selvedge? S

We also wish to discuss whether -the enclaves are of
tectonic origin (i.e. are boudins.) or of magmatic

origin (i.e. are xenoliths). Do the folds indicate
intrusion of magma into previously-deformed rocks?

Are folding and boudinage successive stages in a single,
non-coaxial deformational event, or do they represent

. very different deformationatl events?

Fig. 17 STOP 2. Chaotic mixing of Upper Plainiield
lithologic types in host of SCGI.
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Plate 1 STOP 3. Biotite schiieren in SCGI from quarry.

Return fo vehiclies
Turn left out of Flat Rock Road onto Thimble IsTand
Road.

Stop sign. Junction of Thimble Island Road and Conn.
Rte. 146. Turn left onto Conn. Rte. 146.

Turn Teft on Quarry Road

Road forks; bear left through stop sign. (Gate here
is closed at 3 p.m. daily.)

Large metal gate; closes at 3 p.m. daily. Continue
through.

Park vehicles across from trailers. (If following this

trip later, check in with quarry manager in large blue
trailer.} Do not enter quarry without supervision,
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i.e. after 3 p.m. or at weekends. [o NOT climb guarry
faces and exercise great care when walking on loose
blocks--not all of these are stabie.

The main working area of the guarry is to your left;
follow track ~ 80m. towards working face. Examine the
closer of the two faces striking NW~-SE {sce sketch).

TemuERS
T 3

Pazi¢ hero

One wall of the quarry shows numerous partially
digested blocks of Upper Plainfield quartzite,
biotite schist and amphibolite. It was by tracing
such relict stratigraphy that Sanders (1968) was
able to map out the Sachem's Head Anticline. This
wall also shows the well-developed phase layering
of SCGI marked by alternating quartz- and feldspar-
rich layers, attributed by Mikami and Digman (1957)
to filter-pressing.

‘Sub-parallel to this are schlieren ~ 2" thick of more
mafic material, predominantly biotite + plagioclase.
These may either be the products of flow segregation
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or highly flattened and assimilated xenoiiths. If
interpreted as xenoliths, their great lateral con-
tinuity would require extreme flattening: the blocky
nature of observed enclaves may argue against such
extreme flattening. However, such biotite + plagio-
c¢lase-rich lithologies can be seen in the process of
formation during assimilation of amphibolite xenoliths
elsewhere in the quarry (Plate 1 and sketch below).
This may support a xenolithic origin for the schiieren.

The layering in SLGI can be seen to be deformed by a
series of evenly-spaced {~ 6" separation) shear zones.
These dip at a Tow angle and are suggestive of dextral
(top to NW) shear. Large (up to 18") veins of coarsely
crystalline, pink-weathering SCGIII cut phase layering
in SCGI {sketch below). The margins of these veins show
signs of flexure in the shear zones; however, the veins
have no internal fabric. The veins commonly have a
biotite + plagioclase-rich selvedge. In addition to

its occurrence as veins, SCGITI also occurs as irregular
patches within 5CGI, gradational into SCEGI by a decrease
in %ZKspar and in grain size {see Plate 2).

Phase layering and successive stages in the assimilation
of enclaves can be clearly seen in the gigantic blocks
near the trailers. Foliation in SCGI (Plate 1) can be
clearly seen to be a composite of biotite schlieren,
phase layering and wmineral aspect ratio.

If time permits, we will walk down the path to the right
of the working area (the continuation of the entrance
road) to the abandoned face. This face shows steeply
dipping wedges of SCGI in the Upper Plainfield. This
Tit-par-1it structure, together with the assimiiation
so well displayed in blocks here, is suggestive of
emplacement of SCGI by stoping which in turn implies
a thermal contrast between granite and country rock
and/or high-level intrusion. However, the flattening
strains seen al the margin are more suggestive of
diapirism, i.e. no thermal contrast and/or deep-level
emplacement.
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Cigure 18 STOP 3. Enclaves of amphibolite of
Upper Plainfield showing rotation of internal fabric
and partial assimilation to form bi + plag-rich borders.

Figure 19 STOP 3. Veins of SCGIII cut phase
layering in SCGI. Note selvedges.
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Return to vehicles.

0.0 7.5 Drive back down quarry road through gates.

0.9 8.4 Junction of Quarry Road and Conn. Rte. 146 (Leetes
Island Road). Turn left onto Conn. Rte. 146,

0.6 9.0 Qutcrops of homogeneous SCGI on Teft are similar to
those we will see at the next stop.

0.4 9.4 SLOW DOWN!  Very sharp curve through railroad under-
pass, road often slippery. Oncoming traffic often
gecupies full width of road.

0.8 10.2 Moose Hi1l Road on left, Shell Beach Road on right.
Turn left on Moose Hill Road. .

0.4 10.¢6 Dromora Road on left; continue on Mopse Hill Road.

0.4 11.0 Top of hill., Park at side of road, across from walled-

in sheep pasture with conifers. . Walk down drive at
left and enter pasture by gate on left., (If doing this
subsequent to NEIGC, please check with owner first.)

STOP 4

(If following this roadlog in winter, you will be able
to detect the outcrops even through several inches of
snow, by the simple expedient of kicking one's toes
against them. Local inhabitants are accustomed to the
sight of geologists brushing away show in this pasture.)

Core Facies of SCGI. The granular appearance on
weathering is typical of outcrops of homogeneous SCGI
in the core of the dome. Note the lack of enclaves,
in contrast to STOPS 1, 2 and 3. The core of the dome
generally consists of such relatively c¢lean, massive
granite; strains in this area are much lower than at
the margins of the dome {cf. grain shape fabrics here
and at STOP 3). Diffuse patches of coarser-grained
granite may be local pegmatitic segregations of S5CGI,
or may be transitional to SCGIII as seen at STOP 3.
Isolated very coarse {up o 10cm.) Kspar crystals
occur; these may be boudinaged pegmatites, or local
segregations.

Return to vehicles.

0.0 11.0 Continue along Moose Hill Road.

0.8 11.8 Barker Hi1l Drive on Teft; continue on Moose Hill Road.
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Stop sign. Continue straight. Note change of name of
road to Peddler's Road. Do not turn left on Moose
Hi11l Road.

Qutcrops of Mamacoke Formation at left are similar to
those we will see at optional STOP 5A. Continue on
Peddler's Road.

Junction of Peddler's Road and U.S. Rte. 1 {Boston
Post Road). Turn right at stop sign.

Shopping mail on right is stop to buy lunch. "Dairy

* Mart" provides basic supplies and the "Grog Shop" is

self-explanatory. The "Bishop Hi1l Farm Shop" which
you passed at the junction of U.S. Rte. 1 and Peddler's
Road is also a possible source of supplies.

Leave mall, turn Teft on U.S. Rte. 1 back past the
Jjunction with Peddler's Road.

Junction of U.S. Rte. 1 and Peddler's Road--continue
straight on U.S. Rte. 1, following signs for I-95S.

Turn right onto I-95$ (signed for "New Haven and west").

OPTIONAL STOP 5A.

Park on right at edge of turnpike. WATCH FOR TRAFFIC.
We will have a police escort for this section of the
trip. Pegmatitic veins of SCGIII {marked on the State
map as "Narragansett Pier Granite") cut light-coloured
gneisses of the Mamacoke and darker-coloured gneisses
of the Monson. Pegmatitic veins of SCGIII are very
common on the northern margin of -the dome.

Continue on I-95§,

STOP 5.

Park on right at edge of turnpike. WATCH FOR TRAFFIC.
Lit-par-1it structure between SCGI and Upper Plainfield
(see sketch). Again note relatively steep radial dips
at the dome margins. Veins of SCGIII sharply cross-cut
both SCGI and Upper Plainfield. Some pegmatitic patches
carry (possibly retrograde) muscovite. Biotite schist
layers contain qz+plag+Ksptgt+sulfide veins--how do
these relate to the other granites?
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Figure 20 STOP 5. Lit-par-Tit structures of SCGI and U,P1.

Continue on I-95%.

STOP 6.

Park on right at edge of turnpike. WATCH FOR TRAFFIC.
Walk ~ 100m. examining ocutcrop. OQutcrop is predomi-
nantly SCGl with diffuse patches of SCGIII. This

stop offers another opportunity to examine the assimi-
lation of xenoliths and the biotite schlieren seen at
STOP 3. Several very mafic blocks =~ Im. in length
show varying degrees of assimilation. These blocks
appear to define a relict stratigraphy which is at an
angie to the phase layering in 3CGI. Plagioclase +
biotite rims develop around the blocks at the contacts
to granite. Local concentrations of mafics in SCGI
appear to parallel the relict stratigraphy defined by
the enclaves, and are likewise at an angle to phase
tayering. Moving W. along the outcrop (i.e. moving in
from the dome margin) the dip of phase layering in SCGI
can be seen to increase. ~

Return to vehicles and continue on I-95S5.

Take exit 56 off I-955. Turn left at stop sign onto
Thimbie Islands Road.

Continue on Thimble Islands Road past STOPS 1 and 2

to the junction of Thimble Islands Road and Conn.
Rte, 148,

A3 41



——— ————r = gt

S —

1.9

0.6

0.2
0.1
0.1

0.1

0.2

20.8

1.4

21.6
21.7
21.8

21.9

22.1

Junction of Thimble IsTands Road and Conn. Rte. 146.
Straight across on Thimble Islands Road, following
sign for "Town Dock".

Bear left on Thimble Islands Road, following signs for
"Town Dock”.

Bear left on Thimble Islands Road.
Tennis courts on right.

Larg@ Yictorian mansion on right, Wallace Road on left.
Pon't take this entrance to wailace Road.

Wallace Road on left; Long patnt Road on r¥ght Turn
left on Waliace Road. Almost immediately there is a
small green house with a white picket fence on the
left: road forks just beyond this. Left fork goes up
hill--do not take this. Take right fork into woods.

Track bends sharply to right through marsh. Park in
turning circle on left. Follow main track around to
right hand side of quarry--continue to far wall {east
side) of guarry.

STOP 7.

DANGER--DO NOT CLIMB QUARRY WALLS.

Two old quarries near core of dome contain a garnetifer-
ous facies of SCGI intimately associated with the more
typical garnet-free SCGI. Strain is low in both types
(cf. STOP 3). The garnetiferpus facies is irregularly
distributed on a scale = 10m; it does not show clear
contact relations to SCGI. Enclaves of semi-pelitic
material here are assigned to the Middle Plainfield;
they show no consistent relation to the development of
garnets in SCGI. Both garnet-bearing and garnet-free
SCGI are cut by small veins of coarser, random-textured
material. The veins in garnet-free SCGI appear to be
of SCGITI type, and commonly show a well-developed
selvedge (as was seen at STOP 3). Garnetiferous SCGI
carries veins which are vich in Kspar+garnet; these
veins typically lack a selvedge. Garnets in the veins
are up to 5x the grain diameter of those in the host
(see sketch). There is no systematic pattern to the
orientation of the veins {Plate 3).
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Figure 21 STOP 7. Garnetiferous {?} SCGIII vein in
garnetiferous {7) SCGI.

The garnetiferous facies of SCGI has not been found
elsewhere in the dome. Samples from these quarries
were among those used by Hills and Dasch (1972} in
dating the so-called Stony Creek Granite.

Return to vehicles.

Drive back down track to Wallace Road.

Turn Teft onto Wallace Road, then almost immediately
right onto Thimble Islands Road at stop sign.

Thimble Islands Road Tennis Courts. Park by tennis

courts, walk through motel grounds to outcrops on
shore.

STOP 8.

{At the time of writing, we are unclear whether we will
be able to obtain permission to visit this site.)

Qutcrops below Stony Creek Pier show extensively mig-
matised and folded Lower Plainfield Formation {Plate 4
and sketch below). Biotite-gneisses predeminate,
often carrying veins rich in garnet. Highly aluminous
layers consist of biotite + garnet (up to 25% gt)--
these do not appear to be restitic, but appear to be
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Plate 3 STOP 7.
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Plate 2 STOP 3. Close-up of SCGIII,

Garnet veins in SCGI.
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original compositional layering. There are rare
amphibele-rich lenses. Garnet-biotite geothermometry
suggests T ~ 770%C here. Migmatite lenses in the
Lower Plainfield are warped into open, upright folds;
these folds are locally cut by small shears. Many
leucosomes are trondhjemitoid, with tiny garnets
enclosed in plagioclase ¢rystals. The outcrop is cut
by a large vein of massive pegmatite; at first glance
this resembles SCGIII pegmatites such as seen at STOP
5, but it seems to be more quartz-rich, Kfeldspar
poor. Locally it may contain biotite 3ch]1eren and
locally has garnet + muscovite. :

This outcrop is near the core of the dome, and is
therefore presumed to be Tow-strain. At STOP 12 we
will see very similiar lithologies to this, but show-
ing more sign of strain. This variation in strain
across the dome, and consequently variable fabric,
makes correlation of the granitic units very difficult.

Return to vehicles.

Turn right at stop sign onto Thimble Islands Road.

Turn right at stop sign onto Conn. Rte. 146. This
takes us back past the entrance to STOP 3.

SLOW--DARGEROUS BRIDGE AGAIN! Wave to those field trip
participants stranded at first attempt at this bridge.

Road bends to right with New Quarry Road on left, and,
immediately afterward, 0ld Quarry Road on r1ght Turn
right down 01d Quarry Road.

01d Quarry Road ends in circie. Park here. Halk
between stone gate posts into "Yale University--
Peabody Museum Field Station".

Walk past house to outcrops on shore. (If doing this
subsequent to NEIGL, ask permission at the house.)}
LUNCH STOP

5TOP 9.

BE CAREFUL ON STEEP ROCKS!

Good exposures of SCGII, showing strong compositional
banding defined by stringers of biotite + garnets,

also strong shape fabric in quartz and feldspar (Plates
5, 6}. Localiy this fabric wraps augen of Kfeldspar.

A3-45



-

v

107

Plate 4 STOP 8. Migmatised L.PL. with Plate 6 STOP 9. Close up of garnet and
selvedges. Note flexures and cross-cut biotite stringers in SCGII.
pegmatite veins.

Plate 5 STOP 9. Strongly lineated SCGII. Note flattened
aplite.
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5CGIT is typically associated with Lower Plainfield
Formation, but this is rare here. Biotite-rich
enclaves of Lower Plainfield are locally rich in
garnet; wisps of this material can be traced out

into enclosing SCGII, where they form strands of

tiny garnets. The biotite + garnet layers may be
interpreted as highly strained layers of restite, or
as the result of deformation of an original biotite +
garnet-bearing granite.

An aplitic unit can be seen within the SCGII, at a
Tow angle to layering; this may be a vein rotated
into near-paralleiism with layering during deforma-
tien. Both the layering in SCGIL and the aplitic
unit are deformed by shear zones identical to those
seen at STOP 3.

Return to vehicles and retrace 01d Quarry Road back
towards Conn. Rte. 146.

Bear left, following'one-way" sign. At stop sign turn
right on Conn. Rte. 146,

Moose Hill Road {leading to STOP 4} on left, Shell
Beach Road on right. Turn right down Shell Beach
Road.

Sign on left reads "Private Beach, Leetes Island
Members Oniy”. Park at right, by beach. Obtain
permission if necessary. Walk to outcrops on right
of beach. DO NOT ENTER GARDEN.

STOP 10.

Migmatised Lower Plainfield, SCGII and SCGIV.

Biotite schist horizons of the Lower Plainfield

carry very large plagioclases; are those porphyro-
blasts growing in situ by a metamorphic/anatectic
process, or are they porphyroclasts indicating
preferential deformation of originally coarser areas?
Note the occurrence of isolated very coarse Kfeldspar
elsewhere in the outcrop. Garnet-biotite temperatures
here are ~ 73009C. As seen at STOP 8, the Lower Plain-
field is deformed by early open folds and late shears.

SCGII is apparently interlayered with the migmatised
Lower Plainfield, and shows the same shear deformation.
This is presumably contemporaneous with that at STOPS 3
and 9. Biotite schlieren are common within masses of
SCGII. SCGIV is developed as diffuse patches within
shear zones in SCGII, and can be distinguished by its
lack of fabric {it cross-cuts Tayering in SCGII) and

by the presence of abundant garnets. These garnets

are coarser than those in SCGII.
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The outcrop is cut by a huge pegmatite vein {crystals
up to 6cm.) bordered by huge biotite crystals. The
relationship of this pegmatite to that at STOP 8, and
in turn to pegmatitic SCGIII at STOP 5, is unknown.
Such pegmatites are very commen in this part of the
dome, and show similarities to the pegmatites described
at "Narragansett Pier Granite of Blackhall type"

further east in Connecticut (Lundgren, 1967).

Return to vehicles.

Continue along Shell Beach Road.

Shell Beach Road bears left; do not take right fork
(Point Road--Dead End}. Immediately afterwards turn
right into Rockledge Circle (one-way) and park.

Walk back down Rockledge Circle and turn right onto
Beach Road. After 0.1 mile read forks; Boulder Road
to left and Great Harbeur Drive to right. Bear right,
first house on right {no 72) sits low by water. Cross
garden of no. 72 (obtain permission) and descend steps
to water's edge.

STOP 11.

This again shows SCGII and Lower Plainfield, as at the
previous stop, but here the contacts between the two
are marked by selvedges. Enclaves of very coarsely
crystalline bi + plag + gz can be found in SCGII. Are
these xenoliths of Lower Plainfield caught up in intru-
sive SCGII and subsequently deformed, or are they
restites produced complementary to SCGII during
migmatisation of Plainfield?

This outcrop shows a very strong fabric in SCGII.
Note pods of musc + gt-bearing aplite elongate
parallel to foliation--this material is similiar to
the SCGIV developed in shear zones at STOP 10 and
which will be seen again at STOP 12.

Walk round outcrop to front of house. This shows a
possible contact between SCGI and SCGII. Granite here
has the strong lineations typical of SCGII but lacks
the characteristic garnet. Veins here are of the
SCGIII type normally found in association with SCGI
(as at STOPS 3 and 4). 1Is this rock transitional
between SCGI and SCGII, or can a contact between two
distinct types be traced? Could it simply be a high-
strain facies of SCGI?
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Look at outcrop by seawall. This shows the concordant
contacts between Lower Plainfield and SCGII. Migma-
tised Plainfield has abundant coarse garnet in leuco-
SOMes .

Return to vehicles.

Drive round Rockledge Circle back to Shell Beach Road.
Turn left on Shell Beach Road and drive back past
stop 10 to Conn. Rte. 146.

Junction of Shell Beach Road and Conn, Rie. 146. Turn
right onto Conn. Rte. 146,

Conn. Rte. 146 swings sharp left under railroad bridge.
Turn right on Mulberry Point Road.

Junction of Mulberry Point Road and Chaffinch Island
Road; continue straight on Mulberry Point Road.

Follow Mulberry Point Road round to left.

Park on right.

Turn around, walk 0.1 mile back along Mulberey Point
Road to junction with Daniel Avenue. Turn ieft onto
faniel Avenue.

Walk 0.4 mile up Daniel Avenue; follow the "one-way"

- sign.  Turn right at stop sign onto Indian Cove Road.

Walk 0.1 mile on Indian Cove Road, turn left onto
Spencer Avenue.

At junction of Spencer Avenue and Prout St., go left
down grass slope towards sea, keeping the red house
on your right. This is a right-of-way. Turn right
at shore and walk ~ 0.5 mile along outcrops.

TAKE CARE ON STEEP SLIPPERY ROCKS.

STOP 12.

The first set of outcrops shows a sharp contact

between SCGII and amphibolites of the Lower Plainfield
Formation. Folds and shears are well-developed (Plate
7}. Garnetiferous leucosomes (SCGIV} occur in shear
zones {Plate 8). MNone of these leucosomes can be
traced for more than 3m. across the outcrop; their
contacts to SCGII are generally sharp. The leucosomes
trend sub-parallel to shears., Note the very strong
lineation at this outcrop, marked by extreme elongation
of quartz and feldspars.
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Plate 7 ST0OP 12. SCGII showing strong Plate 9 STOP 12. Migmatised L.PL. with
augen bent into shear zone at Teft. pegmatite (?)=SCGILI.

Plate 8 STOP 12. SCGIV concentrated in shear zones in SCGIIL.
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Figure 23 S7TOP 12. Drag folds around pegmatic
boudins in L.PL.

\ R

within SCGII.

~

. M \\
o~ \\:' ,;\\\:i;:\x Figure 25 STOP 12. SCGIV forms diffuse patches

Figure 24 STOP 12. - SCGIV concentrated
in shear zones in SCGII.
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After ~ 0.25 mile we reach a very large shear zone
just before the house on the point. A pegmatitic
granite of the type seen at STOP 10 (possible NPG)
occurs in this shear zone; it makes a sharp contact
“to an aplite which in turn cuts SCGII. A boudinaged

< vyein in the Lower Plainfield here (see sketch) shows
drag folds suggestive of top-to-S.E. motion.

Round the point, just below the cairn. fofuse
patches of SCGIV in SCGII have abundant coarse garnet.

50 meters further on, we return to the amphiboiite
seen at the first outcrop of this stop, veined by
coarse Kspar + bi pegmatite of possible NPG-Blackhall
type (see Piate 9).

Raturn to vehicles.

. THIS IS END OF TRIP.

We will return to Branhaven Plaza to collect vehicles.

0.0 31.1 Drive back down Mulberry Point Road.

0.1 - 31.2- Junétion of Daniel Avenue and Mulberry Point Road.
Turn right onto Muiberry Point Road.

1.1 32.3 Junction of Mulberry Point Qoad and Conn. Rte. 146,
Turn left onto Conn. Rte. 146.

0.7 32.9 SLOW~DANGERQUS BRIDGE

1.7 34.6 Junction of Conn. Rte. 146 and Thimble Islands Road.
-Turn right on Thimble Islands Road. "

1.5 36.1 ~ Turn left onto I-955 (signed for "New Haven and West").

1.0 37.1 Take exit 55 off I-955. On reaching stop sign, turn

right at U.S5., Rte. 1 west. Drive 2.8 mile along
Rte, U.S5. 1 west; turn right at 1ights into Branhaven
Plaza. There is no exit 53 in this direction. :

FINAL NOTE: Excellent polished samples of éraniteffrom STOP 3 gan be
found facing the General Post Office in downtown New Haven.
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BEB&GCK GEOLOGY OF THE DEEF RIVER AREA, CONRECTICUT
R. P. Wintsch

Indiana University
Bloomington, IN 47405

Introduction

The geolopgy of the Deep River area2 ig critical to understanding
regional structural relationships in southeastern New England because at
leagt four major terranes: the Avalon, Nashoba, Merrimack and Bronson
Hill (see Zartman and Naylor, 1934} converge here in a 1 km wide zone
between Chester and Centerbrook, just west of the Connecticet River
{Fig. 1). Mapping in the Deep River area by Luadgren (1963, 1964) hag
led him {Lundgren, 1962) and Dixcon and Lundgren {1968) to propose that a
ma jor recumbent syncline of regional significance jolns what would now
be called the Bronson Hill with the Avalon and the Merrimack with the
Nashoba terranes. Because of the important constraints that the geology
of the Deep River area places on these regional interpretations, the
narrow belt of rocks between the Bronsgson Hill anticlinorium and the
Avalonian terrane, known informally as the Appendix, has been restudied.
Probably the most importent structural interpretation proposed by
nundgren {1962) in the Deep River ares is the Chester gyncline, which he
believed to be overturned te the west. The evidence for this Interpre-
tation stemmed from (1) the correlation of the pelitic units, Putnam
gneigs and Brimfield formation (Lundgren, 1963, p. 28) and (2) the
correlation of three belts of plagioclase gneiss in the Deep River
quadrangle (i.e., Turkey Hill, Hadlyme and Cedar Lake) as a single
gtratigraphic unit (Lundgren, 1962, p. 14}. These correlations
suggested that Hebron Formation (Table 1) occupies the core of the
Chester syncline, with Putnam gneiss and Hadlyme plagioclase gneiss
forming the overturned east limb, and Brimfield formation and Turkey
Hi1l plagloclage gneisg forming the normal west limb. Once established
in the Deep Riwver area, the concept of an overturned syncline was
extended farther to the north and eagt, and has become the domlnaunt
gtructure in interpreting structural and stratigraphic relationships in
eagtern Connecticut (Dixon and Lundgren, 1968).

Since 1959 when Lundgren completed fleld mapping in the arga wuch
new work has been undertaken that bears on structural and
stratigraphic interpretations. HNew geological work includes the
subdivigion of the Putnam gueiss into nine stratigraphic units (Dixon,
1964), the completion of quadrangle mapping in most of eastern
Connecticut (Rodgers, 1985), the recognition of major lithotectonic
terranes In New England (e.g., Zartman and Naylor, 1984} and detailed
geologic mapping in the Deep River area (Wintsch, 1979; Wintsch and
Kodidek, 1981; Wintsch, unpub.). Copies of the detalled bedrock
peclogic map of the Deep River area {Wintsch, in prep.) will be
available through the Comnecticut Geclogical and Katural History Survey.
New geochemical work includes a large number of major—element chemical
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1.

Tectonic map of Southeastern New England, showing the distri-

bution of the four meajor terranes as outlined by Zartman and Naylor

{1984).

All four terranes med

t in the Deep River area of south-central

Connecticut (Fig. 2) and the geology of that area is thus critical to

understanding the relatiouships among these terranes.
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analyses made from samples of the abundant plagioclase gneisses in the
Bronson Hill and Avalon terranes (Wintsch and Grant, 1980; Webster and
Wintgch, 1984; Leoc et al., 1984) and the large number of Pb-U age

.determinations measured from zircons collected from all terranes {Leo et

al., 1984; Zartman and Naylor, 1984; Hermes and Zartman, 1985; Zartman
and Leoc, 1985). These new data have led to subsequent interpretations
that include the correlation of rocks south and east of the Honey Hill
fault with the Avalon terrane {Goldsmith, 1980; Rodgers, 1983), and the
correlation of the Putnam gneilss with the Late Proterczole Nashoba
terrane (Zartman and Naylor, 1984).

This trip is based on these new fleld and laboratory data that also

- form the basls for a reinterpretation of the Chester syncline. The most

important result of this study is the identificatiom in the Deep River
area of all the terranes recognized on a regional scale {e.g., Zartman
and Naylor, 1984), and the identification of major ductile faults at
terrane boundaries. TIn the southeastern portion of the mapped area the
plagioclase gneisses of Hadlyme (Zwh) and Essex (Zwe) intruded by a
granite (Zgph) and locally overlain by an amphibolite-rich plagicoclase
gneigs (Zwe) constitute the northwestern portion of the late Proterozoice
{Stop 2a) Avalon terrane (see Filg. 2). The northern and western
boundaries of the terrane are defined by ductile faults {(Honey Hill,
Stop 7; Falls River, Stop 2; and unnawmed, e.g. Stop 4). In the western
portion of the mapped area lie the Ordovicilan Monson Gneliss and Middle—
town Formation of the Bronson Hill terrane. The eastern and southern
boundarieg of this terrane are defined by the ductile Bonemill Brook and
Falls River faults {Fig. 2x}). Pinched between these Avalon and Bronson
Hill terranes in the Appendix lie fault slivers of Hebron Formation of
the Merrimack terrane. Rocks of the Putunam-Nashoba terrane (Ztay, Ztal)}
are not found between Chester and Centerbrook and must be cut out by the
fault separating O0Th from Zwc {(Stop 4).

This interpretation of several discrete terranes in the Deep River
area 1s not consistent with the interpretation of the Chester syncline,
which requires the correlation of map units Zwe and Zwh with Om (See
Table 1 and Lundgren, 1962). The differences in age (Stop 2a) and in
chemical compogition {(Wintsch and Grant, 1980; Webster and Wintsch,
1984) make such a correlation doubtful, and supperts the Interpretation
that the twe structural blocks do constitute discrete terranes.

Stratigraphy

The correlation and age assignment of stratified rocks in the Deep
River area made Iin thls study differ in some important ways from those
made by Lundgren (1963; 1964), aes outlined in Table 1.  The most
significant difference 1s that In this study units are grouped by
terranes and no correlations acrogs terrane boundaries are made. This
differs from the treatment of Lundgren who correlated the Brimfield
Formation with the Putnam gneiss and assigned three geographically
digtinct belts of plagicclase gnelss to the single unit: Monson Gneiss
(Table 1). 1In the present study rocks of the Putnam gneise of Luandgren
{1963; 1964) are subdivided into the Yantic and lower members of the
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Table 1. Comparison of mapped units and of correlation of units by Lundgren (1963, 1964) and Wintsch

(thiz study)

Lundgren (1963;1964)

Wintseh (thls study®)

SINCLE TERRANEA

BRONSON HILLI, TERBRANE MERRIMACK TERRANE

NASHOBA TERRANE

AVALON TERRANE

Hebron FormationE

(h)

Canterbury Gneiss

(c)

Brimfie1ld® PutnamP
Formation OGneiss

{bm) Pelitic
{pm}
Cale~
silicatel
(pe)
Middletown Formationf
(mig)
Monson Gneiss
{m)
Turkey Hill belt®
(mTK)
Hadlyme beltH
(mg)
Cedar Lake‘baltﬁ
(mCL)
New London Gnaissz
{n)

Sterling Gneissd

(sgb)

. ﬂiddi&townF

Granitex
(Bp)

Canterbury Gneiss

Granite (?p)I

(De)

Granite Gneiss Hebron Formation
(0?gg) (0?h)

Tatnic Hill FmP
Formation

{Om) Yantic Member
(Ztay)
Monson Gneiss® Lower Member
{Omo} {(Ztal)
Mylonitic
Gneiss

{ Curom )

Sterling gnaissJ

{Zsph)
Waterford GroupK
Gneiss of Chester?
{(Zwc)
Gneiss of HadlymeH
{Zwh)

Gneiss of Essexh
{Zwe)
Mylonitic gneiss
{Zwem)

H

Quartz-Biotite
Gunelss of
CenterhrookE

(Ze)

Amphibolite Gneisst

aof Plains Road .
(Zp)
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A11 rocks are considered by Lundgren (1962; 1363; 1964) to belong to a single terrane.
Rocks are divided into four terranes and no correlations across terrane boundaries are wmade.

Brimfield Formation not mapped along eastern margin of Middletown Formarion., Local rare

sillimanite~bearing schist mapped here as mylonitic Hebron Formation in the ductile Bonemill
Brook fault (see text). .

Putman gneiss of Lundgren (1963) subdivided into Yantic and lower members of Tatnic Hill
Formation (Dixon, 1964) and gneiss of Chester {Zw:z).

Cele~silicate unit in Putnam gneiss mapped here as part of Hebron Formation except south of
Falls River fault where Lundgren's (1964} quartz—biotite-plagioclase gneliss (pgg) variety of
Putnam gneiss and his Hebron Formation are mapped together as gneiss of Centerbrook {(Zc).

Middietown Formation of Lundgren {1963, 1964) unchanged north of Falls River fault, but mapped
ag Amphibolite gneiss of Plainsg Road south of Falls River fault.

Turkey Hill and Cedar Lake belts mapped together as Monson gneiss.

Hadlyme belt bf Lundgren (1962, 1963) equated with the Rope Ferry Gneiss of Goldsmith {1980)
and subdivided into gneisses of Chester, Hadlyme, Essex and mylonitic gneiss.

New London gneiss of Lundgren (1963, 1964) not mapped, but may be equivalent in part to Granite
(Fp).

Sterling Gneiss is unchanged, but mapped area is expanded.
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Tatnic Hill Formation, and the amphibolite-rich plagicclase gnelss of
Chester. The Tatnlc Hill Formatlon is correlated with the Nashoba
terrane {e.g. Zartman and Naylor, 1984) which is late Proterozoic In age
(Olszewski, 1980), The gnelss of Chester 1s considered part of the
Avalon terrane because of its gradational lower contact with the
plagloclase gnelss of Hadlyme (Table 1).

The Monson Gnelss of Lundgren 1s subdivided here on the basls of
mineralogy, the presence of amphibolite xenoliths, and on major element
chemical trends, and age assignments are made in view of new Pb-U dates
by Zartman and Navlor (1984) Leo, et al. (1984), Zartman and Leo (1985)

" and Aleinikoff (pers. comm., Stop 2a). In the present study, the

Hadlyme belt with relatively high concentrations of T10,, Al,04, Mg0 and
Ca0 is correlated with the Rope Ferry Gnelss of the Waterford Group of
Goldsmith (1980) of the Avalon terrane. The Cedar Lake and Turkey H111
belts, wlth relatively high SiOZ, K90 and Nay0 concentrations, are
undivided 1o the Bronson Hill terrane, although there I1s some
geochemical evidence (Webster and Wintsch, 1984) that they may be
different metavolcanic units.

Bock ¥Units

Three important types of metamorphic rocks are recognized in the
Deep River area: metalntrusive orthogneisses, stratified meta-
sedimentary and metavolcanlc schists and gneisses, and blastomylonitic
schists. Many guelsses ln the Deep River area ave igneous in bulk
compoelition, but very high grade metamorphilsm, and locally intensge
ductile deformation have glven these rocks a very strong folilation
that often obliterates primary structurea and contact relationships.
Thug gsome rocks mapped here as metavolcanic {(Om, Omo, Zwe, Zwh) could be
orthogneisses, but in the absence of evidence to the contrary, are
indicated as wetavolcanics. HMetasedimentary rocks include both pelitic
and calcarecus schists and gneisses (Omom, Zwenm)., Rocks whose textures,
puterop scale structure, and perhaps also wineralogy have been strongly
influenced by deformation and metasomatlsm are Indlcated as tectonle or
blastomylonitic schists and gnelsses. Bome of the unlts in the mapped
area (Fig. 2) have not been described before, and informal names are
adopted peunding formal definition of these unlts. Rock units are
described briefly below without regard to terrane. For correlation of
mapped units, see Table 1.

Strarified Rocks

Om Middletown Formatlon. A dark gray to black weathering
hornblende gnelss and amphibolite unit (Lundgren, 1963), often finely
iayered on a grain scale. 1In fault contact with 0?h.

Gmo Monson Gnelss (plagloclase gneigases of Turkey Hill and Cedar

TLake, ' Lundgren, 1963). A light to medium gray weathering quartz-

plagloclase-biotite anthophylliite gnelss {Stop 10) of high 510, (> 70
wt. Z) composition (Step 5, 9, 10) of Ordovician age (Zartman and
Naylor, 1984}, Interlayered contact with overlying Omm.
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0%h Hebron Formation {(Lundgren, 1963). 0live green to gray

weathering plagioclase~quartz—bilotite schist rnommonly inter—-layered on a

cm scale with diopside and/or epidote bearing schists (Stops 3, 4).
This unit includes most of Lundgren's (1963) Hebron Formation, calc-
@#ilicate unit in Putnam gneiss. Rare, thin gillimanite bearing biotite
gchists mapped by Lundgren {(1963) as Brimfleld Formation are also
included. The interlayered lower contact with Ztay suggests that this
unit may also be late proterozoic in age, but Rodgers (1983) indicates
it as S0h. '

Zray Yantic Member, Tatnic Hill ?armation'{part of Putnam gneiss of

Lundgren, 1963). Pale to medium gray weathering quartz~plagloclase-
mugcovite-biotltre schist characteristicly mixed at a 5 cm scale with
quartz-plagioclase microcline granofels. Rocks usually contain
conspicuous 1-2 cm plagioclase augen and up to 20% retrograde muscovite

“and are probably late.Proterozolc In age by correlation with Ztal.’

Gradational upper contact with Hebron Formation.

Ztal Lower member, Tatnic Hill Formation (part of Putnam gneiss of

Lundgrea 1963). Brown to buff weathering, garnet and/or sillimanite
bearing pelitic schists (Stop 7) of probable late Proterozoic age by
correlation with the Nashoba block (Olszewski, 1980; Zartman and Naylor,
1984). Upper and lower contacts are faults.

Zwe Amphibolite~rich plagioclase gneiss of Chester {part of Putnam

gnelss of Lundgren, 1963, 1964). A mixed unit, approximately equal
amounts of plagioclase gneiss of similar composition to Zwh and of
amphibolite of ollvine tholeiitic to alkalil basaltic composition (Stop
7). The lower contact is interlavered with Zwh, and the upper contact
is defined by the Honey Hill fault. The interlayering with Zwh suggests
a mixed metavolceanic protolith.

pAT Plagioclase gneiss of Hadlyme {Hadlyme belt of Monson Gneiss

of Lundgren, 1963). Light gray weathering plagioclase~guartz~blotite-

hornblende-magnetite gneiss of low Si0y («70%) dacitic composition,
correlated with the Late Proterozoic Waterford Group of Goldsmith
(1980).

Zc Quartz~biotite gneiss of Centerbrook mapped as both quartz-

biotite-plagioclase gneliss variery of Putnam Gneiss (pgg) and as Hebron
Formation by Lundgren {(1964), Gray -to buff weathering quartz—
plagioclase~biotite grancfels in 5 cm thick layers. Lacks cm secale
layering and calcsilicate beds typical of Hebrom north of Centerbrook.
Wo contact relatlonships are exposed, but late Proterozcic age aggumed
by association with gneisses of the Waterford Group.

Zh 4 dark gray to black weathering hornblende gneiss unit

cecurring between Zc and Zwe south of Centerbrook. Contact
relarionships not exposed, but a late Proterozoic age is assumed by
association with gneisses of the Waterford Group.
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EXPLANATION

(Terranes undivided, see Table 1)

STRATIFIED ROCKS INTRUSIVE ROCKS MYLONITIC ROUKS
i Pe I Graniie
bc E Canterbury Gneiss

Middletown: Formation g | Granite gneiss of Ivoryton

Hebron Formation

: £ Polter Hill Gnaiss of
i Zsph .
Ztay ; Yanlic Member i Sterling Plutonic Group
o
82
Lower Member %
-
g
& Amphibofite «rich Plagioclase anthogneiss ) . )
= 2w Zwem hist
& gneiss of Chester of Essex Mylonite schist and gneiss
ko] '
@ || zwhe | T APIOCIASS gness -l 71 Stop oumber -5 Geologic bounda
% - -+ of Hadlyme v 9 &

I Zc I Greiss of Centerbrook \L Thrust Tault /’—— Highway
\\ MNormal fault
‘ Ip } Gneiss ot Plaing Road

Fig. 2. Preliminary geologic map of the Deep River area, Connecticut,
basged on detailed mapping {scale 1:12,000G, Wintsch, 1979; Wiatsch and
Kodidek, 1981; Wintsch, unpub.). Geology in Gillette Castle area is
based on drill core data. Correlations of units based, in part, on
chemical and isotopic data, are shown in Table 1. Abbreviations =
G.B.¥., Great Brook fault; P.B.F., Pattaconk Brook fault; H.H.F., Honey
Hill fault; Bm.B.F., Bonemill Brook fault: F.R.F., Falls River fault.
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Intrusive Rocks (All terranes, see Table 1 for correlation of units)

Pp Pegmatite. Pegmatite dikes are ubiquitous in all rocks of the
Deep River area.. Pre- to syntectonlc follated dikes tend to be rich in
plagioclase and quartz, whereas post tectonic undeformed dikes tend to
be syenitlc to monzonltic in composition (Stop 2a). Larger pegmatites
are very common in ductile fault zones and may be Internally sheared
with the follation parallel to the surface of the fault in which they
intrude (Stop 9). Not mappable at the scale of Fig. 2.

Pg Granite at Deep River. A tan to buff weathering unfoliated
even textured guartz-K-Ffeldspar-plagioclase— magnetite~biotite granite.
Locally contains consplicuous red spots around magnetite crystals. Unit
includes a porphyrytic phase with 1 ¢m euhedral K~feldspar phenocrysts.
Thin dikes of this granite {1-4 m thick} cut Zwe on Book Hill. Zircons
from the buckled dike exposed at STOP 24 yield an age of about 270 Ma
{J. Aleinikoff, pers. comm.), Londicating a late Paleozolc age for the
late deformation In the Essex area which deforms both the dike and the
host gneiss. The unit may be equivalent, in part, to New London gnelss
of Lundgren {1963).

Dc Canterbury Gneiss. A grey to buff weathering quartz-K-
feldspar~plagioclase-biotite moderately to well foliated gneiss as
described by Lundgren (1963). Evidence that the gneiss is intrusive is
not found in the mapped area, but is based on its irregular outcrop
pattern across the state {see Rodgers, 1983), and itg younger age (395
Ma, Zartman and Naylor, 1984) than the age of metamorphism of the Yantic
Member of the Tatnfc Hill Formation { V440 Ma) as established by Rb-ST
whole rock analysis by Fignolet et al. {(1980) in the vicinity of Yantic,
Conn- The well developed foliation does show, however, that much
deformation is younger than 395 Ma.

0%gg Granite Gnelss of Ivoryton included with Monson gnelgs of
Lundgren (1964). A small body of quartz-K-feldspar-plagloclase-biotite
gnelgs mapped only in Ome northeast and east of Ivoryton. An age
younger than Ordoviclan is possible.

Zsph Potter Hill gneiss of the Sterling Plutonic CGroup of Rodgers
(1985). Buff to cream weathering, medium to coarse grained quartz-K-
feldspar~-plagioclase goeiss. No evidence was found that the gneiss is
an orthognelss, but locally crossg-cutting relationghlips farther east
{Goldsmith, 1966) sugpest that it is.

Zwe Orthogneiss of Eesex. Light to dark gray weathering
equigranular quartz-plagloclase~blotite~horoblende~magnetite—-gphene
gnelss. Inclusions of amphibolite are present in most cutcrops (e.g.
Stop 2A), and are locally abundant (8top 1}, Thelr shape 18 highly
dependant on strain, and may have aspect ratios from 2.5:1 to 100:1.
Inclusions of layered calc-silicate granofels occur with amphibolite on
Rt 153, 4 km south of Centerbrook suggesting that all Inclusions are
xenoliths, and that this gnelss Is an orthogneiss. Zircons from Stop ZA
have been dated as approximately 620 Ma by J. Aleinikoff, which
establishes a late Precambrian age for this gnelss.
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Mylonitic Rocks

Omom Blastomylonitic schist and gneiss mapped only along the Falls
River fault west of Ivoryton and included by Lundgren (1964) with the
Monson gneiss. Mylonitic schists dominate the unit, and the occurrence
of a small (30 x 30 m) ultramafic pod and a single outcrop of calc-
silicate gneiss suggest complicated tectonic mixing in the unit as well.

Zwem Blastomylonitic Schist mapped as part of the Putnam gneiss by
Lundgren (1764). Mylonitic schist and augen gneiss mapped only along
the Falls River Fault in Essex. This rock grades north into Zwe and
chemical analyses of the gnelss layers between the schists are similar
to less deformed gneiss, confirming that the gneiss could be derived
from Zwe by local metasomatism. '

Structural Geology

The most important structure identified.in this study is the 'S’
shaped ductile fault zone separating the Avalon terrane from the
terranes to the north and west (most obvious on Fig. 1), This fault
zone has been repeatedly faulted, which leads to the complex
distribution of units shown on Fig. 2. The upper loop of the 'S'
structure between Chester and Deep River is defined by an anticline
overturned to the west which folds the gneiss of Hadlyme (Zwh).. The
szme anticlinal structure 18 deflined by the Hebrom Formation, although
the outcrop pattern is complicated by later complex folding and faulting
in Chester. The large scale structure is thus a homoclinal sequence
folded around the Selden Neck fold of Dixon and Lundgren (1968), an
interpretation also conslidered by Lundgren (1962), but rejected because
of the correlations of Monson gneiss with the gnelss of Hadlyme.

The lower loop of the 'S' shaped structure is defined in part by
the Falls River fault. The fault is not well exposed except at its
eastern and westéern ends where mylonitic and blastomylonitic schists and
gneisses are locally well exposed. This fault juxtaposes both the
Bronson Hill and Merrimack terranes to the north with the Avalon terrane
to the south. However, the fault also cuts the orthogneiss of Essex, as
well as all units and structures in the Appendix, and thus the fabrics
in this zone probably reflect Permian reactivation of this major
tectonic boundary originally established in pre-Permian (Variscan?)
times.

One of the most striking features of the geology of the Deep
River area is the complexity of faulting. Almost all lithologilc
boundaries in the Appendix are occupled by ductile faults, and many
faults of small displacement also cut lithologic boundaries at high
angles (Fig. 2). Deformation occurred primarily under amphibolite or
granulite facies metamorphic conditions, and fault zones are commonly
characterized by strong metamorphic fabric (almost every stop this trip)
and locally also by the syntectonic intrusion of pegmatites or granites.

The relative timing of this faulting 1s revealed by crosscutting
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relationship. The Honey Hill fault, the oldest fault in the area, is
cut by the fault between Zwh and Zwe (Fig. 2). This fault and all
faults between Zwh and Omo including the fault tentatively correlated
with the Bonemill Brook fault of Pease (1982), are cut by the Pattaconk
Brook and Falls River faults. Both of these are fully ductile and
contain syntectonic pegmatite intrusions (eg. Stops 2 and 9) but
deformation along the Falls River fault occurred under upper wmost
amphibolite facles conditions, while that along the Pattaconk Brook
fault was lower amphibolite facies. Because the faults appear to have
operated at the same tilme, this difference in metamorphic grade probably
reflects the difference In crustal levels during thelr operaticn. This
is consistent with the higher grade of the rocks south of Essex
{Lundgren, 1966}, and supggests that their greater uplift post dated
activity on the Falls River fault. The other faults between Chester and
Centerbrook that strike ~ N60OW and produce dextral displacement do not
contain pegmatites, show very little ductile drag of earlier fabric
(Stop 3) and sometimes contain lower amphibolite or upper greenschist
facies aszemblages. They are thus Ilnterpreted as having occurred at a
shal lower crustal level than the faults they cut.

Absolute dating of this faulting is difficult, but the retrograde
metamorphic path combined with the cooling history indicates that much
of the deformation cccurred in the latest Paleozole and early Mesozoic
(Wintsch and Lefort, 1984). The 270 Ma date on a folded granite dike
cutting Zwe (Stop 2a) further demonstrates the significant role of late
Paleozoic deformation as well as metamorphism 1n this area. of
particular ilmportance, 1s the potentially complete overprinting of pre-
Carboniferous fabric by thils complex late Paleozoic polydeformational
history.

interpretation of Fibrolite

Ancther important difference between the concluslons of Lundgren
{1962; 1963; 1964) and Wintsch (this study) stems from the
interpretation of fibrolite or sillimanite bearing assemblages. In this
study sillimanite is considered a wetamorphic mineral generated elther
by {1) prograde metamorphism of aluminum~rich, calcium poor pelitic
rocks, or (2) by small scale stress and/or strain-induced metasomatic
reactions involving blotite, orthoclase or plagloclase as reactants.
The uswal "prograde” sillimanite occurs 1in Ztal (Fig. 2). The most
convincing examples of the latter "syntectonic”" examples oceur 1n coarse
grained pegmatites. In pegmatites In the fault between Zwe and Zwc Just
north of Centerbrook and to a lesser extent at Stop 2, mats of pure
fibrolite up to 2 mm thick and 20 cm long define a complex network of
shear zones which cut arcund and through the very coarse grained
feldspar crystals. In thils case the reactions producing sillimanite from
feldspar, e.g.:

2K~feldspar + 2H' = s1llimanite + 5810, + Hy0 + 287

are metasomatic, and are high grade analogues of reactions producing
mugcovite from feldspar (sericitization). In other examples quartz-—
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sillimanite nodules occur in tandem in foliated pegmatites, in the meta-
volcanic Monson Gneiss, and the gneiss of Chester. In these examples
the occurrence of sillimanite reflects an unusual metamorphic

“environment and does not indicate a pelitic protolith.

One of the more interesting candidates for this syntectonic
occurrence of sillimanite is the blastomylonitic gnelss along the Falls
River fault (Stop 2). Here layers of sillimanite-biotite—garnet schist
are interlaced with quartz-plagloclase gneiss of chemical composition
very similar to Zwe, an intrusive orthogneiss. The interlayering of
these schists with an intrusive rock makes the interpretation of these
schists as Ordovician Brimfield Formation difficult to defend. In spite
of the larger scale at this outcrep, the syntectonic, metasomatic expla-
nation offered for the fibrolite above is also endorsed in this fault
zone. Other smaller fibrolite bearing schist layers are intercollated
with biotite and calc-silicate schists in the Hebron Formation along its
faulted WE and 5W margins and these are also considered candidates for
the metasomatic growth of sillimanite.

Lundgren interpreted all occurrences of sillimanite as 1ndicative
of a primary pelitic protolith. The locally fibrolite bearing Zwc was
mapped as Putnam gneiss by Lundgren (1963, see Straits Road Section, p.
34) and the locally fibrolite bearing Hebron Formatlion along the
Bonemill Brook fault was mapped by Lundgren (1963, see Bochim Road
section, p. 32) as Brimfield Formation. Thus the local occurrence of
slllimanite on both sides of the Hebron Formation in the Appendix, which
Lundgren (1962) 1nterpreted as stratigraphic repetition in the Chester
syncline is interpreted here as reflecting syntectonic, metasomatic
reactions associated with the complex strike parallel faulting which
isolates the Hebron Formation in the Appendix. The unusual example
along the Falls River faull is examined at Stop 2, and an example of
syntectonic muscovite (the lower grade sericitization analogue of
sillimanite in these reactiomns) in the fault separating Zwc and 0%h is
examined at Stop 4.

Acknowledgements

I have benefitted greatly from many discussions with H.R. Dixon, R.
Goldsmith, L. Lundgren, S. Quarrier, and M. Peasz about the geology of
south central Connecticut and H.R. Dixon, R. Goldsmith, S. Quarrier and
M. Pease read earlier drafts of this manuscript. Field assistance was
ably provided by K.K. Thomas (1980), A. Owens (1983) and J. Bernitz
(1984). Permission to include private property in this field trip was
kindly given by Wildwood Medical Specialists (Stop 1), Mr. Richard Moore
(Stop 7) and Stephen and Deborah Moore (Stop 9). A. Held patiently
typed this manuscript several times, and B. Moran and R. and B. Hill
prepared the Figures. Field and analytical work was supported by the
Connecticut Geological and National History Survery, the U.S. Geological
Survey, and grants from the U.S5.G6.5. (14-08-0001-G-632), Research
Corporation, U.S. Nuclear Regulaktory Commission (to P. Barosh) and the
National Science Foundation (EAR-8313807 and EAR 85-4166).

A4-13

127



128

References Clited

Dixon, H.R., 1964, The Putman group of easterﬁ.Conaectiaut: J.5. Geol.
Survey Bull. 1194~C, p. Cl-Cl2.

, and Lundgren, L.W., 1968, Structure of eastern Connecticut, in
Zen, E-an, White, W.5., Hadley, J.B., and Thompson, J.B., Jr.,
eds., Studies of Appalachian Geology, northern and maritime: New
York, Wiley Intersci. Publishers, p. 219-229. '

Goldsmith, R., 1966, Stratigraphic names in the New London area,
Connecticut: L.5. Geol. Survey. Bull. 1224-J, p. J1-J%

, 1980, Stratigraphic names in the New London area, Southeastern
Connecticut: A revigion, inm, Sohl, N.F., and Wright, W.B., Changes
in Stratigraphic nomenclature by the U.S. Geological Survey, 1979, .
U.5. Geol. Survey Bull. 1502~4, p. 91-103.

Hermes, D.D., and Zartmén, R.E., 1985, Late proterpzoic and Devonlan
plutonic terrane within the Avalon zone of Rhode Island: Geol.
Soc, America Bull 96, 272~282.

Leo, G.W., Zartman, R.E., and Brooking, D.G., 1984, Glastonbury gneiss
and mantling rocks (a modified Oliverian dome) in south—central
Massachusetts and north-central Connectlcut: Geochemlstry, petro—
genesis, and radlometric ages: U.8. Geol. Survey. Prof. Paper 1295,
45 p.

Lundgren, Lawrence, Jr., 1962, Deep River area, Connecticut:
Stratigraphy and structure: Am. Jour. Sci., 260, 1-23,

; 1963, The bedrock geology of the Deep River quadrangle: Conn.
Geological and Natural History Survey Quad. Rpt. 13, 40 p.

» 1964, The bedrock geology of the Essex quadrangle, with map:
Conn. Geological and Natural History Survey Quad. Rpt. 15, 38 p.

, 1966, Muscovite reactions and partial melting in scmt:‘neasi:ern
Connecticut: J. Petrel 7, p. 421-453.

, and C. Ebblin, 1972, Honey Hill fault in eastern Connecticut:
regional relations, Geol. Soc. Am. ’Bull 83, 2773~2794.

Olszewski, W.J. Jr., 19280, The geochronology of some stratified
metamorphic rocks in northeastern Masgachugetts: Am. Jour. EBarth
Sci. 17, 1407-1416.

Peage, MJH., Jr., 1982, The Bonemlll Brook fault, eastern Connecticut:
in Foesten, R., and Quarrier, 5.5., eds,, Guldebook for Fieldtrips
in Comnecticut and southcentral Massachusetts, State Geological and
Natural History Survey of Conn., Guidebook No. 5, p. 263-287.

Ad~1l4



Pignolet, S., Grant, N. K., and Hickman, M.H., 1980 Rb~Sr Geochronology
of the Honey Hill fault area, Bastern Connecticut (abs): Geol.
Soc. Am. Abstracts w. Progr. 12, p. 77.

Rodgers, John, 1985, Compiler, Bedrock geological map of Connecticut:
Connecticut Geologleal and Natural History Survey, scale 1:125,000.

Webster, J.R., and ¥Wintsch, R.P., 1984, Major element geochemistry and
possible subdivision of the Killingworth Dome, Southcentral
Connecticut (abs.): Geol. Soc. America Abs. with Prog. 16, 70.

Wintsch, R.P., 1975, Feldspathization as a result of deformation: Geol.
Soc. America Bull. 83, 35-38.

s, 1979a, Recent mapping in the Chester area, Comnecticut, and its

bearing on the Chester Syncline {abs.): Geol. BSoc. America

Abstracts with Prog. 11 (1), 60.

» 1979b, The Willilmantle fault: A ductile fault 1in eastern
Connecticut: Am. Jour. Sci. 279, 367-393,

» 1980, Retrograde zlumlnosilicates and low apyy 1o ductile shear
zones, eastern Connecticut (abs.): Geol. 8oc. Amerlca Abstracts
with Prog. 12 (7}, 551. '

__y and Kodidek, K.L., 1981, Local and regional implications of
recent mapping in the Essex area, {onn. {abs.j: Geol. Soc¢.
America, Abs. with Prog. 13 (3), 184,

Wintsch, R.P., and Lefort, J.P., 1984, A clockwise rotation of Variscan

strain orientation In SE New England and regional implicatioas: in
D.H.W. Hutton and D.J. Sanderson, eds., Varlscan Tectonics of the
North Atlantic Region, The Geological Scelety {London) Blackwell,
p. 245-251. :

Wintseh, R.P., 1in ptep. Detailed bedrock geologic map of the Deep River
area: Open File map, Connecticut Geological and Natural History
Survey, scale 1:12,000.

Zartman, R.E., Hurley, P.M., Krueger, H.W., and Gilettl, B.J., 1970, A
Permian disturbance of K-Ar radiometric. ages ln New Bngland-—its
occurrence and cause: Geol. Soc. America Bull., 81, p. 3359~3373.

Zartman, R.E., Leo, G.W., 1985, New radiometric ages on gnelsses of the
Oliverian domes in New Hampshire and Massachusetts: -Am. J. 5¢i.,
285, 267-280.

Zartman, R.E., and Naylor, R.5., 1984, Structural implications of some

radiometric ages of lgneous rocks in southeastern New England:
Geol. Soc. Am. Bull. 95, p., 522~539.

A4~15

129



130

ROAD LOG
Mileage

0.0 Asgemble at 8:00 a.am. at the commuter parking lot at the southeast
corner of the intersection of Rts 153, 9 and %A (Middlesex
Turnplike} between Essex and Centerbrook. The lot can be approached
from both the north and south via exit 3, Rt 9. . Follow both the
direction and the intent of the signs to this lot "PARK AND RIDE"
by consolidating Into as few cars as possible. Breakfast can be
obtalned locally on Rt 1533 in Centerbrook (Ted's Restaurant) or im
Ivoryton under the Ivotyton pharmacy (Aggle's). Set odometer at
00.0 mlles. On leaving the parking lot, turn left {south) on
Middlesex turnpike (Rt 9A)

0.2 Turn left (east) into the driveway of Wildwood Medical Speciélistﬁ.
0.3 Park in extreme eastern lot Just south of STOP 1.

STOP 1. Orthognelss of Essex (Zwe), The rocks at Stop 1 ralse several
issues of fundamental iwmportance to the problems of the area. The first
ig the Interpretation of the protolith of the plagloclase gnelss. At
the heart of earller Interpretations of the structure of the Deep River
area is the equivalence of all plagloclase gnelss as a single
stratigraphic unlt: Monson Gnelss Table 1. The moet consplcuous
features of thls outcrop are the abundant amphibolite blocks in the
guneiss of granodloritic composition (Flg. 3)» These blocks could have
formed either as xenolithe during the initial intrusion of a
granodioritic magma, or they could represent dismembered mafic dikes
boudinaged into these blocks durlng later ductile deformation. The
xenolith hypothesls 1s aupported by the occurrence of dlopside bearing
blockas of granofele with amphibolite blocks on the hill north of Viney
HI1l, in outcrops & km SW of Esgex on Rt 154, as well as farther to the
SW, and the gnelss is accordingly considered an orthogneiss., As such,
it cannot have stratigraphic equivalents, although It is probably
closely related in time to Zwh and Zwc.

The second question ralised by this exposure 1s the origin of
metamorphlc fabrle. The outcrop exposes several ductile shear zones
cutting the coarse grained gneiss (Fig. 3). The gneissocity defined by
disseminated blotite flakes dips 50° NW, and hosts a lineation defined
by blotite streaks plunging 40% NNW. Little or no compositional banding
exists parallel to this foliation. This {8 in sharp contrast to the
consplecucus grain scale compositional layering which 1s parallel to the
foliation 1n the narrow ductile shear zoneszs. The contacts of the ghear
zones are gradarional across 2 c¢m, and the modification of gnelssccity
te produce the younger, better defined follation is clear. The defor~
mation of xenoliths to aspect ratios pl00:il further demongtrates the
very high strain in these zones. That geveral shear zonees of differing
orientation cut this outcrop demonstrates that several fabric forming
events occurred In thils area. Thus map scale structures cannot be
interpreted from foliation attitudes until it can be demonstrated that
all foliations compared are of the same generatlon.
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EXPLANATION
3’ I;pﬂ; iwe m
vt v«
Pegmatile Orlhogneiss ol Essex Amphibolite

shear zone
shear zong

Fig. 3. Detailed geologic map of the northern exposure of the ortho-
gneiss of Essex (Zwe) at Stop 1, based on a photo mosaic (compiled by J.
Bernitz). A weak N-5 layering defined by amphibolite xenoliths is modi-
fied by two narrow ductile shear zones. The outcrop surface 1is nearly
parallel to late cross cutting pegmatite dikes which exaggerates the
width of pegmatite exposure.
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The small shear zones cutting the gneiss in this outcrop provide a
conceptual model for many of the structures In the Deep River area.
Most foliatiou In the Deep River area Is Interpreted to be varlably
transposed and modified by dextral and tov a lesser extent sinistral
shear strain, probably of Veriscan age (see Stop 2a), and no specific
foliation can be ascribed to the Acadian or Taconic orogenles with con-
fidence. '

0.4 Return to Middlesex turnpike and turn right (worth).
.6 Turn right and return to Park and Ride assémbly point. Walk along
the western and wmortheran edge of the parking lot to the road cuts

along the northbound entrance ramp of Route, 9.

STOP 2. Blastomylonite Schist (Zwem). Rocke mapped by Lundgren (1964)

as pelitic Purnam Gnelss based on the abundance of sillimanite 1in’
schistose layers. These rocks are Interpreted in the present study as
part of the Falls River fault zone. The rocks reveal several structures
characteristic of ductile fault zones, including blastomylonitic gnelss
that 1s locally iscclinally folded (especlally at the south end of the
cut}, small and large scale boudinage, penetrative lineations (here
sillimanite needles and biotite streaks plunging = 35°% NE) that are
parallel to gsmall isoclinal fold axes, and highly defermed concordant
feldspathic segregrations and syntectonic fibrolite mats in sone
pegmatites. There is also an apparent decrease in gtrain from south to
north which becomes even more apparent when outcrops farther up the hill
are included in the strain profile.

I propose that the stralp in this Falls River fault zone is not
only respousible for the well developed folistion, but might also have
driven the reactlon consuming bilotite and plagioclase and producing
si1llimanite and K~feldspar. Deformation induced metamorphic
differentiation might be responsible for the segregation of .quartz and
feldspars into augen and veins, leaving the aluminous blotite schists
behind. Evidence for thils comes from the nearly constant oxilde rations
of Fe, Mg, Al and Ti in five samples of plagicclase gneiss collected
across this outcrop. Constant element ratlons of these less moblle
components are gimllar to the same element ratlos of samples of Zwe from
nearby cutcerops {(e.g. Stops 1, 2a). Thig indicates that addition or
removal of alkalles and 5i04 could have modified the composition of
these plagioclase gneliss, and that Zwe could be the protoliths of this
gneiss. This is an alternatlve to the interpretation that the bulk
composition of these schists 1s Inherited from a metasedimentary pelitic
protolith. The sedimentary proteclith hypothesis 1s hard to defend given
that there is a gradational contact between the schists and the
intrusive orthogneiss Zwe.

0.7 Leave the parking lot. Turn right (north) on Middlesex turapilke.
Turn right {(East} at traffic light.

0.8 Turn left (north) on northbound entrance ramp to Rt %9, passiug
through the cuts of STOP 2.
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1.1 Relatively undeformed Orthogneiss of Essex is exposed in road cuts
on the left.

1.4 Begin large road cut on the right at the base of Book Hill., A late
vertical shear zone cuts the plagioclase gneiss and folds a late
granite dike. ‘ :

Optional STOFP 2Za. Orthogneiss of Essex (Zwe). This road cut exposes
several key features of this gneiss. The gnelss is a plagioclase gnelss
containing a low density of amphibolite xenoliths similar to those pre-
sent at STOP 1 south of the Falls River fault. Feoliation dips gently to
the northeast and generally parallels compositional layering defined by
amphibolite layers. The gnelss is cut by a sucrosic textured unfoliated
granite dike, and this in turn is cut by a vertlcal dextral shear zone
believed to be associated with deformation along the Falls River fault

(Fig. 4). Zircoas analysed by J. Aleinikoff suggest a 620 Ma age for the

gnelss and a 270 Ma age for the dike. This establishes a Permian or
older age for most of the deformation in the Late Proterozoic pla-~
gioclase gnelss, and a middle Permian or younger age for the steep shear
zones that deform the dike and for the assoclated deformation along the
Falls River fanlt as well as for the late, crosscutlting pegmatites.
Return teo cars.

1.6 Passing large, gently folded generally rare amphibolite layers im
the Orthogneiss of Essex.

1.7 Enter valley underlain by schists of Rogers Pond fault zone.
2.3 ExXit at exit 4.

2.5 Turn left (north) on Rt 9A toward Deep Hiver. Rt 94 closely
follows the strike of the schists in the Appendix.

2.9 Turn left {west) on Kelsey Hill Road. Road passes through Hebron
goeiss,

3.2 Park on soft shoulder under Rt 9 overpass.

STOP 3. Hebron Formation (0?h). Start at the east end of the road cut.
The Hebron Formation here 1s typical ip both lithology and structure of
the rocks immediately east of the Bronsom Hill anticlinorium and north
of the Honey Hill fault, The gneiss frequently contains alternating
0.5-1.0 cm layers of olive green calc~silicate~rich and biotite-rich
schist. <Calce~silicate-rich schist is well exposed just below a
pegmatite. The schist 1ls especially fisgile adjacent to a late cross
cucting fault (N70W, 4ONE). Such faults are common in Appendix rocks,
and from map plan have displacements of 200 m or less. Under the power
line the foliation takes on the normal N30W, 7O0NE artitude. Cleose to
the Rt 9 overpass is a second small shear zone (N80W, 40N) which shows
that the north side moves west, consistent with the map plan. Just east
of the anorth bound overpass of Rt 9 the schigt 18 rusty weathering and
contains fibrolite., Under the overpass is a mesoscopic fold showing
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Pegmatite Granite Orthogneiss of Essex

Fig. 4. Tracing of a photo mosaic of the west facing road cut on Rt 9
on the SW edge of Book Hill, 1800 m north of Interchange 3 1n Essex
Foliation in Zwe 1s indicated by dashed llnes. The orthogneiss of Essex
(Zwe} 1s cut by late granlte {(Pg) and very late pegmatite (Fp). A very
steep dextral shear zone deforms both Zwe and Pg, but not Pp. 4 U~-Pb
age of 270 Ma (J. Aleinikoff, pers. comm) from zivrcons from the
granite dike demonstrates that the vertical ductile fault zone is early
Permian or younger, and thus that the "Permian disturbance” of Zartman
et al. (1970) was dynamic as well as thermal.
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averturning to the west as does the much larger Deep River anticline.
The fine scale layering common to the Hebron Formation is well exposed
on the glacier-polished surfaces here. Under the southbound overpass is
a plagloclase-rich pegmatite. Tt 1s well folilated and boudinaged
showing significant post crystalllzation deformation. Toward the west
end of the outcrop is ancther west facing overturned fold. The steep
1imb of this fold is cut by a pegmatite dike parallel to the axial plane
of the fold. 1In this case the pegmatite 1is only weakly deformed and
boudinaged.

Return to cars. Turn around, go back to Middlesex turnpike (South Main
Street of Deep River}.

3.5 Turn left (north) on South Main St.

4.2 Turn right on to South Worth. Park in the lot behind the baseball
field. :

STOP 4. Deformed Hebron Formation (0?h). The rocks here show the
overprinting of greenschist facies fabries on the higher grade gnelsses
of the Hebron Formation. Walk west over the small grass covered hill
east of North Main 8t. where coarse—grained plagioclase~rich pegmatites
are boudinaged in the Hebron gneiss near its contact with Zwe., In the
next 5 m west, a transition to blastomylonitic schist is exposed on the
north side of the hill, and fresh samples may be collected in the road
cut on Scouth Main St. just south of the intersection.

THIS IS A DANGEROUS INTERSECTION!! STAY CLOSE TO THE ROAD CUTS!!

Note particularly the 1-3 mm thick layers of muscovite and chlorite
which anastomose through the higher grade assemblages. This is
interpreted as an example of reaction softening, where relatively wesk
phyllosilicates have replaced the stronger feldspar amnd allowed strain
to be localized in these new foliation planes. As the assemblage
clearly documents greenschist facies conditions, the outcrop farther
provides evidence of later strain at these lower grade conditions.

Return to cars. Leave parking lot, turn right {(north) on South Main St.
4%.7 Turn a sharp left at the traffic light onto Rt 80 west.
4.9 Cross Union St.

5.2 Cross the rarely exposed fault (potential suture?) separating

Hebron Formation {probably of the Nashoba terrane) from the Monson

Gneiss of the Bronson Hill terrane. Continue west under Rt 9.
3.7 - Turn right (nerth) on unidentified road (West Bridge S5t.).

5.8 Park under the first overpass.
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STOP 5. Monson Gneiss (Omo). Climb up the grassy bank to the cuts
along the exit ramp of Rt 9. .

STAY WELL OFF THE HIGHWAY!!

This exposure displays many features characteristic of the Monson
Gneiss where it is close to the Bonemlll Brook fault zone. Relative to
exposures farther west of the fault, this gnelss 1s generally finer
grained, much better follated and contalns conspicuous lineations formed
by blotite streaks and less often by quartz-feldspar rods. . It also
contains conspicuous feldspar augen possibly formed by strain induced
feldspathization (Wintsch, 1975). These are best exposed on top of the
outcrop on the weathered surface. Pegmatites locally cut the gneiss,
and evidence that dikes and s1lls are forcefully injected is present in
the form of mushroom shaped structure on the south face of the outcrop.
Large (up to 1 x 4 n) amphibolite boudins are well exposed on the east ’
facing cut. Foliatlon and lineations conspicuously wrap around these
boudins.

Southeast of the major outcrop is a smaller outcrop of pln-striped
amphibolite similar to Middletown Formation (Omm). Amphibolite with
this alternation of plagioclase-rich and hornblende-rich layers occurs
discontinuously along the fault separating the Hebron Formation from the
Monson Gneiss. This layering strongly contrasts the massive structure of
the amphibolite in the boudins, and is interpreted here as the result of
high stralin, similar to the shear zones at STOP 1. This outcrop also
contains internal boudinage, where boudin necks are filled with quartz
alone. The lack of plagloclase in these veins suggests that the boudins
formed under lower amphibolite or greenschist facies conditions where
guartz dominates veln assemblages.

Return to cars.

6.1 Continue easﬁ on West Bridge St. passing road cuts exposing blasto-
mylonitic Hebron Formation on the east side of the potentially major
fault. : :

6.3 Stop sign at -Union St.——Proceed east.

6.7 Turn right (south) on Rt 9A.

6.8 Turn left (east) on High St.

6.9 Turn left on River St.

7.6 Cross Valley Railroad tracks and park in the lot by the Connecticut
River.

STOP 6. Potter Hill Gnelss and late granite {(Zsph, Pg). In the
‘railroad cuts, and on the natural exposure on the west side of the lot
can be seen the interlayering of a medium— to fine grained, even
textured or sucrosic pink magnetite-bearing granite with a medium
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grained, gray blotlte-bearing granite gneiss. The pink sucresic granite
dominates at this exposure, and boudinaged amphibolite layers are also
present in a low natural exposure juoast west of the tracks. The sucrosic
granite forme sill-like structures on the natural exposure on the west
gide of the lot, suggesting that 1t is a relatively late intrusive unit,
and post dates much ¢f the fabric forming deformatlion in these rocks.

Return to cars. Leave parking lot, bearing right on to Kirland.

8.1 Hi11l on left contalns mixed gucrosic granite and bilotite-granite
gneiss. A slugle lens of amphlibolite 30 m long is exposed In a
cliff face.

8.4 Turn right {north) on to Rt 9A.

9.2 Turn right (east) at blinking light on to 01d Depot Road on the

north aslde of the Chevron Station.

9.3 STOP 7. Honey H11ll Fault (Ztal, Zwe). Probably the best place to
visit the Honey Hi1l1l fault zone in this area is along 014 Depot Road.
Several exposures of the garnet-biotite-rich lower member of the Tatnic
Hill formation can be examined in the garden& of the large stucko house
nerth of 014 Bepot Road.

THIS IS PRIVATE PROPERTY--OBTAIN PERMIBSION FROM OWRERS BEFORE EXAMINING
ROCKS*'

Exposures of amphlbolite~bearing garnet biotite schists in the front
yard of the house and under the patlio along the NE side of the house
reveal sets of asymmetric folds which coalesce to form ductile shear
zones. Garnet bearing pelitic gneilss is better exposed 60 m SE of the
house just north of 01d Depot Road. Here two sers of dugtile shear
zones alb high angles to the reglonal NNW'dipplug foliation ocutline four
gsides of a block of gneissg reminiscent of the tectonic blocks present
along the Willimantic fault {(Wiantsch, 1979). The retrograde reaction
(approximately):

garnet + K-feldspar + H,0 ——3>» biotite

can readily be seen in these shear zones. The biotite product forms
blade-shaped streaks and sheaths around the garnet porphyroblasts,
guggesting that the redaction was syntectonic. The biotite being weaker
than the reactant minerals provides an example of reaction softening,
and as 1t is a retrograde reaction occurring in the lower amphibolite
facles, it documents activity In the Honey Hill fault zone during waning
(lower amphibolite-upper preenschist facies) metamorphic conditions.
Small road cuts along 0l1ld Depot Road provlde the best Iocation for
collecting fresh samples. Just south of 0ld Depot Road in a narrow
vacant lot, amphibolite of Zwc ig exposed. One sample of this rock was
analysed by Lundgren (1963) and Is the metamorphic equivalent of an
olivine tholeilte. The actual contact between the pelitic Tatnic Hill
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formation and these amphibolites is not exposed, but drill core from
Gillette's Castle shows that the contact contalus only ductile {lower ;
amphibolite facies) mylonitic schists. Rocks at this coatact, indicated

by Lundgren (1963) as the locus of deformation along the Houney Hill
fault, do not contain the retrograde metamorpbic assemblages present in
blagtomylonites stratigraphically and structurally overlying these
rocks. ‘

Return to cars. Turn around, return to Rt 94,

9.5 Right {north) on Rt 94,

16.2 Left (west) at traffic light on Rt 148 toward downtown Chester.
11.1 Stralight through stop sign.

11.6 Right {north) on Pleasant St. following signs to "Elementary
School.”

11.9 Right {east) on Ridge Rd.

" 12.1 Right {south) to elementary school property. Drive around school
to basketball court on south side of school.

STOP 8. Canterbury Gneiss (Dc¢). Follow the small trall south west for
60 m« Turn right (west) toward 2 m high rubbly outcrop of Canterbury
gnelss. Note the gentle northward dip of the coarse gnelssocity.
Continue west 30 m along the contour to the break in slope at the edge
of the eliff. Here the follation In the rock Is abruptly overturned.
The fine graln size and the conspicuous compogitional banding 1n this
gnelgs in the emall abandoned quarry are thought to be caused by
relatively high strain 1n these overturned zounes. Similar zones of
overturned foliation between the Pattaconk Brook and Great Brook faults
are mapped as reverse fault zones on Fig. 2. The detailed relationships
of this area are shown on Fig. 5.

Return to cars. Leave parking lot. Return to Ridge Street.

Teft on Ridge St.

12.6 Right {(aorth}) on Pleasaat St.

12.9 Lefr at the stop sign on East Wig H111 Road

14.2 Right at stop sign on Bartkiewlcz Road.

14,3 Park across from the fifth house on the left of the rvoad.

STOP 9. GSheared Pegmatite. The pegmatite is well exposed in the rock

garden behind the house, but it 1s PRIVATE PROPERTY. OBTAIN PERMISSION
BEFORE ENTERING.
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Fig. 5. Detail of the geology of Chester, showing the 'S’ shaped over-
turned folds between the Pattaconk and Great Brook Faults. These, as
well as abundant outcrop scale folds all mimic the much larger scale 'S'
shaped fold defined by the Late Proterozoic Avalon Terrane next to the

Ordovician Bronson Hill terrane (see also Lundgren and Ebblin, 1972, p.
2783}.

A4-25

139



140

The features to be seen in this outcrop are the very shallow dip of the
pegmatite dike cutting the very steeply dipping plagloclase gnelsgs of
the Turkey Hill belt of Monson Gneisg. The pepmatite 1s on strike with
the Pattaconk Brook fault, and probably intruded the fault zone during
movement on it. Consistent with this, a weak layering defined by a
smaller grain size cuts the coarse grained quartz—-feldspar aggregate
and is parallel to the boundaries of the dike. These layers are thought
to be caused by deformation of the pegmatite after crystallization, and
reflects a second stage of movement on the Pattaconk Brook fault.

Return to cars. Turn around.
14.4 Bear right on Wig Hill Road.

14.8 Left (east) at stop slgn, onto Rt 148. Valley of Rt 148 is a
major splay of the Pattaconk Brook fault. )

15.7 Park in Commuter pa}king lot and walk to outcrop of entrance ramp
to Rt 9.

STOP 10. Monson Gneiss (Omo). This is a typical exposure of anthophyl-

lite bearing Monson gnelss, but displays a more complicated deformation
history than many single outcrops. The earliest prominant deformation
occurred under upper amphibolite facies metamorphic conditions where
ductile deformation folded preexisting foliation into tight isoclinal
folds, deformed and boudinaged amphibolite and early pegunatites, and
established a subhorizental lineation defined by anthophyllite blades
and biotite streaks. The resulting foliation dips "“30°NE aud locally
contains syntectonic feldspar porphyroblasts. This deformation 1s
interpreted as Late Penmsylwvanian in age, and reflects sinistral strike
slip motion in the faults bounding all Appendix lithologies.

This follation is cut by several pegmatites, the walls of which show
small offset. They could be related to pegmatites intruded into the
Pattaconk Brook Faulet (Stop 9), but rthelr WNW dip i{s not easily recon~-
cilled with this fault. Later deformation produced several narrow shear
zones dipping steeply NE which contain fine-grained quartz and feldspar.
These structures are all cut by at least 6 very narrow shear zones which
contaio both muscovite aud chlorite In a NW dipping foliation. This
agsemblage apparently developed under greenschist facles conditions, and
records the relatively low grade metamorphic conditions of this latest
stage of deformation.

The outcrop records an unusvally large number and variety of structures,
Possibly because of i(ts position in the footwall of the Pattaconk Brook
fault. Whatever the gause, the multiple stages of deformation from
upper amphibolite to greenschist facles metamorphic conditlons provides
on a small scale an example of a simllar protracted deformational
history over a simllar range of crustal levals experienced by the entire
Deep River Area. '

Leave parking lot. Turan right (east).
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15.8 Turn right {scuth) on Rt ¢ pasaing STOP 10 towards 0Old Saybrook.

16.3 Passing through road cuts of well foliated and well layered Monson

17.9

18.1

18.6
18.9
20.2

20.6
20.8
20.9

21.0

gneiss. Amphibolite boudins are separated by as much as 30 m
Passing Exit 5. (STOP 5)

Passing through cuts of Mounson gnelss with conspicuous biotite
gtreaks up to 30 m long.

Pagsing into schists of the Appendix.
Pagaing over Hebron formation of STOP 3.

?assing plagioclase gneiss of Book Hill on left (STOP 2a).

Turn right at Exit 3 passing smaller cuts of orthogneiss at Essex

{(Zwe).
Turn left at stop sipgn, driviﬁg under Rt 9.
Pasg STOP 2 blastomyloaitic gnelss of the Falls River fault.

Left into Park and Ride Parking lot. End of trip.
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RECESS1ONAL MORAINES, SOUTHEASTERN CONNECTIGUT

. Richard Goldsmith
U.S. Geological Survey, National Center-925, Reston, VA 22092

SETTING

The recessional moraines of southeastern Connecticut and adjacent Rhode
Island occupy a belt about 20 km wide north of the terminal position of. the
Laurentide ice sheet on Long Island, Block Island, Martha's Vineyard, and
Nantucket (fig. 11; Schafer and Hartshorn, 1965; Flint and Gebert, 1976;
Goldsmith, 1982). The recessional moraines are characterized by an alignment
of morainic segments approximately perpendicular to the direction of ice
movement as indicated by striations and grooves on bedrock surfaces (fig.
2). In places, the moraines are double or paired. The segments are mostly
about 100 m wide and 2 - 6 m high and consist of sandy, bouldery, generally
loose~textured glacial till, with or without beds and lenses of well to poorly
sorted stratified drift. Existing exposures -of the material are rare.
Surface form may be smoothly rounded or undulating and more bouldery than
adjacent smooth-surfaced till, or the surface may be irregular, hummocky, and
in places contain closed depressions., In some places, as at Glacial Park
(Stop 3) and at the Waterford Country School (Stop 2), the surface may consist
entirely of boulders without interstitial fine material. The moraines are
little affected by topography except for some inflection in large valleys such
as that of the Thames River. This lack of topographic influence is attributed
to the thickness of ice which must have exceeded the local topographic relief
when the moraines were deposited over the tops of the hills at the active ice
front. Deposits of glacial streams derived from melting ice overlap partly
dissected moraines (fig. 3). Ice-contact landforms. in meltwater deposits
located near the moraines mark the heads of streams that were derived from
belts of stagnant ice lying at and north of the moraines after the active ice
front had retreated northward to new stillstands or ephemeral positions.

In eastern Connecticut, north of the morainal belt, recessional moraines
are rare, probably because of an accelerating rate of ice retreat. Ice
retreat in eastern Connecticut. is recorded by a succession of ice-marginal
deltaic deposits in valleys in which the drainage to the south was temporarily
blocked by earlier deposits and isolated remnants of ice. These deposits
formed near and in the temporary position of the fringe of stagnant ice
marginal to the ice sheet as it retreated northward.

This trip will be primarily a sight-seeing trip to look at landforms and
characteristics of the surface of the moraines. As mentioned above, exposures
of the material in the moraines are rare and ephemeral, but I have located a
couple of places where we might examine the material (Stops 5 and 7). We will
look at places where the moraines are covered or partly covered by meltwater
deposits (8tops 1, 3, 8), at boulder concentrations in two different
topographic settings (Stops 2 and 3), at several kinds of typical forms of the

1A11 illustrations except Figure 5 are taken from Grahame J.
Larson and Byron D. Stone, eds., Late Wisconsinian Glaciation of
New England, Copyright 1982 by Kendall/Hunt Publishing Company,
and reprinted by permission of Kendall/Hunt Publishing Company.
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Figure 1. Distribution of moraines and relat
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Figure 2, Distribution of morainal segments (black) in the New London area,
Connecticut-New York, and direction of ice movement (arrows) as indicated by

striations and grooves on bedrock surfaces. Numbers indicate field-trip
stops.
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Figure 3. Distribution of heads of glacial stream deposits and their relation
to recessional moraines in the New London area, Connecticut-Hew York. Numbers
indicate field-trip stops.
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moraines (Steps 1, 3, 4, 5, 6, 7), and at the relation of the moralnes Co
meltwater deposits (Stops 1, 3, 3, 8). Sources for the mapping on which this
trip i1s based are shown im figure 4. The summary given above of the nature of
retreat in southeastern Connecticut of the late Wisconsinan Laurentide ice
sheet ig derived from Goldsmith (1982). '
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Figure 4. Index wmap shoving locations of quadrangles providing data, J-Jewell
City, H-Hamburg, MO-Mountville, U~Uncasville, OM~0ld Mystic, A~Ashaway, N~
Niantic, NL-New London, M-Mystic, W-Westerly. P{G-Preston Gabbre. Dashed line
tndicates borders of boulder fan of Preston Gabbro. ’
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ROAD LOG AND STOP DESCRIPTIONS

Miles
Cum. Int.

0 0 From assembly point, the parking lot of the Connecticut Yankee
Travelodge on Rte 161 just south of I-95 at Exit 74 (Niantic-
Flanders) East Lyme, turn left (north) on Rte. 161.

0.5 0.5 Turn left on U.S. 1, Boston Post Road at Flanders,
2.8 2,3 Turn right on Scott Road before reaching Scott's Orchard outlet.
4.2 1.4 Ledyard moraine forms rise in road and top of hill.

4,8 0.6 Turn right (east) on E. Pataguanset Road. Yale Outdoor Education
Facility on left.

5.9 1.1 Ledyard moraine forms the ridge under farm. Turn right on Hickory
‘Road along moraine. :

6.1 0.2 -Turn right on dirt rocad. Park.

STOP 1. Ledyard moraine and glacial stream deposits -- The Ledyard moraine
forms the low ridge we just traversed. This is a northern helt of a double
segment of the moraine; a southern belt is less well expressed to the
southeast, near the head of Pataguanset Lake. At this poiat, we should be in
deltaic ice-contact deposits but these have been removed here for use as sand
and -gravel aggregate. These stream deposits head north of the Ledyard moraine
and have partly buried it (fig. 3). Many examples of this sort of
relationship exist in the coastal area. The moraine segment we crossed on
Scott Road is a continuation of this belt of moraine. On the hill to the
northeast the moraine does not have distinctive form and consists of dispersed
boulders or has no expression at all., The only place in the coastal moraines
where 1 have seen deformed beds was in the excavation for the basement of the
house at the southwest end of the ridge we just traversed.

6.3 0.2 Turn right onto E. Pataguanset Road.

6.4 0.1 Cross moraine., Travel along edge of meltwater deposit derived from
area of the Ledyard moraine (fig. 3). :

7.1 0.7 Intersection with U.S5. 1. Turn left.
7.7 0.6 Intersection with Route 161. Turn left. Road lies along edge of a

series of glaciofluvial - glaciolacustrine deposits of
morphosequences in Latimer Brook valley (fig. 3).
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9.3 1.6 Cross line of Ledyard moraine. To right, the moraine is partly
' buried by glacial stream deposits along Latimer Brook. Boulders can

be seen in excavations and locally projecting through the surface.
Continue to travel along edge of slightly younger stream deposits.

12.6 3.3 Intersection with Rte 85. Turn sharp right.

13.1 0.5 Turn left on Turner Road.

14.6 1.5 Bear right on E. Lake Road.

15.2 0.6 Turn sharp left onto Hunts Brook Road.

15.9 0.7 Waterford Country School.

STOP 2. Ledyard moraine on north slope of hill. -—- Walk to west of Waterford
Country School about 50 yards to boulder concentration forming a bench on the

‘north slope of the hill at about the same level as, or slightly higher than, _ _

the schocl. This sort of boulder concentration without fine material is an
unusual form of the moraine but is present in several moraine segments in the
coastal area. The mechanism for accumulating this sort of material is not
wholly clear, but sorting by glacial meltwater in an ice-marginal crevasse
environment is a proposed explanation. A concentration similar to this lies
east of Waterford Country School along the same northeast trend but is
difficult to reach. The moraine rises from the valley to cross over several
bedrock controlled ridges and is unaffected by this topography. We shall see
another boulder concentration at Stop 3 im a slightly different topographic
setting.

Continue north on Bunts Brook Road.
16,2 0.3 Turn right on Unger Road.
17.5 1.3 Cross 01ld Colchester Road.

18.6 1.1 Overpass I-395. Ledyard moraine crosses road down slope beyond
overpass.

18.8 0.2 Turn right at foot of hill. !
19.2 0.4 Cross Ledyard moraine. Note bouldery, irregular surface.
19.3 0.1 Turn left on Star Road.
19.5 0.2 Turn left on Rte 32, proceed north,
19.9 0.4 Uncasville. For a short distance beyond Uncasville we are traveling
along the edge of ice-contact deltaic deposits forming terraces
along the Thames River. Former active gravel pits here are now

overgrown or are covered by construction.

23.4 3.5 Turn right (east) on Rte 24,
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25.2 1.8 Turn right {scuth} on Rte 12. Travel along Thames stratified
deposits. '

27.4 2.2 Turn left {east) onto Rte 214, Stoddard Wharf Road.

deltaic deposits on right (fig. 5)}. Outcrops of quartzite and
schist of the Plainfield Formation on left.

28.0 0.5 Rise to higher terrace level at 170-180 feet.

28.2 0.2 Turn right on Avery Hill Road Extension., Kettles in 180 foot
surface on right and left are in ice-contact deltaic deposits formed
behind the moraine at the head of the glaciofluvial deposits in
Grest Brook valley.

“‘{ 27.5 0.1 Leave Thames terrace level (50 feet). Higher and older ice-marginal
S

28.6 0.4 Rise to highest and oldest terrace at 190 feet.
28.8 0.2 Turn lefr on Whalehead Road.

g 30.0 0.2 STOP 3. Glacial Park (Maire, 1976) ~- Take the trail wnorth from the
l power line and follow the main trall (fig. 5) clockwise around and over the
boulder accumulaticon first noticed by Wells (1890) marking this segment of the
Ledyard meraine. Beyond the top of the hill, the trail crosses back over the
moraine which is here approaching a more normal aspect. Boulder
£ accumulations, but less spectacular, are present to the northeast., The
moraine continues diagonally acress this bedrock-controlled ridge towards the
continuation of Whalehead Road near its juncticn with Stoddsrds Wharf Road
[ where the mordine consists of bouldery till, We are on what seemg to be the
southern belt of & double moraine., The northern belt passes from the area of
.. the ravine on the west side of the boulder accumulation up and over the north
l side of the hill., To the west of Glacial Parl, the moraine appears to be
: disparsed and is marked only by scattered large boulders on an irregular and
largely bedrock-controlled surface. The moraine emerges, however, as a :
f”‘ discrete feature from beneasth glacial stratified deposits northeast of Maynard
R Hill {(fig. 5}.

The unusuzl conceatration of boulders without interstitial fine material
is attributed to an abundance of granitic source material accumulated from
beneath the glacier (the dirt machine of Koteff, 1974) and to sorring of this
material by slumping contemperaneous with winnowing by meltwater, probably iu
a vrevasse. The presence of ledges of bedrock beneath the moraine at the side
of the ravine and to the east near the power line indicate that till is
relatively thin in the area. The boulders at Glacial Park and elsewhere in the
Ledyard moraine are derived primarily from rock types rthat have widely spacad
joints and poor to no fissility. Most boulders at Glacial Park are derived
from ledges within 1 ot 2 km to the north and generally within 5 km (fig. 6;
Goldsmith, 1967), but a few have been transported greater distances.

Return to the power line, cross Whalehead Road, and follow the power line
southwest along the 180-190 foot surface of the oldest and highest glacial
stream deposit heading in the area of the Ledyard moraine (fig. 5)}. This
deposit heads just north of the moraine and was laid down soon after the ice
front retreated north of the line of the morazine. Meltwater drainage was to
the southeast and south through valleys in the upland because the Thawmes
valley at this time was filled with ice {(Goldsmith, 1960)}. Beyond
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Figure 5. Ledyard moraine and stratified drift in the Gales Ferry - Ledyard
Center area. -
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Figure 6. Source of boulders in boulder concentrations in Ledyvard moraine at
Glacial Park, Ledyard Counecticut. Section shows widths of outcerop of rock
unite along a line extending N.10YW. from Glacial Park, and generalized
altitudes along and near the line. Rock units dip about 50°N.
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artificially ponded areas where sand and gravel have been removed, the power
line crosses a ridge of bouldery till (about 0.8 km from Glacial Park) that is
the Ledyard moraine. The poorly sorted material in the moraine is exposed in
a ditch dug across the ridge slightly north of the power line.

The moraine continues southwest as & chavacteristic low ridge of bouldery
till up the northeast side of Maymard Hill, This low ridge can be traced over
the top of the hill just south of its crest down to aad beneath one of the '
terraces aloug the Thames River. The moraine reappears west of the Thames
River south of Uncasville as a belt of hummacky bouldery till which we crossed
earlier in the mornming. Here it trends west-southwest, The change in trend
indicates a slight lobation of the active ice front down the Thames River
valley (figs. 2 and 3}.

The kettled topography we passed on Avery Hill Road before arriving at
Glacial Park 1is on the next younger surface of the post-morainal glacial
stream system, at 170-180 feet. The glacial streams forming this surface were
blocked from flowing directly southeast and at first ponded behind the earlier
deposits, the hills and the moraine from flowing directly southeast. They
eventually flowed east before passing through gaps in the bedrock ridges to
entreuch themselves slightly downvalley into the deposits of the earlier
stage. The kettled surface indicates that masses of stagnant ice remained
just aorth of the moraine as the front of active ice receded to the north.
Patches of still younger stream deposits that form a surface at 130 feet are
present near the intersection of Avery Hill Road and Stoddard Wharf Road. The
path for this meltwater drainage, however, was west to the Thames valley
because the level of ice in the valley had lowered sufficiently to provide an
outlet in this direction. The low terraces along the Thames River were
deposited by a succession of still later glacial streams when ice remunants
wvere at a low level in the Thames valley. These deposits, where exposed, are
seen to be largely deltaic in character.

Continue east on Whalehead Road.

30.4 0.4 Bear left at rosad junction.

i0.7 0.3 Cross moraine.

30.9 0.2 Turn right on Rte 214, Stoddard Wharf Road.

32.0 1.1 <Cross Rte Ii7.

33.1 1.1 Spicer Hill Road, Continue Rte 214,

33.7 0.6 SBawmill Park. LUHCH.

34.3 0.6 Turn left on Shewville Road.

34,9 0.6 HMoraine on right.

37.6 2.7 Turn tight (east) on Rte 2. Pass onto surface of Shewville-stage
stratified drift which is graded to threshold to west and drained to

the Thames River because a normal course to the south was blocked by
ice-contact deposits along the line of the Ledyard moraine,
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38.4 0.8 Ledyard town line. Pits near here are in deltaic kame texraces
formed at the head of older meltwater drainage flowing south down
Lantern Hill Brook valley from Cthe area of the Ledyard moraine.

39,7 1.3 Preston Gabbro on left, Lantern Hill ahead. Preston Gabbro forms a
boulder~fan recognizable as far as Fishers Island. Lantern Hill is
a resistant mass of vein gquartz from the top of which King Philip of
the Pequots watched in mounting concern as ships arrived carrying
settlers frowm England.

40.1 0.4 lLedyard Rest Stope.

STOP 4. We are just south of the southern belt of the double Ledyard moraine
in this area. To the southwest, the woraine has crossed diagonally over the
large bedrock ridge where it is expressed as a discontinuous low ridge without
appreciable boulder concentration until the lower slopes are reached. It
passes beneath the ice-contact head of deposits of a glacial stream
originating just morth of the moraine. These deposits have blocked the
drainage in the Cedar Swamp area to the north so that the drainage is forced
to flow west to the Thames River instead of south down Lantern Hill Brook _
(fig. 3). We will pass to the south of the moraine as we proceed east. Here
the moraine appears on the southeast zide of the hills of gabbro te the north
as very bouldery till, A linear boulder accumulation to the nerth abt the
southern end of Lake of Isles marks a parallel belt of moraine (figs. 2,3).

43,3 0.2 Turn lefr on Milltown Road. Southern branch of moraine to lefr
behind cemetary.

40.8 0.5 Turn left on Rte 2. Qutcrops of alaskite gneiss.

42,0 1.2 Turn left on Swantown Read, Outcrops of quartzite in the upper part
of the Plainfield ¥ormation along Rte 2 before the intersection.

43.0 1.0 Cross Ledyard moraing, southern branch. Moraine has very little
expression here.

43.1 0.1 Moraine forms slope and low rise in road. Closed depression
containing swamp is to right of road ahead, Rise in distance is

bedrock controlled. Turn around.
43.4 0.3 GStop along stene wall beyond red house.

STOP 5. Ledyard moraine in Swantown Brook valley. ~- Follow woods road to
west and then south to hummocky, bouldery area on east side of head of Lantern
Hill Brook. This is another expression of the moraine. The hummocky
topography may indicate deposition of end-glacial material on stagnant ice.
The topography of the slope to the east is suggestive of bedrock control but
no bedreck is present. I interpret this avea £o be also underlain by moraine
but covered by wind-blown silt. A bouldery lag is present along the trend of
the moraine toward Swantown Road. Return over hill to east to road and
cars,

Return to Rte 2.
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45,2 1.8 Turn left ou Rte 2.

45,5 0.3 Shunock Brook. Travel along surface of early meltwater deposit.

46.2 0.7 Junction Rre 201 south,

47.3 1.1 Intersection, traffic light. Continue on Rte 2.

48,0 0.7 Turn right {south) on Rocky Hollow Road at Fire Station.

48.5 0.5 Rocky Hollow moraine (Caffney, 1966) to left. Schafer {1968) mapped
a segment of the moraine in the Shunock Brook drainage northeast of
this hill, Between there and here, across the hill, is a belt of
irregular topography which at one place has a closed depression.

48.7 0.2 Cross Rocky Hollow moraine. Moraine forms the low ridge to the
right. Outwash to left is derived from the area of the moraine. To
the north, behind the moraine, are extensive swamp deposits
cccupying a former ponded area.

49,3 0.6 Park pear intersection of Rocky Hellow Road and Rte 184,

8TOP 6. Small pit in Rocky Hollow moraine. -~ The exposure in this pit

consists of sandy, bouldery till contalniog a few rotten—stone boulders and
pockets of poorly sorted sand and gravel.
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Turn right {west) on Rte 184,

0ld high level, ice-contact deposit of streams draining south over
upland from area of Rocky Hollow moraine (fig. 3J.

Junction Rte 201.

Junction Shewville Road. One-half mile to the north and to the
right of Shewville Road are abandoned gravel pits exposing the Rocky
Hollow moraine beneath a blanket of meltwater deposits that occupy
the valley of Whitford and Lantern Hill Brooks. Permission should

be cbtained from the owner of Riverhead Farm to leok at these
EXpoOsSuUTeEs.

Center Groten. We are ino the vicinity of the Rocky Hollow moraine
concealed here by stratified drift derived from the Ledyard morainé
area. Rocky Hollow moraine is exposed to the west, mainly south of
Rte 184, Turn left {south) onto North Road.

Cross U.5. L.

Midway and railroad. Proceed south on dirt road.

Cross Mystic moraine.

Park for walk to Bushy Point.
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STOF 7. Mystic moraine ab Buehy Point ~- Proceed wesl along the tombolo to
Bushy Point, which was once an island aud may be again today. The Mystic
moraine is less continuous than the Ledyard or Rocky Hollow moraine and
consists of dispersed, but more or less aligned, segments (fig. 2). Boulders
of the moraine project through the marsh about 1/2 mile north of the beach.
This cluster is aligned with the low ridge marking the moraine on the side of
the large hill to the east. Offshore, and exposed in a couple of small
islands, is the Clumps moraine, marked primarily by a linear shoal aligned
parallel to the Charlestown meraine on Fishers Island and trending toward
Napatree Point at the west end of the mainland part of the Charlestown
moxaine.

Return via road to U.5. 1.
64.5 2.0 Turn left {west) on U.5. 1.
67.0 2.5 Intersection I-95. Proceed west on I-95, Cross Thames River.
71.8 4.8 Take Exit 81, Cross Road exit.
72.6 0.8 Turn left (south) on Cross Road.

73.6 1.0 Turn left (east) on U.5. L.
74.4 0.8 Turn right into restaurant parking area.

STOP 8. Rocky Hollow moraine. -- The exposure here consists of loose bouldery
till containing lenses of sand and fine gravel. Boulders are scattered om
the surface of the till on the slope to the south., This belt trends
gouthwest. Further up the slope our route will take us across the belt, and
at one point mear a cemetary is a closed depression. To the northeast, the
morainal belt passes benecath gsand and gravel of an early meltwater deposit.

At one place where sand and gravel have been removed, a train of large
boulders aligned northeast across the pit marks the position of the moraine.
The extensive north-trending area shown as end moraine south of Oswegatchie on
the surficial geologic map of the Niantic quadrangle {(Goldsmith, 1964} is now
interpreted as an early ice-contact meltwater deposit graded to the meltwater
deposits south of the moraine. The segment of the Rocky Hollow moraine that
we are on is the northern belt of a double moraine the southern belt of which
rises over Mullen Hill to the south of us {(fig. 3).

Continue east on U.S. l.

74.7 0.3 Turn right on Ellen Ward Road.

75.9 1.2 Turn right on Mullen Hill Road, Moraine o right.

76.6 0.8 Road is on the moraine. Note kettle at cemetery. A meltwater
deposit spills over Lhe wmoraine in this area and is graded south

over the upland (fig. 3).

7648 0.2 Tura left on Spithead Road.
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76.9 0.1 Cross the moraine. The moraine is well expressed down the hill to
the southwest.

78.2 1.3 Tura right on Ropes Ferry Road, Rte 184.
79.7 1.5 Bridge over Niantic River.

80.6 (3.9 Intersection Rte 161, Hiantic.

81.2 0.6 Intersection ?axagﬁaﬁseg Road.

8L.9 0.7 Rocky Hollow moraine.

4.1 2.2 PRocky Neck State Park. Turn left inte Park. Proceed south toward
beach.

84.6 0.5 Park along road.
8TOP 9. Rocky Hollow moraine is here partly buried by meltwater deposits in
the Bride Brook valley that grade into deltaic deposits of Glacial Lake
Connecticut {now Long Island Sound}. Again, we have an ezample of the end-
moraine deposit partly covered by succeeding meltwater deposits, this time of
streams heading well north of the line of the moraine in the zone of stagnant
ice between the Ledyard moraine and the Rocky Hollow moraine (fig. 3).

Return to Rte 184,
85,2 0.6 Turn left (west) onto Rete 184 at Park entrance.
5.4 0.2 Rocky Reck State Park Connector. Turn right toward I-95,

$6.0 0.6 Entrance ramps to I-95 north or south. End of trip.
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Mesoscopic and Microscopic Structure of the Lake Char — Honey Hill Mylonite

Zone, Eastern Comecticut
ARTHUR GOLDSTEIN, Dept. of Geology, Colgate Univ., Hamilton, NY 13346

JAMES OWENS, Dept. of Geology, Univ. of Rhode Island,
Kingston, RI 02831

INTRODUCTION

The Lake Char and Honey Hill faalts in eastern and southeastern
Connecticut {(figure 1) are wide zones of mylonitization localized at the
contact between Avalonian~aged metaplutonic and metasedimentary rocks and
metavolcanic and metapelitic rocks of the Merrimack synclinorium. Locally,
there is truncation of strata apgainst the contact and units in the upper
plate are drastically thinned against the fault (figure 2). 1In general,
however, the faults are recognized as wide zones of mylonitization. The
faults have been the subject of much speculation, as have their northward
continuations (?) the Clinton-Newbury and Bloody Bluff faults. It is common
for those who have nat worked on these faults to consider them as sutures or
major dislocations {e.g. Wilson, 1966) and for those who bave worked on them
to congider them as having displacements not exceeding several to possibly
10 kilometers {e.g. Castle et al., 1976). 1In addition to the tectonic
significance of the faults, their sense of motion and timing has become a
matter of considerable debate. Early workers (Lupdgren et al., 1958; Dixon
and Lundgren, 1968) considered the faults to be west-over—-east {(top up)
thrust faults probably developed during the Acadian orogeny but with last
motions no later than latest Paleozoic. This view (at least as regards to
motion sense) is still widely held (e.g. Wintsch, 1979). Lundgren and
Ebblin (1972) concluded that the Honey Hill fault represented a zone of very
high strain with minimal displacement formed at the contact between basement
and cover during basement diapirism. Mesoscopic and microscopic kinematic
indicators (Goldstein, 1982a,b, 1984; Goldstein and Hutton, 1984) define top
down (low-angle normal) motions. These data have led to the proposal of two
new tectonic models for the formation of the faults: basement-cover
decollement developed during basement diapirism (Goldstein, 1982a, b;
similar to Lundgren and Ebblin, 1972) and low-angle normal faulting
developed during extension {Goldstein, 1984). The timing of fault motion is
(if that is possible) even more controversial than the motion direction,

although there is a growing concensus that the latest episode of

high~temperature mylonitization is of late Paleozoic age (0'Hara and Gromet,
1983; Hermes and Zartman, 1985; Wintsch, 1984; Goldstein, 1984). Goldstein,
Rodman and Hutton {in review) suggest at least two episodes of
high—-temperature displacement based on studies .along the Bloody Bluff fault.
There, xenoliths of mylonite in 2 gabbro demand that mylonitization be no
younger than Silurian and kinematie indicators describe motion as thrust
with a left-lateral component. It is proposed (Goldstein, Rodman and
Hutton, in review) that the Laske Char, Homey Hill and Bloody Bluff faults
all experienced this pre-Silurian displacement and that the Homey Hill, Lake
Char and possibly the Clinton—-Newhury but not the Bloody Bluff faults were
reactivated as low-angle normal faults in late Paleozoic time as a
consequence of localized Alleghanian extension.
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NARRAGANSETT PIER GRANITE
CARBONIFEROUS
METASEDIMENTARY ROCKS
DEVONIAN SCITUATE GRANITE™
SILURO-DEVONIAN
METASEDIMENTARY ROCKS
TATNIC HILL FM

- QUINEBAUG FM

LATE PROTEROZO!C GNEISSES

and

QUARTZITES

Figure 2. Oversimplified geologiec map of Rhode.Island and eastern
Connectlcut modified after Rodgers (1982) and Hermes and Zartman (1985).
Unpatterned regions in southern Narragansett Bay arge the Cambrian slates
of Jamestown Island and Precambrian metamorphic and granitic rocks of
Newport. Box is the area covered in Figure 4.
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The rock units in and adjacent to the Lake Char-Honey Hill mylonite
zone are conveniently divided into upper plate and lower plate although both
Dixon (1968) and Snyder {1964) have mapped an upper plate unit in the lower
plate. The distinction between upper plate and lower plate becomes confused
at the western end of the Honey Hill fault where upper plate stratigraphy is
infolded with that of the lower plate {(Lundgren, 1962; Dixon and Lundgren, -
1968; Goldsmith, 1976). An alteéernate view of the structure of the western
end of the Honey Hill fault is presented by Wintsch (this volume),

Upper Plate Stratigraphy

The stratigraphy of the upper plate is dominated by the Putnam Group
comprising the Quinebaug and Tatnic Hill formations. Despite the fact that
a reasonable stratigraphy has been developed for these units {Dixon, 1964)
and used successfully to map in the upper plate, most of the units are
lithologically diverse. For example, the lower member of the Tatnic H{ll
formation contains a ruaty-weathering gneiss, perhaps the most distinctive
unit in the stratigraphy. However, within that unit are amphibolites which
are e¢asily confused with another Tatnic Hill unit, the biotite gneiss, and
within those amphibolites are blocks of talc and actinolite (large emough to
have been mined for talc) and layers of marble. With these kinds of
variables in mind, the stratigraphy of Dixon {1964, 1976) is presented in
figure 3. Only the most dominant lithology is noted in this figure and the
reader is referred to Dixon (1964) for a more detailed discusaion of
lithologic variations.

Lower Plate

The stratigraphy of the lower plate is dominated by meta-granitic rocks
with subgidiary metavolcanic and metasedimentary rocks. Many of the
relationships between lower plate units are uncertain and correlations are
difficult. Goldsmith (1976) describes the stratigraphy of the lower plate
in the New London area {below the eastern Honey Hill fault) as having the
Plainfield formation as its lowest member. The Plainfield formation i=
composed of magsive, pure quartzites with a middle unit of (garnet)
muscovite-biotite-plagioclase—quartz schist, The Plainfield formation is
recognized in easternmost Connecticut (below the Lake Char fault) but much
of the stratigraphy above it in the New London area is not recognized
further north., The Mamacoke formation, the Monson goeiss and the New London
gneiss comprises the upper sequence which consists generally of mafic to
intermediate and felsic metavolcanic rocks (Goldsmith, 1976). In eastern
Connecticut and Rhode Island the lower plate stratigraphy does not contain
Goldemith's (1976) upper sequence. The oldest rocks of that area are
inferred to be the metasediments of the Plainfield Pormation and those
formerly assigned to the Plainfield Formation {Harwood and Goldsmith, 1971
Moore, 1983) or the "Metavolcanic Rocks”" (Quinn, 1971), referred to here as
the Unassigned Metasediments, which are differentiated from the Plainfield
Formation only on the basis of their association with the Ponaganset Gneiss
{figure 4}. Both are loosely constrained to pre-date the latest
Precambrian. An intrusive contact (77) between the Plainfield Formation and
the Hope Valley Alaskite (601+5 ma, zircon age, Hermes and Zartman, 1985)
is observed at Stop 9. Similar tenuous intrusive relationships between the
Unassigned Metasediments and the Ponaganset Gneiss (also late Precambrian,
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calcite-hornblende-biotite~andesine-quart: schist

HEBRON M,
CANTERBURY ONEISS or AYER GRANITE
. ] Z YANTIC MEMBER T muscovite-blotite-oligoclase-quartz schist
A TT— e P

g FLY POND MEMBER diopside-hornblende-epidote-bictite-quartz-andesine gnaiss

=

'2 NN . gup———— . )

g sillimanite-garnet- (muscovitej-hiotite-quartz-oligoclase gnelss
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- w— e ¥ i . .
‘\ . rusty-weathering graphite-muscovite-(sillimanite)-garnet-guartz schist

ypren MEMBER | (hornblends)-epidote-biotite~quartz-plapgioclase gneiss

QUINEBANG FM,
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E
LOWER
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Figure 3. Stratigraphic column and rock descriptioms for the eastern

Comnecticut region modified after Dixon (1964). Only the
- most dominant lithology is described, see text for further
discussion especially of the lower plate.
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L.P. Gromet, pers, com., 1985) at Ledge Road and Carbuncle Pond (figure 4)
support a Precambrian age for the Unagssigned Metasediments. Staurolire and
kyanite have been found in the undivided metasediments at Carbuncle Pond (G.
Moore, pers. com., 1984; Pope, 1976).

The Plainfield Formation ig divided into esstern and western massive,
metaquartzarenite members {Stop 7} and an intervening central pelitic membr
{Stop 8). The metaquartzarenites are 90 -~ 97% equigranular, recrystallized,
fine to medium grained quartz and 3-10% muscovite, plagioclase, biotite, '
chlorite, and actinolite. The pelitic member is composed of thinly layered
schists variably rich in biotite, muscovite, chlorite, epidote, and '
actinolite, and quartz rich psammites. Other minerals observed in the
schists include garnet, sodic plagloclase, caleite, pyrite, and hornblende.
Isolated in the schists are boudinaged quartzite layers and quartz veins and
bodies of up to 90% actinolite with subsidiary plagioclase and quartz.
Transitions between members are gradational, one of which is well exposed at
Stop 8 where over a 100 m interval a muscovite rich schist grades, through a
psammitic layer, into a sequence of interbedded quartzites and biotite
schists ranging in thickness from 2 em to 15 m where quartzite layer
thickness increases generally away from the pelitic member.

Two similar granite gneisses are Late Precambrian in age: The Hope
Valley Alaskite and the Ponaganset Gneiss. Regionally, the Ponaganset
Gneiss (figure 4) occurs as 1) an andesine phenocryst-bearing porphyritic
gray gneiss (with subordinate larger microcline phenocrysts) which ranges in
composition from tonalite to granite (Acker, 1950; Frost, 1950; Moore, 1963;
Quinn, 1967; 1971), 2) a microcline phenocryst-bearing gray porphyritic
granite (Feininger, 1965; Harwood and Goldsmith, 1971; Dixon, 1974; Moore,
1983), and 3) a leucocratic, locally porphyritic pink granite (Frost, 1950;
Quinn, 1967; Moore, 1983). At Stop 5 the dominant variety is a medium gray,
porphyritic granite gneiss. The 2~4 cm pink phenocrysts (porphyroclasts)
are microcline and orthoclase patch perthites (often cored with subhedral, 2
mm plagioclase inclusions) recrystallized in varying degrees to plagioclase
free aggregates of 0.5 - 5 mm microcline graing with sutured grain
boundaries and broad deformation bands. The matrix is & polygonal aggregate
of fine, equant, low gtrain, quartz, plagioclase, and microcline grains with
abundant clots of biotite and accessory phases iancluding magnetite/ilmenite,
sphene, allanite, apatite, and gircon. Dark green hornblende can be an
important phase locally. Secondary minerals include very abundant epidote
and clinozoisite, chlorite, and rare muscovite and garnet, This variety
includes 0.1-1 m xencliths {autoliths?) of medium grained, dark gray
tonalite~granodiorite with rare 2 cm plagioclase phenocrysts. Both are cut

by a porphyritic leucocratic granite which has, (although depleted in
biotite, epidote, and clinozoisite) similar petrography to the porphyritic
gray granite. This is interpreted as a leucocratic facies of the Ponaganset
Gneiss. Arguments that support a common path of evolution for the tonalite,
the porphyritic gray granite, and the porphyritic leucocratic granite
include 1) a mutual linmear covariance of modal and geochemical data, 2)
similar accessory mineral assemblages, 3) similar phenocrysts in the
porphyritic gray and the leucocratic granites, and 4) the cross cutting
relationships seen in outcrop. These are tentatively termed the andesine,
microcline, and leucocratic varieties of the Ponaganset Gneiss.

The Hope Valley Alaskite is also late Precambrian and is a very
leucocratic, medium grained, rarely porphyritic, pink granite (Moore, 1963;
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Figure 4. .Geologic map of the East Killingly, Oneco and Coventry Center
quadrangles modified after Moore (1963, 1983) and Harwood and Goldsmith
(1971). Area covered by this map is shown in' figure 1. Area shown in figure
11 is noted by the rectangle labeled traverse area.
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1983; Feininger, 1965; Harwood and Goldsmith,-1971; Day et al., 1980). It
commonly containsg 5~10 mm microcline and orthoclase vein perthites and
slightly subordinate, well twinned subhedral plagioclage grains. Commonly
these are partially recrystallized and often ghow grain boundary sub-grain
development. Many are also fractured where complex networks of very thin
fractures are developed im the plagioclase and the perthites are displaced
along isolated, wider, matrix filled fractures. Quartz occurs as very
elongate ribbons of rectangular undulatory grains, and in a fine, polygonal
matrix of quartz, plagioclase, and microcline., Accessory minerals include
biotite, muscovite, magnetite/ilmenite, zircon, allanite and very rare
garnet, Locally layers up to 10 om thick are devoid of k—feldspar and are
composed principally of very finme-grained quartz. This may be a result of
deformation—induced diffusion.

Structural Geology

The primary structural problem concerns the sense of motion{s) on the
Lake Char-Honey Hill fault and its (their) timing. A related problem
concerns the structural sequence of rocks above and below the mylonite zone.
Goldstein (1982 a,b), based on detailed structural analyses in a small area,
concluded that prior to mylonitization the Tatnic Hill and Quinebaug
formations were isoclivally folded twice. Peak metamorphic conditions were
in the upper amphibolite (sill-ksp) facies during the first folding and were
not seriocusly retrograded during the second isoclinal folding. The younger
Hebron formation was only isoclinally folded once. Both rock sequences
experienced local post mylenttization folding. Rocks of the lower plate
appear to have experienced only one phase of pre-mylonitization isoclinal
folding., One of us (J.0.) speculates that this isoclinal folding could be
due to early thrust motions on the Lake Char fault which may also have
resulted in high—over—low metamorphic zonations. It appears that this
isoclinal folding is a regtonal event as it is commonly observed in the °
Rhode Island basement (lower plate) (Harwood and Goldsmith, 1971; Skehan and
Murray, 1980; Barosh and Hermes, 1981; Skehan, 1983; Barosh, 1984). .
Correlation of deformations across even moderate distances is a matter
dominantly of speculation and more work is required before the isoclinal
folding observed in various areas can be correlated in time. The foliation
which is axialw=planar to isoclinal folds below the Lake Char-Honey Hill
fault zone was reactivated as a slip surface during later mylonitization.

As noted above, one of the primary features of the faults is the
pregence of a wide zone of mylonitization. Despite considerable progress in
our understanding of mylonites and the processes by which they form, there
is still confusion regarding terminology {for example see Wigse_.et al., 1984,
1985 and Mawer, 1985). Mylonites are fine-grained, well~foliated
metamorphic rocks which had as their precursor a coarser-grained equivalent.
A clear distinction must be made between mylonites, invelving grainsize
raduction dominated by crystal-plastic mechanisms, and cataclasites,
dominated by brittle fracturing. A more thorough discussion of deformation
mechanisms and their significance is given below.

Within the mylonites of the Lake Char~Honey Hill fault zone a strong
mineral elongation lineation marks the direction of motion. Figure 5 shows
mean vector orientations of this lineation from subareas along the fault
zone. The lineation is composed, most commonly, of quartz rods and ribbous,
elongate biotite flakes and streaks and (less commonly) feldspar rods.
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MYLONITIC LINEATION
. ’iﬂ )
MEAN VECTORS-LAKE GHAR -
" and HONEY HLL FAULTS

Figure 5. Lineation summary of the Lake Char-Honey Hill fault zones. Arrows
with labeled numbers represent vector means of field data from one gquarter areas
of 71' quadrangles. The lower hemisphere equal-area diagram shows those vector
mean orientations. Data for the Willimantic Dome {labeled 00) are taken from
Wintsch (1982). Shown in the long, unlabeled arrows are the lineation trends of
Day et al. (1980). See text for further discussion.
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Despite small angular differences in the orientation of linesations, the
pattern is one of a consistently northwestward trending motion direction.
Also shown on Figure 5 is a summary of lineation trends from Day et al.
(1980) for the area east of the Lake Char fault. O'Hara and Gromet (1984)
speculated that the northwest trending lineations of the Lake Char fault
merge smoothly with north—south lineations. They interpret this as relating
to a major, north-~south striking shear zone. Within this shear zone (Stop
5) the lipeation plunges shallowly northward and foliation is almost totally
absent. Right-lateral shearing along the lineation has been documented
{(0'Hara and Gromet, 1984, 1985). Toward the Lake Char fault, foliation
becomes more dominant. The transition from north—south lineation
orientations to northwest orientations is abrupt {(Stop 8) and the relative
timing of the two lineations 13 unclear. There is some reason to believe.
that Lake Char movements may have outlasted movements to the east in O'Hara
and Gromet's (1984, 1985) Hope Valley shear zome. Microstructures
associated with the north—south lineations are exclusively ductile for both
quartz and feldspar whereas microstructures within the Lake Char mylonites
(northwest lineations) span the range from ductile to brittle for quartz and
feldspar and ultramylonite layers and dikelets occur locally (Step 10,
figure 7F). Cuarrently, we do not believe that the Lake Char fault forms the
less sheared western boundary of a more fundamental shear zone located to
the east. Post-mylonitization folding is locally present. This is seen as
mesoscopic folds of mylonites {Stop 3) and as a north-south spread in poles
to mylonitic layering and foliation,

Kinematic Indicators

Much of the current controversy surrounding the Lake Char-Honey Hill
fault regards the sense of motion, Goldstein (1982a,b; 1984) and Goldstein
and Hutton (1984) have proposed top-down (low-angle normal) motion which
stands in marked contrast to the traditional view of thrust motion. One of-
the main purposes of this trip is to exsmine mesoscopiec structures which
bear on fault motion and to present microstructural dats of similar
significance at the outcrop. Participants and followers of this field guide
are urged to collect oriented samples and cut oriented thin sections so that
they can verify for themselves the microstructural asymmetry which defines
fault motion. Recently, 4 number of papers have been published which
discuss mesoscopic and microscopic structures in shear zones and their
interpretation (Simpson and Schmid, 1984; Lister and Snoke, 1985), These
papers should help those interested in confirming (or denving) the results
presented here. A summary diagram of mesoscopic and microscopic structural
asymmetries is shown in figure 6 and a brief description of the more common
asymmetric microstructures follows.

Composite Planar Fabrics (C and §) — First described by Berthe et al.
(1979), these non-parallel planar fabrics are considered to be one of the
most reliahkle shear sense indicators. In the "traditional"” sense, C
(cisaillement) planes are parallel to shear zone boundaries and represent
zones of high shear strain; S (schistosite} is a grain shape foliation
related {perhaps) to the accumulation of finite strain., Thus, in the
initial stages of shear, the angle between C and 5 should be approximately
45° and should decrease as shear strain accumulates. There is some debate
over the Liming of formation of C planes relative to 8. This, however, iz
not significant to shear sense determination. It need only be eatablished
that 8 curves into G, the sense of obliquity will define the shear sense,
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Figure 6. Summary diagram of common asymmetric
structures in shear zones: S and C .~ schistosite and
cigaillement fabric (Berthe et al., 1979); PS -

pressure shadows around megacryst; M - mica "fish';

R - recrystallization tails on asymmetric augen; F -
asymmetric intrafolial folds. Also shown (schematically)
is a strain ellipsoid representative of the instantaneous
state of strain; negative and positive refer to orienta-
tions of features which would experience extension or
compression respectively. The two regions of the positive
segment would have different fold asymmetries. Shown to
the Tight is the model of Bell and Hammond (1984} for
forming asymmetric folds by shearing at the mergins of a
shear zone. See text for further details.
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Figure 7. Typical microstructures in mylonites from the Lake Char-Honey
Hill fault. All photomicrographs are from thin-sections cut parallel to
lineation and perpendicular to foliation with the down-plunge directicon of
lineation on the right. A - S and C defined by biotite flakes in the
Plainfield Formation; Thompson quadrangle, intersection of Tucker Hill Road
and Route 44 {Stop 11, this trip), photograph is approximately | mm across;
B - Large muscovite "fish" in mylonitized Biotite Gneiss of the Lower Member
of the Tatnic Hill Formation, Fitchville quadrangle, 150 m south of Stop

2 (this trip), photograph is approximately 2 mm across; C - Oblique quartz
grain shape from same locality as A, photograph is appreximately 2 wm
across; D - Obligque quartz grain shape, subgrain development and asymmetric
Tecrystallization tails in plagioclase augen in mylonitized Biotite Gneiss
of the Lower Member of the Tatnic Hill ‘Formation, intersection of Bishop
Road and South Road, Fitchville quadrangle (Stop 2, this trip), photograph
is approximately 2 mm across; E - Microfaults in plagioclase mepgacryst

from mylonitized Quinebaug Formation, north of Squaw Rock Road,
southeastern Danielson quadrangle, photograph is approximately 2 mm across;
F - Ultramylonite layer and dikelets in mylonitized Fly Pond Member of the
Tatnic Hill Formation, Fitchville quadrangle, 500 meters west of Stop 2
{this trip), photograph is approximately 2 mm across.
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This fabric is 1ocaily well~developed ;g the Lake Char-Honey Hill mylonites.
It is best seen in pegmatites within the Fly Pond Member of the Tatnic Hill
Formation in the Fitchville quadrangle (Stop 1), im the Hope Valley Alaskite
in.the East Killingly quadrangle (Stop 9) (only obvious oa cut and stained

elabs) and in thin sections of the Plainfield Fm, from the Thompson
quadrangle (Stop 11, figure 7A).

_L{sﬁer and Snoke (1985) have suggested that mylonites with oblique,

‘composite fabrics should be considered as a separate broad class of

mylonites, 5-C mylonites, of which there are two types. Type I is
characterized by ¢ and § in the sense of Berthe et al. (1979) {described
above) and are common in deformed plutonic rocks, as inm the Hope Valley
Alapkite (Stop 9). Type II 8-C mylonites are defined by other composite
planar fabrics, mica *fish" and oblique quartz grain shapes, and are common
in quartz~ and mica-rich rocks (Lister and Snoke, 1985), These fabrics are
exéeedingly comuon in mylonites of the Lake Char-Honey Hill faults.

Mica "Figh' - Muscovite in mylonttes is frequently quite large
despite the small grain size of most phases, including biotite. These large
muscovite grains will commonly take on a sigmoidal shape or form "stairs"
connecting C~planes, They have been referred to as mica "fish" and are
another reliable, easily interpreted kinematic indicator. Lister and Snoke’
(1985) suggest that very large muscovite grains are boudinaged or cut by -
listric normal microfaults when they are inclined to the shear zoune boundary
such that they will experience instantaneous extension (figure 6). The
boudin or fault "blocke" are eventually separated along C-surfaces, their
tails experience intense dynamic recrystallization and merge migmoidally
into the C-planes. The sense of obliquity and sigmoidal rotation are
excellent ghear senge indicators. These "fish"” are exceedingly common in
the metasedimentary rocks of the upper plate (figure 7B, Stops 1 snd 2) and,
locally, in the Hope Valley Alaskite (Stop 4).

Oblique Quarty Graxn Shapes — Because quar:z 80 ea511y experiencea
dynamtc recovery and recryetallization, it is able to develop a grain shape
which is directly related to the sense of shear. Syntectonic
recrystallization results in equant quartz grains; these grains will then
act as small strain indicators, elongating initially at about 45° to the
shear zone boundaries (C-planes) and then at ‘progressively lower and lower
angles until further recrystallization produces a new equant fabric.
Further shear strain then acts in & similar faehion on this equant fabric.
Because micro—scale domains may undergo dynamic recrystallization at
different stages of deformaaion, one thin section might have quartz grain
shapes at anglee of 407 to 10° to C-planes (Lister and Snoke, 1385).
Dblique quartz grain shapes are common in all quartz-rich rocks of the Lake
Char-Honey Hill wylonite zone. They are especially common in the Plainfield
quartzite (Stop 11, figure Td), in the mylonitized Hope Valley Alaskite
(Stop 4}aud 9, figure 7C) and in the Tatnic Hill formation (figure 7D, Stop
1 and 2).

Quartz C-Axis Orientation - Crystallographic preferred orientation of
quartz c-axes developed by progrespive simple shear is ode of the most
wxdely discussed topics in the structural literature. It is not easily
interpreted, although it is a commonly used technique. Among the
difficulties relating to the development of crystallographic preferred

orxentatton are the relative dominance of slip on basal versus prlsmattc
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elip planes (Simpson and Schmid, 1984), late stage reorientation of the bulk
slip plane due to folding (Carreras et al,, 1977), and the component of pure
shear involved in the deformation (Wenk et al., 1984). Despite these
uncertainties, the C-axis fabric is commonly interpreted with respect to
shear gense when either a "skeletal" fabric defining cross-girdles (Lister
and Hobbs, 1980) or a point maximum misoriented with respect to the
foliation and lineation is observed. The reader is referred to Simpson and
Schmid (1984) for a more thorough discussion.

Mesoscopic Asymmetric Intrafolial Folds —~ Folds in myleonites which
have axial planes at low-angles to the mylonitic foliation, deform the
mylonitic layering and foliation, have an axial plane foliation which is
esgsentially mylonitic and decrease in amplitude aleong their axial planes
(figure 6) are common in many mylonite zones, including the Lake Char-Honey
Hill fault zone. Axes of such folds commonly conform to a separation—angle
geometry and have been used to determine the shear seunse of the Lake
Char-Honey Hill fault (Goldstein, 1982 a,b). The origin of such folds and
thug, their interpretation with respect to shear sense is uncertain and is a
topic' of debate in the literature (e.,g. Huddleston, 1983; Platt, 1983 ;
Bell and Hammond, 1984). Folds developed in dikes and veins are used with
great caution because the rotation sense of the fold as well as the
orientation of its axis depends on the initial orientation with respect to
the shear zone (Figure 6). Folds developed in mylonitic layering and
foliation should be more easily interpreted but their origin 1is unclear.
Layering and foliatiom in shear zones should roughly parallel the X~Y plane
of the bulk strain 21lipsoid and because mylonites are the sxpression of
high shear strains, the lavering and foliation are sub-parallel to the ghear
zone boundaries. Planar features, such as mylonitic layering and foliation
will deform in accord with their orientation with respect to the
instantanecus state of strain in the shear zone and will rotate with respect
to the shear zone. Thus, they should always lie within the field of
instantaneous finite elongation, canmot rotateé through the plane of the
shear zone and thus, should not fold. This, of course, assumes homogeneous

- simple shear which probably never represents reality. There are currently

two viable mechanisms to explain the origin of folds in shear zones.
Huddleston {1983) argues that folds will only develop when layering is
inclined to the shear plane. He explains the origin of folds in glacial ice
as the result of such a discordance when a glacier flows over a
discontinuity (a hill) as its base.' On the down-flow side of the hill, the
layering is inclined steeper than the flow planes and folds result which
have asymmetries in harmony with the direction of glacial flow™
(sense-of-shear)., Talbot (1979) uses a similar mechanism to explain folds
in flowing salt glaciers. Bell gpd Hammond (1984) also rely on a similar
mechanism to explain folds in mylonites. In their model, folds develop on
the down—-flow side of ellipsoidal pods of less deformed rock. Although they
urge grest caution in the use of folds as shear-sense indicators, they note
that they are potentially useful.

A very different mechanism has been proposed by Platt (1983)., Based on
a mathematical model involving variations in the rate of shear along
layering, Platt (1983} shows that folds with vorticities of both equal and
opposite signsg to that of the shear (equal and opposite rotation sense) will
initiate depending on whether the rate of change of shear on layering is
faster or slower than that surrounding it. Platt (1983} further shows that
folds which initiate with rotation senses the same as the shear zone will
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continue to develap whereas those with opposite senses of rotation will
devolve with progressive deformation. We prefer the model of Platt (1983)
to explain most of the folds observed in the Lake Char-Honey Hill mylonite
zone because the presence of less deformed pods with anastomosing mylonites
is only rarely observed and is not present where folds are best developed.
Thus, although fold asymmetry is controversial and must be used with
caution, we believe that it can be a reliable indicator of shear sense in
the Lake Char-Honey Hill mylonites. This has been corroborated at several
localities through the observation of more easily interpreted and generally
accepted microstructures. In those instances, fold asymmetry agrees with
the sense. of shear deduced from microstructural asymmetry (Stops 2 and 11).

Other Shear Sense Indicators - A large number of other mesoscopic and
microscopic structural features can be used to interpret shear sense. These
include asymmetric pressure shadows, asymmetric recrystallization tails on
feldspar augen (figure 6), microfaults in feldspars {(figure 7E) and almost
any other asymmetric fabric. Simpson and Schmid (1984) review the more
common of these. One less common asymmetric fabrig which is present in some
localities visited by this trip is an oblique transposed lavering or
foliaton. 1t is proposed that this develops in zones of high shear strain
by extreme attenuation of short limbs of asymmetric intrafelial folds, The
result is a true transposed layering.

Results of Shear Sense and Microstructural SBtudies

A wide variety of shear sense indicators have been observed in
mylonites of the Lake Char-Honey Hill mylonite zone {figure 7). These
include asymmetric intrafolial folds, asymmetric augen, extensional
crenulations, sense of rotatiom at the marginsg of a small {1 m wide) shear
zone, oblique transposed layering, oblique quartz c—axis asymmetry {figure
8), C and § structure, asymmetric mica "fish", oblique quartz grain shape,
and a variety of other microstructures including microfaulted feldspar and
displaced grains. The vast majority (approximately 95%) of these show that
mylonites were formed during motion of the upper plate towards the northwest
with respect to the lower plate {(top~down or low-angle normal)}. The body of
data is so large and the microstructures are so unambiguous (figure 7) that
this conclusion ig believed to be an absolute certainty., The temperatures
ambient during mylonitization can be approximated by observations of
microstructures. Plastic deformation of feldspar is &uggesttve of
amphibolite facies temperatures (approximately greater than 525 °C) and the
transition from brittle to ductile deformatlon of quartz is reflective of
temperatures in the range of 300-350°C. In most mylonites from the Lake
Char-Honey Hill faults, both quartz and feldspar show the effects of dynamic
recovery and recrystallization (figure 7D). This suggestion of amphibolite
facies temperatures has been locally corroborated (Goldstein, 1982¢) with
geothermometry and is in agreement with the local occurrence of sillimanite
in mylonite, although most mylonites do not contain an aluminosilicate
phase. Locally, quartz can be observed deforming by crystal plastic
mechanisms and feldspar by brittle mechanlsms (figure 7E) suggesting a
temperature of formation between 3530 and 525°C, In some Very narrow
zonesg, even quartz deforms by brittle mechanisms (figure 7F). This leads to
the conclusion that motion on the Lake Char-Honey Hill fault began its
motion at high temperature amd at depths of between 12-17 tm. Most
mylonites were active during this early phase because all but the most mafic
phases were deforming ductilly and were, therefore, weak., As temperatures
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and depths decreased and feldspars became stronger, deformation was
concentrated in more narrow zones and at reasonably cold, near—-surface
conditions the deformation was localized in very narrow zones. It is
difficult to place an absolute time span on this sequence and to know the
senge of motion during the most brittle, latest motion. One of us (AG)
speculates that the sequence spanned a geologically brief period during the
Alleghanian orogeny and represents top~down motion during the entire period,

SAMPLE A8

CONTOURS .5,1,1.5%per1%area

Figure 8. Lower hemisphere, equal-area diagram of quartz c-axes from
mylonitized Hope Valley Alaskite in southern Oxford quadrangle
(Goldstein's (1982) Stop 1). C-axes were measured from three mutually
perpendicular thin-sections and are plotted such that lineation plots
as east-west and horizontal with the northwest end of the lineation
on the right (viewed looking southwest).
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Results of microstructural studies of samples from the Bloody Bluff
fault (Goldstein, Rodman and Hutton, in review) contrast with those noted
above. All samples of the Bloody Bluff mylonites show thrust motion with a
left-lateral component and ductile deformation of feldspars indicates that
thrusting was & high—temperature event. Farther, xenoliths of mylonite in
unmylonitized gabbro require that mylonitization be no younger than
8ilurian. These conclusions provide a potential explanation for the local
occurrence of thrust-motion indicators on the Lake Char—-Honey Hill fault.
It ig likely that early thrusting occurred on the Honey Hill-Lake Char
Faults as well as the Bloody Bluff. Thrust indicators, then, could be
localized in blocks which did not enjoy the later, top~down motion.
Alternatively, top-down motion could have bzen preceeded immediately by a
thrusting event (8. Mosher, pers. comm., 1984), The later phases of
movement , however, ware sufficiently intense to obliterate nearly all traces
of thrusting. A final alternative is that thrust motions represent nothing
more than "antithetic'" shear developed around blocks or pods resistant to
the mylonitization,
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'ROAD LOG

Starting Point: Communter Parking Lot at exit 80, 1395,
..+ HNorwich, Conn. The parking lot is located
“immediately west of I395 off Route 82 adjacent’
to the Sheraton Motor Inn entrance. From parking
1ot, the trip continues west on Route 82. This
trip leaves at 8:00 a.m. :

Mileage: Begins from right turn onto Route 82,
Gumulative Interval
1.6 R 1.6 -Turn right onto South Road at sign

for Camp Tadma. -

South Road rums approximately parallel to and slightly north of the
Honey Hill fault. Outcrops and cliffs on your left (north) are of
thoroughly mylonitized Tatnic Hill Fm. {(Biotite Gneiss of Lower Member
and Fly Pond Member)

2.5 -9 Intersection with Swan Road and
Bishop Road - Continue straight
on South Road.

3.35 .85 Stop ##1 - Power line crosses
South Road; Park along power line
road on south side of road.

STOP #1

Outcrops at parking area are of mylonitized biotite gneiss of the
Tatnic Hill Fm., Locally present are folds with axial planes at high
angles to the mylonitic foliation which may represent post-mylonitic
deformation. Across the small swamp south of South Road are outcrops
which Snyder {(1964) mapped as plagioclase gneiss south of the Honey
Ht1l fault (Quinebaug Fm.?); the trace of the Honey Hill fault occupies
the swamp, We will traverse the Honey Hill mylonite zome from close to
its base, along the power line road to the north, to its top in the
Hebron Fm. Features of interest are noted on the schematic cross
section (figure 9). Here the mylonite zone is .7 mi wide, so that this
traverse will occupy considerable time, but the mesoscale structures
are quite well developed and represent a wide variety of kinematic
indicators as well as enipgmatic features which can be discussed.

Cliffs immediately south of the power line and north of South Road
expose marble of the Fly Pond Member of the Tatnic Hill Fm.
Interlayered with the marble are quartzites and these quartzites are
folded spectacularly. This is one af the best locations to digcuss the
origin and significance of folds in shear zones, g topic of
considerable debate and uncertainty (see text). Care must be taken at
this locality to remember that, bacause the lipeation plunges obliquely
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SOUTH ROAD

—» 13 folds to west of road

Cliffs of granofelsic fly pond
member~"'$” folds; asymmetric augen;
?ﬁﬁdiﬂageé qtz-fsp vein;3-C fabric
in pegmatite

L1iEfs of fiy pond member- asymmet
ric augen; sills and dikelets of
"Lanterbury Gneiss"; "reactivated"
boudinage

Small-scale "S" folds; asymmetric
augern; “reactivated! bouding

tow cliffe of Yantic member- small
nev fulds; asymmetTic augen; oblijue
transposed layering

Very wall developed lineation;
speatacular cliffs to the east
display few mesoscople structures

bt are beautiful; local occurance
of thin laminaticns shows extensional
cranulations suggestive of a
right-lateral component

Top of Canterbury Gneiss- poorly
devgloped lineation but still

mylonitized
A\

Lliffs of Hebron Fm,- folds in
primary layering have northward
plunging axes; thin zones of
extensional ersnulations and obligue
transposed layering are probably
related to Homey Hill movement

and indicate top-down motion
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into the outcrop, only a component of fault motion would be parallel to
the outcrop face making fold cross sections much less attenuated than
if viewed in sections parallel to the lineation. Folds here have a
wide variety of geometries; some have axial planes which parallel the
mylonitic foliastion whereas others have axial plames at a& high angle to
it. Some are highly attenuated tsoclinal similar folds whereas others
are smaller amplitude and wavelength buckle folds. It appears as if
the quartzite layers were inmitially boudinaged and then folded. If
this boudinage were related to mylonitization, as we believe, then the
shear zone boundary would have been inclined at a steeper angle than
the layering (with respect to its current orientation). Layering would
have rotated toward parallelism with the shear zone boundary and
folding coyld have resulted either from strain heterogeneities
localized around boudin or as a result of strain rate variations
(Platt, 1983). Fold axis orientation and rotation sense (figure 10)
define top-down wotion.

___‘___“”_.___...........u........-uup--umu-nngu----ﬂﬂﬂ'!“'*'f““"""'

Figure 10. Lower hemisphere, equal-area plot of fold axes measured in the
marble of Stop 1. Foliation is shown as the great circle and lineation as
the solid dot.
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Above the marble is a small pod of biotite gneiss enclosed by marble
and cale¢-gilicate of the Fly Pond Member., Within this block are some
tenuous thrust-motion indicators including oblique foliations and
asymmetric folds., It may be that this block was prohibited from
enjoying the top—down motions as a result of its more ductile envelope.

Return to power line and walk northward along power line road.
Numerous mesoscopic structures can be seen principally in the traverse
over the first large hill; these are noted on figure 9. Continue along
road to top of second large hill to observe mylonitized Canterbury
Gneiss and spectacular mesoscopic structures in Hebron Fm.

Return to cars. Travel esgst on South Road.

Cumulative Interval
4,2 .85 Intersection with Swan Road and

Bishop Road. Park by side of road.

STYOP #2 (Optional)

Natural exposures at the northeastern corner of this intersection
are of biotite gneiss of the Tatnic Hill Fm. and are an especially good
locality to observe folds in mylonites and to collect samples for
microstructures. Oriented thin-sections from thisg locality display
muscovite "fish", oblique quartz grain shapes and asymmetric augen.
Asymmetric folds are well developed in quartzofeldspathic layers in
outerops in the woods and immediately north on Bishop Road. The
layering may have been pegmatitic dikes, veins or sills. It is
interesting to note that fold asymmetry always agrees with
microstructural asymmetry.

5.1 9 Turn left omto Rt. 85

6.9 1.8 Cross under 1395

9.0 ‘ 2.1 Cross bridge over Yantic River
into Norwich~Follow signs for
Rt. 2E.

9,2 .2 At end of bridge turn right onto

Rt. 2E and 128

9.6 oh Turn right across bridge-follow
signs for Rt. 2E

9.6 .01 Emmediately after bridge turn left-
Follow signs for Rt, 2E and 12N

9.9 «3 Turn right - Rt. 2E

10.2 .3 Turn left. Follow signs for Rt. 165E
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Cumulative Interval
15.3 5.1 Intersection with Rt. 164~
Continue straight on Rt. 165
19,1 3.8 Turn left onto Gravel Road-
Burdick Lane
19.6 .5 Pull over into "cleared" area
on left.
STOP #3

Exposures on crest of hill to the left are of mylonitized lower
plate and were first shown te the authors by Bobby Dixon and described
in her guidebook article {(Dixon, 19823 Stop #9). Here mylonitized Hope
Valley Alaskite (?) displays .an exceptional ribbon linesation and
post-mylonitic folding. These post-mylonitic folds are uncommon but
are present at several localities along the Lake Char fault. We
speculate that these folds may be related to late stage displacements
on the Lake Char fault.

26,1 o5 Return to Rt, 165 - turn left

21.2 1.1 Turn left onte Rt. 201

21.5% .3 Fark on Rt. by waterfall
STOP #5

This short stop is to examine, briefly, ome of the socuthernmost
exposures of mylonite of the Lake Char fgult. Here the Hope Valley
Alaskite is mylonitic, displays a N50-60°W trending lineation and has
top~down microscopic kinematic indicators including oblique quartz
grain shape and mica~fish. The obliquity of the muscovite fish can be
seen mesoscopically by "fish flash".

Continue neorth on Rt. 201.

23.3 1.8 Intersection with Route 138
{Dixon's, 1982, Stop #10)}; Turn
left onto Rt. 138 westbound,

27.1 3.8  Intersection with 1395, turn right
onto 39%5 northbound

40,1 13 Follow gsigns for Connecticut
Turnpike and Route 63 Bear right
(1395 bears left)

44.9 4.8 Park in Diner parking lot... lunch stop
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Turn around and rerurn westward on Comnecticut Turnpike. The next
five stops coustitute a cross—section from Rhode Island basement
terrane structurally upward to the Lake Char fault.  The geoclogy of
this traverse is illustrated in figure 11 and 12. Structural data for
domains along this traverse are shown in figure 13,

Cumulative Interval
45.9 1.0 Pull over by large roadcut
STOP #5

Domain I, Ponaganset Gneiss {fig. 14a). The lithology seen is
typical of the western Ponaganset Gneiss. This is a medium gray,
porphyritic granite gneiss. The lineation is seen in the N-S,
sub-horizontal elongation and rotation of the 2-4 e¢m, pink phenocrysts
(porphyroclasts). Note the absence of foliation to the extent that
thers is little or no preferential orientstion of phenocrysts
perpendicular to lineation. Note that the porphyritic gray granite
includes xenoliths of the dark gray tonmalite - granodiorite and is cut
by the porphyritic, leucocratic granite and aplitic dikes.

46.4% - «5 Small roadcut on westhound side of
highway, park off shoulder of high-
WAY .

sToP £6 (optional)

Domain I, Ponaganset Gneiss. This outcrop is within 500 m of
Plainfield Formation Quartzite and, as presently defined, the Hope
Valley Shear Zone. Here the Ponaganset is weakly to moderately
foliated (N trending, W dipping, fig. 13) where the microcline
phenocrysts (porphyroclasts) are more thoroughly recrystallized, and
these, the quartz aggregates, and the biotite clots are less equant
perpendicular to the prominent lineation.

47,2 .8 Large roadcut, park off shoulder
of highway.

STOPr #7

Domain II, Plainfield Formation Quartzite {(figure 15). This is
one of the larger exposures of the massive, equigranular,
metaquartzarenite typical of the quartzite members of the Plainfield
Formation. Here foliation occurs as 1) a moderate to strong alignment
¢f 0.5 mm muscovite and biotite lathes, and Z) 1-4 mm horizons of
coarser, rectangular, recrystallized quartz grains. The strong N
trending lineation persists. In the western part of the outcrop two
pelitic layers (biotite schist) outline a isoclinal fold hinge (note
enveloping surfaces, figure 15). However, within the enveloping
surfaces the guartzite pelite layering has been rotated (or transposed)

A6-31

189



[
)

s
b
‘i
»
’
i
e
-
i
X
~
5
7
W
-
f
B
by
15 f tE
-
3t

»

EXPLANATION
,»{C*,\zup,::'z T ST N ‘ o L 5 Eﬂ]m Quinebaug Formation
SRR e ey t':f.“’ DS » i
oA TR T Y ey ) 7 Hope Valley Alaskiie

1l ey o
Lt F

v
M ’ (Tt FD
Fulosatat Lol 0t f o " iy T EN
Rty iy F3
- SN T .
¥ \:f?:(,;):!’\ Apiite

Ponaganset Gneiss
Microciine Variety
£t Leucocralic Variety

Plainfield Formation
Quartzite

Pylite

interbedded quartzite
and pelite

Aclinoiife Schist

Secondary Quariz

Contact
Infarrag Contast
LAKE CHAR FAULT

Bedrock Exposure

= Old Furnaes
State Park

7 ARG, A T L e S T
= & n”," ’ﬁ,’“-’,’un‘,‘, et
o ”,;.’[ o ’”U??" ,:’f,,,;::,; ‘.JJ{

4 Ly 0 gf”:éfi;“ dprlatih ;g;

i ALY
%Wii’iff LW

¢ N
i TN it e
,ﬁ,,{{,!r Ut,f

A NS
H £
/ A ff,' j“z"‘ ’lif r.'f" ”iﬂja'“' i
» LIP3 T T
b _';-"‘ g Ly 17 V12 3y Lot g
'ﬁ’)if £ e LBGEe
ke P I IV R A S
T TR RAN RS UL N PP P L AT
,,}‘}:,.fil!ff.r/.‘ ¥ ,,z,:,lt,,”lr,,
oy
vyt ”%’;%:’;;;tm,'f
) ‘,%fdr‘p%*'f;“r/ ;‘;w};ém

i

7. LA £y Gt Trdi ¢
A ;l.’i’r iy ,,!;1,’: Ji,;ﬂi'{"’,{,; i
W fiads "i."fr!'” ) P ! t J“-‘,:, iy

5 ed bt 1D g 2 DN T g 0 K

””f"}r f*}"‘},”’ﬁ." ”,,'y,; l;;,m o #’.”ﬁm{;'
”’;’(‘r,’r;.%’r;i, It H"J USRS IWTIISTIGS s

YNEN A AL 1,
fm,j;jg.;irﬁ,;r,,i,Snake Meadow. Rd.7N
(R s e e L [

¥ 5l

2,
oAz 4
ety

-
=

1

[

AN

I AT/ 75
A0 X oy
bt 10, L
,:ﬁdxg,wm%'
S AR
105 (A1)
Jiatns LRI TG 8

v,
e

$5atT Y
O BSOS S B
vy T ) RN Lk
7 (S Y . = L3
gt 12,5 etk 0 Ay
hz/&//’[;i‘ ata & .
Ll i L N »n -
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92 '
! DOMAIN & DOMAIN 4 DOMAIN 3 DOMAIN 2 DOMAIN 1

FOLD AXES

S2,L2

APLITIC DIKES
50,51 Layering

Figure 13. Synopsis of structural data for domains shown in figure 12
plotted or contoured on the Lowe hemisphere of equal-ara diégrams (52
and L2 refer to foliation and lineation, respectively), nmumbers of data
are noted, contours are the same as in figure 11. : '

Figure 14. Sketches of geological relationships at field trip stops
along Rt, 695. A - Internal facies of Ponagansett Gneiss, Stop 5;

B - Tape and compass map of Plainfield Formation facies at Stop 8,
facing north; C - Tape and compass map of interlayered Plainfield
Formation and Hope Valley Alaskite at Stop 10, facing west; Internal
facies variation in Hope Valley Alaskite at Stop 9, facing north.
Note Rb/Sr values increasing to the west and in aplites; E - Tape
and compass map of roadcuts at Stop 10 exposing the trace of the
Lake Char fault, facing west.
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into parallelism with foliation. Note 1) that within the enveloping
surfaces, ‘layering is truncated by foliation, indicative of
segmentation of layering along foliation; 2) that poles to layering
form a partial great circle roughly coincident with poles to foliation
(figure 13), and 3) that lineation is crudely axial to this partial

great circle.

quart

iy

zite

Figure 15. Sketch of voadcut at Stop 7 showing isoclinal fold hinges
in bedéing of the Plainfield Formation, facing north.
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Gumulative Interval
48.1 .9 Large roadeut onm westbound side
of highway
STOP #8

Domain III, Plainfield Formation Pelite and Quartzite., In this
outcrop some of the Plainfield Formation pelitic member and the
gradational transition into a western quartzite member is well exposed
{figure l4b). Foliation is well developed in the schists as a sinuous,
undulatory surface defined by the preferred orientation of micas and
the flattening of quartz and plagicclase, and is developed in the
quartzites as at Stop 7. Lineation is well defined in the quartzites
as a "mullion™ structure and is less well defined in the schists as a
preferred orientation of acicular minerals or a tight crenulation of
micas in foliation. Asymmetric I cm micro-felds in foliation with axes
that parallel lineation are quite common. Quartz rods and boudins are
common within the schists. All of these structures probably were
initiated during the isoclinal folding phase of deformation. An axial
planar foliation may have served as a pre—existant slip plane for later
ghearing. Fold axis parallel crenulations, winor folds, quartz rods,
and boudins may have been subsequently rotated into parallelism with
the shear-related lineation. Both lineation orientations (N-S, NW) are
present in this outcrop and the transition from N~8 orientations at the
eastern end of the cut to NW at the western end of the cut is
apparently abrupt. We have not found the two lineations on the same
gsurface but in the center of the roadcut adjacent foliation surfaces
can have lineations with divergent orientations. Also found hexe are
northeast-trending elongation lineations, sheath folds (eastern end of
roadcut, figure 14b), truncated intrafolial folds and inequant,
flattened garnets.

Cumulative Interval
48.9 .8 Continue west on 695, stop at
large roadcut just west of Ross
Pond. Crosse road and walk east
along path dowa to pond
south of highway.
STOP #9

Domain IV, Hope Valley Alaskite; series of natural exposures from
pond shore to the west. Figure 14C is g tape and compass map of these
terraces. Note the interlayering of Plainfield Formation quartzites
and pelites with the Hope Valley Alaskite. The layering contacts are
highly sheared aad the layering could be solely tectonic in origin.
However, the Hope Valley Alaskite seen here is fine-grained and locally
aplitic. This leads to the tenuous speculation that the Hope Valley
Alaskite conformably intruded the Plainfield Fotmation and that the
8111 (?) contacts have beea subsequently tectonically activated. This
interlayering can be traced to the N as far as the base of Half Hill
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(figure 11b) where a general increase in Hope Valley grain size away
from the interlayered zone can be observed. Structural features in the
outcrop include 1) the well developed foliation and lineation, 2) the
presence of a folded quartz vein, and 3) an asymmetric fold in the
mylonitic foliation indicating oblique normal displacement parallel to
lineation.

Return to outcrop on W bound side of highway (where vehicles are
located).

Stop 9 continued ~ Domain IV, Hope Valley Alaskite. Figure 14C
is a photomozaic derived map of this outcrop. Here the gradual
transition from Hope Valley Alaskite is observed. The diffuse and
arbitrary pature of the contact can be observed. Several aplitic dikes
cut foliation. Stained slabs of the Hope Valley Alaskite when cut
parallel to lineation and perpendicular to foliation reveal €-8S
surfaces throughout this domain (figure 16). With one exception they
systematically indicate obligque normal displacement.

Zhv

08 surface Sample Localities

Figure 16, Direction of motion of upper plate of Lake Char
fault determined from C and 8§ fabric on stained slabs of
" Hope Valley Alaskite in domain IV (see figure 11).
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Continue west on 695, take first
exit for Squaw Rock Road

Cumulative Interval
49.15 .25 Turn left {south) on Squaw Rock
Road
49,4 W25 Park in wide shoulder on left side
of road by telephone switching
box. Walk north to to start of
pole and cable guard rail on west
side of road. Enter woods walking
W and downhill through cleared
area. Follow cleared area, through
fence, to interchange 90. Walk
south along N bound 395/635 past
split in highway. Carefully
cross highway.
STOP #10

Domain V, Quinebaug Formation and Plainfield Formation. Here the
Lake Char fault is well exposed (figure 14). The rocks underlying the
fault are recrystallized Plainfield Formation quartzites with abundant
secondary quartz. Black Quinebaug Formation schist, massive grey
Quinebaug Formation, and a coarsely porphyroblastic plagioclase gneiss
overlie the fault, The plagioclase gneiss occurs in large tabular
lenses which are concentrated at horizons in the Quinebaug Formation
schist. Thesé often have diffuse margins, rocks intermediacte (in
porphyroblast content) between the schist and the plagioclase gneiss
are common and lenses are often imbricated (figure 14E). Owens
speculates that 1) these represent primary layers of a composition
preferential to porphyroblast growth during or before the first phase
of metamorphism, 2) that this resulted ian a competency contrast, due to
which they were boudinaged during isoclinal folding and 3) that they
have been rotated and imbricated during mylonitization. Measurements
of intrafelial fold axes and rotational sense, from Plainfield
Formation quartzites directly beneath the fault, yield a separation
angle (figure 17b) consistent with a slip line parallel to the
lineation of domain V and indicate oblique normal displacement. To the
north in the outcrop plagioclase gneiss layers are cut by
pseudotachylites (figure 14E), which have formed in thin seams parallel
to foliation and intrude across feliation.

Proceed northward on Squaw Rock
Road which turns to the west.

Cumulative Interval

50.4 1.0 Turn right onto Green Hollow Rd.

A6-39
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Slip Line
Orientation
Determinations

Figure 17. Seﬁaration angle determinations of motion direction of
Lake Char fault at Stop 10 and an outcrop immediately north of Stop
10; lower hemisphere, equal-area projections.

Cumulative Interval

52.4 2.0 %top aignz go straight across
intersection

53.15 .75 Merge with Route 12 in Damielson

53.25 .1 Turn right at stop light

53.6 «35 Turn left onto I395 northbound

61.8 8.2 Take exit 97 for Route 44

61.9 .1 Turn right onto Route 44 eastbound

62,6 .7 Intersection with Route 21,
continue on Route 44

64,3 1.7 . Intersection with Tucker Hill

Road. Park in cleared area at
southeast side of intersection
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SYOP #11

The small roadcuts at thig last stop expose several lithologies of
the Plainfield formation as well as mesoscopic and microscopic
structural evidence of top-down motion. The rocks are quite thoroughly
mylonitized and lie within a zone either of fault repetition of the
Quinebaug and Plainfield formations or some more complex repetition
with mylonitization superimposed upon it. The Plainfield formation
here consizts of interlayered schist with plagioclase porphyroblasts
and massive quartzite. The gquartzite displays a spectacular oblique
quartz grain shape and the schists, especially where interlavered with
quartzites displays asymmetric intrafolial folds (figure 18), extended
quartz veins, mica "fish”, C and S fabric {(figure 74), and sigmoidal
quartz pods all of which indicate top—down motion along the N6OW
trending mineral lineation, Many quartz veins are present and show
crosscutting relationships suggestive of at least three stages of
veining, the final one of which is epidote bearing. Another feature of
interest here is the local occurrance of fabric forming chlorite.

Return westward on Route 44, 1395 is approximately 2.1 miles. To
get to the starting point of Goldstein's (1982) field trip to the Lake
Char mylonite zone in Webster, Mass. area, which also cites evidence
for top-down motion, proceed northwards to exist 100, Wilsonville,
Connecticut and follow the directions from there.

Figure 18. Sketch of folds in Plainfield Formation mylonites at'Stop

11. Bar scale is 1 cm, sketched from a slab cut parallel to
lineation,
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Trip B-1: Geology of Southern Counecticut, East-West Transect.
Brian J. Skinner and John Reodgers.

This trip crosses the following quadrangles, published quadrangle
maps of which are listed below:

New Haven (Stops 1 and 4)

{Woodmont}

Branford (Stop 2)

{(Wallingford; route rticks
southwest cotrner)

Mount Carmel (Stops 3 and 5)
Naugatuck (Stop 6)
Waterbury (Stop 7)

Thomaston (Stops 8 and 9}

Bedrock Surficial
Ceology Geology =
CGANHS QR 18

CG&NHS QR1B

CG&NHS QR 14

CC&NHS QR 10

USGS GQ-199 CGSNHS QR 12
CG&NHS QR 9 CGENHS QR 35
CG&NHS QR 22

USGS 6Q-984

Stratigraphic Column: Newark group in Hartford basin (Central Lowland).

Lower Jurassic
Portland arkose

"Meriden formation” of
Keyaine (1950)

Hampden basalt {3rd flow)
East Berlin formation
Holyoke bhasalt {(2nd flow)
Shuttle Meadow formation
Talcott basalt {ist flow)

Upper Triassic

New Haven arkose

Equivalent dikes, according to
Philpotts and Martello, ms.

Bridgeport—Pelham dike
Butrress-Ware dike

Fair Haven and Higganum dikes

Bl-1
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Stratigraphic Column for Rock Units Mentioned in Western Highlands (all
age assignments are uncertain}

Hartland belt Orange-Milford belt
Silurian and Lower Devonian
Southington Mountaln schist

» The Straits schist Wepawaug schist

{(unconformity)
Ordovician
Collinsviile formation Maltby Lakes chlorite
(partly equivalent ' : schist
to Prospect or Harrison
gneiss)

{fault zone)
Cambrian

Waterbury gneiss
{composite unit)

DON'T FORGET TO SET YOUR ODOMETER TO 0.0 BEFORE STARTING OUT!

(The mileage for this itinerary was measured with a car whose odometer is
about 1% fast.)

HMileage

0.0 Kline Geclogy Laboratory (town and civy of New Haven, New Haven
quadrangle).

0.2 Exit from Kline parking lot; traffie light. Go straight (east)
on Humphrey Street. ‘

0.4 Next traffic light; turn right (soutb) on Orange Street.

0.7 Next traffic light; turn left {east) onto ramp, then

take right fork onteo I-9} SBoutrh.

0.9 Once on I-91, it ig necessary to cross at least two lanes of
traffic to the left in 0.3 mile in order to take the left ramp
for 1I-95 East.

1.6 On I-95, one has a mile to cross back to the right lane befare
Exit 50 {(lane marked exit only). On the way we cross the Mill
and Quinniplac Rivers as they join at the head of New Haven
Harbor.
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2.7

3.0

3.9

4"5

4.7

4.9

5.5

6.1

6.3

Take Exit 50. Red New Haven arkose (Triassic) is visible to the
right from the ranmp.

Traffiec light; turn right (south) on Woodward Aveaue,

Low outcrop of traprock om right, part of a dike conpected with
the Forbes Bluff sill {see beyond), intrusive into the New Haven
arkose.

{ptional stop; second parking lot in Fort Hale Park. The hill
ahead is held up by part of a saucer—shaped s8ill of fine~grained
gabbro, rather well exposed in Forbes Bluff along the shore.

"T" intersection; turn right {south) on Townsend Avenue.

Route returns to shore of Morris Cove at southeast end of Forbes
Bluff, visible to right. TFar shore of Morris Gove is ovnderlain
by Light House (granite) gneims beyond Eastern Border Fault of
Mesozolc Connecticur basin, here running almost east-west ¢lose
te that shore.

Traffic light; turn right {southwest) on Light House Road. We
are here practically over the Eastern Border Fault, and ocutcrops
appear along the road somewhar farther on.

Enter Light House Point Park, keeping right. Granite in road
cuts. '

Parking lot for Light Housge Point. Busses park at Pavilion.
{The Lighthouse 1tself is on the Woodmont quadrangle.)}

STOP 1:

Gutcrops on the shore are the Light House gneiss, here
somewhat broken and shattered due to the near proximity of
the Eastern Border Fauli. Standing con the shore and looking
northwest, one sees Morris Cove in the fore—ground to the
right. The Eastern Border Fault passes close to the
southeastern side of the cove. The Fault then passes
southwesterly beneath New Haven Harbor; the gnelss to the
south forms a buried escarpment that has been lowered by
blasting to provide shipping lanes. Along the fault is a
deep valley, now filled with glacial outwash sediments as
much as 600 feet deep. Indeed, all of downtown New Haven is
built on glacial outwash gands In which there are local
lenges rich in organic matter.
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On the northern side of HMorris Cove stands Forbes

Bluff, a small s111 of fine-grained gabbro. Beyond the
Bluff, Fast Rock and West Rock, both sills, are vigible.
The two sille dip gently to the east, having the prevailing
dip of the Trlassic sediments they intrude. On the far
horizon, metamorphic rocks of the Western Highlands can be
seen emerging from beneath the Triassic unconformity. The
unconformlity can be seen In a number of places and will be
ghgerved at Stop 4.

Return to traffie light (5%5). (At about 6.95, cars can
turn right on Cove Street and cut off corner, then, In less
than 0.1 mi., turn right again on South End Road and pick up
itinerary at 7.25.) -

7.1 Traffic light (=5.5)s Turn right on Townsend Avenue or South End
Road.
7.6 Enter town of Bast Haven and then Woodmont quadrangle. Several

outerops of Light House gneiss nearby.
7.8 Stop sign: turn left {east) on Silver Sands Drive.

B.4 Turn left (northeast) on 3ilver Sands Road, soon re-entering
Hew Haven quadrangle.

9.2 Enter Branford quadrangle. Gneisg in quarry to left (northwest)
of road.is badly shattered, being close to border fault,

9.3 Stop sign; continue straight (east). We are here followling a low
ridge over the Light House gnelss just south of the border faulr,
which lies at the north foot of the ridge.

9.5 Sctop s8ign; continuve ahead, but soon bear left.

5.8 Stop sign; turn left {east) on Route 1l42Z. For the next two
miles, the route runs through large outcrops of gneilss or
granite.

16.4 Optional stop to see Light House gnelss.
i0.5 Cross-East River and enter town of Branford.

10.9~ Road follows shore of Pages Cove; gneiss crops out on
11.1 headlands and islands.

12.6 Traffic light at US8. 1; we have returned to the border fault.

Tarn right {(east) under RR overpass. Beyond overpass rvoad turns
northeast and starts to follow border fault. Prepare to stop.
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STOP 2:

1.5, 1 here follows the Eastern Border Fault. To the west,
a fragment of the Talcott Flow, with its distincrive pillow
structures, lies in the hanging wall. Across Route 1, east
of the fault, the Branford (granite) gneiss 13 extensively
fractured, sheared and hydrothermally altered. Alteration
extends for several hundred meters from the fault; feldspars
form clays and epidotes, ferromagnesian minerals form
serpentine and chlorite, and well formed quartz crystals are
common .

Continue northeast on U.S. 1, which soon diverges eastward
from border faulr into gneiss {Branford gneiss cutting
metagediments of Waterford group). Pass traffic light and
blinker.

Quarry on right shows sheared Branford gneige, here including
some schist, intruded by dikes of granite pegmatite and granite,
both probably marginal to the Stony Creek granite.

Second traffic light; turn left {(worth} on Cedar Street.

During construction of apartment complex to left, the border
fault zone was uncovered; the dip wag nearly vertical, in contast
to its 55' dip as recorded north of Lake Quonnipaug in Guilford
and algo in Manchester. In both those places, the fault trends
nearly north-gouth, whereas here it trends northeast] strike-slip
movemght may be more important here. '

Optional stop, at or just beyond underpass of I-95. Cedar Street
here is exzactly on the border fault. Entrance ramps to east,
especially north of I-35, show highly sheared and partly
silicified gneiss {(Branford gneiss). Cuts on I-%5 at end of
anirance ramp to west show mavoon sediments.

Turn left ont¢ entrance ramp onto I-95 West.

Qutcrops of basalt; same slice as at Stop 2. Beyond, road enters
basin of Portland arkose dipping generally toward the border
fault and framed by the three lava flows.

Tollbooths on Conn. Turnpike (1~95), The Hampden (3rd) flow,
dipping east, passes under the eastern part of the tollbooth
plaza without cropping out, but it is exposed in the hills to the
north.

lake Saltonstall, in valley over East Berlin formation. Enter
town of East Haven. The big cut just beyond on the right (north)
ig in the Holyoke (2nd} flow, dipping east, at the south end of
Saltonstall Ridge, but the highway and railroad pass along a
cross—fault zone that produces a left offset. The lirtle ridge
on the south, east of the swmall bridgse over the highway, is the
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16.6

16.8
17.5

17.8

19.2
20‘1

2.5

22.7

24.0

25.3

27.6

offget portion of the Holyoke flow; moreover, the shape of Lake

Saltonstall at this point reflects the offset (see Figure 1)

During the constructlon of I-93, John Sanders and students in the

Yale Fleld Geology course mapped the roadbed and vicinlty and

showaed that the fault zone is composite, being made of several

nearly vertical, east-west faults, not all wirh left offset.

{See also description of Stop 11, Trip C-1.) !

Cuts in Talcott (lst) flow, showing plllows, vesicular basalt,
and a dike (feeder?). (8ee description of optional step inm Trip
C-1, mileage 76.8.) ‘

Enter New Haven quadrangle.
Enter town {city) of New Haven.

Poor outcrops of New Haven arkosze on right {where not hidden by
concrete walls)., Parallel road to north (old U.8. 1) exposgses the
same, cut by dikes of the Falr Haven swarm.

Take exit 48 {right exit) omto I-91: follow It to Exit 10,
Bast Rock gill is promiment ahead; we pass Just right of irt.

Cross Quinnipiac Biver. Hllls ahead are uaderlain by dikes of
Fair Baven swarm. Big cut bevond apartment complex shows two
dikes intersecting at right angles, and much baked arkose.

Enter town of North Haven, then Branford quadrangle{

After Exit 9, Mt. Carmel or the Sleepling Giant is visible
straight ahead; it is a large stock of gabbro.

Take Exit 10 onto Route 40. As the road bends left and crosses
i-91, the Sleeping Giant ig evident off to the right. For a
short distance we are on the Wallingford quadrangle but then
enter the Mount Carmel quadrangle.

Stop at sign wmarking Hamden town line.
S5T0P 3:

A sequence of easterly dipping, Trilassic flood-plain
sediments. Bach upit 1s graded and each is presumed to
represent a single flood event. Pebbles in the graded units
can be ddentified with units to the east of the Fastern
Border Fauli, here more than 10 kilometers away. The green
color at the top of each graded unit may be due to a local
accunulation of very fine-grained organic matter acting as a
reduclng agent.

Continue northwest on Route 40.
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Traffic light at intersection with Route 10 (Whitney Ave.), Turn
left (south).

Village of Centerville. Route 10 turns right, but we continue
soutnn on Whitney Avenue.

Entrance to Wilbur Cross Parkway, not available for busses.
Enter New Haven quadrangle.
Bridge over Whitney Lake (on Mill River).

Lake Whitney on left (east). Whitney Peak at north end of ERast
Rock 8111 across lake; Mill Rock (dike) exposed on right at 33.1.
The dam at Lake Whitney is on the site of the original dam for
water power for the works of Eli Whitney, the Inventor of
gstandardized parts and the cotton gin. An industyrial museum has
been established at the site, the location of his gun factory.
The dam was located where Mill River had a natural waterfsll over
the Mill Rock dike, which connects the East Rock sill, visible to
the left (east), through Mill Rock, to the right {west), and Pine
Rock to the south end of the West Rock sill in West Rock. The
dike is exposed on the right (west) side of Whitney Avenue.

Stay in right lane and watch for traffic light.

Turn right (west) on Armory Street, following south gide of Mill
Rock.

“T" intersection; turn left (south} on Prospect Street.

Turn right (west) on Goodrich Street; continue past two stop
signs (Winchester and Newhall Aves.) and one traffic light
{3helton Ave.). :

Abandoned railway track and second traffic light. Turn right
(north} on Dixwell Avenue.

Traffic light; turn left (west) on Arch Street.
Traffic light; turn left {southwest) on Fitch Street.

Enter town (city) of New Haven. We are driving by Southern
Connecticut State University.

Turn right (northwest) on Wintergreen Avenue. Pine Rock isg
visible on right. It is formed by a westward continuation of the
Mill Rock dike, but guarrying excavatlons over the years have
shown it to be a complex of small intrusions. To the left is
West Rock, the south end of the major West Rock sill, which dips
east with the enclosing strata of the New Haven arkose.

The road cut at the west tip of Pine Rock exposes the rounded top
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36.35

36.9

37.2

37.5

37.9

38.3
38.5
38.7

39.0

of the dike; the columnar joints form a fan. The large area
peyond on the right was a large gravel pit in glacial ocutwash
forming a delta that was built north by part of West River,
flowing eastward and northward around the end of West Reck.

Bear left, then turn sharp left (36.4) onto Springside Avenue;
road goes south along the east foot of the dip slope of West
Rock.

West Rock terminates just to the west; the termination has been
made more abrupt by quarrying in the last century. The east
corner of the quarry is worth visiting {(from here); one sees the
top of the sill and overlying baked arkose, both cut by the game
columnar joints. The upper surface of the West Rock sill north
of here is quite irregular; apparently small dikes projected from
it in the direction of Pine Rock, but the actual asource of Pine
Rock wust have been farther down dip, still in the subsurface.

Traffic light; turn right (west) on 31&ke Avenue.

First of two traffic ldghts; turn right (northwest) on Valley
Road. Impressive view of south face of West Rock. The bottom of
the 5111 1s not parallel to bedding here but climbs southward
toward the s111's termination (as can be seen clearly when leaves
are off the rrees).

New bridge over West River. In 1981, the West River flooded
following torrential local rains. The bridge was washed away and
all houses In the immediate area were flooded. A kilometer
downeiream, where the West River crosses Whalley Avenue,
factories and stores were flooded, and the road surface wag
uprooted when several meters of water flowed across ir.

Traffic light; turn left {(southwest) on East Ramsdell Street.
Traffic light; turn right (northwest) on Whalley Avenue.

Take left fork (Route 63, not 69).

 Pass under Wilbur Cross Parkway and lmmediately turp left on

first entrance road for Amity Shopping Center; proceed (.15 mi,
past south end of shops to cliff face; turn right and drive
behind shops as far as possible.
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STOP 4:

This is a classic outcrop. The metamorphic rocks of the
Western Highlands lie unconformably below the Triassic
sediments of the Connecticut Graben. The basement rocks
belong to the Malrby lLakes formation (formerly known as the
Milferd Chlorite Schist), a unit believed to be largely
metavelcanice The angular unconformity on which the coarse

Triassic arkosle grits and conglomerates lie, dips gently
toward the east. Across the valley to the east, the West
Rock 8ill {(gabbro) is viasible.

The nearly bare rock surface above the stuop is approximately
the unconformable surface, exhumed by erogion by Plelstocene
time, glacially smoothed and covered by till, then exhumed
again by man. On the far side of the surface, the Malthy
Lakes formation is cut by a dike of fine-grained gabbro, the
Buttregs dike. The dike, which continues for many kilo-
meters both north and south, can be seen to cut the West
Rock 8111 about 250 meters north of the gap where the Wilbur
Cross Parkway tunnels through the sill; it forms a prominent
spur, called The Buttresgs, on the west or scarp face of West
Rock: (The gap 1s not eroded over a fault but over a zone
of intense jolnting that caused a great deal of trouble
during the building of the tunnel.) ‘

Return to Roﬁte 81 and turn left {northwest) {(39.6). FEnter
town of Woodhridge.

Traffic light; turn right (east) on Lucy Street.

Traffic light; turn left {north) on Litchfield Pike (Route 89).
We now follow valley of West River, between scarp face of West
Rock on the right, and exhumed pre-Triassic erosion surface on
left.

Dam of Lake Dawson on right. During excavation for this dam, the
unconformity of the Triassic om the older rocks (here the
Wepauwaug schigt) was well exposed, dipping east.

Enter Mount Carmel quadrangle.

Cement kiln on left at junction of Dillon Road. Continue
gtraight on Route 69, but we will return here. Route 69 now
starts to climb up left side of valley and to cut into Wepawaug
achist (with layers of dirty carbonate rock).

Stop just short of end of guard rail, opposite south end of large
roadcut on left in Wepawaug schist, here a phyllite,
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STOP 5:

The Wepawaug schist here fs at chlorite grade and shows
three principal rock types:

1)muscovite-chlorite-quartz~plagioclase
phyllite with more than 407 mica;

2)quartz-plagioclage=muscovite~chlorite
phyllite with less than 20% sica; and

3) calcite-dolomite—muscovite—quarts
brown-weathering limestone.

It algo includes lenses of "Woodbridge granite”, made of
plagioclase, quartz, muscovite, and minor K-~feldspar,
probably felgic tuff. According to Dieterich (1%68a, D),
the dominant foliation is closely spaced Fz #Xtal-plane
crepulation cleavage; minor ¥y folds are visible in the
northern part of the exposure. 3Streak lineatiouns at an
angle to the Fy axes are Fy lineations parallel to Fy fold
axes {(difficult to see in the natural ocutcrop but visible in

thin-section). F,; kink~bands are prominent. Fq has not
been seen here.

Make U~turn and return to corner of Dillon Road.

Corner of Dillon Road (= 42.3); turn right in front of cement
kiln. The “limestone” burned in the kiln came from a quarcy on
the hill behind, cut in a large lense of the very impure
carbonate rock in the Wepawaug schist, like that seen at Stop 3
{rock type 3).

In this area Fritts (GQ-199) mapped many small bodies of
"Woodbridge granite”; these have turmned out to be lenses of
felsic metavolcanies (Jean Bahr; unpublished senior essay at
Yale). Unfortunately no good exposures are accessible to a large
group.

Enter New Haven quadrangle.

"I" intersection with Route 63 {(Amity Road); turn right (north).

Read ticks southwest corner of Mount Carmel quadrangle and enters
Naugatuck quadrangle. '

Intersection of Routes 63 and 67; turn left {west) on 67.

Under thick glacial till {note nice drumlin to north), we cross
East Derby fault, from relatively lower grade Wepawaug schist
into relatively higher grade but probably correlative The Straitas
schisty the latter was called Cooks Pond schist by Crowley (GQR
24) and Derby Hill schist by Fritis (6Q-426 and 199).
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Ridge ahead marks edge of Prospect (Harrison) gneiss; along the
border is the distinctive Pumpkin Ground porphyritic member,
which we will not see here; we will see comparable rocks ("horse-
tooth gnelss”™ at Stop B. Road follows Bladens River through
ridge. '

Enter town of Seymour. We are here crossing the Bridgeport
synform, a true syncline for Crowley and Hall, an overturned
anticline for Dieterich and Rodgers. BReyond, to right, a large

- gravel pit in stratified drifec.

Batrance ramp for Route 8 Nerth. Turn right (morth) and join
Route 8., The outcrops at the right, at the end of and beyond the
ramp, are fairly typical Prospect gneiss, here on the west limb
of the Bridgeport synform, though only a few layers show the
coarse "horse—tooth” K-feldspars. Much fancy folding of layers
and velns.

We now enter the "jelly roll”, first worked out by Dieterich
(1968a, b). See Figure 1. A deep isoclinal, compound, probably
recumbent and west-vergent syncline of The Straits schist forms
the jelly layer in cake made of older gneisses (Collinsville and
Taine Mountain formations), probably equivaleént, in part at
least, to Progpect (Harrison) gneisg. The gyncline was then
relled up by two later east—vergent fold phases, and the roll
itself was then bent over the rising Waterbury dome {north of us)
as if over someone's knee. Erosion now gives us twe oblique-
sectiong of the jelly roll, north and south of the dome; we are
here in rhe southern obligue-section. The Straits schist is a
resistant rock and makes ridges. At and north of Seymour vidlage
the upper layer of jelly is crossed three times in a mile by the
sinuyous Naugatuck River, the two southern crossings (behind us on
the left) marked by distinct riffles which were exploited for
water power - hence the village. The lower {west) ceutact of
this layer used to be well exposed along Route 8 at 50.3, where
Rosemary Vidale studied in detall the reaction between calcite~
bearing layers and aluminous The Straits Schist, matching the
natural occurrences by experimental work, but the cutcrop was
entirely destroyed in the most recent relocation of Route 8. The
outcrop 1s described by Vidale in Burger and Hewitt (1968, Trip
D~1, p. 15-18; gee alse Vidale, 1969). The cliff high on the
south end of the Hill ahead to the right (Rock Rimmon) shows The
Straits schist and the same contact. The road cuts beginning at
the Beacon Falls town line (5¢.5) are in the underlying
Collinsviile gnelss between the upper and middle lLayers of jelly,
the labter cropping cut on the lower slopes of the hills to the
left aeross the river.
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Figure 1. Conceptual scheme to produce the jelly-roll structure,
inspired by but somewhat simplified from cross-sections in Dieterich
(1968b, Figs. 4 and 5).

1. ¥ - west-vergent recumbent folding; contact from ¢ to D becomes

inverted.
II. Continued west vergence; hooking of C.
III. Fg ~— east-vergent folding; contact from B to E is steepened and in

large part inverted and then flattened, producing present form of
northern oblique~section of the roll.

IV. Fg - anticline B is carried on eastward and overturned to become
Bridgeport synform, east of gouthern oblique-section of roll. Trip
route is very generalized.
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Large outcrops on both sides of Route 8 within bend of the
Naugatuck River west of Beacon Falls village. The middle layer
of jelly, The Straits schist, forms a separate outcrop on the
left (west) side of the road (at 52.5) scuth of the main outcrops
and can be traced to outcrops on old Route 8 in the village and
about a mile farther east, where it ends, wrapped around by
"cake”, itself wrapped around by jelly connecting the upper layer
{50,3) with the lower layer, which forms the prominent gorge of
the Naugatuck River just ahead of us {(53.1 to 34.8). The large
outcrops here are in the layer of cake between the middle and
lower layers of jelly. Stop near north end of outcrop, short of
end of gnard rail.

STOP 6

These new outcrops are some of the finest known of the
“"horse~tooth"” gneiss, filled with large Carlsbad twins of K-
feldspat. Carr mapped them as Prospect gneiss, and they
certainly fit its Pumpkin Ground member; here, however, we
now assign them to the Collinsville formation. As beth
units are now interpreted as largely felsic metavolcanics of
Ordovician age, the difference is not important.

Continue north on Route 8.

Gorge of Naugatuck River thrcugh the type belt of The Straits
achist, here the lower laver of jelly in the jelly roll. The
Straits Is a narrow pass in this ridge 3 wiles to the east, where
Route 63 passes through on its way from New Haven to Naugatuck.
The rock is coarse two—mica schist, almost slways slightly
graphitic and highly aluminous (garnet, staurolite, usually
kyanite), full of pegmatite bodies. The original rock was
probably an euxinic black shale.

Enter town {borough) of Naugatuck. Collinsville formation
beneath The Straits schist is exposed in low cuts on the railroad
across the river, but the locality is not easy to reach. We now
approach the Waterbury dome, which Dietsch's work (see trip A-1
in this guidebook) shows is even more complex than we feared.
First we pass the bordering rocks {the lowest layer of cake below
the lowest jelly), not exposed at all along our rcute, and then,
at about 537.2, we enter the "core" rocks in the eastern of the
three antiforms Into which Dietsch has dissoclved the dome,

Enter Waterbury gquadrangle.

Take Exit 29 onto Main Street north.
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Traffic light; turn right and proceed up hill past outcrops. The
busses will let us out at the top of the outcrops, then turn
around and pick us up at the bottom, or in the parking lot across
Main Styreet.

STOP 7:

Typlcal outcrop of some of the rock types in the Waterbury
gneiss and the surrounding units, including ultramafic pods,
in an intensely sliced up zone cutting across the eastern
antiform.

Return to traffic light; turn left on Main Street.
Immediately take entrance ramp to right onto Route B North.

Rejoin Route B and enter town {city} of Waterbury. Several large
outcrops on left are in "core” rocks of Waterbury dome. Hill
acrogs river in the center of the city, marked by large cross, is
a body of orthogneiss {cut by intrusions of several ages) that
appears to form an "inner core” within the Waterbury gneiss.

Enter complex of roads where Route 8 crosses I-B4. Stay on Route
8 north, avoiding two right forks and taking third.

About here we leave the “"core" rocks and re—enter the cover
rocks, the lowest layer of cake.

Exit 36; stay on Route B. Road now starte to c¢limb hill on west
slde of river. Qutcrops on second prominenl spur across river
(northeast) display contact between Collinsville gneiss and The
Straits schist, the latter being part of lowest layer of jelly.
As shown by Gates and Martin (QR 22), the jelly gyncline ig here
doubled back on itself across a west-plunging antiform, over
which the lowest layer of cake 1s folded back into the main jelly
roll., We are entering the northern oblique—section of the roll.

Enter town of Watertown.

Across crest of hill, road passes through the antiform of The
Stralts schist. White patch near north end of outerop left
{(west) of road, close fo end of southbound entrance ramp, is
kaolin produced by preglacial weatherlog of a pegmatite body and
preserved from glaclial erosion. Beyond crest of hill, road
returns into Collinsville formation showing much folding.

Road crosses an lsolated lens of The Straits schist within the
Collinsville, a sgray bit of jelly.

Enter Thomaston quadrangle.

Outcrop on left (west) slde of southbound lane zhows south
contact of The Straits in middle layer of jelly. As at 52.5,

Bl-14



68.8

69.9

7G.2
70.4
70.7
71.1
71.9

7.0

73.3

this layer extends about a mile northeast of road and pinches
out, wrapped around by cake and then the outside layer of jelly.

Qutcrop on left (west) ghows north contact of middle laver of
jelly. This outcrop is very much worth a stop but must be
visited from the southbound lane; we describe it beyond (mileage
74.9).

Enter town of Thomaston; beginning of Reynelds Bridge outcrop on
left; this is Stop 9 of our Iitinerary.

Take Exit 38 off Route 8.

At end of témp, turn left (west) under Route 3.

Traffic light; turn left (west) on Route 6.

Traffic light; jog left, then right {west) on Route 109.
Quterop on right will he Stop 8.

STOP 8:

Parking area on left for dry dam across Branch Brook; turn
in and park. Qutecrops are on north side of Route 109. The
Straits schist underlain down the hill by Collinsville
formation. Goticule {quartz-spessartine rock), probably a
metamorphosed manganiferous chert, can be found in the
lowest layers of The Straits. The contact is the base of
the upper layer of jelly in the jelly roll and can be
followed east and then south to the top of the lower layer
at 65.9, or gouth and then east to the north contact of the
middle layver ar 63.8. '

Turn around and retrace route to traffic lighr at 70.7
(third light).

Traffic light (=70.7); turn right and then park at entrance to
ramp onte Route 8 south (which we will take after the stop) to
view the outerops along the ramp and beyond.
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STOP 9:

Reynolds Bridge outerop in "Reyneolds Bridge gneiss”, a
particularly disturbed part of Collinsville formation.
Original rock was probably interlavered felsic and mafic
voleanies; 1t was probably folded and metamorphosed once in
the Taconi¢ orogeny, then again in the Acadian crogeny when
it was caught up in the core of the jelly roll. There has
been considerable later retrogression, marked by clots of
chlorite and epidote. About where ramp joins main Route 8,
a late aplite dike cuts ¢leanly across all preceding
structure; Seldemann (1980) obtained a Rb/Sr date of 345 +
11 Ma for this dike and similar K/Ar dates for both the dike
and the surrounding gneiss. The dike is not symmetrical and
hence appears to have cooled in an inclined position,
perhaps with nearly its present south dip. BSomewhat farther
along, a thinner dike with a gentlie north dip also cuts
across the older structure and contains large xenoliths
whose source along the wallrock contact can be readlily seen.

After Stop 9, proceed onto Route 8 south.

Optional Stop. Park where shoulder widens after first outcrops
and before beginning of sclid outcrop. The rocks at road level
north of the parking spot belong to Collinsville formation, those
to the south to The Strailts schist. At road level, the contact
dips steeply south, but traced upward it passes through vertical
to north-dipping, then through horfzontal to gently south-
dipping, beyond which it forms a broad synform. A large aplite
dike cuts through all the other rocks near the trough of the
synform. Fairly large pods of marble follow part of the contact,
egpecially where 1t descends to road level. The Straits schist
contalins tightly folded layers of gquartz (once chert?) and
coticule (once manganifercus chert?); some of these layers return
on themselves In evident interference structures.

Te return to New Haven, continue south on Route B to Exit 26 in
Naugatuck; there pick up Route 63 south and follow it to New
Haven. About 3 miles beyond the turn, Route &3 passes through
the Straits, a deflle in the lower layer of jelly, which there is
turning northward arcund the southeast corner of the Waterbury
dome and can be followed north and then west to the leower layer
north of Waterbury (65.5 of itinerary). Distance from Stop 9 to
Kline Geology Laboratory ig about 30 miles.
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Looking to the northwest at the outcrops of the Holyoke {center) and
Talcott Flows {left), Branford, Comnecticut. The Holyoke flow is offmet
by two faults -~ Route 1 follows the trace of the near fault, Interstate
95 the trace of the second fault. Lake Saltonstall 1s dammed behind the
dip slope of the Bolyoke Flow.

West Roeck s11l, loocking north from the Westville area of New Haven,
Connecticut. The sill dips shallowly to the east. To the left of the
field of view, rocks of the Western Highlands crop out; the escarpment
marks the unconformity between the Paleozoic metamorphic rocks and the
overlying Mesozole gedimentary rocks.



STRATIGRAPHY AND STRUCTURAL GEQLOGY
IN THE BETHEL AREA, SOUTHWESTERN CONNECTICUT

Thomas R. 8pinek and Leo M. Hall
Department of Geology and Gecgraphy
University of Massachusetts '
Amherst, Massachusetts 01003

INTRODUCTION

Detalled stratigraphy and structural geolegy of the Bethel area,
along the east-central edge of the Fordham Terrane (Hall, 1980} wlll be
examined on this field trip. The Beithel area straddles Cameron's Line,
a major tectonic and stratigraphic boundary interpreted to be a thrust
fault. The general stratigraphy and structural history of this area is
correlated with the stratigraphy and structural framework proposed for
the White Plains-Glenville area of southeastern New York and
southwestern Connecticut by Hall (1468a, 1976, 1980}. This correlation
is based on detailed mapping, structural analysis, and petrographic
study of the bedrock in the Bethel area.

REGIONAL SETTING

The Bethel area {Fig. 1) Is situated at the east-central edge of
the Fordham Terrane, a northeast trending belt of Precambrian basement
rocks that are unconformably overlain by metamorphosed aubochthonous
rocks, that in turn are overridden by allochthoncus Cambrian-Ordovieian
cover rocks. The eastern part of the Bethel area is underlain by
metamorphosed allochthornious Lower Paleozoic rocks known as "eastern
reglon cover rocks" (Hall, 1980), and asscclated mafic and ultramafic
plutonic igneous rocks. Other metamorphosed Paleozolce intrusive rocks,
such as the Siscowit Oranite Gneiss and related rocks are also present
in the region (Figs. 1 and 2}.

The Bethel area underwent a complex tectonle history including the
effects of the Grenvillian, Teconian, Acadlan, and possibly Alleghenian
orogenies. Hocks in the western part of the area are in the
sillimanite~K~feldspar zone of Paleozoic reglonal metamorphlsm but the
grade of metamorphism deoreases eastward in the Bethel area to the
kyanite zone. The metamorphic history of the rocks is complex, as
Acadian metamorphic effects overlap Taconian metamorphic effects,
Furthermore, Precambrian rocks in the Bethsl area contain evidence of
relict granulite facies metamorphism and are intimately involved in all
phases of Paleozoic deformation and metamorphism along with the cover
rocKs,

STRATIGRAPHY

Three main subdivisions of siratified bedrock are present in the
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Generalized geologic map of southwestern
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Bethel area. These subdivisions are: 1) Precambrian {Grenvillian)
gneiagses, amphibolites, cale-silicate rocks, and marbles, 2) Cambrian
and Ordovician autochthonous and allochthonous rocks west of Cameron's
Line, 3) Cambrian and Ordoviclan allochthonous rocks east of Cameron's
Line (Fig. 2).

The Precambrian Fordham Onelss has been subdivided Into three
members in the Bethel area (Fig. 2). Their age segquence, from oldest
to youngest, 1s uncertain and the sequence shown on the geclogic map
was chosen arbitrarily. The members of the Fordham Gneliss mapped in
the Bethel area are the Layered Gnelss Member, the Garnet-Biotite
Gneiss and Amphibolite Member and the Biotite-Hornblende Gneiss
Member, Withln these members are other thin mappable horizons
including distinctive g- ~etiferous gneisses, calc¢-silicate rocks and
marbies, not shown in r.gure 2. The Biotite-Hornblende Gneiss Member
is phyaically continuous wiith rocks mapped in the adjoining Ridgefield
area (Brandon, 1981). Although there are lithic simllarities between
the members of the Fordham Gneisa in the Bethel area with subdivisions
of the Fordham Gnelss elsewhere (Hall, 1968b, 1968¢; Alavi, 1975;
Brandon, 1981) in southeastern New York and southwestern Connecticut,
no apecific correlation between these units iz made.

The Fordham Gneiss is Interpreted by Hall (1968a, p. 121) as "a
predominantly clastic and volcanic eugeosynclinal sequence that has
undergone high grade metamorphism. Although no truncation of pontacts
between the three members of the Fordham Gneiss by the angular
unconformity at the base of the Paleozole rocks can be demonstrated in
the Bethel area, mappable rock types within the Blotite-Hornblende
Gnelss Member (not shown on figure 2) are truncated by the basal
Paleozolc unconformity. Hall (1968a) has recognized multiple fold
patterns defined by the map patterns of members of the Fordham Gnelas
that are fruncated by this angular unconformity.

Cambrian and Ordovician autochthonous and allochthonous rocks west
of Cameron's Line are interpreted to have been deposited on continental
and/or transitional crust. The Fordham Gneiss is unconformably
overlain by Cambrian quartzites, granulites, and schists of the Lowerre
Quartzite {(Stop 1) and the Cambrian-Ordovician Inwood Marble (Stops 2
and 7). The eastern exposures of the Lowerre Quartzite consist of
sillimanite-garnet-plotite achist whereas western exposures are
predominantly clean quartzites and biotlite-quartz-feldspar granulites.
It has been suggested (Hall, et al., 1975; Jackson and Hall, 1982} that
thege different rocks in the Lowerre represent a facies change from
west to east and may represent a partial time-transgressive sequence
with the rocks in the east deposited prior to those in the west. The
Inwood Marble has been divided into two members In the Bethel area, not
shown separately in Figure 2. There is a basal member, Inwood A, of
thick bedded clean dolomite marble, and an upper member, Inwocod B,
consiating of interlayered thin bedded clean dolomite marble, silicate-
rich dolomite marble, and lesser caleg-schists and brown-weathering
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quartzites. Middle Ordovician caleite marble and rusty-weathering
schists and granulites of Manhattan A (Stop 3) unconformably coverlie
basement and western reglon autochthonous rocks.

The western region autochthonous stratigraphy is physically
overlain by an allochthonous sequence of schists, achistogse-gneisses,
gneisses, granulites, and lesser quartzites, interpreted to be Cambrian
and/or Ordovician. These rocks, Manhattan G, {(Stop 4) are thought to
be an . eastern facies of the basal clastics and carbonate bank sequence
deposited primarily on Grenville basement (Hall, et al., 1975 Hall,
1?80)

& major tectonic boundary, Cameron's Line (Rodgers, et al., 1956;
Hall, 1980; Merguerian, 1983) separates western region cover rocks and
basement described above from eastern region cover rocks and assoclated
mafic and ultramafic plutonic rocks (Fig. 1). KEastern region cover
rocks are represented in the Bethel area by the Hartland Formation, a
sequence of amphibolites, schists, granulites and grieisses thought to
have been deposited on oceanle ¢rust in the Cambrian and Ordovician.

The Hartland has been subdivided into three mappable units in the
Bethel ares but these are not shown separately on the geologic map
(Fig. 2).

STRUCTURAL GEOLOGY

The geologic map pattern {Fig. 2) is the result of the Precambrian
deformation and a sequence of thrusting, followed by multiple folding
during the Paleozeic (Fig. 3). The Bethel area has also been affected
by post-metamorphic high-angle faults, that are probably as young as
Mesozoio.

The Precambrian Fordham Gneiss in the Bethel area, and elsewhere
in the Fordham Terrane, underwent at least one phase of intense
deformation and associated granulite facies metamorphism during the
Grenvillian Orogeny. This deformation produced folds, asscciated axial
plane foliations and other structural features that are truncated by
hhs basal Paleozoic angular unconformity.

The first phase of Paleozolice deformation involved large-scale west
directed thrusting that may have been accompanied by local isoclinal
folding, particularly in the allochthonous rocks. DBuring this phase of
deformation Manhattan C was thrust onto the autochthonous saquence.
Apparently, rocks traditionally referred to as part of the :
authchthonous sequence may alsc have undergone some- thrusting (Figs. 2
and 3)., Both the thrust fault that lies benecath Manhattan C ang thrust
faults within the "autochthonous" sequence are truncated by the
Camgron's Line Thruat Fault, which floors the thrust shest that
consists of the Hartland Formation and mafic and ultramafic lgneous
rocks intruded into the Hartland Formation. The Cameron's Line Thrust
Fault has been folded by at least H phases of Paleozolic deformation
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and, in places where it dips steeply, it appears to have been
reactivated with post-metamorphic movement along high angle faults that
are as young as Mesozcle., Evidence for thrusting along Cameron's Line
jncludes fruncation of units above and below the fault, juxaposition of
rogks interpreted to be older or equivalent in age atop those thought
tc be younger or the same age and mylonitic procks at fault zones.

The first phase of major Paleozole folding occurred after
thrusting along Cameron's Line and involved isoclinal folding of
hasement, cover rocks on both sides of Cameronts Line, and mafic and
ultramafic rocks assoclated with sastern cover rocks. Foliation
produced at this time is the dominant foliation in the rocks, although
locally, intense subsequent deformation has produced younger foliations
that are locally dominant. A second phase of isoclinal folding
refolded earlier folds and produced a well developed axial planar
foliation. The third phase of Paleozolc folding produced tight to
isoclinal folds and was accompanied by a well developed axial planar
foliation and a strong lineation. A fourth phase of Paleorcic folding
involved open folds with a locally developed axial planar c¢leavage,
wnich 1s a crenulation cleavage In the schistose rocks.

Post-metamorphic high~angie faulting may locally involve
reactivation of movement along Camercon's Line where 1t is steeply
dipping.

METAMORPHISM

The Precambrian Fordham (nelss contains evidence for granulite
facles metamorphism, presumably associated with Precambrian deformation
during the Grenvilliian Orogeny. The assemblage orthopyroxene~
clinopyroxene-hornblisnde-plagioclase is present in local mafic rocks in
the Blotite-Hornblende Gneiss Member. This assemblage 13 exclusive to
rocks in the Fordham Gneiss and is interpreted to be evidence for -
reliet granulite facies regional metamorphism during the Precambrian.

Peak reglonal metamorphism in the Paleozolc cover rocks in the
Bethel area at sillimanite-¥-feldspar grade. The grade of Paleozolc
reglonal metamorphism decreases from west to east and the rocks at the
east edge of the area are in the kyanite zone of regicnal
metamorphism. Evidence for retrograde metamorphism includes the
alteration of blotite to Fe-prlch and Mg-rich chlorite and alteration of
forsterite to serpentine in calc-silicate rock.
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Consolidated Controls Corporation for their cooperation.
ROAD LGG

From the Kew Haven, Connecticut area follow Route #34 west to the
Merritt Parkway (Route #1%), Drive southwest along the Merritt Parkway
to Route #7 in Norwalk. Proceed north along Route #7. Approximately 34
miles north of Branchville turn right at the intersection of Route #7
and Great Pond Road, where there 1s a traffic light. This intersection
is 0.75 miies south of the intersection of Route #7 and Route #35 in
Ridgefield.

The assembly point is the Martin Park parking iot, located on the
north side of Oreat Pond Road, approximately 0.2 miles sast of its
intersection with Route #7,

Stop 1. Great Pond, Ridgefield. At this stop we will examine
rocks in the vicinlty of the angular unconformity between the
Precambrian Fordham Gneiss and the Cambrian Lowerre Quartzite along the
south shore of Great Fond. The Biotite-Hornblende Gneliss Member of the
Fordham Gneiss is unconformably overlain by tan~ and rusty-weathering,
biotite-quartz-feldspar granulites of the Lowerre Quartzite. The rocks
are overturned here due to folding so that the Lowerre Quartzite lies
beneath the Fordham Gneiss, dipping moderately northwest.

Rock types in the Fordham Gneiss at this outcorop include gray
biotite-hornblende gneiss, (biokite) -quartz-feldspar gnelss and black
amphibolite. Discordant and concordant granitic rocks including
pegmatite are common, and vein quartz is leccally abundant.

The ungonformity can only be located to within 2 feet, about 15
feet south of the telephone pole at the south end of the beach, due to
limited exposure and to the presence of pink biotite-quartz-feldspar
granitic gneias which obscures the actual unconformity. These
particular granitic rocks croascut the angular unconformity and thua
are interpreted to be Paleozoic. However, some granitic rocks at this
outerop are exclusive to the Precambrian rocks and are truncated by the
unconformity. The unconformity strikes approximately N2Q°E and
dips 30° to 35° northwest,

The Lowerre Quartzite at thls ocutgrop consists of light-gray- to
tan-weathering, biotite-quartz-feldspar granulite. A minor amount of
rusty-weathering blotite-quartz—feldspar granulite that contains minor
sulfides is present on the west edge of the pathway leading from the
parking lot to the beach.

Orientations of compositional layvers in the Fordham Gneiss differ
considerably from place due to complex folding. The dominant
orientation of compositional layering is N63°W and dips 73°
northeast . However, near the unconformity, the layering in the
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basement gneisses appears Lo have been rotated into parallelism with
bedding {and Paleozoic first phase axial surface foliation) in the
Lowerre Quartzite, presumably due to intenae Paleopzoic deformation.
Minor folds in the gnelsses include a set of folds that have axlal-
surfaces that strike N45°W and dip 64°SW. Fold axes of these

folds plunge 24°, N62°W, Concordant granitic rocks within the
basement gnelases are folded by this set of ispelinal folds. These
folds are apparently refolded by a later set of tight to isoclinal
folds .that have axial surfaces that strike NUS°E Lo N75°E and

dip 30° to 35% NW. The fold axes of these later folds plunge

28° to 32°, N55°W to N58°W and a strong quarts

lineation is parallel to the axes. These later folds are evident in
both the Fordham Gnelss and the Lowerre Quartzite and are interpreted
to be third phase Paleozoic folds. Although most of the granitic rocks
at this outerop appear o be folded by these later folds, a granite
dike crgsscuts them at one location.

& thin mylonite zone, 1 ko 2 feet thick, is present in the Fordham
near the northeast end of the outerop. This zone contains a mylonitic
pink pegmatite vein. The mylonite zone strikes N70°E and dips
75°NW and displays prominent mineral lineation that plunges
NT1°W at 25°.

Mileage
Total Interval

0.0 - Leave the parking lot and turn left (east)
on Great Pond Road. Follow Great Pond Road
{also called Picketts Ridge Road) east to
ita intersection with George Hull Hill Road.

1.4 1.4 Bear right at this intersection, staylng on
Picketts Hidge Road. Continue south to ihe
intersection of Plcketts Ridge Road and
Sympaug Turnpike, where there Is a stop
sign.

2.2 0.8 Turn left onto Sympaug Turnpike and cross the
' bridge over the railroad tracks. Turn left
after crossing the bridge and proceed northeast
along Sympaug Turnpike.

3.1 0.9 Qutorop of "West Redding Garnet Rook" (Balk,
1936, map), a contact metamorphic rock predomi-
nantly composed of grossular and diposide, 1z
present on the southeast side of the road.

3.4 8.5 Stop sign at West Redding Post Office. Bear

right onto Side Cut Road.
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3.5 0.1 Bear left on Side Cut Road and continue to its
‘ ’ intersection with Route #53.

4.0 0.5 Turn left (north) onto Route #53 and proceed to
driveway for Friendly Wood and Wire Fence Com-
pany.

5.0 1.0 Turn left into driveway and proceed through main
) gate to the parking lot at the west edge of the
quarry.

5.4 ' 0.4 Parking lot at Limekiln Swimming Association
Quarry.

Stop 2. Limekiln Swimming Association Quarry, Bethel (Fig. 2).

At this stop we will examine Members A and B of the Inwood Marble in
the quarry. We will also maké a short traverse along the quarry road
to view the Cameron's Line Thrust Fault, which at this locality brings
the Hartland Formation in thrust fault contact with Member B of the
Inwood Marble. '

The contact between Inwood A and Inwood B is exposed at the
entrance to the quarry, with Inwood A lying east of and below Inwood
B. Inwood A consists of thick bedded, gray to light-gray, clean
dolomite marble. Some beds contain sparse phlogopite and iron
sulfides. A Z2-inch thick dark-gray quartzite is present in Inwood A at
this locality.

Inwood B consists of thin bedded, gray—- or dark-gray-weathering,
gray dolomite marble. Some beds contain abundant phlogopite and green
serpentine after forsterite. Iron sulfide minerals are also present in
some beds. Clean gray dclomite marbles are characteristically
interbedded with silicate-rich dolomite marbles in beds up to 10-12
inches thick. Calc-schist layers are present in Inwood B along the
southwest inner wall of the quarry.

Bedding in the Inwood Marble strikes N5°W to N5°E and dips
44° to 46° west. An isoclinal fold in bedding, interpreted to
. be a first phase Paleozoic fold, is present on the east facing wall on
the north side of the quarry entrance. This fold has an axial surface
that strikes N-S, and dips 45° west and a fold axis that plunges
L4°, N65°W. The 2 inch thick dark-gray quartzite in Inwood A
outlines outstanding fold digitations.

We will leave the quarry and travel south along the road by foot.
At the hairpin curve in the road 50 feet west of the inner gate we will
examine the rocks in the vicinity of the Cameron's Line Thrust Fault.
Because of folding this thrust fault is present in two places at the-
hairpin curve in the road. At this locality the Cameron's Line Thrust
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Fault brings the Hartland Formation into contact with Inwood B.

The Hartland Formation here consists of silllmanite-garnet-biotite
schist, black biotite-schistose—granulite and thick bedded black
amphibolite. The rocks are Intensely sheared and this shearing is
interpreted %0 have taken place as the Hartland Formation was thrust
over more competant rock prior to the movement which finally placed it
in thrust contact with Inwood B. Amphibolite beds in the Hartland
strike N32°E and dip 42° west. Minor folds in Inwood B have an
axial surface orientation that strikes N17°E and dips H2° west
and fold axes that plunge 42°, N26°W. Both destral and
ginistral folds, presumably of the same order, are present in the
outcrop at the hase of the slope on the south aide of the halrpln
curve. These tight to isoclinal folds are beautifully outlined by the
clean dolomite and silicate-mineral-rich dolomite beds of Inwood B.

5.0 - Return to the vehicles and retrace the route
Lo Route #53.

A4 0.4 CAUTION. BE CAREFUL, WHEN CROSSING ROUTE #53.
Turn left {(north) onto Route #53 and proceed’
0.1 mile to the driveway marked "Pattison™ on
the right {(east),

5.5 0.1 Turn right into the driveway and park on the
) field north of the driveway.

Stop 3. Pattison's Spur, Bald Rock, and Serpentinite

Hill Traverse, Bethel-Redding. This stop inciudes a traverss

along the Cameron's Line Thrust Fault and shows some of the rocks of
the autochthonous section beneath Camercn's Line. We will also examine
the Hartland Formation, the Brookfield Gneiss and an ultramafic beody,
all of which are above the thrust fault. Proceed east along the trail
that leads from the parking area to the base of the c¢llffs to the east

{Fig. u).

Station A& (Fig. 4) - The Manhattan 4 Marble Membér is exposed at
the base of this spur and consists of light-gray-weathering, white to
light-gray calcite marble with minor iron sulfides and phlogopite,
interbedded with the marble at thls locality are rusty-weathering
caleareous granulites and a 10-12 feet thick lens of brown-weathering,
sillimanite-garnet-biotite schist, biotite schist, and tan- to brown-
watathering calcite marble. Rusty-weathering, silliceous granulites in
beds of 1 to 2 inches thick, and thin cale—cilicate rocks are aiso
present. A mappable body of white granite is present in Manhattan A
Marble here, and it contains Iinelusions of schist and marble.
Orientations of compoesitional layering ranges from strikes of N4OYE
to N50°E and dips of 41°-51° NW.

Proceed up the spur from outerops of Manhattan & to ocutcrops at
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the top of the spur. A section of the Hartland Formation 40 feet thick

is exposed here. The Cameron's Line Thrust Fault can be located to
within 20 feet and is obscured by lack of ocuterop., The Hartland
Formation immediately above Camercon's Line consists of approximately 20
feet of thin bedded, light-gray biotite granulite, black amphibelite,
and gray pinpoint-garnei-blotite granulite. A section of gray
{sillimanite)-garnet-bictite spotted granulite with distinctive 1/8
‘neh crystals of white plagicclase i1s 20 fest thick and lles east of
these various Hartland rocks which are overturned due to folding. This

sub-unit is interpreted to be a sheared rock in the Hartland Formation,

owing its texture té movement along the Cameron's Line Thrust Fault
and/or tectonic movement of the overlying Brockfield Cneiss relative to

the Hartland Formation.

Continue up the spur to the contact between the spotited granulite
unit of the Hartland and the Brookfield Gneliss., Of particular interest
here is that the degree of shearing within the Brookfield is greatest
closer to Cameron’s Line. This contact 13 interpreted to have been an
original intrusive contact along which there has apparently been fault

movement .

‘Compesitional layering at the Brookfield-Hartland contact strikes
N5°E and dips B7% west. Tight folds in the Hartland have an
axial surface orientation that strikes N21°E and dips 55°NW and
fold axes that plunge 42°, N72°W. These folds are interpreted
to be third phase folds and to have developed during Acadian
deformation. '

The Brookfield Gnelss consists of gray (hornblends} -blotite-
quartz-feidspar gneiss with distinetive megacrysts of K-feldspar and
plagioclase that are up to 2 inches long. Compositional layering within
the Brookfield strikes N31°E and dips 43°NW.

Proceed scuth to Bald Rock (Fig. U4, Station B). The Bald Rock
outcrop consists of the Brookfleld (Oneiss with abundant feldspar

megacrysts. Inclusions of blotite-hornblende gneiss up to & feet long '

and 4-5 inches wide are present within the Brookfield. Bald RHoek
affords a good view of the city of Danbury to the north.

Praceed south and then west, across an anticline in Cameron's Line
to Station C at Serpentinite Hill (Fig. #). The dull green, highly
Jointed rock exposed on this small hill is a very coarse grained
serpentinite body that lies immediately above the Cameron's Line Thrust
Fault. Compositional layering at the north end of the body strikes
N10°E to N25°E and dips 73°W. Joints strike NH0O°W and
dip 50° SKW and are closely spaced.

Proceed northwest to the base of the hill, and then north. Note

the isolated body of Brookfield Gnelss intrusive into the Hartland
Formation along this final leg of the traverse, Return to the
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vehicles.

LUNCH

5.4 - Proceed north along Route #53 to Reservoir
3t. in Bethel.

7.7 2.3 Turn left (west) onto Reservoir 35t.

8.0 0.3 Stop sign at intersection of Reservoir St.
and Bethpage Drive. Outcrop of Manhattan A
Marble Member on the right (north) side of
the road.

§.2 0.2 ¥iew of Bogus Mountain {Precambrian Fordham
Gneiss) to the left {south).

B.9 c.7 Turn right {east) into the Hature Center and
follow the dirt road bto the parking lot on the
right.

9.1 8,2 Parking lot on right (south) side of Nature

Center Road.

Stop ﬁ. Nature Center Traverse. At thls stop we will examine several
rock types in Manhattan C exposed on a small hill south of the parking
lot. Rock types in Manhattan C here include gray-weathering,
slilimanite-garnet-biolite schistose gnelss, dark-gray to black, )
fisgile sillimanite-garnet-biotite schist with sillimanite nodules and
garnet~sillimanite-pilotite achistose granulite.

Compositional layering in Manhattan C strikes N27°W to
N30°W and dips 57° to 68° 3W. Biotite and sillimanite
lineations plunge 54°, NS7°W at one location.

Contact relations with nearby Manhattan A are obscured by cover.
The two hills to the west and south are underlain by calcite marble and
rusty-weathering schist of Manhattan A.

These outcrops of Manhattan C are located In a doubly plunging
firat phase syncline that extends into the adjolning Danbury quadrangle
to the north. The fold is interpreted to be downward closing and
plunging northwest at both the south and north ends. The curvature of
the fold hinge is extreme, with both north and south closures plunging
moderately northwest., This curvature is interpreted to have occurred
during the firat phase of Paleozoic folding due to differential
movement during the folding and not by a subsequent deformation, thus
it 18 what is commonly referred to as a sheath fold.

g.1 ~ Return to the vehicles and retrace route
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te the paved rcad {(Mountainville Avenue)}.
9.3 0.2 Turn right (north) onto Mountainville Avenue.

8.5 0.2 View to west of Thomas Mountain which is
underlain by the Biotite-Hornblende Gneiss
Membper of the Fordham Gneiss, The Lower
Palepzoic unconformity is located at the
east foot of Thomas Mountain,

10.2 0.7 Turn left onto Southern Boulevard.

10.4 0.2 Bear left onto Brushy Hill Road

11.6 1.2 Turn rignt onto 01d Post Road.

11.8 - 0.2 | Turn right onto Deal Drive and proceed up

the hlll. Outerops of the Garnet-Biotite
Gneliss and &mphibolite Member of the Fordham
Gneiss on both sides of Deal Drive.

12.0 g.2 Proceed around the c¢irele and retrace route
back to (0ld Post Hoad

12.3 0.3 Park on the right (east} side of 0ld Post Road.
The cuterops for Stop 5 are located on the east
side of Brushy Hill Road, opposite from {ts
intersection with 0ld Post Road.

Stop 5. Brushy Hill Road Pyroxenite, Danbury. At this stop we will
examine a small body of biotite pyroxenite exposed near the baszse of the
Hartland Formation, above the Camercon's Line Thrust Fault. The
pyroxenite body iz at least 50 feet long and is bordered on the east by
schists of the Hartland Formation and a white granitic body.
Petrographic study of the pyroxenite reveals that it is composed of
augite, hornblende, blotite and minor plagioclase. This bhody is
interpreted to have been intruded into the Hartland Formatlon prior to
or during(?) the initial sovement along Cameron's Line.

The rocks here are located on the weat limb of & major sscond
phase fold in Cameron's Line which refolds a major Tirst phase syndline
in Cameron'a Line.

Nearby outcrops of the Hartland Formation consist of gray
sillimanite-garnet-biotite gneiss. Compepsitional layering in this
gneiss strikes WN5°E and dips 68° west. It is uncertain whether
the contact between the Hartland and the pyroxenite is entirely
intrusive, tectonie, or in part both. Ancther ultramafic body, a
hornblendite, is located approximately T 5 miles south of here in a
similar structural p931ti0n.
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12.3 : - Return to vehicles and proceed north to
the intersection of 01d Post Road and Brushy
Hill Road.

12.4 0.1 Turn left {north) onto Brushy Hill Road and

retrace route to Southern Boulevard.

13.7 1.3 Bear right onto Southern Boulevard and
continug northeast to its intersection with
Mountainville Avenus,

13.9 0.2 Turn right {south} onto Mountainville Avenus.

14.9 1.0 Bear left onto Reservoir Street.

15.4 0.5 3top sign at Bethpage Drive. Proceed straight
along Reservolr Street.

15,7 0.3 Stop aign at Grassy Plain Street (Route #53).
Turn right {(south} onto Grassy Plain Street.

16.0 0.3 Turn left onto South Street.

16.1 0.1 Stop sign at Blackman Street. Bear right along

’ South Street.

16.3 0.2 Turn right onto Taylor Avenue. Cross rallroad
tracks.

16.5 0.2 Turn right inte driveway for Vanderhlit
Chemlical Company.

16.5 - Park in Vanderbilt Chemical Company parking
lot.,

Stop 6. Brookfield Gneiss at the Vanderbilt Chemical Company, Bethel,
At this stop we will examine the Cameron's Line Thrust Fault at a point
where the Brookfileld Gneisa is in thrust contact with Inwood B of the
autochthonous section. The Brookfield hill is the southern extension
of the rocks at Shelter Rock in the Danbury Quadrangle (Clarke, 1958).
Because of folding here, the Brookfield dips west beneath Inwood B.
The Brookfleld consista of gray biotite~hornblende gneiss with
mierceline megacrysts. Inclusions in the Brookfleld are present near
the west edge of the outcerop and consist of thin layers of garnet-
biotite granulite and black amphibolite of the Hartland Formation.
These layera of the Hartland Formation and the Brookfield Gneiss are
folded though it is uncertaln whether these [olds occurred durlng one
of the main phases of Paleozolec folding or whether the folds were
produced in relation to thrust faulting during movement along the
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Camercon's Line Thrust Fault. The Brookfield is extremely sheared here -
and the degree of shearing and production of mylonitic rocks appears to
be a function of distance from Cameron's Line. The shearing within the
Brookfield is interpreted to have been the result of thrusting against
other competant rocks during transport Iinto thrust contact with Inwoed
E. This mylonitic texture within the Brookfield is folded by folds
that are generally interpreted to be third phase Paleozolic folds,
however there are numercus candidates for earlier phase rolds in the
outcrop. Some of these folds may have devsloped as early as the
thrusting along Cameron's Line. The general orientation of the axial
surfaces of the folds is N3I09E, 43°NW. The fold hinge lines

and mineral lineations have a general plunge of 40°, NS0°W.

There are several gullies that are parallel to the strike of the
Brookfield at this cutcerop that may be the result of weathering of
subsidiary shear zZones within the Brookfield. The movemeni sense along
the Cameron's Line Thrust Fault as deduced by assymstric feldspar
megacrysts and the angular relationship between s- and c~surfaces
indicates weat~directed thrusting of the Brookfield.

16.5 - Return to the vehicles. Turn left onto
: Taylor Avenue.

16.7 0.2 Turn right onto Scuth Strest. Cross railroad
tracks,

16.8 0.1 Turn left onto Depot Place.

16.9 0.1 Jog left and right at the traffic light at the

) ‘ ' intersection of Depot Place and Greenwood
Avenue,

17.0 g.1 Continue past Bethel Post 0ffice on the left.

7.1 .1 Turn left into the parking lot on the west side

of the road opposite the Consolidated Controls
Corporation plant on Wooster Sireet.

Stop 7. Cameron's Line Thrust Fault at the Consolidated Controls
Corporation, Bethel. At this stop we will view the Cameron's Line
Thrust Fault where the Hartland Formation lies in thrust fault contact
with Inwopd B of the autochthonous section. Apparently the Hartland
Formatlion is truncated by Cameron's Line between this outerop and the
Brookfield at Stop 6, 0.75% miles to the south (Fig., 2).

. The Hartland Formation exposed here consiats of brown-weathering
biotite-quartz~feldspar granulite that has a mylonitic texture along
its contact with Inwood B. The production of this mylonitic texture is
interpreted to bs the result of thrusting of the Hartland against other
competant rocks prior to their emplacement against Inwood B.
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Inwood B conaists of thin bedded, clean dolomite marble and
silicate-mineral-rich dolomite marble wlth miner brown- and rusty-
weathering quartzites. Accessory minegrals in Inwood B marble include
phlogoplte, serpentine after forsterite, and some pyrite. .

The outerop dramatically shows at least three phases of folding
involving the Cameron's Line Thruat Fault. Because of folding, Inwood
B overlies the Hartiand Formation in most of the outerop, dipping
moderately west.

Abundant minor folds, most of which are third phase folds, are
present in this exposure. A poorly developed cleavage is parallel to
the axial surface of the third phase folds and a pronounced mineral
lineation is parallel to thelr hinge lines. Barller isoclinal folds,
inferred to be first phase folds, are refolded by third phase folds.
Although these earlier folds may he second phase deformational features
thelr axial planar foliation appears to be the first phase regional
foliation., Therefore they are Interpreted as first phase folds. The
map gcale fold is also inferred to be a first phase fold because of iis
relationship to these minor isoclinal folds.

There are later minor folds present that are cpen and have axial
surface orientations that strike N62°W to N90°W and dip 55°
to 65° NE to N. These open foldas have a weakly developed axial
surface foliatlon and are interpreted to be fourth phase folds, These
folds may be assoclated with map scale folds that are reflected by
broad changes in the regional map pattern of the rocks in southeastern
New York and southwestern Connecticut.

17.1 - To return to the Yale University Campus, exit
from the parking lot and proceed to the
traffic light at Greenwood Avenue.

17.3 6.2 Turn left onteo Creenwood Avenue (Route #302).

17.6 0.3 Traffie light at intersection of CGreenwood

: : Avenue and Chestnut Street.

17.9 0.3 Bear left, staying on Greenwood Avenue (Route
#3027 .

18.4 0.5 Traffic light at the intersection of Route

#302 and Route #%8 (Putnam Park Road). Turn
right (south} onto Boute #58. Follow Route
#58 south through Redding, Aspetuck, and on
to Fairfield,

Intersection of Route #58 and the Merritt
Parkway {HRoute #15). Proceed northeast along
the Merritt to the éxit for Route #34 east,
which leads to New Haven.
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The Timing and Nature of the Paleozoic Deformation

in the Northern part of the Manhattan Prong, Southeast New York

by '
Patrick ¥W.G.Brock and Pamela C, Brock

INTRODUCTION

The Paleozoic rocks of the northern part of the Manhattan Prong in the
Croton Falls and Peach Lake map areas have been repeatedly deformed and
metamorphosed, The main objectives of this field trip are 1) to demonstrate
the age relationships between the deformational events, 2) to show examples
of those characteristics that help distinguish each deformation and its
associated metamorphism and so permit the tracing and recognition of these
events in other parts of the area, 3) to point out the constraints that we
have so far on the ages of the deformational events. In addition we will
point out those places where we feel it necessary to reinterpret the
stratigraphic relationships determined by earlier workers.,

Regional Setting

The Manhattan Prong of southeastern New York and western Connecticut is
underlain by polydeformed mestasedimentary and metaigneous rocks of Protero-
zoic Y (Grenvillian) . through Lower Paleozoic age. It is bounded on the
north and west by the Grenvillian rocks of the Hudson Highlands, to the
southwest by the Mesozoic rocks of the Newark Basin, and to the east by the
Cambro~-Ordovician rocks of the Hartland Terrane (see Figure 1). Early
mapping carried out by Merrill (1896), Fettke (1914) and Fluhr (1930),
among others, defined general structural trends as well as the three
dominant wnits: Fordham Gneiss, Inwood Marble, and Manhattan Schist.

STRATTGRAPHY

The oldest rocks in the Manhattan Prong are the metasedimentary and
metaigneous rocks of the Fordham Gneiss. Rb-Sr whole rock data igdicate
that at least part of the Fordham Gnelss is about 1,350 m.y. old  (Mose,
1982). Zircon studies have also suggested Proterozoic ages for parts

of the Fordham (Grauert and Hall, 1973), These rocks underwent Grenvillian
metamorphism, which peaked at about 1,100 m.y, (Mose, 1982) and reached at
least lower granulite facies in the Fordham (Brock and Brock, 1983).

In the central Manhattan Prong, Grenvillian units of the Fordham are trun—
cated by the Yonkers Granite Gneiss (Hall, 1980), which has yielded Rb-Sr
whole-rock ages of 563+30 m.y. (Long, 1969) and 530443 m.y. (Mose, 1981)}.
The Yonkers Gneiss has. been mapped as part of the Fordham, and is always
found below the recognized Paleozolc stratigraphic units, The absence of
inherited ages in its zircons suggests that it originated as an igneous
body (Grauert and Hall, 1973). A similar unit, the Pound Ridge Granite
Gneiss, is found in the Fordham of the northern Manhattan Prong; it has
been dated at 583419 m.y. by Mose and Hayes (1975), who suggested that both

All Eb~Sr and K~-Ar ages have been recalculated using the recommended
decay constants of Steiger and Jager, 1977.
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FIGURE 1: Location Map showing the Manhattan Prong in relation to
surrounding rocks.

Mafic complexes are shown in black. Fordham Gneiss is marked with F's.
P, = Peach Lake mafic complex. GB = Goldens Bridge.

Box encloses the area shown in more detall in figure 2.
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it and the Yonkers Gneiss are best interpreted as metarhyolite bodies (an
assessment we agree with). Mose, Eckelmann, and Hall (1979} subsequently
favored a plutonic origin for the Yonkera on the basis of zircon morphology

studies.

The stratigraphic position of the irregularly present Lowerre Quartzite,
hetween the Fordham Gneiss and Inwood Marble, was el 3blished by Norton
(1959). It has been correlated with basal sandstoneé.zf late Precambrian to
early Cambrian age such as the Dalton and Poughquag Quartzites. The Inwood
Marble is thought to represent carbonate bank deposition, and is correlated
with the Cambro-Ordovician Stockbridge Group. The regional Mid-Ordovician
unconformity that truncates the carbonate bank rocks was traced into the
area by Hall (1966), Marble is found near the base of the Manhattan Schist,
which overlies the unconformity; pelmatazoa from this marble, thought to be
Mid-Ordovician in age, have been described by Ratcliffe (1968b) and Rat-
cliffe and Knowles {1969}, The basal unit of the Manhattan Schist,
congisting primarily of calcitic marble and sulphitic schist, has been
correlated with the Mid-Ordovician Walloomsac Formation of Dutchess County
and western Connecticut. Thus, the general geologic relationships found on
the Lower Paleozoic wlatform of eastern North America are all evident in

- the Manhattan Prong: Grenvillian basement; late Precambrian igneous rocks;

basal sandstone; carbonate bank sequence; unconformity; Mid-Ordovician
calcitic carbonates; and overlying pelite (Figure 2).

Hall {1968b), making an analogy with the Taconic area to the north,
proposed that the structurally higher Manhattan units ("B" and "C") were
allochthonous, emplaced as early thrust slices or gravity slides, By this
reasoning, Manhattan B and C should be Cambrian or older in age, and may be

- comparable to the Nassau Formation, the Everett Schist, and/or the Hoosac

Formation. Some additional support for this point of view is derived from
the Rb-Sr ages of 554+ 49 m.y. yielded by upper Manhattan metasediments
{Mose and Merguerian, 1985), Hall's interpretation has been adopted on the
new Connecticut state map (Rodgers, 1982), where the lower Manhattan (unit
"A"} is shown as the Walloomsac Formation, and only the upper units ("B"
and "C") are still called Manhattan Schist. In thig study, the single
designation Manhattan Schist has been retained because Walloomsac~type
rocks have been confirmed at only a few scattered locations and we are not
yet convinced of their continuity in this area. The bulk of the Manhattan
Schist present here belongs to the upper {7allochthonous) unit.

- Although Hall (1968b) subdivided rocks of the Fordham Gneiss into
traceable map units in the Glenville and White Plains areas, we have not
yet attempted to trace stratigraphy in the Precambrian except for those
rocks that lie immediately below the late Precambrian "unconformity”, Here,
some intrigulng relationships have been recognized:

1.As previously discussed, large bodies of igneous rock of very late
Precambrian age are found a short distance below the "unconformity". We
feel these rocks are probably metarhyolites and we have found extensive
amphibolites in a similar stratigraphic position.in several places,

2. A sequence of feldspathic wackes is found below Lowerre Quartzite and
Inwood Marble in a number of places. These rocks show no evidence of
Precambrian deformation, and, indeed, appear conformable with the overlying
Paleozoic strata. In several places amphibolite (basalt flows?) is inter-
layered with the metasedimentary rocks.
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FIGURE 2. Geologic Map of the Croton Falls and Peach Lake sheets, and adjacent
areas modified from Prucha et al.,1968, Fisher et al.,1970, Alavi, 1977, and

Rodgers, 1982
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We believe the simplest interpretation for these rocks to be that they

were deposited in a late Precambrian rift basin, perhaps before the opening

of Tapetus. The assoclation of feldspathic clastic sediments with a suite

of volcanic rocks suggests a rifted margin, and has parallels in some

Taconic allochthons {(e.g., in the Nassau and Hoosac Formations) and else-

where in the Taconics (e.g., in Newfoundland; Strong and Williams, 1972).

Ratcliffe has found probable Catoctin age mafic dikes in the Hudson High-

lands (Ratcliffe, 1983), and has recently determiped that the geochemistry of

the mafic volecanic rocks in the Nassau Formation suggests a continental rift

environment {(Ratcliffe, 1985).
Another stratigraphic "package" we have identified bas structural
rather than palecenvironmental implications. Rocks of distinctive appear-
ance have been recognized within "Manhattan" belts in three localities;
these rocks form a suite including interbedded schist and granulite {(resem—
bling turbidites), thick beds of fine-gralned quartzo-feldspathic metasedi-
ments, and amphibolites., These rocks bear a striking resemblance to parts
of the "Hartland Terrane", and are here mapped as Hartland; they are dis-
tinct from the poorly bedded, more pelitic Manhattan Schist. Hartland rocks
have been interpreted as eugeosynclinal, and the boundary between them and
North American shelf and slope facieg (Cameron's Line) has been interpreted
as a zone of major tectonic convergence {e,g. Rodgers, Gates, and Rosen-
feld, 1959). Recently, Cameron’s Line has been interpreted as a ductile
fault deep within a west-facing accretionary prism, aleng which North
American shelf and slope facies and Hartland rocks were juxtaposed (Mer-
guerian, 1983). Thus these previously unrecognized occurrences of Hartland
have tectonic implications that must be considered in reconstructing the
Taconic history of the Manhattan Prong.

LITHOLOGIC DESCRIPTIONS OF THE ROCK UNITS IN THE CROTON FALLS AREA

The rock units present in the Crotom Falls / Peach Lake map areas include
the Highlands Gneiss, Fordham Gneiss, Pound Ridge Granitic Gneiss (and
related rocks), Lowerre Quartzite, Inwood Marble, Manhattan Schist, and
outliers of the Hartland Formation, In addition there are intermediate to
ultramafic intrusive rocks of the Croton Falls and Peach Lake Complexes,
and numerous granites of various ages.

Each of the formations contains a wide variety of rock types (see
Table 1), and all have been repeatedly deformed and metamorphosed. Their
present appearance is commonly more dependent on their local tectonic/meta—
morphic history than on their original characteristics, Positive didentifi-
cation of the formation to which the rocks of a particular outcrop belong
usually rests on the proportions of the different rock types present. Thus,
identification can be problematic for small outcrops and small fault-—
bounded blocks. What follows is a brief summary of what appear to be the
most useful field, textural, and mineralogical criteria for distinguishing
between the formations in the Croton Falls area.
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TABLE 1
Estimated Proportions of Various Rock Types in the Manhattan Prong

X = dominant  xx = major  x = minor

Rock Type Iﬁ@ﬂmﬁsEmﬁﬁmPumdRﬁ@ﬁlﬁ@mﬁ ﬁmmémmmmmmx&mumihﬂimﬁ
Gneiss Granitic  Quartzite Marble Lower Upper Formation

Gnedsses & unit  unit
_ Related Rx
Pelites £X X X X XX X
Wackes x X x X X XX ®woxx
Quartz—free x X ' X x xx
Cale-S511 . .
Qﬂwb&wﬁg'x X XX e d xx
511
"Liney X X XX xx
Sandstenes”
Arkosic e ¢ XX XX x x X Fo'
Rocks
Quartzo- XX X o X X X XX
Feldapattric
Rocks
Intermediate xx XX ot x *x
Rocks and :
Amphiholites
Mafic Rocks =xx X X X X
Witramfle x X
" Rocks

Granitic X X X X 00X X b4
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Proterozoic Y Units (Grenvillian)

The Highlands Gneiss includes mweta-igneous and meta~sedimentary rocks
of variocus compositions that were metamorphosed under granulite facies
conditions. Although they were somewhat remetamorphosed and deformed during
the later Paleozoic orogenic events, they were not as modified as were the
rocks of the Manhattan Prong. Many of the rocks in the Highlands are
massive, relatively homogeneous, and relatively poorly folisted. Some still
look recognizably igneous (for instance, some of the pyroxene-bearing
granites). However, the Highlands Gneiss also includes layered quartzo-
feldspathic gneisses, amphibolites, occasional small calc-silicate layers,
and belts of sulfide-besring pelitic schist,

The Fordham Gneiss is generally more distinctly layered and foliated
than the Highlands Gneiss, These differences are attributed to the fact
that the Fordham Gneiss has been repeatedly redeformed and remetamorphosed
during the Paleozoic. Relict pods or blocks of homogeneous rocks that still
retain their granulite facies assemblages are present throughout the Ford-
ham, hut they are relatively small, and cannot be traced for more than a
few tens of feet. The layering in the Fordham Gneiss is commonly irregular,
and in many places appears to be related to migmatization associated with
the Paleozoic metamorphism: Coarse-grained gqnartzo-feldspathic leucosomes
are separated from the neighboring hornblende-bearing gneiss by biotite-
rich selvages. Where significant biotite is present, the rocks can be
distinctly schistose. Layered quartzo-feldspathic gneisses predominate, but
the Fordham Gneiss also includes amphibolites, pelitic and calc-silicate
assemblages, and relict blocks of mafic to ultramafic rocks.

7 Late Precambrian to Farly Cambrian Units

The Pound Ridge Granitic Gneiss is relatively homogeneous and strongly
foliated. Around its edges the rocks are migmatized {Scotford, 1958).
Associanted with the pranitic gneiss are numerous lavers of relatively fine-
grained, distinctly foliated amphibolite. Other rocks that appear to lie
stratigraphically below the Paleozoic metasedimentary rocks and above the -
Grenvillian basement include migmatized amphibolites, various quartzo-
feldspathic rock types, and a few calc-silicate and slightly pelitic rocks.
They differ from the underlying Fordham gneiss in their slabby fracture
pattern: layers are more continuous, boundaries are straighter and, after
expogure, the rocks tend to weather and break aleng the planar lithologic
boundaries. Where the quartzo-feldspathic members have been migmatized or
granitized the resultant rock is relatively homogeneous granitic gneiss {(in
contrast to the lit-par-lit layering that characteristically develops in
the Fordham Gneiss). Migmatization of the amphibolites commonly produces a
brecciated rock.

A detailed study of these rocks is being undertaken, and a more com—
plete description of their characteristics will become available when the
gtudy has been completed. At the moment our preferred interpretation is
that they and the assoclated Pound Ridge Granitic Gneiss represent a meta-
sedimentary/ metavolcanic suite that underlies the Inwood Marble and uncon-
formably overlies the Grenvillian Fordham Gneiss., Earlier workers have
placed the unconformity immediately below the sporadically distributed
cutcrops of Lowerre Quartzite or Dalton Formation: we feel that it should
be placed below the Pound Ridge Gneiss and its related rocks.
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At stop #1 Lowerre Quartzite overlies the slabby-weathering unit
described above, It is thin to massively bedded, and characteristically
retains its fine, even grain size through all the ensuing metamorphism. It
ig commonly arkosic, and the feldspar is almost entirely potassic. (In
contrast, feldspathic quartzites in the lower Manhsattan Schist contain
little if any K-feldspar. Note: this generalization is based on
examination of several dozen etched and stained chips of Lowerre and Man-
hattan quartzites from many localities supplemented by a few thin

sections,)
Cambro-Ordovician Units

The Inwood Marble consists largely of foliated, impure dolomitic
marbles, with locally well-developed layering. The layers contain different
proportions of the calc-silicate minerals olivine, diopside, tremolite,
phlogopite, scapolite, and/or epidote.The marbles are irregularly dis-
tributed, and the thickness of the unit varies gignificantly. Greater than
normal thickness is present on many fold noses, and the unit is completely
missing along some fold limbs. '

The Manhattan Schist is a composite unit: the lower part (the Walloom-
sac Formation} congistg of interbedded sulfide-bearing pelites; fine-
grained guartz-rich rocks with calc-silicate affinities, and occasional
impure marble layers, The upper (probably allochchenous) unit, is meore
extensive, more homogeneous, less layered, and generally richer in quartz
and feldspar than the lower, In many places, metamorphic segregation has
produced distinct, if dirregular layering in which guartzo~feldspathic
leucosomes and extremely aluminous melanosomes (or "restites") have taken
the place of the more homogeneous quartzo-feldspathic pelites, Scattered
fine-grained amphibolites are present at or near the base of thisg umit,

The Hartland Formation as we see it in the Croton Falls aream, consists
of generally distinctly layvered fine-grained gquartzo—feldspathic granofel-.
gic rocks interlayered with pelitic schists and occasional fine-grained
foliated and/or lineated amphibolites. In places the interlayered granofel~
ses and schists appear to reflect original graded bedding. Elsewhere exten-
sive grancofelses are present in which only minor intercalated pelites are
present.

Intrusive Rocks of Paleozoic Age

The rocks of the Croton Falls and Peach Lake Complexes range in
composition from dunite, pyroxenite, and pegmatitic hornblendite through
gabbro and diorite, to perthite syenite. Intrusion of the ultramafic rocks
produced emery (corundum-magnetitetgarnet) assemblages in the adjacent
Manhattan Schist, and in xenoliths of the schist that were incorporated
into the magma.

Granites of several different ages intrude the rocks of the Manhattan
Prong. The youngest ones are the easiest ones to recognize: they contain
primary muscovite and/ or tourmaline, and in several places contain dis-
tinetly zoned plagioclase (An 5 to ﬁnz ). They range from fine grained to
pegmatitic, are generally ricﬁ in K-fe?ésp&r, and commonly produce mus-
covite-rich selvages in the adjacent host rocks. In many places tourmaline
is present along the contacts or extending out from the contacts parallel

-B3-9

249



250

to the older schistosity, In a number of places kyanite and staurolite
concentrations or pods up to 4 inches long have formed in the host rocks
and along fractures in the host rocks adjacent to the granite intrusions,
Although they have been deformed in places by the latest two deformational
eventsg, they do not generally look as deformed and recryastallized as the
older granites. Young granites from three localities have been dated by the
Rb~Sr isochron method. They give ages of 333113 m.y.at the Trattoria out-
crop (Stop #1), 34349 m,y.at the Goldens Bridge outcrop (Stop # 2), and
35849 m.y.at an outcrop near Katonah (see Figure 2), (Brock et al., 1985).

One set of older granites that intrudes the Croton Falls mafic rocks
has been dated by the Rb-Sr isochron method at 387+ 37 m.y. (Brock and
Mose, 1979). These granites contain no tourmaline and no primary muscovite,
contain more plagioclase, and are generally more zoned, more layered, and
more foliated than the younger granites, Where the older granites intrude
the emeries in the xenoliths in the Croton Falls Complex, they produce
biotite-parnet selvages in contrast to the muscovite selvages produced by
the younger granites in the same area,

Additional older granites are present in other parts of the area, but
their age relationships are not as certain, and they have not yet been
dated. Like the Croton Falls granites, they contain neither tourmaline nor
primary muscovite.

Rock Compositions based on Mineral Proportions

In order to compare mineralogical characteristics of the different
formations, the rocks were subdivided into compositional categories, and
the mineralogy of rocks of similar composition from each formation were
compared. (See Table 2.)

The compositional categories used in Tables 1 and 2 are intended to
approximately follow distinctive primary compositions, but since the exten-
sive metamorphism can have modified those compositions either by segrega~
tion, anatexis, or metasomatism, the mineralogical categories are not
perfectly analogous to their original counterparts. In general, anatexis
will have reduced the proportian of quartz and/or feldspar in the rocks,
and the resuliing "restite” will be relatively rich in garnet, sillimanite,
biotite and other Fe-Mg- + +Al minerals that are not readily taken up by the
granitic melt. The ultimate "restites" are the emery assemblages in the
xenoliths in the Croton Falls Complex, and the garnet-sillimanite-biotite-
magnetite rocks with virtually no quartz and feldspar that are found in the
regionally metamorphosed pelites elsewhere in the area.

Opaque minerals are not separated on the Table 2, In most cases magne-
tite (or titano-magnetite) predominates, but in a number of cases reflected
light shows several black opaque phases to be present together with some
corplex intergrowths. In the emery deposits a number of Fe-Ti oxide phases
are present, These include members of the ilmenite-hematite and magnetite-
ulvospinel solid solution series'. Primary pyrite is present in the
sulfidic schists, and secondary pyrite is common on and alongside late
fractures in many rocks.



The estimates of percentages of minerals present are based on thin
sections (and some hand specimens) selected to be "representative" and to
show the ranges of composition present, The percentages have been rounded
because in many of these rocks percentages vary both along and across
strike, and even a precise determination of mineral percentages in a
particular thin section can serve as no more than a gross approximation of
those in adjacent rocks.

The rules used to classify the compositional categories in thin sections

are outlined below,

I Rocks Containing Alumino— Silicate Minerals

>5% Alumino-silicates = Pelite

0.1-5% Alumino-silicates = "™Wacke” [Note: some of the "wackes"™ contain less
than 30% quartz, which would be unusual in normal wackes, It is likely that

gome quartz was lost by anatexis, but that the low, but significant
alumino~silicate content still indicates a wacke origin].

JI Rocks Containing Carbonate and/or Calc-Silicate Minerals

>157 Carbonate or calc-gilicate minerals:—
a., Quartz-free Marble or Calcsilicate Rock
b.  Quartz-bearing Marble or Calcsilicate Rock
[The normal calc-silicate minerals in these rocks are diopside,
tremolite, scapolite, phlogopite, epidote, and greater than normal amounts
of sphene: chondrodite and vesuvianite are present in Fordham marbles in
one localityl.

0.1-15Z carbonate and/or calc-silicate minerals (and usually relatively
quartz-rich) = "Limey Sandstone"

ITT Rocks Containing Neither AluminomSiIiéate nor Calc-Silicate Minerals

>30% Quartz and no alumino-silicate or calc-silicate minerals = Arkosic
Rock [As in the "wackes", the relatively low silica content is attributed
to segregation or anatexis].

15-30% Quartz = Quartzo-Feldspathic Rocks
' a, with >5% X-Feldspar
b, with <5% K-Feldspar

5-15Z Quartz = "Quartz-bearine Amphibolites and other Intermediate Rocks"
0.1-5% Quartz, and relatively sodic plagioclase (<Anﬁﬁ)= Amphibolites and
other Intermediate Rocks

{5 Z Quartz, and relatively calcic plagioclase {}An&0)= Mafic Rocks

<5% Quartz and <{5% Feldspar = Ultramafic Rocks
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TABLE 2
MINERAL CONTENTS OF EQUIVALENT ROCK TYPES IN THE DIFFERENT FORMATIONS
IN THE CROTON FALLS AREA
(Ses explanatory notes at the bottom of the third page of the table)
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The most striking, and potentially the most useful mineraiogical
differences, include:-

1. The arkosic and quartzo«feidsgathia rocks of the Highlands and -
Fordham Gneisses routinely contain hernblende and commonly clino- and
orthopyroxenes. In contrast the rocks of equivalent composition in the
Manhattan and Hartland Formations contain nc amphiboles or pyroxenes but
only biotite (tgarnet)., In addition these rocks in the Highlands and
Fordham commonly contain more K-feldspar than their equivalents in the

- younger formations.

2. Amphibolites in the Highlands and Fordham Gneisses tend to be
medium grained and unfoliated or only poorly foliated, and generally con-
tain at least some surviving pyroxene. In contrast, amphibolites in the
younger formations tend to be finer grained, show distinct planar and/or
linear parallelism of the amphlboles, and contain no pyroxene, One excep-
tion to this generalization ig an amphibolite with calc-silicate affinities
in the Hartland Formation {outside the Croton Falls area) that contains .
diopslde and epidote and is only poorly foliated. :

3. The Lowerre Quartzite characteristically contains a significant
amount of K-feldspar and 1ittle or no plagioclase, whereas the sandy units
in the overlying Manbhattan contain significant plagioclase and little or ao
K-feldspar. o

SEQUENCE OF DEFORMATIONAL EVENTS

The sequence of events that we have worked cut in the Croton Falls
area is summarized in Teble 3, Much of our work has been focussed on the
Manhattan Schist in order to avoid the added confusion of the pre-Taconian
structures. : :

F. folds are rarely preserved on outcrop scale, Where they are found
they are recognized by the fact that no discernible older foliation is
deformed by the folding. In these instances the axial plane foliation (3 )
is seen to correspond to the dominant schistosity or foliation in the
outerop, and we therefore assume that in most (but not all) places the
dominant foliation that we see being deformed by younger events is the Sl
foliation. Because the earliest events have been overprinted by all the
younger deformation and recrystallization, we cannot tell what grade of
metamorphism was associated with the D, deformation. However, since coarse-
grained quartzo-feldspathic segregatiociis are deformed by D, deformation, it
is clear that the grade of metamorphism was high enough fof these segre-
gationg to form. :

D, deformation also is only rarely demonstratable in outcrop. One of
the cl8arest examples will be pointed out at step 1. Here the D, is
strongly cataclastic, and older coarse-grained quartzoﬂfeldspatgic segrega-—
tions have been sheared into flasers., Elsewhere, isoclinal folda are
present that fold the S, schistosity and are themselves refolded by the
ubiquitous F, folding. +he grade of metamorphism associated with this
folding reacged at least sillimanite grade since F, folds bend and break
pre—existing sillimanite. In the eastern part of tge Peach Lake map sheet

B3-~15



256
TARE 3.  PROVISIONAK GETLOGIC HISTORY OF THE CROTON FALLE ARER, GOUTHERST NEW YORK

W b A S — s NPT i M ey W vl AP v W S W N W Wi Wi St W T WA Sl A P W

i

ISIBEAZ | Wose, 1981
|

!Mmﬁy-“"li"‘"“ﬁ““*ﬂ“'“l““&‘“‘ﬂ‘“'ﬁ“"l

Nﬁﬂmiliiuﬂ EWQ‘W . s on.

-t ]

IGEDLOBIC | FOLDI FORMATIONS, ROCK TYPES, ETC R I FACIES/DISTINCTIVE RADIOMETAIL COMENTS }
g o :EW; ‘ EVENT | ! AESEMBLNGES ? tin li.‘f,} 1
IRRGToTE | IFRalEing, and soow Toiairy. 3 ‘ | ; Tn adjscert areas i
o — I~ im 3WW |
ED; ;Ltta thrust faplting. o : Mascovite sm ;mm 4 M(mxb.utai
i I"CAEest matanorphic wvmt. " ] 4m*nmnu m1 Bradart i
! i - i %, |
: i ; ; :&9&3 : KA on Big&itl. {é‘m §
i Doctile shearing s relatsd foldi i 1 ume—8t hﬁllti! i WEMod N, j
Carbonif- ;5 1Defores Boldens ma-idp § Hatonsh ik : _ sor-tys-ar s i ii-yide-down sovement :
wous '

I i&mﬁm Bridge 1 Xatonah &mtm b i’rmnme-%{mw lsa-wm L nl. i
| [oursalinized fractres. 1 ithlorite-usc-Gar . o In sat |
l i i i-rin of the Croton alls |
I i C - i : i jmatic comlen, Brock § Brock!
i E - b i i iy i
: : — |
thoadian) § Fy Eim to tight foldi K INsc-Kysn-Blawre in st | i Brock ind Kose, 1973, I
: Falls br itn. :ritirg to Kf-Gill inE & ﬁ; i + revent finld work. :
Devenian | lt':retm Falln Branite, , INo lhumiti in pelitic 387434 © Brock o Nose, 1999, i
i i i uw;n | | i
—! % — |
(Tacomian?} | Fy iﬁlen reclind folds. M:-%-Fﬂm, [ M2 !iroek ot al., 1985
: i!-' l segregations. Deforss ; : ; Fa segregstions) 2
iF3 ¢ léi ! ti e imliml folds. 1!3 ik-Faldspar-Gillimanita | | f
{ iﬂuia!-plw ~Faldspar sagre- | { i | i
: *mim Deform Fa ﬂm i : : { ;
155 2 T i | | i {
e | LSRR k-

I iri . i s cliffe ot al.
A T ] il wiulilechin
i | | i i i
inid- iFe ilmliul folds, Cataclaatic flawers, 1Bi11ineniln | | 1
i0vdovivians | iPrasumed recusbent, associated with W2 irising to Kf-Bar-Cord in El | i
1{Taconiani)| isajor thrusts. ] | f I
i S, | - :

3 a

} Presused y ssociated with 1 i i I i
i ithrutinltiidin. i | i i
i : — i
| mm; lites and u:im. | I i
1 W@% tu near base. yem 1 | j
| iqmr wit was probably tectomicaily ssplaced darly in the Taconic | Hall, 1968, i
I A | o B ian, 1985 |
| !Blu! unit includes carbonates, 1imey Mstm ang w;t:e,mlmziic i ¢ Jower Widdle Ordovicim |
i ischistn, i | fossils in basal beds i
|Cambre~ | i i § Katcliffe and Krowles, 19681
| i Elhmnfmity.~-~u-—-~u-»-u---n-~-u-—l--—a--~a~-i ] §
Hrdovician | i i § i
: : Fm Wprbls, Doiowitic marbiss near base, becoming more calcitic m::p. : : i
: : tm Quertzite. Martzite and arisauic ks, ; : E
{Proterazoict fm! Pound Ridge Q‘_ﬁ i and velated seiasdimenisry {58319 4 i
i 1 : : avolcanic rocks - 1563430 | Long, 1969, :
| i
| I i
I I i
I ani i
i
i
§
i
i
|
i

W . - —— ———— ok ——

|
} |
CXC granitl I
{Fiq) it ivast tuo spiscdes 94‘ folding Ni-13 ihornblende Granulite? 1954431 | Heleneh and Mose, 1376,
l !F(-a; land wetamorphise. ¥i-2) !Wm Bramulite 11169¢441 Hel ad ¥owe, 1975,
i i W—Fﬂm | Brock and Brock, 1983,
iPreterozoic ‘ 1
1 ¥ { Iibpoliiim of sediments and volcanios. i %lﬂ Kose, 1962

i i1 |
Radiceetric ages wra Rb-Or Tsochron ages unless othevwise Specilind pa_ 1 ¢



———

the grade was higher: the flasers include cordierite-garnet-perthite-silli-
manite assemblages, Although rocks of this grade have been reported in
Grenvillian metamorphism in the Highlands and Fordham Gneisses, and in
Acadian metamorphism in south-central Massachusetts (Tracy and Robinson,
1980, and Robinson et al,,1982), this is the first such occurrence that we
know of in Taconian metamorphism in the northern Appalachians.

On the map scale, a number of major F, and F,, fold closures and
assocliated thrusts are required in order t6 explain the map distribution
patterns of the stratigraphic units. When we have attempted to reconstruct
the geometry of the early folding of the Prong using the structural and
stratigraphic constraints that we have collected both here and in other
parts of the Prong, as well as those that are available in the literature,
a number of solutions have always proved possible, Figures 1 and 2 show the
approximate locations of the major F, and F, closures required in the
reconstruction that comes closest to fitting all the facts as we know them,
Because the dominant folding in the Croton Fallg/Peach Lake region 1s
moderately-plunging upright F,, folding, a ¢ross section through this part
of the Prong looks like a slightly fore-shortened map~view of the area;
for this reason, no cross section is presented here, More work is still
needed to trace and delimit these early structures in detail, The apparent
amplitude of these folds implies that both the F1 and FZ were recumbent,

D, flasers and associated sillimanite prisms are folded and broken by
uprighf, tight to isoclinal F, folds. The latter folds are character~
istically visible on outcrop 3cale throughont most of the western half of
the map area, and are associated over almost the entire area with K-
Feldspar-gillimanite grade metamorphism. Generally, the S, axial plane
cleavage is only weakly developed, At stop 1, the F, folds are associated
with quartz-K-feldspar segregations that are aiigneg approximately parallel
to the axial planes of the folds. In the eastern part of the area fewer
recognizable F, folds are present on outcrop scale, because fewer parasitic
folds develope% on the nose of the major FS fold that passes through the
Pound Ridge area,.

The Croton Falls mafic rocks were intruded after the D, deformation
but before the F, folding: small F, folds can be seen foldifig original
igneous layering™in previously uﬁdgformad {unfoliated) mafic rocks. The
dominant foliation in the mafic rocks is parallel to the axial planar
foliation in these folds. In addition, emery assemblages that were formed
in Manhattan Schist alongside and incorporated within the mafic rocks were
locally remetamorphosed during the F3 deformation prior to the emplacement
of the Croton Falls granites.

The F, folds at Stop 1 are refolded by close, reclined F, folds. These
folds commgniy have rounded noses on the broad scale, and small-scale
chevron folds in pelitic layers as they pass round the noses of the larger
folds. A distinct axial plane cleavage is developed in some places, and
sillimanite has grown along this cleavage as it passes through the §
quartz-K-feldspar segregations., The F, folding is relatively restric%eé in
its distribution, and probably has less tectonic significance than any of
the other deformational events. However, it is extremely useful since itg
associated quartz-feldspar-garnet-sillimanite segregations that cross—cut
F. hinge surfaces, are amenable to Rb-Sr age determination analysis (See
&%scussien of age constraints below).
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S, foliation in the Croton Falls mafic rocks has controlled the
emplacément of the Croton Falls granites that give an Rb-Sr isochron age of
387+ 34 m.y. (Brock and Mose, 1979). .
The F. fold event is complex. The Croton Falls granites are cut by 85

cleavage, afid in a few places are visibly folded by F. folds. Outside the
Croton Falls complex the S. is sporadically developed”in distinct zones
through much of the area. %n the western part of the area the 3, is readily
recognizable because it is associated with kyanite-staurolite gfade meta-
morphism, and thus produces visible down-grading in the K-feldspar-sil-
limanite schists. To the north and east, however, the grade of metamorphism
associated with it increases to K-feldspar-sillimanite grade, and positive
identification of F. folds becomes more difficult. However, enough places
have been found whe;e a full sequence of events can be worked out, and it
can be shown that folding of this age is present, and that it takes several
different forms. In the north D. ductile shearing deforms F2 3 and. 74
folds, and in the east, D5 appegrs to entail doming that is réspbnsgglé-for
the inflection in the F, &xial trace as it passes through the Pound Ridge
area, and some largemscgle drag folding on the limbs of the "dome" (see
Figure 2).

The S, cleavage and all older structures are cut by tourmaline, two-
mica grani%es and assoclgted tourmalinized fracture surfaces, and these
granites are themselves deformed by two episodes of ductile shearing, one
gyntectonic with the intrusion of the dikes, and the other later. The dikes
are in most cases small (less than 4 feet thick) but a few Lrregularly-
shaped bodies up to 45 feet across are also present, The tourmalinized
surfaces, and the majority of the more regular dikes, strike northeast and
dip moderately to the northwest, and their emplacement was largely control-
led by a fracture system with this orientation. The older shear zones (D,)
have a similar orientation and the associated slip has a down-dip compo-
nent, suggesting an extensional regime. The coarse~grained muscovite-
kyanite-stgurolite rocks that are associated with these dikes and shear
zones indicate that water-rich fluids circulated along the shear -zones
through an otherwise dried out K-feldspar-sillimanite terrane.

The later thrusting (D.) has similar attitudes, and in many places
reuges pre-existing planes O0f weakness, Where they affect rocks already
rehydrated during D, deformation, new skeletal staurolite 1s seen growing
in the shear zone, ?n other cases, however, where dry rocks are deformed,
textural changes (to mylonite) are striking, but the associated mineral
assemblages are relatively little changed from the original, and it is not
clear what pressure and temperature conditions prevailed during the
deformation.

The age relationships between the deformational/metamorphic events are
preserved because the later events are not evenly developed throughout the
area: D, and D7 in particular are developed only in restricted zones
separatgd by large areas that show little or no gvidence of young deforma-
tion. D. is more widespread, but even here, the normal pattern is of older
K-feldspar-sillimanite assemblages surviving between the muscovite-bearing
3. cleavage surfaces and shear zones. Other striking examples of survival
ol older metamorphic assemblages and their assoclated textures include the
granulite assemblages in the Fordham Gneiss that have survived through all
the Paleozoic deformation and metamorphism, and the scattered patches of
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modification through all the post Fz events,

Age constraints on the timing of the deformational events are provided
by a number of Rb-Sr whole rock isochron age determinations (see Figure 3).
A determination on the F, quartz-feldspar-garnet—sillimanite segregation
that crosscuts F., hinge éurfaces gives an age of at least 442 m.y. (or 462
m.y. if one sample with very low Sr content is discarded as unreliable).
This date restricts the four early deformational events to the Taconic
Orogeny (Brock et al., 1985}

The D. is bracketed by the 387+34 m.y. Croton Falls granites (Brock
and Mose, ?9?9) and the 335 to 358 m.y. two-mica granites {Brock et al.,
1985). Even though the érror ‘bars on the Croton Falls granite age are
large, the DS is restricted to Devonlan age,

The the two-mica granites appear to have been intruded during the Dé
deformation: the D, fracture surfaces control the emplacement of the two—
mica granites and B fabrics are locally developed within in them. The D
deformation therefage extends into the Mississippian., The D, is clearly
younger: it deforms the granites, breaks and bends the assoZiated tour-
maline and makes flasers of the kyanite pods, K-Ar age determinations on
biotite carried out by Kulp and Long from a zone that we map as a D, gives
an age of 329+13 m.y., and preliminary analyses by Seidermann and Brock on
biotite from two D, shear zones give ages of 30948 and 294413 m.y.(2 sigma)
We hope to get morz K-Ar ages from biotites from the shear zones in the
near future,

Summary

The Taconic Orogeny in the Croton Falls area includes two early
episodes of large-scale recumbent folding and thrusting whose assoclated
metamorphism reached at least to sillimanite grade in the west and to
garnet—cordierite-perthite~sillimanite grade in the east by the end of the
second event. The upright F, and reclined F, folds post~date the emplace-
ment of the Croton Falls ma§1c rocks, and the assoclated metamorphlsm
reached K-feldspar~sillimanite grade over all but the scuthwestern quarter
of the map area.

" The Acadian Orogeny is represented by the Croton Falls granites and
the. D. deformation and its associated muscovite-kyanite-staurolite grade
metamorphism, The deformation of this age includes large~scale upright
folds and zones of ductile shearing.

The Acadian Orogeny is followed by ductile shearing.anﬁ associated

intrusion and deformation of the two-mica granites of Mississipplan age,
which are followed in turn by younger compressional ductile shearing.

B3-1%



260

FIBURE 3. AGE CONBTRAINTS ON THE DEFORMATIONAL EVENTS IN THE CROTON FALLE ARER
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ROADLOG
Miles Miles
from from . Remarks
start  previous
point
0 0 Kline Geological Laboratory, New Haven
2.3 - 2.3 Through New Haven following road signs onto route 34
10.0 7.7 Pass through Shelton ’
22.9 12,9 Turn West on I-684 (towards Danbury & New York)
39.7 16.8 Connecticut-New York Border
41,6 1.9 OQOutcrop on right of Manhattan Schist with D. ductile shear
42.2 0.6 Exit 20, Turn south onto I-684 (towards Whige Plains & New
York)
45.2 3.0 Croton Falls Complex makes up the ridge to the right
0 Inwood Marble crops out in roadcut on right
46,9 1.7 Turn off on Exit 8. {(Hardscrabble Road & Croton Falls)
47.1 0.2 Turn left from exit ramp onto Hardscrabble Road
47.3 0.2 Turn left onto Route 22 south
48,0 0.7 Underpass; route 22 passes under I1-684
48.1 0.1 STOP-1. Park beside road just to the east of the underpass.

Stop 1: Climb up on the east side of the I-684 overpass on the north side
of route 22. Walk north parallel to I-684 behind the crash-barrier to the
first place you can readily climb up on top of the outcrop. Most features
we want to see can be adequately seen from the top, and the troopers (and
we) are worried about the distracting effects on the drivers in the heavy
traffic on the highway of crowds of people at ground level,

Stop 1 encompasses over half a mile of road cuts (see Figure 4) that
contain most of the stratigraphic units of the area, and many of the
structural relationships we wish to show you. We will be here for several
hours.

At the southern end of the road cut is a granite of uncertain age. To
the north of this granite are layered Fordham Gneisses including various
quartzo-feldspathic types, amphibolites, rusty-weathering pelites, cale-
silicate assemblages, and pods of ultramafic rock. No granulite assemblages
have been recognized here, but good examples are present in this belt of
Fordham half a mile to the southwest of here., The quartzo-feldspathic rocks
commonly contain hornblende as well as biotite. K-feldspar is presgent in
many, and perthitic feldspar in a few, The amphibolites are generally made
up mostly of hornblende and plagioclase, with or without some clinopyroxene
relicts, and with various amounts of bilotite,

Pelitic rocks in this belt of Fordham to the northeast and southwest
of the road cut are coarse-grained and garnet-rich. To the northeast
perthite (or K-feldspar) and sillimanite are present, whereas to the south~
west, kyanite is present and K-feldspar is absent. Calc~silicate assem-
blages in this outcrop contain little carbonate, and consist largely of
clinopyroxene, clino-amphibole, and some epidote.
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FIGURE 4. Geologic map of the area surrounding Stops 1 and 3, modified from the maps
of Prucha et al.,1968, and Sneider, 1969. _

Explanation of Symbols o = Stop location X = Age determination location

TG = Two-mica granite + Tourmaline

M = Manhattan Schist
——— e e Inwood Marble (Shown schematically: it is rarely more than a few

———I—=-= tens of feet thick)

L = Lowerre (Quartzite
C = Slabby-weathering unit underlying Lowerre Quartzite

F = Fordham Gneiss

Attitudes shown are of the dominant foliation (generally parallel to S}), except
where they are accompanied by small Roman numerals indicating the deformational event
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Layering is steep. and the most consplcuous upright folds are presum-
ably of Taconian age, (No direct evidence of their age has been found
here,)

The northern end of this sepment of the road cut i a large two-mica
granite,

To the north of the granite, after 30 feet without exposure, is the
start of the (?7) late Precambrian slabby-weathering unit. It consists of .
interlayered quartzo-feldspathic gneisses, achistose gneisses, migmatized
gneigses, and fine-grained, lineated amphibolites. In some of the fine-
grained migmatitic layers the dominant mafic wineral is a blue-green
hastingsitic amphibole., In a few places the guartzo-feldspathic rocks are
finer-grained than normal, and resemble arkosic quartzites.

The contact between these rocks and the overlying Lowerre Quartzite is
sharp; being marked by a change from migmatitic gnelssose rock to a fine-
grained, rusty-weathering arkosic quartzite. To the north the quartzite
becomes more impure, and more schistose,

Hinge surfaces and the layering and bedding on the long limbs in the
slabby-weathering unit and the Lowerre Quartzite dip moderately to the
northwest over much of the outcrop, but considerable folding is present in
some places (see Figure 6a).

To the north of the Lowerre, but separated by a two-mica granite
(which gives an Rb-Sr isochron age of 335+13 m.y.), is a 10-foot outcrop
{at road-~level) of diopside-bearing Inwood Marble, followed immediately by
Manhattan Schist,

The basal unit of the Manhattan Schist {Walloomsac Fm.) at this point
consists essentially of quartz, plagioclase, K~feldspar, garnet, red
biotite, and sillimanite, but a little retrograde muscovite is present in
places, The high garnet content and the red biotite between them glve the
schist a distinct reddish hue, A few small layers of marble (up to 4 inches
wide) are present near the contact. The dominant folding st this point is
of F, age, and some quartzo-feldspathlc segregations can be seen to be
foldgd while others are approximately parallel to the axial planes of the
folds. The boundary with the upper unit is placed at the first amphibolite
unit abgut 50 feet north of the Manhattan-Inwood contact. The bagal unit
Te-appears near the northern end of the outcrop where calc-silicate rocks
are present. -

Approximately 100 feet north of the contact, and about two thirds of
the way up the face of the road cut, is a small area where S., Bz, FB’ Fg’
S., and the post-D. tourmalinized surfaces are all seen toga%her (ged
Féggre 5). A large tourmalinized surface makes up the top of the road cut,
and below it, near its northern end, a zone of D, flasers runs down the
face of the cut. The zone 1s 1 to 2 feet wide, afid is bounded along part of
its south side by a younger quartz-K-feldspar segregation. The flasers
consist mostly of schist, but some are quartzo-feldspathic and some consist
largely of porphyroblastic plagioclase. A few consist of an intergrowth of
coarse—grained quartz and plagioclase that is taken to be an earlier (S.)
segregation. Twenty feet to the south of this DE flasered zone 1s anothér
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FIGURE 5. Schematic, oblique view of the face of the roadcut at stop 1 showing
the geographic relatilonships between the D2 flasered zone, the folded ﬁz
flaser&, and the Tourmalinized joints.

TOP_OF OUTCROP

_ \ ﬁ %
SCALE \ 3 \\
. . \\2 'S 5

APPROX 10 FEET

Explanation of Symbols

n
I

P2 flasered zone
3 = F3 fold deforming Dy flasers. 53 quartz-K-feldspar segregations al igned
spproximately parallel to the Fy hinge surface,
= F4 chevron folds. 54 cleavage cuts acrosa the F3 hinge surface.
S5 muscovite cleavage,
a fracture surface with tourmaline rosettes up to 18 inches in dianet&r.

A
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gimilar one that is isoclinally folded by an F, fold. The flasers are
clearly visible where they bend around the F %inge surface, K-feldspar-
rich segregations cut through the fold in approximately the F, axial-planar
orientation., 8, cleavage is faintly visible here cutting acrogs the F
hinge surface, and ig more clearly visible a few feet to the north whgre F
crinkle folds have formed in the more biotite~rich layers. D, sillimanite
is bent and broken by F, folding; F, sillimanite co-exists with

K~-feldspar; and S, sillimanite cuts across K-feldspar of the D, segre-
gations, No primary muscovite is present in these rocks, but ydung
mugcovite is present a) on zones of S. granulation, b) on and adjacent to

 the tourmalinized surfaces, and ¢) in“some randomly distributed spots where

later circulating fluids were able to penetrate.

The S. cleavage is oriented approximately parallel to the S, (and 81)
foliationa“and as a result is difficult to detect in many places, One cléar
zone is present at the top of the roadcut about 15 feet north of the
northern end of the big tourmalinized surface, and another (containing
gtaurolite) is present 50 feet further to the north. Less conspicuous zones
are present near the folded D, flasers. Here, individual 5; surfaces
containing granulated quartz fnd feldspar and fine-grained muscovite, cut
through coarser (ungranulated) schists that contain K-feldspar and sil-
limanite and no muscovite,

The D.~related tourmalinized surfaces cut across all the older struc~
tures, They are extensive, traceable fractures that maintain their orien-
tation over much of the Croton Fallg map sheet, On the large exposed
surface at the top of the roadeuyt (Figure 5) tourmaline has grown into
rogsettes up to 18 inches in diameter that appear to be completely unde-
formed. Some tourmalinized surfaces have abundant muscovite on them; others
(for example low on the roadeut about 70 feet north of the D, flasered _
zone) have up to an inch of feldspar with minor quartz emplaged along them;
and in one case (in the Croton Falls complex) tourmaline and kyanite have
crystallized together on one of the surfaces, Two hundred feet to the
northwest of here (Flgure 5), in the roadcut on Route 22, two—mica granites
are intruded along these surfaces.

From this point northwards, the Manhattan Schist is relatively
unremarkable until, near the northern end of the roadcut, considerable
segregation and granitization has teken place, Here the less-modified host
rocks consist largely of quartz-K-feldspar-plagioclase~sillimanite-biotite-
garnet schists with minor interlayered calc-silicate rocks and amphi-
bolites. A large, irregularly-shaped segregation cuts across the layering
and across the F, hinge surfaces. The segregation varies considerably in
composition from“one place to another, In some places it consists of
quartz, K-feldspar, and plagioclase, with minor garnet, biotite, silliman~
ite and graphite; whereas in others the feldspar content is negligible, and
the rock consists almost entirely of quartz, garnet, and sillimanite. Where
this rock is cut by S, cleavage, kyanite 1s seen overgrowing two ages of
older sillimanite (sag illustration in Brock and Mose, 1979). A suite of
seven specimens from this segregation gave an Rb-Sr isochron age of 442
m.¥.,{ or 462 my. if one saumple with extremely low Sr content is discarded
as unreliable) (Brock, Brueckner and Brock, 1984),
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Continue south on Route 22

48.4 0.3 Junction with Route l16. Continue south on Route 22

51.0 2.6 Turn left on Route 138,

51.1 0.1 Turn right into supermarket parking lot. Park near the
southern end of the parking lot., Staop 2,

gToP 2

The outcrop at this stop extends from the southern end of the parking
lot, north to the northeastern end of the shopping center, The outcrop
consists of fine-grained gronofelsic guartzo-feldspathic rocks interlayered
with thin schists and scattered thicker layers of fine-grained, lineated
amphibolites. A1l these rocks have been repeatedly refolded and then cross-
cut by two-mica granites. This suite of rocks is distinctly differeat to
the normal Manhattan Schist, and we interpret it to be part of the Hartland
Formation emplaced along the hinge zone of a major F2 fold.

Most of the schists and granofelsic rocks are devoid of alumino- |
silicate minerals, and many have only limited amounts of garnet and i
muscovite, The absence of even relict alumino-silicate minerals leaves us :
uncertain about the maximum grade of metamorphism reached. Near the
northern end of the main exposure, a small layer of quartz-plagioclase~
muscovite-biotite-garnet-staurclite schist is present, but since this rock
occurs in a zone that appears to have been significantly deformed and
hydrated during D, deformation, it only indicates the grade associated with
the Dy rather than the maximum grade attained.

The granites range from relatively fine-grained unfoliated dikes with
sharp boundariea, slightly chilled edges, and zoned plagioclase prains, to
coarser-grained to pegmatlitic rocks with or without swirling flow foliation
and with or without a later tectonic mineral alignment imposed. These
granites give an Rb-Sr isochron age of 34549 m.y. (Brock et al,, 1985).

At the southern end of the rock~cut beside the parking lot, shallow-
dipping two-mica pegmatitic granites cut across the host schists. The
granites have been slightly deformed, and a rough fracture cleavage is
locally developed. Near the center of the cut beside the parking lot, the
granite is finer-grained and is locally distinctly foliated. Several small
apophyses of this granite and others In this outcrop can be seen to be
folded, and in these cases it can be seen that the mineral parallelism in
the granite cuts across the contacts and is parallel to the axial planes of
the folds. Pre-D,. structures in this outcrop are anomalously oriented and
appear to show varying deprees of rotation due to D, deformation. Although
shgarurelated fabrics are only sporadically developéd, rotation of up to
60" appears to be present in the host rocks. Where a set of folds of the
same age could be identified and the variation in attitudes due to hetero-
geneous D, shearing recorded, a moderate northwest-plunging D, slip line
has been gerived (see Figure 6b). The sense of rotation indicdtes normal
movement, The glip line is parallel to the aligned tourmaline commonly
found 1n D, zones throughout the area, The granites in this outcrop are
little deformed, but similar (Mississippian) granites elsewhere sometimes
show well-developed c—3 fabrics reflecting normal shear sense,
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FIGURE 6a. (left) Equal area net showing orientations
of S-surfaces in the post-Fordham units at Stop # 1.

Explanation of symbols

i. S-surfaces in the Manhattan Schist

* = Pole to Sl. 2 = Pole to S..
3 = Pole to S,. 4 = Pole to S;.
5 =

Pole to SS' T = Tourmalinized Fracture Surface.
ii. Area outlined with dashes encloses poles to S, and
S., surfaces in the Lowerre Quartzite and in the under-
1§ing slabby-weathering unit.

iii. The S-surfaces in the Fordham Gneiss overlap with
the dominant cluster of the Manhattan S, and S; cleav-
ages and cannot be plotted without undu%y clutgering‘the
diagram.

FIGURE 6b. (right) Equal area net showing the rotation
of F3 hinge lines by D6 in the Goldens Bridge outcrop

(Stop 2)

Explanation of Symbols

x = Hinge line to F, fold

3

Triangle = S, shear zone boundary derived from average
of slip cleavages

0 = D6 slip line

t = Tourmaline lineations in this and other outcrops
.
o
~
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Tourmaline is present within some of the granites, concentrated along
the contacts of others, and as rosettes on some appropriately oriented
fracture surfaces.

The identification of the fold events present in this outcrop is still
uncertain for a number of reasons: the lack of evidence of difference of
grades of metamorphism associated with the obvious sequence of fold events;
the rotation of all axial surfaces to strike southeast making it difficult
to connect with structures in surrounding areas; and the lack of older
segregations or granitic markers all leave us without a streng basis for
correlating from this outcrop to others.

Return to Route 22 and turn right (north)

54.9 3.8 Bear right onto Hardscrabble Road

55.1 0.2 Qutcrop on the left (opposite the entrance ramp to I-684) is
atop 3. Drive on across the overpass over 1-684 to f£ind a
safe parking space (for instance on the side road opposite
the Getty Service station}. Stop 3.

STOP 3

Stop 3 is located on the contact of the Croton Falls mafic complex

(see fipure 4). The rocks expogsed here include modified dunite, pyroxenite,
gabbro and diorite of the complex, and down-graded emery-related rocks
derived from blocks of Manhattan Schist that were incorporated into the
mafic complex at or near its margin. Also present is a belt of foliated,
leucocratic plagioclase~biotite-amphibole rock that cuts through and
incorporates blocks of the mafic rocks, and stringers of more-normal
quartzo-feldspathic vein material, The rocks in this contact zone have been
subjected to considerable deformation and recrystallization during F

and possibly D, times, The neighboring outcrops along the road ih boéh
dgrections are Mangattan Schist.

In the altered mafic rocks, the olivine has been partly replaced by
phlogopite (and meore rarely to anthophyllite), and the pyroxene by amphi-
bole, although the augite in some of the more gabbroic rocks is still fresh
and unaltered. The diorites are texturally the most modified rocks, having
taken on a strong S, foliastion as they have throughout the complex. They
consist of andegine”and biotite with only minor amounts of original horn-
blende surviving, though a late-stage dark blue-green amphibole can be
present around grain boundaries of biotite in places.

Unmodified emeries in the xenoliths deep within the Complex can
consigt entirely of corundum and magnetite, though usually some garnet is
also present. In contrast, here at the margin of the Complex alumino-
silicates and some plagioclase survived the contact metamorphism, though
because of all the later modification, it is not always certain which
minerals belong with which metamorphic event. One of the most striking
rocks in this outcrop is the light-colored garnet-rich rock making up the
steepest high cliff near the center of the roadcut. It contains sil-
limanite, staurolite, cordierite, almandine, gedrite, oligoclase, and
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members of the magnetite-ulvospinel and ilmenite-hematite solid solution
series’, together with minor amounts of late kyanite, biotite and
muscovite. Of these minerals the almandine and cordierite were clearly no
longer stable together during the later metamorphism, and they are now
always separated from one another by screeas of Sillimanite, staurolite,
and/or gedrite. In sheared chloritized zones emery relicts characteris-
tically consist of magnetite, corundum, plagioclase, and biotite im which
the original minerals are now largely replaced by sericite, chlorite, and
epidote. Other cemmon rocks include pelites containing plagioclase, silli-
manite, + kyanite, corundum, bilotite, parnet, magnesian hercynite, and black
Fe-Ti oxides, and amphibolites that now have a grayish-green amphibole of
the cummingtonite~grunerite family as the dominant mineral,

The leucocratic foliated plagioclase~blotite-hornblende rock is some~
thing of an enigma. In its light color, its foliation, layering and
folding, it looks similar the host schists, However, in its mineralogy
{andesine, hornblende and biotite) it very closely resembles the Croton
Falls diorite except that it is much more leucocratic than any of the
normal diorites. In addition, it has blocks of the Croton Falls mafic
rocks {tectonically) incorporated into it. It is possible that it
represents a xenolith of host schist that was incorporated into the diorite
magma and that equilibrated chemically with the diorite (as opposed to the
emery xenoliths that equilibrated with the ultramaflc magma).

The rocks in this outcrop have been deformed and remetamorphosed a
. number of times, but the recrystallization has not affected all areas
equally: some patches of dunite have survived almost unmodified; the
gabbroic rock appears fresh and unaltered; and the cordierite-garnet rock
has resisted recrystallization during most of the later, lower-grade
events, In other areas, by contrast, the rocks have been severely
recrystallized and/or redeformed saveral times., Recrystallization during
each event was largely controlled by access to water, Thus a zone of
remetamorphism surrounds those shear zones and S-surfaces that penetrated
the highly competent rocks of the complex, and partial preservation of
mineral assemblages reflecting each metamorphic event is the rule., Based on
relationships worked out within the complex, the lowest grade of metamor-
phism occurred early in the D6 cycle (Brock and Brock, 1981), although
recent work elsewhere suggests a second metamorphic low with D,. By this
reasoning the chlorite-epidote-sericite alteration of the emery relicts
could be assigned to either the DB 0r‘D?.

Within the Complex, emeries modified by D_~related metamorphism
develop assemblages containing kyanite, chlorife, and staurolite, +mus—
covite, 4tourmaline, and old garnets often show extensive alteration to
chlorite, Later prograde metamorphism is suggested by a number of textures,
including the growth of biotite screens between chlorite and staurolite,
and around young euhedral garnets that contain inclusions of chlorite.
Young acicular sillimanite is present in these assemblages, It is uncertain
whether this prograde metamorphism pertains to a late stage of 86 deforma—
tion or to B7.

At this outcrop, the alteration of olivine to anthophyllite in dunite,

and of pyroxene to hornblende in gabbro is attributed to D,— or D.~related
metamorphism, The cordierite-garnet rock is texturally complex, and it is
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FIGURE 7, Geologic Map of the area around stop 4, modified from Prucha et
al.,1968, Fisher et al.,1970 and Rodgers, 1982

Explanation of Symbols § = Stop location x = Age Determination Location

se 2+ ae = Stream + = Cordierite-Garnet Locality
M = Manhattan Schist I = Inwood Marble
R I Schematic representation of Hartland Formation along the ¥, axial
TEevee T trace that we think is responsible for its presence

FZ Axial Trace

F. Axial Trace

— e — . — 3

6 = %mof%dmﬁhs&mmg 7 = Zone of D, thrusting
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difficult to relate its muddle of assemblages to specific deformational
events, but within the Complex emeries locally alter to gedrite +
staurolite+sillimanite along 83 cleavages,

Deformation that disturbs the foliation in the diorite is post D.,.
Where such deformation shows high-grade character it is probably of D age.
(F, has not been recognized in the complex.) Deformation of D,, D 6’ and
D, age are all thought to be present at some point along the eastern
contact of the Croton Falls Complex,

Retracé route hack down Hardscrabble Road and onto Route 22

south

55.4 0.2 (Mileage counted from outcrop of stop 3, not where you

parked)

56.7 1.3 Turn left (east) onto Route 116

60.3 3.6 Cross Route 124

60.8 0.5 Bear left onto combined Routes 116 & 121

61.5 0.7 Balanced rock on right

61.9 0.4 Turn right onto Route 116

62.1 0.2 Turn left onto dirt road (Mopus Bridge Road)

63.6 1.5 Bear right cnto Spring Valley Road

63.8 0.2 Bear right onto George Washington Highway

64,0 0.2 At stop sign turn left onto Ledges Road

64.9 0.9 At stop smign turn left onto Barlow Mountain Road

65,2 0.3 Hairpin bend on Pierrepont Drive

65.5 0.3 Turn right onto Twixt Hill Road

65.6 0,1 Turn right onto deadend road and park, without blocking the

road. Stop 4.

STOP 4 is in the Pierrepont State Park, No hammering.

It isg located off the trails in fairly thick bush, and is net easy to
find. 1If you get separated from the group, walk west till you reach the
road, and then follow the road south until you find the starting point (see
Figure 7).

Enter the park through the chained gate across the dirt road, Bear
left on the larger track and follow it down until it 1s about to cross a
small north-flowing stream. Just before the stream turn let onto a very old
track that goes off to the left. It is barely recognizable at this point.
but becomes a little more obvicus as one follows it. The track goes approx-
imately north, passing between the main height of land to the west and a
smaller ridge to the east. We will visit this ridge if time permits after
the main stop. Follow the track for about a quarter of a mile, at which
point it will once more become hard to follow. Bear right for a few tens
of feet umtil the ground drops away between some quite large outcrops and
you find yourself in a small amphitheater surrounded by outcrops.

The rocks at this stop are Manhattan pelites that were metamorphosed
to perthite-cordierite-garnet-sillimanite grade during the D éeformation,
were somewhat down-graded (to E-feldspar-sillimanite grade) guriag the D 3
and then locally slightly modified during the D, and D. deformational
events. The main purpose of this stop is to show you what the Manhattan
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looks like when it has been up to such high metamorphic grade,

Most of the pelites consist of coarse-grained perthite and garnet,
geparated by trains of finer-grained quartz, biotite, sillimanite and
magnetite that have been folded by F, folds. The pelites at this locality
have a higher percentage of potassic™feldspar in them than is normal in the
Manhattan Schist. A few grains of kyanite are present in a few places, and
small amounts of sericite and chlorite are visible in most thinsections.
Coarser-grained secondary muscovite is also present in a few places.
Cordierite is only present in restricted areas; generally in only small a
small amounts (less than 15%). (Specimens from nearhby localities where it
constitutes nearly 50Z of the rock will be available for your inspection on
the bus.) Cordierite, perthite and garnet + sillimanite co-existed stably
during D, times, but during F, times the garnet—cordierite pair was
unstable; and screens of biotite and sillimanite are generally present
along the grain boundaries, In a few places cordierite is partly replaced
by gedrite, and in others it is replaced by green biotite and/or a yellow
7amorphous material, In one locality along Washington Ledges the rock has
been flasered, and the flasers of garnet-perthite-cordierite are separated
by trains of almost pure sillimanite. In many of the cordierite-bearing
rocks both the cordierite and the plagioclase have grown into large sieve
crystala that enclose smaller grains of most other minerals, Garnet por-
phyroblasts routinely enclose biotite, sillimanite, quartz, plagioclase and
opaques, but only rarely enclose perthite, and then only in the ocutermost
ZONe,

The pelites have been intruded by perthite-bearing granites that have
been deformed during F, deformation. The contacts of these granites are now
rather diffuse in many places. Trains of sillimanite cut across the
perthite porphyroblasts .

Most of the rocks in this "amphitheater" area show only limited signs
of late, lower-grade metamorphism, except in a zone of D, shearing along
the western edge of the amphitheater, In the shear zone grain-size is
reduced and the rock is made up of fine-grained red blotite, quartz, and
feldspars, with scattered relict sheared and/or rotated porphyroblasts of
garnet and perthite, and with lesser amounts of sericite and chlorite (4a
little surviving sillimanite). In places the muscovite and chlorite are
concentrated in strain shadows of some of the porphyroblasts. A few small
euhedral garnets grew towards the end of the deformation. The granites near
the shear zone show more signs of recrystallization: some feldspars are
completely sericitized and some garnets are completely chloritized.

Biotite from this D, zone has given a K-Ar age of 294+13 m,y., and
muscovite from another zdme two miles north of here gives an age of 309+8
M.¥.

The outcrop on the small mound to the south of the amphitheater (that
we passed as we walked in) shows more evidence of lower grade remetamor-
phism, Here D, deformation has produced muscovite~rich shear zones that cut
across older sStructures, including F. and possibly F. hinge surfaces. The
introduction of water necessary to mgke the:muscovitg is characteristic of
the D, and where the D? shearing follows Dg’ it too has more muscovite
asseciated with it,
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Turn around and turn left onto Twixt Hill Road

65.7 0.1 Turn left onto Plerrepont Drive

66.6 0.9 At Stop sign, continue straight ahead (south, on Barlow Mt.
Road)

67.0 0.4 Turn right at "T" junction onto North 5t

67.3 0.3 Turn left onto Route 33

69.4 2.1 At Stop sign turn right onto combined Routes 33 and 35

70.0 0.6 Center of Ridgefield

END OF TRIP

From here there are several possible routes back to New
Haven. The simplest is probably to follow route 33 (Not 35)
south to the Merritt Parkway (Route 15), or to the New
England Throughway

45.5
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_ THE HOPE VALLEY SHEAR ZONE -
"AMAJOR LATE PALEOZOIC DUCTILE SHEAR ZONE
IN SOUTHEASTERN NEW ENGLAND

by

1. Peter Gromet
Department of Geological Sciences
Brown University, Providence, RI

Kieran Id. (¥Hara
‘ Department of Geology
University of Kentucky, Lexington, KY

INTRODUCTION

A variety of late Precambrian rocks are exposed to the south and east of the Honey
Hill, Lake Char and Bloody Bluff faults in southeastern New England. Granitic plutons
and granitic gneisses predominate, with lesser amounts of voicanic and sedimentary rocks
of several associations, These rocks generally have been treated as an integral tectonic
unit and considered part of the "eastern basement" of the Appalachians. They have been
grouped with other similar rocks along the eastern margin of the orogen, forming an
extensive lithostratigraphic belt commonly referred to as the Avalon zone {e.g., Rast et al.,

1976).

Recent work centered in Rhode Isiand provides some important new insgights into the
development of the eastern basement in goutheastern New England. This work has
determined that this segment of the Avalon zone is composed of two distinct groups of late

Precambrian rocks (Hermes and Gromet, 1983; Gromet and O'Hara, 1984; Hermes and.

Zartman, 19856} separated by a major but previously unrecognized Alleghanian shear zone

{O'Hara and Gromet, 1984, 1985), The differing Paleozoic histories of the two groups of

rocks, as revealed by contrasts in the timing and nature of Paleozoic magmatic and
deformational events, has led to their treatment as terranes: an eastern Esmond-Dedham
terrane and a western Hope Valley terrane (Fig. 1).

The boundary between the Esmond-Dedham and Hope Valley terranes, which is
partly cryptic, has been located and characterized by a combination of field, pstrographic
and geochronological methods. The boundary is zone of highly strained, ductilely deformed
gneisses derived from rocks of both terranes. Structura] elements of these rocks show a
close s;mtlal and-geometrical relationship to the boundary and suggest they formed within
a major right-lateral shear zone.

The purpose of thls trip is to examine some of the gneissic racks that constitute the
boundary betwesn the two terranes, termed the Hope Valley shear zone. The Hope Valley
shear zone is named for its proximity to the fown of Hope Valley in southwestern Rhode
Island. The Hope Valley shear zone extends from south-central Rhode Island northward
along the Rhode Island-Connecticut border into adjacent Massachusetts (Fig. 1). The trip
beging along the southern segment of the shear zone in southwestern Rhode Isiand, where

‘Hope Valley alaskite and associated biotitic gneisses (Stops 1 and 2) are found against

Devonian Scituats granite gneisses (Stops 3-5). At Stop 5, the Precambrian Ponaganset
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Figure 1. Terrane map of southeastern New England showing the
distribution of the Esmond-Dedham, Hope Valley and Nashoba
terranes. The Esmond-Dedham ferrane is intruded by anorogenic
Paleozoic plutons (dark shading), overlain by the Narragansett and
Morfork basin sediments {unshaded), and bounded to the west by the
Bioody Bluff fault and the Hope Valiey Shear Zone. The precise
location of where the HVSZ joins the Bloody Bluff has not been
determined. The Nashoba terrane may continue further south along
strike. Late Precambrian granite gneisses in the Massabesic
anticlinorivm, NH (top center of figure) may correlate with the Hope
Valley rocks and underlie much of the Merrimack synelinorium, After
(O'Hara and Gromet {1985).
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gneiss also is observed. Later stops will be along the northern segment of the shear zone
where the Ponaganset gneiss (Btops 6,8 and 9) of the Esmond-Dedham terrane is found
against Hope Valley alaskite (Stops 7 and 10). Trip stops are shown on Figure 2.

THE ESMOND-DEDHAM AND HOPE VALLEY TERRANES

The Esmond-Dedham and Hope Valley terranes were recognized on the basis of
observations made on a regional scale. The rocks and relationships seen on this excursion
can provide only a partial appreciation of the distinctive nature of the two terranes. A
brief summary of zome of the more important characteristies of the two terranes is
provided below.” A more complete account is given in O’Hara and Gromet (1985).

The Esmond-Dedham terrane underlies most of Rhode Island and that part of eastern
Massachusetts lyving east of the Bloody Bluff fault. Prominant late Precambrian intrusive
members include the Esmond group, the Dedham and Milford granitic rocks, and the
- Ponaganset gneiss. These rocks are a lithologically diverse group of ce 620 Ma granitic
rocks ranging in composition from diorite to granite. They intrude older rocke such as
those of the Blackstone series and are locally overlain by latest Precambrian to early
Paleozoic marine sediments eontaining trilobites of Acado-Baltie affinities (Skehan et al.,
1978}, Collectively, these rocks are intruded by numercus alakline {ocally strongly
peralkaline} and subalkaline granites of Orodovician to Devonian age. The 370 Ma
Scituate granite in central Rhode Island 18 now known o be one of the largest members of
this group (Hermes of al., 1981; Hermes and Zartman, 1985). Non-marine Pennsylvanian
sediments fill the Narragansett and Norfork Basing, which developed as pull-apart basins
{(Mosher, 1983) within the Esmond-Dedham terrane.

The late Precambrian rocks of the Hope Valley terrane differ considerably from those
of the Esmond-Dedham terrane. The Hope Valley alaskite, Potter Hill granite and Ten
Rod granite gneisses are the principal units and they are composed almost exclusively of
highly leucocratic granite gneisses. Mafic to intermediate compositions are rare, indicating
these rocks are not simply metamorphosed equivalents of the Esmond-Dedham rocks, The
granite gneisses intrude small bodies of mafic fo intermediate schist and gneiss usually
assigned to the Plainfield formation or Blackstone series {undifferentiated). Quartzite and
cale-silicate rocks assigned to the Plainfield are alsc present. Cross-cutting and relatively
undeformed pepmatitic to aplitic dikes related to the Permian Narragansett Pier and
Westerly granites oceur extensively,

Large variations in deformational features and metamorphic grade occur across the
region. In central and northern Rhode Island and adjacent Massachusetts, the rocks of the
Esmond-Dedham terrane are weakly to moderately deformed and display low-grade
metamorphie assemblages. Primary igneous textures are partially to well pregerved in the
plutonic units outside of local zones of shearing. To the south and west toward the
boundary with the Hope Valley rocks, Esmond-Dedham rocks of all ages become
increagingly more deformed and recrystallized, Rocks near the boundary such as the
Ponaganset and Scituate are ductilely deformed gneisses possessing a strong penetrative
lineation and/or foliation. The Ponaganset gneiss in particular becomes an intensely
lineated augen gneiss containing 5-20% feldspar porphyroclasts in a highly recrystallized
matrix. A probable tectonic origin for the Ponaganset-Hope Valley contact wasg first
recognized by O'Hara (1983). This contact constitutes the northern segment of the Hope
Valley shear zone, .

The late Precambrian Hope Valley‘ rocks are everywhere highly deformed and have a
strongly developed penetrative fabric. Extensive recrystallization has lefi little if any of
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SCITUATE GRANITE
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Figure 2. Locations of trip
stops along the Hope Valley
shear zone in western Rhode
Island, eastern Connecticut and
. adjacent Massachusetts.
Distribution of the larger masses
of the Plainfield Formation
within the Hope Valley terrane
ig shown,



the original igneous mineralogy. Many of these rocks closely resemble deformed Devonian
Seituate granite, In our experience, these rocks cannot be confidently distinguished from
one another on field or petrographic ¢riteria. This led earlier workers (who had no way of
knowing that the Scituate is Devenian in apge) to consider the Hope Valley alaskite and the
Scituate to be gradational. Consequently, small bodies of Scituate were mapped within the
Hope Valley rocks., and small bodies of Hope Valley alaskite and Ten Rod pranite were
mapped within the Scituate.

Recent geochronological and field studies (Gromet and (VHara, 1984; O’Hara and
Gromet, 1985) has clarified the extent of the Scituate granite, showing that it extends
considerably further south in Rhode Island than previously msapped, and that the small
bodies of "Seituate™ mapped within the Hope Valley rocks of southwestern Rhode Island
and eastern Con.ecticut are late Precambrian in age. The newly determined distribution
is shown in Figs 1 and 2. It is now clear that the southwestern margin of the Devonian
Scituate granite is a highly deformed granite gneiss, and that Ordovician to Devonian
anorogenic plutons do not extend into the Hope Valley terrane. The SE-trending contact
between Scituate granite and Hope Valley alaskite is tectonic contact and constitutes the
southern segment of the Hope Valley shear zene,

THE HOPE VALLEY SHEAR ZONE (HVSZ)

The northern and southern segments of the Hope Valley shear zone have been
identified in somewhat different ways. The northern segment 15 a contact between the
Hope Valley and Ponaganset gneisgses located principally by field relations and
deformational features (O’Hara, 1983). The southern segment is a lithologically cryptic
contact between Scituate granite and Hope Valley gneisses located largely on the basis of
geochronological methods (Gromet and O'Hara, 1984), However, the two segmenis
together define a smooth and continucus boundary (Figs 1 and 2) that share a coherent set
of structural characteristics. :

Lineations and foliations associated with the Ponaganset-Hope Valley contact are seen
to pass smoothly and continuously along strike into the Scituate and Hope Valley gneisses
along the southern segment of the HVSZ. The attitudes and relative intensities of the
structural features vary in a systematlic manner along the HVSZ. Along most of the
Pena§anset-ﬁope Valley segment, a strongly developed lineation (approximately N-trend,

0-30°N plunge) is accompanied by a weak to moderate west-dipping foliation (10-40%) (e.g.,

Stops 8,7 and 8). As the HVSZ is followed south, the foliation steepens and intensifies
{Stop 5) into a transition region where the boundary deflects to the southeast. Continuing
along the SE-striking southern segment, the foliation in the Scituate and Hope Valley
gneisses overturns and dips northeast (Stops 2 and 3) and the gneisses are more highly
foliated than lineated.

These variations in structural features provide zome important insighis into the

formation of the HVSZ. The dominant structural feature of the Ponaganset-Hope Valley’

segment is the strongly developed north-trending lineation. Three lines of evidence
oceurring on a range of scales indicate that the lineation developed as a stretching lineation
within a north-trending right-lateral shear zone. On a regional scale, the lineations display
an overall NW-trending pattern away from the HVSZ, bui are deflected into parallelism
with the HVSZ on approach from either side (Fig. 8). Similar patterns are observed in
ductile shear zones on a variety of scales (Ramsay and Graham, 1970), where the
elongation direction (represented here by the lineation) is deflected toward the shear plane
(the Ponaganset-Hope Valley contact) at high shear strains. The sense of deflection in
Figure 3 indicates a right-lateral shear sense on the shear plane.

B4-5
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Figure 3. Left: lineation trends in gneigses from
eastern Connecticut and western Rhode Island based on
six quadrangle reports (Dixon, 1874; Frost, 1950;
Harweod and Goldsmith, 1971; Moore, 1963, 1983;
Quinn, 1967). The plunge of the lineations is shallow to
the north {(See below). Right: same as left with the
Ponaganset-Hope Valley segment of the HVSZ
indicated. Flow lines have been added to emphasize the
regional lineation pattern. Note the deflection of the
lineation towards the boundary from either side.
Below: equal area prgjections of lineationz from the
area, showing shallow northerly plunge. From O’Hara
and Gromet (1985).
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Figure 4. Equal-area projections (lower hemisphere) of
quartz c-axis preferred orientations for samples of
Fonaganset gneiss, Hope Valley alaskite and Devonian
Scituate granite close to the boundary between the
Esmond-Dedham and Hope Valley terranes. The
patierns are plotted so that the foliation (line} is
oriented vertically and the lineation {dot) occurs at the
top of the pattern. Their geographical orientation can
be obtained by reference to structure symbols at the
sample localities, Note the similar asymmetry of the
patterns along the length of the boundary., One sample,
away from the boundary, indicates the opposite sense of
shear. Contour intervals are mdicated at the top of
each pattern where E is the expected number of points

within the counting cirele for a randomly distributed

population and sigma is the first standard deviation
from E. The number of grains measured is indicaied
for each pattern, From O'Hara and Gromet (1985).
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On the outerop scale, feldspar augen with agymmetric deformation tails are commeonly
developed in the Ponaganset gneiss (e.g., Stop 8). Asymmetric taile are best developed
paraliel to rather than normal to the lineation. The tails are reasonably inferred to have
formed during shear parallel to the lineation. The asymmetric tails give predominantly
right-lateral shear senses. On a microscopic scale, asymmetric quariz c-axis fabrics (Fig,
4) also are indicative of non-coaxial shear. The fabrice can be explained by a process

‘involving dislocation creep on dominantly prism [c] slip systems in quartz, with the

asymmetry about the lineation {extension) direction indicating a right-lateral shear sense
{O’Hara and Gromet, 1985),

A major component of right-lateral shear along the Ponaganseb-Hope Valley contact
implies compression along the SE-trending southern segment of the HVSZ. Several
ohservations on a variety of scales support this inference, intluding attitude changes along
the boundary, foliation development, and orientation of lineations relative to the boundary.
The attitude of the HVSZ can be inferred from the foliations in the gneisses, which change
considerably along the transition from the northern to southern gegments. The HVSZ is
inferred to dip west along the northern segment, steepen through the transition region,
then overturn and dip northeast along the SE-striking southern segment. A block diagram
(Fig. &) illustrates these changes. It is notable that the gneisses associated with the
southern segment are more highly foliated than lineated, indicating a stronger component
of flattening, and that the north fo northwest trend of the lineations is at a higher angle to
the southeast strike of this part of the boundary. Collectively, these features argue that
the Seituate granite gneiss has overthrust the Hope Valley alaskite gneiss along the
southern segment of the HVSZ.

To sumnarize, the different structural features of rocks along the IIVSZ indicate that
it originated as a high-grade duciile shear zone with major components of dexiral shear
along the Rhode Island-Connecticut border and south-directed overthrusting in southern
Rhode Island. Deformation associated with the HVSZ produced a thick rind of gneissic
rocks along the western and southern marging of the Esmond-Dedham terrane, leaving a
less deformed, lower grade interior. Differences in the deformational character of plutenic
rocks in southern New England were recopnized by Goldamith (1878), who identified an
eastern brittely deformed terrane and a western ductilely deformed terrane in this region.
Goldsmith’s deformation terranes correspond to the core of the Esmond-Dedham terrane
(brittle}, and the outer marging of the Esmond-Dedham terrane and the Hope Valley
terrane (ductile),

The age of the Hope Valley shear zone appears to be Alleghanian. An upper age limit
is given by the 370 Ma Scituate granite, which has been truncated and deformed by the
HVSZ, A lower limit is provided by the Permian Narragansett Pier granite and its
asociated pegmatites {Stops 1, 2 and 3), which intrude rocks of both terranes and are
largely undeformed. An Alleghanian age for the HVSZ is immplied by an overall parallelsim
of metamorphic isograds in the Pennsylvanian sediments of the Narragansett basin {e.g.,
Murray and Skehan, 1979; Mosher, 1983) to the southiern segment of the HVSZ, The
highest metamorphic grades are found in the extreme southwest corner of the basin, where
it most closely approaches the HVSZ,

The relationship of the HVSZ to other major faulf zones in southeastern New England
is the subject of further study. The Bloody Bluff fault and the HVSZ are similar in that
together they constitute a western tectonic boundary to Esmond-Dedham rocks. The
HVSZ continues northward toward the Bloody Bluff, although the details of how they join
remain to be worked out. It seems likely, however, that the HIVSZ and the Bloody Bluff
are a gingle structure, with the along-strike variaiton in deformational characteristics
(from brittle along the northern Bloody Bluff to increasingly more ductile southward on the
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HVSZ) being indicative of progressively deeper structural levels exposed to the south. This
feature appears to be the result of overthrusting and thickening along the southern
segment of the HVSZ as it changed from predominantly strike-slip to south-directed thrust
motion.

The Lake Char and Honey Hill fault zones are fundamentally different from the
HVSZ and Bloody Bluff and probably have no direct relationship to them. The Lake Char
and Honey Hill are generally low angle structures separating quartzo-feldspathic basement
gneisses from metamorphosed voleanic and sedimentary rocks. Rocks on both the upper
and lower plates share an extended strain history that appears to include Alleghanian,
Acadian and possibly older deformations (Dixon and Lundgren, 1968; O'Hara and Gromet,
1983). In the Permian, the Lake Char-Honey Hill fault zone appears to have been a
basement-cover boundary that was warped and truncated by the HVSZ-Bloody Bluff fault.

Hope Valley Shear Plane

Hope Valley Alashite

Ponaganset Gneiss

Seituate Granite

Figure 5. Schematic block ‘diagram
illustrating the inferred geometry of the
HVSZ (white plane) in west-central
Rhode Island and adjacent Connecticut.
The boundary is inferred to dip west
along the north-trending segment.
Further south it steepens, passes
through vertical then dips to the
northeast along the southeast-trending
segment. From O’Hara and Gromet
(1985).
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REGIONAL SIGNIFICANCE

The HVSZ represents both a major regional geclogic break and a locus of deformation
within the plutonic "basement” rocks of southeastern New England. The distinctive
character of the Esmond-Dedham terrane -- its diverse assemblage of late Precambrian
plutonie rock types, latest Precambrian to early Paleozoic tover sequence with Acado-Baltic
fauna, Odovician to Devonian anorogenic magmatism, and Pennsylvanian non-marine
basins - indicates an evolutionary history quite distinct from that of the Hope Valley
terrane, The absence of Ordovician to Devonian anorogenic granites in the Hope Valley
terranes implies the Esmond-Dedharm rocks were remote from Hope Valley rocks through
this time period, On this basis, it appesars unlikely that these two groups of rocks acquired
their present relative positions prior to the Late Palezoic.

It is significant that high-grade metamorphism within the Esmond-Dedham terrane is
restricted o its southern and western marging and is Alleghanian in age. The Alleghanian
orogeny appears to be the only major Paleozoic deformational event to have affected these
rocks. Evidence for the involvement of Esmond-Dedham rocks in the major Taconic and
Acadian orogenies in the New England Appalachians is lacking, In contrast, rocks of the
Hope Valley terrane occupy the cores of domes located further west {(e.g., the Willimantic
and possibly Pelham domes in Connecticut and Massachusetts) and, along with rocks of
the Merrimack synclinorum, are involved in Acadian structures.

The above observations on the southeastern New England segment of the "Avalon
zone" or eastern basement rocks of the Appalachians strongly point to the existence of twe
different terranes (in the tectonostratigraphic sense) that were accreted to the North
Arnerican continent in two discrete episodes. The first involved the Hope Valley terrane in
or prior to the Devonian, Initial aceretion during the Taconic orogeny is possible, with
subsequent Acadian consolidation to the ancient North American continental margin. In
sither case, it appears that the Hope Valley terrane constituted the eastern basement
block of the Acadian orogeny, and perhaps the motive force for Acadian convergence. The
gecond accretionary event involved the Esmond-Dedham terrane, which collided obliquely
with the Hope Valley terrane along the Hope Valley shear zone in Alleghanian time, This
event appears to be cne of the principal causes of the Alleghanian orogeny in scutheastern
New England. Kinematic features of the Hope Valley shear zone and the absence of
oceanic rocks along it suggest it was principally a transcurrent fault transporting rocks
along the axis of the Appalachians.

Recognition of the bipartite nature of the "Avalon zone” in southeastern New England
allows for both the involvement of Avalonian rocks in early and mid-Paleozoic orogenies as
well as the late Paleozoic accretion of an "exotic” Avalonian terrane. This appears to
resolve some of the fundamental discrepancies among tectonic models of the New England
Appalachians (Osberg, 1978; Robingson and Hall, 1980; Rodgers, 1981; Hall and Robinson,
1982; Zartman and Naylor, 1984},
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ROAD LOG

Begin at park and ride lot at Exit 1, I-95 Hopkmton, RI (8:30 AM 10/5/85).
Turn left onto Route 3 South
Turn left onto entrance ramp, I-95

STOP 1 BIOTITE GNEISS AND PEGMATITE DIKES

The grey porphyroclastic biotite gneiss exposed here is fairly typical of
biotitic gneisses mapped by previous workers as part of the Plainfield
Formation, They occur as scattered masses in this part of the Hope Valley
terrane. In nearby exposures, the gneiss is intruded by Hope Valley
alaskite. Here, the gneiss is intruded by dikes of the Narragansett Pier
granite (a massive, equigranular, medium-grained granite) and related
pegmatites.

The biotite gneiss has a fairly strong linear fabric (ESE trend, shallow
E plunge) and a weaker foliation (ESE strike, steep SW dip). Narrow,
small-scale shear zones and incipient shears occur approximately parallel to
and normal to the lineation. The latter shears warp or fold the lineation, a
feature not commonly observed in lineated gneisses to the nerth and east.

Larger granitic to pegmatitic dikes were emplaced along varicusly
oriented surfaces, and some develop a somewhat anastamosing form
parallel to foliation planes in the gneiss. Thinner, generaliy sharp-walled
dikes occur along shear planes in the gneiss. Incipient shears commonly
have thin (<2 cm) and discontinuous pegmatoid veins along the shear
plane, and some shears displace or warp earlier pegmatite veins. It
appears that the shears were actively forming during pegmatite
emplacement and that some of the pegmatites took advantage of the shears
during injection. The late but not always pest-tectonic emplacement of
dikes related to the Narragansett Pier granite seen here is consistent with
observations made further to the east in the Narragansett Basin (e.g.,
Murray and Skehan, 1979; Mosher, 1983).

STOP 2 HOPE VALLEY ALASKITE AND BIOTITE GNEISS,
CROSS-CUT BY PEGMATITE DIKES

This road cut was previously described by Hermes et al. (1981 a,b).
The Hope Valley alaskite is a coarse to medium-grained pink leucocratic
gneiss containing no more than a few percent biotite, magnetite and a few
other accessory phases. Flattened and e]o gated aggregates of quartz and
feldspar define a strong f‘ohatmn (135%30 NE) and a weak to moderate
lineation (approximately 165° trend and 10-15°NW plunge). The alaskite
intrudes a foliated grey biotite gneiss locally containing conspicuous
magnetite octahedra (intrusive relationships are more convinecingly
displayed in other nearby exposures). The biotite gneiss here was
originally mapped as part of the Blackstone series (Moore, 1958).
However, it is quite similar to the biotite gneiss observed at Stop 1 and
perhaps both are better grouped with the Plainfield Formation.
Undeformed pegmatites cross-cut the Hope Valley alaskite and the biotite

gneiss,
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In thin Bection, the alaskite and Dbiotite gneiss display a highly
equilibrated equigranular texture typical of rocks of the Hope Valley
terrane. Quartz, microcline and lesser plagioclase ghare straight grain
boundaries that meet at 120° junctions. There is little intragranular strain
in these rocks despite the large strains associated with mesoscopic
structures, indicating extensive recovery during or after ductile
deformation.

The attitude and trend of foliation and lineation fabrics indicate that
they are related fo right lateral shear and south-directed overthrusting on
the Hope Valley shear zone, which passes immediately to the north. The
next pulerops seen on I-956 extending up the grade to the northeast are
strongly deformed Devonian Scituate granite gneiss of the Esmond-Dedham
terrane.

Take exit for Route 3.

Road cuts in highly deformed Devonian Scituate granite, previously mapped
as Hope Valley alaskite '

Turn left onto Route 3 south

STOP 3 DEFORMED SCITUATE GRANITE GNEISSES AND
ASSOCIATED AMPHIBOLITE GNEISS

The outcrop on the east side of the road containg a foliated, medium to
coarse-grained augen gneiss (microcline, quartz, plagioclase, biotite, sphene
and iron oxide) interlayered with dark amphibolite gneiss. Both the augen
gneiss and the amphibolite gneiss were mapped as part of the Blackstone
Series (Moore, 1958). However, the augen gneiss c¢losely resembles
porphyroclastic Beituate granite gneiss (see next stop) and the amphibolite
gneiss has g much different ecmposition and texture than the "Blackstone”
of the previous stop.

The outcrop on the west side of the road is a leucocratic, medium-
grained equigranular gneiss originally mapped as Hope Valley alaskite. It
is indeed petrographically indistinguighable from common Hope Valley
rocks, but two samples of identical rocks from adjacent road cuts on I-95
(immediately to the northeast) have given Devonian ages (O’Hara and
Gromet, 1985). The observations here and in nearby areas underscore the
difficulty in distinguishing Devonian Scituate rocks and late Precambrian
Hope Valley alaskite. Mediumgrained, equigranular leucocratic gneisses
are common to both.

The augen gneiss and equigranular gneiss are interpreted to be two
different textural types of the Devonian Scituate granite that have suffered
considerable post-emplacement deformation. Feldspar porphyroclasts in the
augen gneiss have well developed deformation tails, Biotite streaks and
feldspar deformation tails define a strong foliation (125%/25°NE) and a
weaker lineation (140%10°N). Near the amphibolite gneiss, the augen
gneiss becomes finer grained and laminated. Layers of the amphibolite
gneiss have been somewhat disrupted by shearing. Pegmatite dikes eut the
older rocks, and aplitic dikes (some with discontinuous pegmatoid cores) cut
the pegratites and the older rocks.

Turn right onto K G ranch road
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- Junetion Route 165, Park before intersection, walk west on Route 165 to

roadeut on north side of road.
STOP 4 DEVONIAN SBCITUATE GRANITE GNEISS

This road cut contains a stronly lineated coarse to medium-grained
pink augen gneiss and finer grained leucocratic equigranular gneiss. Loeal
contacts between these types range from sharp to gradational. Some of the
finer grained gneiss with sharp-walled contacts have the appearance of
aplitic dikes that intruded the augen gneiss and were deformed along with
it.

A striking feature of these rocks is a strongly developed lineation
(010°/20-30°N) defined by streaks of biotite and rods of quartz and
feldspar. There is only a2 weak foliation. The lineation is approximately
normal to the face of the road cut and is best observed on undersides and
gide faces, Deformation is poorly expressed on surfaces nermal to the
lineation.,

‘In thin section, the augen gneiss consists of quartz, microcline,
plagioclase and biotite, with miner hornblende, epidote and sphene, Relict
igneous textures are not observed. Feidspar augen are comprised of
anhedral, generally equani reerystallized pgraing which show Iittle
intracrystalline strain. Coarse guartz grains make up linear agpregates
and are highly undulose with good subgrain development. Finer guartz
(«<0.1 mm} in the matrix are typically clear unstrained grains, Biotite
(with associated granular sphene) and lesser hornblende are aligned parallel
to the linear guartz aggregates, The overall mineral textures indicate
deformation was ductile and occurred under amphibolite or higher grade
conditions.

The rocks exposed here were originally mapped as Seituate granite
gneiss (Moore, 1968). Recent Bb-Sr whole rock (O’Hara and Gromet, 1985)
and U-Pb zircon (Hermes and Zartman, 1985} dates on the augen gneiss of
this outcrop give Devonian ages (370 Ma), indicating emplacement along
with the much less deformed Scituate rocks to the north and east.

Turn left onto Route 165 west.

STOP 5 DEVONIAN SCITUATE GRANITE GNEISS AND LATE
PRECAMBRIAN PONAGANSET GNEISS

The Scituate granite gneiss exposed here is variable in texture. Two
principal types are present; & medium-grained pink leucocratic gneiss and a
coarser pink biotite gneiss, Moore (1358) mapped the leucocratic gneiss as
Hope Valley alaskite and the coarse biotite gneiss as Scituate granite
gneiss, and both assignments are reasonable on a petrographic basis.
However, Rb-3r analysis of both lithologies lie on a Devonian isochron {370
Ma), indicating both are varieties of Scituate granite.

Algo present here is a grey porphyroclastic biotite gneiss interspersed
with amphibolite layers. The grey porphyroclastic gneiss is similar to the
Ponaganset gneiss known extensively in the region to the north, and we
group this pneiss with the Ponaganset. The Ponaganset gneiss here
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appears to be intruded by the medium-grained Scituate gneiss, although the
highly deformed nature of the rocks makes confident identification of
contact relations difficult.

All the rocks here are strongly lineated (356%/10-15%N} and
moderately foliated with a steep dip (350%70°E). In thin section, the
lineation in the coarse Scituate gneiss is defined by alternating elongate
aggregates of recrystallized quartz and biotite. The biotite aggregates are
thin and diseontinuous, and have aseociated granular sphene and
magnetite,. Feldspars vary from egquant, anhedral graing to somewhat
elongate or tabular; microcline is somewhat undulose. The finer grained
leucoeratic gneiss has a highly equilibrated texture with equant quarts and
feldspar grains with smooth, anhedral grain boundaries. Quartz c-axes
show a strong preferred orientation pattern that is characteristic of
gneisses in western Rhode Island and eastern Connecticut (Fig. 4).

The pervasive N-trending, shallowly plunging lineation seen here and
at the previous stop is a dominant feature of the gneisses along the Rhode
Island-Connecticut border (Fig. 3). The strong lineation is characteristic of
the north-trending segment of the Hope Valley shear zone and appears to
have formed as a stretching lineation related to a major component of right
lateral shear on the shear zone (O’'Hara and Gromet, 1985),

Beach Pond., Lunch stop. Resume trip eastbound on Route 185
Junction Route 3. Turn left onto Route 3 North

Junction Route 102, Turn left onto Route 102 North

Junetion Route 117, Proceed straight on Route 102

Junction Route 114. Proceed straight on Route 102

Junction Route 94. Turn sharp left onto Route 94 North
Junction Route 6. Turn left onto Route 6 West

STOP 6 LINEATED PONAGANSET GNEISS

The Ponaganset gneiss is a large slongate late Procambrian plutonic
body forming the western margin of the Esmond-Dedham terrane. The
Ponaganset varies from a coarsely porphyroclastic biotite gneiss to fine
grained leucocratic gneiss, both of which are represented in this outcrop.
The coarse augen gneiss is highly lineated (N-trend, 10-15°N plunge) but
weakly foliated. It is locally intruded by a leucocratic gneiss. Sharp
contacts are observed, and the leucocratic gneiss shares the same strong
lineation. Vein quartz and related pegmatoid bodies are present. A
maullion-like structure appears to be wegkly developed in the cutcrop.

The large feldspar augen (up to 40 mm) cormmonly have asymmetric
deformation tails when viewed on surfaces parallel to the lineation, The
augen are circular, ovoid or tabular on surfaces normal to the lineation,
Most asymmetric augen indicate right-lateral shear sense, although some
with a opposite shear sense are present.

In addition to quartz, alkali feldspar, plagioclase and biotite, minor
minerals in the coarse augen gneiss include hornblende, epidote, sphene,
and rarer secondary muscovite. In thin section the lineation is defined by
elongate aggregates of quartz and feldspar, and by frains of biotite and

hornblende. Tails on feldspar augen are composed of finer recrystallized
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grains, Myrmekite 15 commonly developed around the margins of the
augen. The leucocratic gneiss contains locally abundant secondary
muscovite,

This locality is approximately 2 km from the surface trace of the
HVSZ, and the rocks here are among the most highly deformed found along
this segment of the boundary. More wmoderately deformed, coarse
porphyritic granitic rocks occur further to the east and represent a
reasonable protolith for the gneiss here.

STOP 7 *"SCITUATE" GRANITE GNEISS

This is a medium-grained, pink hiotite gueiss that is remarkably
similar in appearance to the Devonian Seituate granite of central Rhode
Island. Moore (1983) appropriately mapped this and other nearby granite
gneisges as Scitnate. RBb-Sr whole rock analysis, however, indicaies a late
Precambrian age. The similarity of this rock to typical Devonian Scituate
granite again underscores the difficulty in distinguishing and separating
late Precambrian and Devonian leucocratic gneisses in this region. We
tentatively assign the rock here to the Hope Valley terrane on the basis of
its occurrence to the west of quartzitic rocks of the Plainfield Formation,
which we group with the Hope Valley terrane. On a lithologic basis, the

rock could be equaliy well considered a somewhat leucocratic and non--

porphyroclastic phase of the Ponaganset,

The gneiss has a strong, shallow-dipping foliation (NNW strike, 15°W
dip) and @ subhorizonal NNW-trending lineation. Streaks of biotite help
define the lineation and can be seen on foliation planes. A finer grained
and more leucocratic gneiss is present low in the road cut on the south side

of the road. It is slabby in appearence and grades upward into the coarse

gneiss typical of the rest of the outerops here. Greater shearing appears to
have oceurred in the finer grained gneiss, although it is unclear whether its
fine grain size ig the cause or the effect.

In thin ssction, quartz, perthitic alkali feldspar, plagioclase and biotite
are accompanied by minor hornblende, allanite, and epidote. In contrast to
other gneisses along the HVSZ, minerals in this gneiss have retained large

amounts of intracrystalline strain. Quartz grains ((.1-2 mm)} have high

aspect ratios (6:1), sutured grain boundaries and intense undulose
extinction, Reeovery is very limited, Perthites have frregular shapes and
only minor recrystallization about their margins., Tabular plagioclase have
bent and microfaulied lamellae, These features all sugpest lower grade
conditions during deformation than at the other localities visited. It might
be significant that this locality iz somewhat west of the FVSZ (surface
trace 4.5 km to the east) and quite close to the Lake Char fault (1 km to
the west), X

Take entrance ramp to I-395 North (old Route 52)

Lake Char on right

Take Exit 2 to Route 16 East

Town of Douglas, Masgsachusetts. Make lel} at intersection to stay
on Route 16 East

Town of East Douglas. Continue East on Route 18

Junetion Roule 146, Enier Route 146 North,
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STOP 8 LINEATED PONAGANSET GNEISS

This strongly lineated porphyroclastic biotite gneiss has a well
developed rod or pencil structure. The lineation (NNE trend, 25-30°N
plunge} is defined by rods of quartz and feldspar and streaks of biotite. A
foliation (110°/30°N) is also present,

The linear fabric seen here is a regionally extensive characteristic of
the N-striking segment of the HVSZ. This outerop is 32 km north of Stop
6, and 55 km north of Stops 4 and 5 where we first observed strongly
lineated Ponaganset and Scituate gneisses,

STOP 9 GREY AND PINK PONAGANSET (7) GNEISSES
SEPARATED BY AMPHIBOLITE LAYERS

Two texturally distinct gneisses are present here: g fine grained (<2
mm) grey gneise with coarse white to pink feldapar augen and a medium
grained {1-10 mm]} pale pink leveocratic gneiss. The grey gneiss consists of
alkali feldspar, gquartz, bietite, chlorite, hornblende, granular epidote and
sphene, opaque and minor secondary muscovite, The pink gneiss has a
pimilar mineralogy but lacks hornblende. The gneisses occur separately as
large slabs several meters thick that are bounded above and below by
highly stretched amphibolite layers. All these rocks have a strong foliation
(059720°N) and a weak lineation (N/20°N). The gneisses typically become
very fine grained and laminated within 10 to 20 em of the amphibolite
layers, The fine grained margins of the sglabs are seen in thin section to be
totally recrystallized into 8 fine grained {.05-.1 mm) equigranular mylonite
that has the same mineral assemblage as the slab interiors. That is, the
fine grained margins are more highly sheared equivalents of the interiors.

The outerop relationships observed here provide convincing evidence
for the tectonic juxtaposition of two texturally different gneisses, The
juxtaposition appears to be lithologically controlled by the amphibolite
layers, which are more competent than the quartzofeldspathic gneisses they
separate. It is important to note that the strike of the foliation and the
sheared amphibolite layers are approximately perpendicular to the NNE
strike of the HVSZ, We suspect that the N-dipping sheared amphibolite
layers mark zones of south-directed thrusting within the Esmond-Dedham
terrane. Asymmetric deformation tails on the feldspar augen are
congistent with this. The origin of the south-directed thrusts may be
related to similar thrusts recognized along the southern segment of the
HVS8Z. That is, as the southern margin of the Esmond-Dedham terrane
overrode the Hope Valley terrane, the Esmond-Dedham terrane came under
approximately N-8 oriented compression and developed internal thrusts
sympathetic to the major thrust along the southern segment of the HVSZ.
It is notable that other similarly oriented thrusts have been recognized
within the Esmond-Dedham terrane (e.g., the thrust at Snake Hill, Rhode
Igland: R. Kemp and N. Rast, pers. cornm.).

The two gneisses here are considered to be part of the Ponaganset
gneiss. The grey porphyroclastic gneiss is quite similar to (although more
sheared than) typical Ponaganset. In other outcrops nearby, the medium
grained leucocratic gneiss is observed to grade without break into a
porphyroclastic gneiss similar to typical Ponaganset, This feature and its
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sharp contrast with Hope Valley alaskite observed immediately to the north
(Stop 10), lead us to group it with the Ponaganset,

A comparison to the new Massachusetts state map (Zen et al.,, 1283)
indicates that the grey gneiss with feldspar augen was mapped as
Ponaganset gneiss, but that the pink leucocratic gneiss has been mapped as
"Scituate" gneiss (quotations added). Radiometric dates of "Scituate
gneiss in this area give late Precambrian ages (Zartman and Naylor, 1984).
It appears appropriate to abandon the use of the name Scituate for these
rocks as it is now known that the type Scifuate granite is Devonian.
Several problems arise when considering how the leucocratic "Scituate”
gneisses relate to the other rocks of the region, and whether they should be
assigned to the Esmond-Dedham or Hope Valley terranes, On the
Massachusetts map, "Scituate" was considered gradational with Hope
Valley alaskite, but "Scituate" also contained some rocks previously
mapped with the Northbridge gneiss (usage now abandoned, with most of
the Northbridge asigned to the Ponaganset gneiss). In our opinion, the
leucocratic gneisses grouped as "Scituate” on the Massachusetts map
include some rocks that should be considered as part of the Ponaganset
gneiss (such as those here) and other rocks that probably are associated
genetically with the Hope Valley alaskite. Unfortunately, as was made
clear in our work further south, the assignment of leucocratic granite
pgneisses to specific units on the basis of field and petrographxc
characteristics can be subjective and inaccurate.

Take Exit ramp.
STOP 10 HOPE VALLEY ALASKITE

This outcrop of Hope Valley alaskite is a medium grained, leucocratic
buff-colored gneiss. It has a uniform, almost bedded appearance over the
extent of the exposure. The bedded appearance is due to gartmg planes
that are parallel to a strong foliation in the gneiss (080°/ 4°N) Fine
grained muscovite is common on the parting planes. In thin section, the
gneiss consists of strain free quartz, microcline, lesser plagioclase, minor
biotite, sphene, muscovite and opaques.

The distinctive planar parting seen in this exposure is not present in
the metaplutonic rocks of the last stop, but well developed parting is seen in
several other areas mapped as Hope Valley alaskite and related rocks (e.g.,
Hope Valley alaskite near Framingham and Westborough, Massachusetts,
and the Potter Hill granite gneiss in the Ashaway quad (Feininger, 1965),
Rhode Island and Connecticut). Other Hope Valley alaskite exposures have
a more massive, unstratified appearance (e.g., those at Stop 2). This
suggests that the planar parting reflects a primary feature, such as
layering in an originally stratified unit. A reasonable protolith for the rocks
with prominant parting would be for example, a sequence of rhyolite flow
and/or pyroclastic to voleaniclastic layers, whereas more massive Hope
Valley rocks probably had plutonic protoliths.
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THE MIDDLE HADDAM AREA, CONNECTICUT, FtE‘»"i‘.:‘»iTED'1
. by
John L. Rosenfeld, UCLA
and
Gordon P. Eaton, Texas A & M

Introduction

1t has been 27 years since we led a field trip to the Middle Haddam area
on the occasion of the S0th NEIGC in 1958. That area is largely contained
within the U.5.6.5. Middle Haddam Quadrangle as shown in Appendix A,
modified after Figure 16-2 of Dixon and Lundgren (1968). The field mapping,
started in 1955, had been carried on part-time by both of us while we were
teaching at Wesleyan University. Thus the results and interpretations presented
at that time were preliminary at best. In 1957 Rosenfeld went to UCLA and left
most of the continuation of the field mapping to Eaton with Rosenfeld's minor
contributions during parts of some summers thereafter. After 1939, when
Eaton left Wesleyan for stints at both UC Riverside and the US.G.5, the field
work was carried out in a2 much more interrupted manner with Eaton, largely
supported by the US.G.S,, still carrying the major load until completion of the
Geologic Map of the Middle Haddam Quadrangie. That map has been available,
open-file, from the US.6.5. since 1972. We currently are completing the detail
work preparatory for submission of the map for publication in the US.G.S. 6Q
series with Eaton as principal author. Condensed versions of both that map and
its accompanying tentative cross sections, accompanied by reinterpretation of
the sequence of units, are presented here as Figures 1, 2, and 3 respectively.
Table 1 is the description of the map units keyed to unit symbgls appearing in
those figures. For brevity, after introductory reference to a unit, its symbol
rather than name will be used in the text. The purpose of this field trip will be
to explore some of the geological relationships so as to expose participants to
‘both the general bedrock geology and some of the facts that have forced us to
revise a number of the 1958 interpretations.

. B - -, - o o o o e s S —— et

*Because a “dry run” is difficult to do from Los Angeles or College 3tation, the
road log, with locality map, will be supplied to registrees at the NEIGC. The
stops will be chosen to expose field evidence for major points discussed in the
text. There will be about 10 stops. Participants should be prepared for some
scrambling in the woods.
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Major structures

The Middie Haddam area contains parts of three gneiss~cored anticlines
mantled predominantly by schists. Within the southern part of the Bronson Hill
Antichinorium and 1ike most of that major structure’'s subordinate anticlines,
two of these anticlinal structures share many of the characteristics of
"mantied gneiss domes” (Eskola, 1949). On the north is the southern end of the
elongate Glastonbury Dome, which extends to the north through Connecticut and
most of Massachusetts, where it is called the Peiham Dome. Coming into the
area from the south is the narrow northern end of the more-or-less
pear-shaped Killingworth Dome. The western limbs of these two domes are
truncated against the eastern border fault of the Triassic-Jurassic Newark
Series. East of the Glastonbury and Killingworth Domes is the reiatively
narrow Monson Anticline, which extends north almost into New Hampshire and
south almost to Long island Sound, where its gneissic core forms a spur off of
the Killingworth Dome.

The Monson Anticline differs in character from the two domes. Since the
the work of Lundgren (1964) in the Essex quadrangle to the south, the Monson
Anticline should be characterized more specifically as the Monson Nappe. That
nappe shows its root in the core gneisses of the subsequently developed
Killingworth Dome in Essex. It must have been originally displaced toward the
west 1ike many other Acadian nappes to the north, the first one of which was
brought to the attention of geologists in 1954 by J. B. Thompson in an NEIGC
guidebook (cited /7 Thompson ef @/, 1968, p. 218). The "Colchester Nappe,”
{Dixon and Lundgren, 1968; but see also Lundgren, 1964, p. 24 - 29), a large
recumbent fold lying in the Hopyard Basin to the east of the "Monson Anticline”
and overturned to the east, is then the backfolded part of the Monson Nappe.
Thus the name, "Colchester Nappe,” should be abandoned. The fold in the Monson
Nappe should be called the Dickinson Creek Backfold, named for its axial
exposure where a north-south stretch of Dickinson Creek in Marlborough and
Colchester (Lundgren & 2/, 1971, Map) has eroded through the schist of tast
Hampton (Oeh) or “Brimfield Schist” of Dixon and Lundgren (1968; see
Appendix A here) on the gently dipping now inverted, but formerly upper, limb
of the Monson Nappe. The northeast end of Section C - C' in Figure 2 cuts across
the west limb of the Dickinson Creek Backfold of the Monson Nappe. it should of
course be recognized here that the validity of the interpretation of the Monson
Nappe depends on the correlation of units across the gneissic core containing
its axial surface, a subject treated briefly in the next section. We here
emphasize backfolding to the east because we show below that there is, within
the root zone to the west in the Middle Haddam area, internai evidence of both
the kinematic process accompanying such folding and simuitaneous progressive
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metamorphism during the later stages of the Acadian orogeny. Furthermore the
geology of the whole of southeastern Connecticut cannot be properly
comprehended without explicitly taking into account the effects of that
backfolding. Although our view of its genesis (cf. Hepburn ef 2/, 1984, p. 97 -
99) differs somewhat from that of Robinson and Tucker (1982) for the area on
structural trend to the north in central Massachusetts, it will be seen below
that our view of the timing, nature, and importance of backfolding as a phase of
the Acadian orogeny independently paraliels their view that takes into account
historical evidence.

while Lundgren's work in the £ssex quadrangle was published just about
the time of the piate tectonic "explosion,” a retrospective look at his map,
coupled with the later recognition of Avalonian cratonal rocks to the east,
suggests that a main Acadian suture, postulating its presence, must lie either
east of the Selden Neck "Nappe” or under the nappes of the Bronson Hill
Anticlinorium. There appears to be continuity of structures in between. The
Honey Hill - Lake Char Fault Zone, though conspicuous because of its relative
recency may well have had relatively small displacement, judging from
Lundgren’s geologic mapping (1964) at its western terminus, Figure 16-2
(Appendix A} in Dixon and Lundgren (1968} describes the regional structural
rejationships, uncomplicated by unnecessary detail. That figure provides a
fascinating view of the nappes to the east in the Merrimack Synclinorium
affecting strata continuous with those of the Bronson Hill Antictinorium.

in 1958, because of lithologic similarity to much of Og, we thought the
Maromas Gneiss (Pm) formed the recumbent core of a fourth gneissic anticline
between the Glastonbury and Killingworth Domes. As will be seen below, we
now think that interpretation is untenable for a number of reasons. The
reinterpretation of the nature of Pm is part of a rather radical reinterpretation
of the geology of the whole area that integrates a number of stratigraphic,
geochemical, structural, and kinematic facts into a more coherent picture, The
old interpretations will be alluded to henceforth only to the extent that they
are relevant to our present interpretations.

The relatively tight synclines separating the anticiinal masses of gneiss
show complications because of a history of multiple folding evident both
within the area and to the north and south. We infer that important folding in
the Middie Haddam Area took place in the Taconic, Acadian, and Alleghenian
orogenies. In 1958 we recognized that the Collins Hill Formation {Oc) lay in a
proto-Great Hill Syncline before deposition of the Silurian Cough Formation
{Sc) and that Acadian folding of Sc, the Silurian Fitch Formation (Sf), and the
Devonian Littleton Formation (D1) into the NNE - trending Great Hill Syncline
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between the Glastonbury dome and the Monson Nappe took place about an axis
now slightly clockwise from, but almost coincident with, that of the eartier
folding. The ancestral syncline and proto-Monson Anticline to the east must
have served as guiding loci for placement of the later Monson Nappe, of which
the originail Great Hili Syncline must have been the pre-doming, west-opening
complementary underfold. while the axial surface of the isoclinal Great Hill
Syncline dips WNW today and its axis projects into the sky to the south of
Great Hill, the dip of its axial surface must steepen downward, reverse its
direction of dip to ENE, and come back to the surface within Oc in the Ivoryton
Synform between the Killingworth Dome and the Monson Nappe (Lundgren, 1964,
Geologic Map). Such reorientation at the earth's surface is a likely consequence
of the fact that the downward extension of the axial surface of the Great Hill
Syncline coincides with the east-northeast-dipping part of the west or lower
limb of the gently north-plunging Dickinson Creek Backfold (cf. Appendix A)
and/or the perturbation due to the presence of the Kitlingworth Dome. Also, if
the axial surface did not bend in this way, it would be expressed to the south in
foiding of contacts between older units to either the east or west.

The other syncline of interest is the post-Acadian almost NNW-trending
nearly isoclinal Maromas Syncline with its axial surface dipping NE except
where it borders the SW and W flanks of the Glastonbury Dome, As outlined by
the base of Pm that syncline appears to project into the sky between the NE
flank of the Killingworth Dome and the Monson Anticline. Also its axial surface
must tie in the Ivoryton Synform . In fact the folding of the axial surface of the
early-stage Great Hill Syncline by development of both the (here) gently
north-plunging iate-Acadian Dickinson Creek Backfold and the Alleghenian
Maromas Syncline would seem to have reoriented the axial surface of the Great
Hill Syncline, as discussed above. Hence the major part of the difference in
orientation between the Great Hill and Ivoryton Synclines. To a limited extent,
eartier synforms and contrasts in basement rocks (as between the Glastonbury
and Haddam or Monson gneisses) would seem to have served as zones of
weakness for development of later synforms,

Rock units and their relationships

Table | and Figure 3 concisely describe the units and their relationshi;js
as presently interpreted, and we rely on them to communicate that information.

Those familiar with our 1958 interpretations will notice significant
changes. The geochronologic work of Brookins and Hurley (1965) and Brookins
(1980) establishing the ages of certain units, particularly Pm (the Maromas
Granite-Gneiss of Westgate, 1899) as Pennsylvanian - Permian and the
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pegmatites of the area as both Devonian and Permian, has perhaps had the
greatest influence in this regard. Those findings were reinforced by our
subsequent field work showing that Pm truncated the coticules of Bible Rock
Brook (Obc) and the metavolcanic rocks of Bible Rock Brook (Oba) and that
therefore Pm and the amphibolite of Reservoir Brook (Pr) are the youngest
metamorphic rocks in the area, lying in the core of a syncline. whether that
contact is depositional or intrusive then remains to be decided. The discordance
in turn agrees with the fact that the north-portheast-trending, Acadian, Great
Hill Synciine, folding rocks as young as Devonian and, in plan oriented almost
perpendicularly to the Maromas syncline, is not reflected where it projects
into the Jatter structure. Consistent with a stratigraphic interpretation of Pm
is the presence in Rhode 1sland not far to the east of protolithically similar
volcanics of the right age, the Wamsutta Volcanics. Attractive to a volcanic
interpretation is the association of Pm as volcanic protolith with the less
metamorphosed slightly gneissoid targe subangular clasts of volcanic-like
quartz-porphyry observed in the early Jurassic Portland Formation (Jp). The
Wamsutta Volcanics and these abundant large pebbles and boulders cry out for
geochemical comparison by isotopic methods to test their compatibility with
Pm. Whiie we favor interpreting the discordant relationship of Pm to represent
an angular uncenformity, ancther credible possibility is that of an intrusive
retationship, favored by Westgate (1899). If s0, because of the gravitational
evidence discussed below, the intrusive must be in the form of a folded thin
tabular mass. We slant against the Westgate interpretation because of presence
in Pm of mica schist septa, interpreted as metasedimentary layers and the
above-mentioned evidence of the clasts. Perhaps more ambiguous is the
relationship of Pr to Pm. It is possible that Pr could have been emplaced
originally as a mafic sill, but there is stili ambiguity in the field relations of
Pr.

We retain our belief that Sc is unconformable upon the Glastonbury
Gneiss (Og) (Fig. 3), based on absence of cross-cutting relationship over many
miles of mutual contact, the absence of expansion of high-grade metamorphic
zones into the Siluro-Devonian strata, and regional evidence of similar
relationships to the north in Massachusetts and New Hampshire { see for
example: Leo of 2/ ,1984). Both on the basis of field relationships and Brookins'
ambiguous isotopic data, contrary to our views in 1958, we, like Brookins
(1980) and Leo ef 2/ (1984), are uncertain of the age relationship between Qg
and Oc. That uncertainty about the age relationship at the base of Oc carries
over to the character of its relationship to the Middietown Gneiss (Omi).
Formerly we had interpreted discoid quartz-rich nodules in a band near its base
(Ocg) as pebbles of a conglomerate, indicating, perhaps, a more important
stratigraphic break than might have been the case. The fibrolitic character of
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these "pebbles,” possibly indicating a concretionary/ metasomatic origin,
caused us to question that interpretation.

It will also be noted in Table 1 and Figure 3 that we have subdivided the
"old” Collins Hill Formation into four units and that we have correlated the
oldest, or "new"” Collins Hilt Formation {Oc) with Qeh to the east of the Monson
Anticline. The youngest of the new units, the calc-silicates and schists of
Bodk in Rock (Osb), has been correlated with the Hebron Formation (Oh) to the
east. Both of these units may we!l be as young as Silurian if Robinson and
Tucker (1982, p. 1738) are correct. After we had made Osb - Oh correlation, we

‘ asked ourselves: "What then happens to Obc and the metavolcanic rocks of Bible

Rock Brook (Oba) to the east?” The outcrop atong the contact between Oeh and
Oh is not particularly good, and the contact barely enters the area on the east.
A few years ago we decided to check more closely the most promising hilltop
along that contact and, to our delight, found a very thin amphibelite and some
loose blocks of coarse garnet-rich rock (coticule?) whose probable nearby
source bears an uncertain stratigraphic position relative to the amphibolite.
There is need for further field checking.

Metamorphism

The metamorphism of the Middle Haddam Area bears both similarities

" and dissimilarities to other areas to the north. To the north the main observed

metamorphic imprint is Acadian. In the Middle Haddam Area Pennsyivanian
rocks are metamorphosed, probably into the sillimanite zone (while the schist
opposite the entrance to Hurd State Park (Ph) may be of insensitive
composition, amphibolites of Pr appear to be of the character commonly found
in the sillimanite zone). W-side-up snowball garnets in Ph on the E 1imb of and
approximately coaxial with the Maromas Syncline indicate the syntectonic
character of that metamorphism. That Permian metamorphism and its
accompanying tectonism cannot extend very far north of the Middle Haddam
Areg; for E-side~up snowbal! staurolites in D1 on the E 1imb of and rotationally
coaxial with both the Great Hill Syncline, where it intersects the New London
Turnpike { Route 2 ), and the Dickinson Creek Backfold indicate a relatively
undisturbed, syntectonic, Acadian metamorphism at the latter locality. Thus at
least two metamorphisms have affected the area. It is uncertain whether
Taconic metamorphism has affected Ordovician and older rocks of the area.

{sograds are delineated on Figure 1 without regard to their time of
development. It shouid be noted that, where a relatively high metamorphic
grade is most recent, it will tend to mask an earlier lower grade. In such a case
the polymetamorphism will be hard to determine. There are two well-defined
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staurolite - kyanite zones, one along the west sides of the Glastonbury and
Kiltingworth Domes and the other essentially coincidental with the
Siluro-Devonian rocks [ Snyder (1970) has found sillimanite within these rocks
on the east 1imb of the Great Hill Syncline just north of the areal.
Determination of isogradic locations is probably strongly biased by the
distribution of those rocks sensitive to their determination. Thus location of
the sillimanite isograd ajong the east flank of the Glastonbury Dome is less
than satisfactory because the core gneisses don't have gppropriately sensitive
compositions, and the bounding Siluro-Devonian rocks are clearly already in the
staurclite - kyanite zone along their western side. East of the areas in the
staurolite -~ kyanite zone rocks of sensitive composition commonly contain
sillimanite. In the areas so delineated in Figure 1, it is not rare to have both
kyanite and sillimanite in the same rocks, the latter in some cases obviously
formed at the expense of the former. In 1958 we associated that reaction with
a looping pressure - temperature - time path in which tectonism transported
the rocks from the kyanite field of stability into that of sillimanite during a
single metamorphic event. Now we do not rule out polymetamorphism as a
causative factor, as it 18 easily possibie that the Ordovician rocks of the area
could have been affected by as many as three epochs of Paleozoic
tectonometamorphism: the Taconic, the Acadian, and the Alleghenian. Just
inside the east edge of the area is the orthoclase - sillimanite isograd,
difficult to locate in many rocks of the right composition because of extensive
retrograde metamorphism, evident in coarse, unbent, transverse muscovite
flakes. Extensive retrograde metamorphism has also affected the rocks up to a
few hundred meters east of the Eastern Border Fault (Figure 1).

Immediately west of the Eastern Border Fault of the Mesozoic, coarse
relatively angular (therefore near-source) rock clasts in Jp of units
recognizable east of that fault bear witness to the vertical distribution of
metamorphic grade in the Eastern Highlands near the fault. This conciusion
follows because of one noticeable contrast, apparently missed by Krynine
(1950). Where the clasts have sensitive compositions, they are uniformly of
lower metamorphic grade than is observed today in the same units in the
Eastern Highlands. This cbservation, discussed in more detail in the 1958 field
guide, obviously resuits from a combination of three geologic processes:
upward decline in the grade of metamorphism in the Eastern Highlands at the
end of metamorphism, downward displacement of sediments of the Newark
Series along the Eastern Border Fault during their deposition, and the net
erosion of the rocks on both sides of the fault to the present surface. The
"sedimentary inversion” brought about by erosian of the eastern Highlands and
deposition of the resulting detritus in the Newark Series, combined with the
observed confrast, mandate such an interpretation.
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It ts perhaps worth mentioning that specimens of metamorphic rocks
from this area have been studied by many laboratories and from many points of
view in order to gain insight concerning metamorphic processes. Geochemical
studies have included oxygen isotope fractionation (and study of other exchange
reactions) with thermometric goals and the use of unstable isotopes with
geochronological goals {cf. Brookins, 1980). Garlick and Epstein (1967) used a
number of our specimens from the Middle Haddam area in their pioneering study
of oxygen isotope fractionation among the minerais of metamorphic rocks as a
function of metamorphic grade.

Petrographic observations on rocks from the area stimulated the
extension of solid inclusion piezothermometry (interestingly, a field with its
roots in some observations made by Sorby in the middle of the Nineteenth
Century) to a common metamorphic combination, quartz - garnet (Rosenfeld,
1969, p. 318 - 320, 335 ~ 340). Adams ef a/ (1975, p. 593 - 596) used a
specimen of 5¢ from the east limb of the Great Hill Syncline near the New
Landon Turnpike as an important check on the internal consistency of
observationally and experimentatly based {for the first time) solid inclusion
piezothermometry with experiments on the aluminum silicates, field
observations of their occurrence, and oxygen isotopic information obtained for
the same and nearby specimens. The combined data, with some redundancy,
indicated a depth of metamorphism for that specimen of about 17 km near the
temperature maximum of its pressure - temperature - time path.

Pegmatites

The Middle Haddam Area is famous for its pegmatites. Minerals from
some of those pegmatites have played a prominent role in the development of
radiometric dating from its launching early in this century by Rutherford,
Boltwood, and Holmes. In 1958 it could be said that this area "probably contains
maore pegmatites on which absolute age determinations have been made than
any other similar area in the world” (Stugard, 1958, p. 650). As in the case of
other geochemical/ petrological methods, the area has played the role of
“Rosetta Stone” for comparison of many geochronojogical methods; and, indeed,
one of the principal initiating motivations for our study of the geological
relationships around those pegmatites was to put the quantitative data into a
full-blown geological context and pose new questions to test the skills of the
quantitative geochronologists. Brookins (1980) has established what had
previously been inferred on geological grounds alone, namely that the abundant
highly deformed pegmatites of the area are of Acadian age and that the
relatively undeformed ones, Tamous among mineral collectors for their
beautiful mineral specimens, are of Permian age.
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Utility of gravity measurements

Our measurements of gravitational acceleration throughout the area have
placed useful restrictions on our structure sections because of significant
density variations among units (cf.. Eaton and Rosenfeld, 1972). Thus, we found
out that the low-density Maromas Gneiss could not extend very far down. This
contriputed to its interpretation as a thin and sheet-1like mass that was foided
into an almost isoclinal syncline. Data on rotated garnets, aguired later and
discussed below, support that structural interpretation. Gravity measurements

. also helped us infer that pelites along the axis of the Great Hill Synciine and

its Ordovician progenitor extend to a depth as much as 9,000 feet some
distance north of the area and that its axial surface assumes a more nearly
vertical attitude at depth, consistent with the backfelding interpretation
above. Gravity measurements also helped support the interpretation that the
structural basin (Hopyard Basin) containing the backfolded Monson Nappe is a
shaliow one with relatively dense schistose units extending no deeper than
about 2,500 feet.

Rotated porphyroblasts, fold kinematics, and tectonics

With discovery of the utility of snowball garnets in unscrambiing
tectonometamorphic sequence and kinematics in Vermont {(cf.. Rosenfeld, 1968,
1970; Hepburn &f a/, 1984, p. 93 - 101), in 1959 we tried out some of the
procedures used in Vermont on unit DI in the Great Hill Syncline where it
crosses the New London Turnpike. While snowball garnets wera not observed,
large strike - paralle] elongate staurolite porphyroblasts were found to show
snowball microstructure. Further that microstructure indicates something
startling about the kinematics within the Great Hill Syncline during growth of
staurolite. 77 sense of rotation does not reverse across the axial surface as
might be expected during the rlexural folding of 2 syncline. Rather the sense
appears to be east-side-up and invariant with position in the syncline. That is,
the under side of the Great Hill Syncline had been displaced upward relatively.
This perplexing relationship remained a provocative fact for many years, with
provocation amplified when one of us made observations of the same kind in the
Piora isoclinal syncline of the southern Gotthard region, Switzerland, in 1963.
Finally it was realized that the peculiar tectonemetamorphic phenomenon was
a synmetamorphic kinematic record of the rotations accompanying backfolding,
or retrocharriage in the Alps (Rosenfeld, 1978; 1985, p. 445 -449; figure 4)
after the syncline had become isoclinal. There had been an inclination from the
early part of this century to attribute the rotational senses to the overriding of
the Alpine nappes, even though there was much evidence that peak
metamorphism had post-gated those structures. Also the phenomenon
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evidently had the same significance in eastern Connecticut that it had in the
Alps. '

The relationship to retrocharriage appears to be as follows (viewing
the developing cross sections in both areas in the direction of
counter-clockwise rotation for the ensuing snowball porphyroblasts, i.e. to the
north in Connecticut and to the east in the Alps): First there is the over-riding
of the nappes toward the left, somehow related to a rightward dipping suture
at depth and presumably near the root zone of the highest nappe. Then there is
the development of the domes/massifs due to some combination of regional
compression and buyoyant upthrusting. This is accompanied or followed by
regional clockwise rotation of the substrate lithesphere as, to the left, the
lithosphere starts to override a second right-dipping suture, causing the
rightward gravity-induced synmetamorphic stump or refrocharriage of
material at higher crustal levels atop the domes: It is here that we appear to
differ with Robinson and Tucker (1982, p. 1739), who seem to accept a stage of
leftward subduction ("westward underthrusting”’) to explain the backfolds after
the main rightward subduction along a right-dipping suture accompanying
nappe-formation. We credit the retrocharriage to a secondary gravity-sliding

without need for change of suture orientation, only a shitt in suture location
to the /eft. The counter-clockwise rotation evident in the porphyroblasts
within the isoclinally folded schist-filled synclines and/or nappe underfolds is
caused by shear between the less easily deforming gneiss-cored anticlinal
masses as the latter are rotated clockwise due to the refrocharriage that
simultaneously causes the rightward rolling-back or backfolding of the
preexisting nappes. The same rotation accounts for the clockwise rotation and
overturning of the axial surfaces of the intervening isociinal synciines. The

- rightward shift of thermaily bianketing materiat at shatlower leveis helps

explain in both cases the positioning of isogradic surfaces for their subsequent
intersection with the earth's surface during uplift and denudation. Thermal
relaxation would cause isograds during development (approximately isotherms
for devolatilization reactions) to rotate counter-clockwise relative to the
buried rocks, with higher grade rocks on the right- or under- sides of the
subseguently left-dipping isograds.

During the period of perplexity concerning rotational senses of
porphyroblasts in the Great Hill Syncline, Dixon and Lundgren (1968) had
discovered to the east the Dickinson Creek Backfold mentioned earlier. That
fold bears the same spatial and kinematic relationship to the Great Hill
Syncline that the Chiera and Aip Campolungo Backfolds bear to the Piora
Synciine. Thus refrocharriage noted at the same time as the Dickinson Creek
Backfold, but offset west in Vermont (Rosenfeld, 1968, p. 200), is apparently
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an important aspect of the later stages of the Aéadian Qrogeny in parts of New
England (for more on a relationship to plate tectonics in Vermont, see: Hepburn
et g/, 1984, p. 93 - 101) as it is of the Alpine Orogeny in Europe.

~We also looked at the Maromas Syncline from the standpoint of rotated
porphyroblasts. That fold shows evidence of having behaved kinematically like
a "normal” flexure-slip syncline with rotations of opposite senses on its two
limbs during the Alleghenian tectonometamorphism. Thus, in Ph on the east
1imb near the entrance to Hurd State Park, snowball garnets show west-up
rotation like the asymmetric chevron folds with which they are associated. In
an amphibolite of the Collins Hill Formation, Oca, on the southwest limb,
rotated garnets show about the same amount of rotation with the opposite
sense, again like the asymmetric chevron folds with which they aiso are
associated. S : :

There is much more to be done with rotated porphyroblasts in the Middle
Haddam area, as we have not done a thorough study of their behavior throughout
the area. There may yet be surprises.

"samﬂ;ary

Figure 3 concisely summarizes the geological history of the area. Within
the Paleozoic there are three major breaks, each consisting of major tectonism
followed by substantial erosion. There is also strong evidence that, at least,
the latest two tectonisms were accompanied by medium- to high- grade
metamorphism: The earliest tectonism, the Taconic, not well defined within
the area, was apparently fairly closely coincident in orientation to that of the
later Acadian. Late-stage backfolding was an important phase of the Acadian
Orogeny in eastern Connecticut. The latest Paleozoic orogeny, the Alieghenian,
was strongly discordant; and the boundary of its effects is not well defined.
Given that boundary’s presence west of New Haven, its fairly well-defined
location to the east in Rhode Island, and the evidence mentioned earlier along
the i\éew London Turnpike, it seems probable that the Middle Haddam area is very
near that boundary. It would seem that there remain many opportunities for
isotopic geochemists in further testing some of the, what may appear to be,
rather speculative interpratations that have been put forward above, There's
probably even some opportunity for more Tield study, especially taking
advantage of rotated porphyroblasts.

132
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TABLE 1
DESCRIPTION OF MAP UNITS

[ Jp IPORTLAND ARKOSE ~ reddish-brown to pale-brown arkoses ranging from
micaceous mudstones to coarse sandstones and polymict cobble and
boulder conglomerates containing angular to rounded clasts of the rock

. units present east of the border fault (but of lower metamorphic grade),
pegmatite, and, rarely, vesicular basalt. Conglomerates become more
abundant and coarser, and clasts become more angular toward the border
fault. Clasts show varying degrees of retrograde or diagenetic
alteration. Clasts of quartzite, probably derived from the Ciough
Formation, are found only from the latitude of Duck Hill north.

[RJd ']BSABASE DIKE—~dark-gray, tough, ophitic, hypersthene-bearing augite-
plagioclase-magnetite diabase, locally containing biotite and hornblende;
characterized by interstitial micrographic granite and microclusters of
augite.

STRONG ANGULAR TECTONCMET AMORPHIC UNCONFORMITY

[[PDp JPEGMATITE, UNDIVIDED-pink to white granitic pegmatite possibly of more than
one age; it contains, in addition to microcline, microperthite, and (or)
albite: quartz, highly variable amounts of muscovite and biotite, and
minor beryl, apatite, black tourmaline, Sphalerite, and several uranium
minerals. Includes foliated and nonfoliated, bodies, both concordant and
discordant {not delineated on this map).

[ Pr JAMPHIBOLITE OF RESERVOIR BROOK-dark-gray to black, massive to flaggy,
mainly schistose to granulose, biotite-hornblende amphiboiite containing
oligoclase or andesine; minor sphene, apatite, and ilmenite; oligoclase
schist and gneiss and masses of granite augen gneiss, locally containing
few dark minerals and resembling the Maromas Gneiss. Rocks show
extensive alteration near the Triassic border fault.

[ Ph ISCHIST OPPOSITE HURD PARK ENTRANCE-very fissile, silvery muscovite schist
containing rotated garnets.

[ Pm JMAROMAS GNEISS—very light gray to orangish-gray, massively to coarsely
foliated microcline- and oligoclase-bearing biotite, biotite- hornblende,
and biotite-muscovite granite gneiss, with subordinate granodiorite to
guartz diorite gneiss containing minor sphene, zircon, and garnet. Some
of the gneiss has large augen and flaser of orthoclase, easily observed in
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“curbstones in Middletown. includes abundant lenses, strata and bands of

. feldspathic biotite-muscovite schist, plagioclase-quartz,
diopside-garnet granofels, hornblende-biotite-quartz plagioclase gneiss,
and garnetiferous hornblende-biotite schist, the targest of which may be
culminations of infolded Collins Hill Formation.

STRONG ANGULAR TECTONOMETAMORPHIC UNCONFORMITY

; ] [ DI JLITTLETON FORMATION-Mainly silvery-gray to lead-gray muscovite - biotite -
staurolite -garnet-plagioclase schist, with subordinate interbedded
} light-gray "sugary” feldspar-quartz-mica-garnet granofeis, and

distinctly subordinate muscovite- biotite- garnet-aibite schist and
bytownite- hornblende-clinozoisite- garnet granofels. Lengths of
staurolite crystals commonly exceed 2 inches; and, where elongate
paratlel to strike, staurolite shows “snowball” microstructure,

: indicating syntectonic growth. Lead-gray color due to finely

' | - disseminated graphite.

{ Sf JFITCH FORMATION-medium-gray, finely laminated, fine-grained calc-silicate
schist and granofels containing highly variable proportions of
plagiociase (commonly bytownite), quartz, biotite, muscovite,
microcline, calcite, diopside, clinozoisite, tremolite-actinolite, garnet,
sphene, and scapolite. Minor tourmaline, apatite, graphite, pyrrhotite,
iimenite, alianite, and zircon. Outcrops are characteristically fluted and
pitted due to weathering of common calcitic 1ayers and nodules and
commmiy display extremely Light folding,

[ Sc ]CLOUGH FORMATI GN-whrte to very Hght, gray, muscovitic, locally
garnet-bearing, quartzite and quartz pebble conglomerate, with
* subordinate laminae and stringers of silvery muscovite-biotite-garnet
schist. Contains subordinate kyanite, staurolite, tourmaline, rutile, and
zircon. Garnet in schist laminae commonly occurs as thin wafers having
the thicknesses of including laminae. |

ANGULAR TECTONOMETAMORPHIC UNCONFORMITY

[ Og JGLASTONBURY GNEISS [undif ferentiated on map; may be older than Collins Hill
Formation]

fﬁ/.sww?ffpbase-light—gray, massive to moderately wel foliated,
prophyroblastic to augenoid, muscovite- and (or) sericite-bearing granite
gneiss consisting primarily of microctine (and locally orthoclase),
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oligoclase, and quartz (the aggregate total of which constitutes about 92
percent of the rock), and biotite, locally with minor sphene, garnet,
zircon, allanite, and magnetite and sparse caicic scapolite. Potash
feldspar commonly in the form of augen. '

Biotitic phase-light- to medium-gray, locally orange-stained, massive
to foliated, microcline-bearing biotite grantte and granodiorite gneiss;
distinguished from muscovitic phase by absence or near-absence of
muscovite and the local presence of epidote, a trace of hornblende, and a
Httie garnet. Locally contains minor coarse-grained allanite. Here and
there are flattened clots and spindies of dark-gray hornblende gneiss of
probably xenolithic origin.

Hornblenaic phase-medium~ to dark~gray, massive to subschistose
hornbiende-biotite granodiorite to quartz diorite gneiss; distinguished
from biotitic phase by the presence of abundant hornblende, a much
greater abundance of epidote and a Jower proportion of microcline.

[ Oh HEBRON FORMATION-interbedded gray to brownish-gray quartz-biotite-
plagiociase schist and pate-greenish-gray, quartz- plagioclase-
biotite-microcline-actinolite or hornblende-diopside calc-silicate rock,
containing subordinate sphene, graphite and, rarely, calcite; locally
contains major amounts of scapolite (probably equivalent to QOsb),

[ OsbJCALC-SILICATE ROCKS AND SCHISTS OF BODKIN ROCK (PROBABLY HEBRON
EQUIVALENT)-Highly varied, well-bedded formational unit consisting
largely of three major rock types (all showing considerable cataclasis
and aiteration near the Triassic-Jurassic border fault):

(/) Greenish-gray calc-silicate granofels and tight-gray calcite marble
- containing highty variable proportions of calcite, diopside, caicic

amphibole {mainly hornblende), calcic plagioclase, clinozoisite, garnet,

quartz, sphene, and apatite. Although natural

outcrops suggest that this rock type is subordinate to that of the

schists, artificial cuts reveal that it is abundant throughout the section.

() Rusty-weathering muscovite-biotite-garnet schist commonly
containing albite, coarse kyanite (with or without fibrolitic sillimanite), -
graphite {either finely divided or in coarse fiakes), and staurolite; also
subordinate, but neariy ubiquitous, are rutiie, brown tourmaline, apatite,
ilmenite, and pyrite
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(J/ Light-purplish~gray weli-banded plagioclase-biotite gneiss and
granofels commonly containing muscovite, scattered small garnets, and
subordinate brown tourmaline, ilmenite, and graphite. '

[ ObalMETAVOLCANIC ROCKS OF BIBLE ROCK BROOK
Dark~gray to very dark gray laminated feldspathic amphibotite and
hornblende schist containing hornblende, plagioclase {An 35-An 70; not
uncommonly in the form of larger insets), fine~grained garnet, and lesser
amounts of biotite, diopside, epidote, ilmenite, and sphene. Locally some
massive amphibolite and epidote-rich lenses are present.

[ Obc}COTICULES OF BIBLE ROCK BROOK
Pinkish-gray finely-laminated highly resistant rock {coticule) composed
largely of very small garnets, quartz, and oligoclase and containing
variable, but usually lesser, amounts of hornblende, biotite,
cummingtonite (?), apatite, and locally coarse-grained euhedral
magnetite. This rock is finely interiaminated with a subordinate gray
feldspar—quartz-biotite schist and granofels. It is a prominent ledge and
cHff former throughout its mapped length.

[ Oeh]SCHIST OF EAST HAMPTON (EQUIVALENT TO BRIMFIELD SCHIST of Dixon and
Lundgren, 1968)-principally gray to rusty-weathering relatively
coarse-grained muscovite-hiotite schist commonly containing
subordinate garnet, sodic plagiociase, coarse graphite, ilmenite,
pyrrhotite, tourmaline, sillimanite {not uncommonly associated with
orthoclase porphyroblasts), rutile, and zircon. Unit is locally
characterized by the presence of pegmatitic stringers and a migmatitic
appearance. Relatively poorly developed schistosity with coarse
discordant muscovite due to widespread retrograde metamorphism.
Quartz contains dispersed hairlike rutile needles. A less abundant rock
type within this unit is bytownite-hornblende gneiss containing
subordinate biotite and garnet. Probably correlative with the Collins Hill
Formation. Supporting that interpretation and the correlation of Osb with
Ohb is the predicted and recently detected presence of thin amphibolite
and coticule along its eastern contact with the Hebron, probable easterly
correlates of Obc and Oba. ,

[ Oc JCOLLINS HILL FORMATION (PROBABLY EQUIVALENT TO PARTRIDGE FORMATION TO
NORTH) [undifferentiated on map)
 Main rock types - Highly varied unit somewhat similar, except for the
common presence of feldspathic amphibolites, to the calc-silicate rocks
and schists of Bodkin Rock and consisting largely of four principal rock
B5~19
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types, listed in order of their decreasing abundance:

(7} Rusty-weathering muscovite-biotite-garnet schist, commonly
containing sodic plagioclase, kyanite, sillimanite (commonly in fibrolitic
clusters approximately equal in size {o associated kyanite), staurolite,
and graphite. Minor rutile, brown tourmaline, apatite and ilmenite.

(Z) Greenish-gray calc-silicate granofels containing highly variable
amounts of calcite, diopside, calcic amphibole (mainly hornblende),
plagioclase {mostly bytownite), scapolite, clinézo*isi’te, biotite, garnet,
quartz, sphene, apatite, and, rarely, zoisite and microcline,

{3/ Gray-banded plagioclase-biotite gﬁeiss and granofels, t:emgar;iy
containing muscovite, scattered small garnets, and rgimr rutile,
graphite, iimenite, and apatite.

{ Oca ] (¢ Dark-gray to very dark-gray, massive to laminated
amphibolite,hornblende gneiss, and hornbliende schist, containing
intermediate plagioclase (some as insets) and locally containing biotite,
garnet, sphene, and ilmenite. Locally associated with laminar coticule,
Some outcrops display euhedrai porphyroblasts of dark-red garnet, as
much as 10 mm across, weathered into sharp relief and cammenly
showing rotation [undif ferentiated on map].

 Subordinate rock lypes:

[ Occ 1¢//Beds, laminae, and contorted nodules consisting largely of
pinkish-gray, fine-grained coticule (garnet-quartz granofels) with
subordinate plagioclase, biotite, and, locally, cummingtonite.
[undifferentiated on map] |

{ Ocm ](2Mott1ed dark-gray and light-greenish rock consisting of
interdigitating and irreguiar flat ienses, from 6 inches to several feet
long, of hornblende-plagioclase rock (amphibolite} and lepSldlC
calc-silicate rock. [undifferentiated on map]

[ Ocq 1{3/Rusty-weathering muscovite quartzite, locally garnetiferous.
[undifferentiated on map)

[ Ocg ] (4/Basal unit on north flank of Killington dome: very light gray
oligociase-quartz-biotite-muscovite gneiss, commonly containing
considerable magnetlte Locally dlspiays abundant small pebble-like
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discoid lenses composed primarily of quartz and fibrolite, etched into
relief by weathering. [undifferentiated on map]
[ OmilMIDDLETOWN GNEISS
[ Omu ] Lpper unit — very light gray to rusty orange-stained layered sodic
plagioclase gneiss and granofels characterized by variable amounts of
" the subcalcic amphiboles, cummingtonite, anthophyilite, and gedrite
(commonly as large radiating clusters in the plane of the foliation). Also
contains hornblende, chlorite, garnet, biotite, magnetite, and iimenite.
Subordinate amphibolite and plagioclase-quartz-biotite gneiss
interiayered throughout. [undifferentiated on map]

[Omm } Migaie unit - Light-gray to medium-gray oligoclase- quartz- biotite
gneiss commonly containing hornblende, garnet, and magnetite and, less
commonly, cummingtonite or orthoamphiboles. {undifferentiated on map]

{ Om1 ] Lower unit — Predominantly dark-gray interlayered amphibolite and
M J hornblende gneiss containing intermediate to calcic plagioclase, epidote,
diopside, garnet, magnetite, and sphene; some lighter colored
plagioclase-quartz-biotite gneiss containing cummingtonite or
orthoamphibole is interiayered with the amphibolites. [undifferentiated
on map}

[ Om JMONSON GNE1SS-light~ and dark-gray interlayered sodic plagiociase-
guartz-biotite-hornblende gneiss and granofels, biotite- hornblende
gneiss, biotite gneiss and very dark gray amphibolite. Some.of the
gneisses contain microcline, garnet, and garnet, and epidote and minor
atlanite and sphene. Distinguished from the Middletown Gneiss
principally by the total absence orthoamphiboles.

J' [ Ohg IHADDAM GNEISS~generally light-gray thickly layered sodic plagiociase-

“ quartz-biotite~hornblende gneiss and sodic plagioclase- quartz-
hornblende gneiss commonly containing magnetite, garnet, sphene,
epidote, and rarely, clinopyroxene. May be eguivalent to the Monson
gneiss, although it displays a very much tower proportion of interiayered
amphibolites.
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DEGLACIATION OF THE MIDDLETOWN BASIN AND
THE QUESTION OF THE MIDDLETOWN READVANCE

by
Elizabeth Haley London
U.S. Geological Survey, Reston, VA 22092

INTRODUCTION

The Middletown basin (fig. 1) lies along the eastern boundary of the Central
Lowland physiographie provinee of Connecticut. The east side of the basin is
traversed by the Eastern Border Fault (Lehmann, 1959), a major normal fault
that separates the Mesozoic red beds of the Central Lowland from the chiefly
Paleozoic schists and gneisses of the Eastern Highland. Most of the basin lies
within the lowland province, whieh is characterized by a north-northeast
topographie grain. This grain developed on a sequence of terrigenous clastic
rocks and basalt flows that strikes north-northeast and dips east-southeast. The
Middletown basin is defined by basalt ridges on the south, west, and north and by
erystalline-rock uplands on the east. Its principal streams flow to the
Mattabesset and Conneeticut Rivers, whieh join in a large wetland north of
downtown Middletown (fig. 1). The Mattabesset flows southeast across the
bedrock grain, and divides the Middletown basin into two parts: a north-sloping
region (south of the river), in which streams flow north to the Mattabesset and
Connecticut Rivers; and a lowland region (north of the river), which comprises
several buried bedrock basins, and in which streams flow generally south to the
Mattabesset and Conneeticut Rivers. The Connecticut River crosses the Eastern
Border Fault on the east side of the Middletown basin, where it enters a channel
through crystalliine rocks to Long Island Sound. Just east of the fault, this
channel is joined by another deep, buried echannel (fig. 1) that is believed to be
the preglacial course of the Connecticut River (Bissell, 1925).

Four major bodies of stratified drift are present within the Middletown
basin: the Berlin eclay, the Roeky Hill dam deposits, the buried channel deposits,
and the Coginchaug valiey deposits {fig. 1). Age relationships among these units
have been deliberated since the late 1800's, and different chronologies have been
proposed by Loughlin (1905), Rice and Foye (1927), and Flint (1933, 1953). The
central issue has been whether the Berlin clay was deformed by the last ice
advance across New England, or whether it was deformed by a readvance during
the last retreat. Ultimately, the readvance hypothesis was made convineing by
R. F. Flint (1953, 1956), who related it to a late-glacial climatic reversal
suggested by a pollen sequence from Durham Meadows (Leopold, 1956), located.
at the south end of the Middletown basin {fig. 1). This readvance, which Flint
(1956, p. 276) called the Middletown readvance, has been correlated with events
in the Midwest {Flint, 1956; Mayewski and others, 1981), New York, New Jersey,
and Pennsylvania {Sirkin, 1967; Connally and Sirkin, 1973} and New England
(Sehafer and Hartshorn, 1965; Flint, 1976).

In Flint's chronology, the deposition of the Berlin clay was separated in
time from the Rocky Hill dam deposits and the buried channel deposits by the
Middletown readvance. In this secenario (Flint, 1953, p. 899), the Berlin clay was
deposited in a glacial lake before the readvance, then overridden and deformed
by it; after the readvance, the other deposits were laid down as one continuous
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glaciofluvial unit adjacent to the Berlin clay. The recent discgvery that all these
other deposits are deltaic (Stone and others, 1982} ealls into question the
occurrence of a readvance, because it consequently separates contiguous lake-
bottom deposits and deltas. These units are interpreted as the distal and
proximal deposits of one major lake, glacial Lake Middletown, on fortheoming
USGS surficial geologic maps of Connecticut {(J. P. Schafer, J. R. Stone,
E. H. London, and W. B. Thompson, unpublished data), the Middletown quadrangle
(E. H. London and R. E. Deane, unpublished data), and the Middle Haddam
quadrangles (E. H. London, unpublished data). The credibility of this new
interpretation hinges on & refutation of the readvance. This trip presents the
case against a readvance at Middletown, in terms of the evidence for systematic
jee retreat from the Middletown basin (Part 1), and the reinterpretation of
features that have been attributed to the readvance (Partll).  The
reinterpretations are augmented by discussions at related stops. Paragraphs in
each part are numbered for cross-reference in the fext and stop deseriptions.

Ultimately, the case for or against a readvance must account for the "till
equivalent" {deformation and diamict: Simpson, 1959) in the surface Zzone of the
Berlin clay. The study of this 2zone must be extended to other deposits of the
Berlin clay before the Middletown readvance can be rejected or redefined. In
the Berlin basin {fig. 1), for example, the evidence seems more compelling: "till"
overlies varved clay in test borings (Bingham and others, 1975), ice-contact
deposits overlie varved clay (Flint, 1933; Deane, 1867}, and thrust faults and
hook folds oceur in the surface zone {from photographs XX-13, XX-14, XX-27,
and XX-41 in the slide collection of the Department of Earth and Environmental
Sciences, Wesleyan University). A local readvance may have occurred at Berlin,
which then should be called the Berlin readvance. Such an event, however, would
pose the same problem for correlation of lake-bottom deposits and deltas as at
Middletown. The purpose of this trip is to stimulate interest in the guestion of
the readvance and to motivate further study of the Berlin clay.

PART I. DEGLACIATION OF THE MIDDLETOWN BASIN
Depositional Settings

During deglaciation, melt water was ponded in the south part of the
Middletown basin—trapped between the ice margin and terrain that sloped
toward it. Sediments were released into an ice-contact lacustrine setting and
deposited as deltas, subaqueous outwash, and lake-bottom deposits. Melt water
escaped through the lowest outlet from each valley, and progressively lower
outlets were uncovered as the ice receded. Correspondingly, stratified deposits
were laid down at progressively lower altitudes.

The ice~contacet heads of deposits decrease in altitude from south to north
across the south part of the Middletown bagin. These heads mark positions of
the ice margin during deglaciation (Koteff and Pessl, 1981). Where separate
heads of deposits relate to the same lake plane, they further define the shape of
the ice margin during deglaciation. Relationships between deposits, lake
planes, and spillways are established by adjusting their altitudes for postglacial
crustal upwarp, which for the Connecticut valley has been calculated at a rate
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(see Introduction), including major
glacial stratified deposits involved in
the Middletown readvance theory. Symbols: ‘
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(3)

(4)

(5)

(6)

of 4.7 ft/mi (0.89 m/km) up toward N.20°W. (Koteff and Larsen, 1985). It is
customary to interpret altitudes from 10-ft topographie contours in terms of
the highest contour enclosing a landscape feature, plus 5 ft. All altitudes,
thicknesses, and distances are expressed in terms of English units of
mensurement. :

After the ice margin retreated from the north-sloping region, ponding
eontinued in the Middletown basin because its lowest outlet, the Connecticut
River channel, was blocked by glacial stratified deposits (Stone and others,
1982). Lacustrine deposition continued as a major glacial lake opened in the
north part of the basin. The deglaciation history of this basin thus is repre-
sentative of both north~ and south-draining basins in Connecticut. Melt-water
ponding was inevitable in north-drainage valleys, and it was caused by dams of
stratified drift in most of the south-draining valleys in Conneecticut (Stone and
others, 1982},

Chronologie Interpretation of Glacial Melt-Water Depogits

As the ice margin retreated from the south end of the Middletown basin,
glacial Lake Coginchaug opened in the lowlands of the Coginchaug valley at
Durham. Lake-bottom deposits as much as 54 ft thick (Bingham and others,
1975) were laid down along the Coginchaug valley (fig. 2). South of these
deposits, the lowest outlet from the valley was a 275-ft bedroek gap loeated at
the south end of the Coginchaug valley. The stable lake controlied by this
bedrock spillway is called the Durham stage of glacial Lake Coginehaug in this
report.

The end of the Durham stage is recorded by an ice-contact delta in the
southeast part of the Middlefield township (fig. 2; Stop 1). Its surface reaches
an altitude of 315 ft. The 275-ft Durham spillway projects to a 301-ft lake
level at this location. A pit st the southwest end of this landform exposes fore-
set beds (without topsets) at or below an altitude of 305 ft. This delta provides
significant information about the position of the ice margin at the end of the
Durham stage. For this delta to have graded to the Durham lake plane, the ice
margin must have abuited the land surface at no less than 301 ft; otherwise,
melt water would have escaped northeast toward a lower outlet from the
valley. An ice position conforming to the 300 to 310 ft topographie contours
thus can be inferred for the end of the Durham stage. This position is corre-
lated with the ice-contact head of deposits aeross the valley at Baileyville
(fig. 2)., These deposits reach an altitude of 315 ft at their south end. The
Durbam lake plane projects to an altitude of 308 ft at this loeation. These
appear to be the last deposits graded to the Durham stage on the west side of
the valley, and are correlated with the last delta on the east side for this
reason. This correlation is shown by ice line 'l on Figure 2.

When the ice margin retreated from this position, melt water flowed
northeast toward the Connecticut River—the lowest outiet from the
Middletown basin. A series of spillways was carved at the interseetion of the
ice margin and a minor drainage divide just south of the river {fig. 2). Melt
water evidently flowed away from these nickpoints through subglacial channels;
a network of deep channels was carved into thiek till and stratified deposits on
the slope between this divide and the Conneecticut River (Stop 3).
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FIGURE 2.~-Chronclogic
interpretation of mzjor
glacial stratified deposits (see
Part I). Symbola: {47} Botion =
deposits of glacial Lake Coginchaug (gLC) N i evera el
(mostly covered by swamp and alluvium deposits); 1y s
(8288 Other deposits of gLl; (t+*) Deposits of 2k ol ,
the lower Connecticut River series; (ZZ2I) Berlin clay (mostly L
covered by swamp and alluvium deposits); (-3 Deposits graded
to glacial Lake Middletown (glM): (& and (B) are first and second
units of the Rocky Hill dam deposits (RHd) graded to gLM; (“7iiad
RHd deposits not graded to giM; (IH) Stream-terrace deposits on the
Berlin clay; (u) uncorrelated unit; @) Qutline of the Middletown basing
(= ***,}) Mattabesset R.-Piper Bk. drainage divide; (~~-_) local drainage divide with
spillways for gLC; (™) glacial-lake spillway, altitude in ft (CLD - Durham stage of

gLUs CLM -~ Middletown stage of gLhl; ML -~ glzeinl Lake Middletown; HBS - New Britain spillway

for glacial Lake Hitcheock); (%u*Y Inferred ice-margin position, dashed where projected,

and numbered sequentially; ( gf§ ) topset~foreset contact in delta graded to gLM, altitude in ft; (8) The Straits
of the Connecticut R.; (SH) Straits Hill; (CH) Crow Hill; (PM) Pecausett Meadows; (JP) Jobs Pond., Base map

same as Figure 1.
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The lower stage of glacial Lake Coginehaug was conirolled by these
spillways south of the Connecticut River. It is called the Middletown stage in
this report. This lake was unstable; it migrated downslope along with the ice
margin. It comprised many "finger lakes" in separate valleys, and water levels
in separate valleys may have differed at times. This possibility is suggested by
the traces of melt-water channels across local divides. They may have been
carved by melt water as it flowed from valley to valley toward the Connecticut
River. The surface altitudes of many deposits within these valleys match up
with those of the spillways south of the Connecticuf River, however, suggesting
that the lake was one continuous water body at times, too.

Deposits of the Middletown stage are mostly collapsed. Projected profiles
of deposits in the Coginchaug valley form an array of short segments that
decrease in altitude from south to north {fig. 3). This reflects the incomplete
development of outwash gradients during rapid retreat and/or the disruption of
gradients by melting of subjacent ice. Piis in these deposits expose a variety of
sedimentary facies cut by chiefly normsl feuits (Stop 2). These faults
commonly extend through the surface beds, indicating that deposition took
place on buried stagnant ice. The prevalence of massive to crudely bedded,
matrix-supported gravel (some of which has been interpreted as flowtill;
par. 29) signifies that deposition took place very close to the ice margin. The
asbsence of large-scale foreset beds from most deposits suggests that they did
not form as deltas graded to lake planes, but may have formed as chiefly
subagqueous outwash (Rust and Romanelli, 1975).

After the ice margin retreated from the glacial Lake Coginchaug
spillways, glacial Lake Middletown expanded into the north part of the
Middletown basin. This lake first opened in The Straits of the Connecticut
River (fig. 2), located on the east side of the Middletown basin. It was dammed
by glacial stratified deposits that filled the channel between Riverdale (fig. 2)
and Long Island Sound. These deposits are deltaic {Stone and others, 1982}
Large-scale foreset beds have been exposed at several locations along the river,
especially in the Middle Haddam quadrangle. The deltas were deposited in
successive, small lakes that opened in the lower Connecticut River channel.
Each lake was dammed by slightly older stratified deposits to the south. This
process was repeated many times between Long Island Sound and Riverdale, and
continued in the buried channel in Portland. The deposits formed in this manner
are calied the lower Connecticut River series in this report.

A sudden shift in base-level control is recorded by the altitudes of
deposits in the buried channel. Surface gradients rise amxl steepen northward
from Riverdale to the north end of Siraits Hill {fig. 2), then drop 30 ft in
altitude (fig. 4). Correspondingly, topset-foreset contacts rise from 121 ft
(Stop 9) to somewhere between 163 and 175 £t (Stop 10), then drop to 145 ft
(Stop 4 in Stone and others, 1982). This shift marks the entry of glacial Lake
Middletown into the former channel, via the gap between Crow and Straits Hills
{fig. 2). This expansion of the lake was possible only after the ice margin had
puiled back from the north side of Straits Hill. Before this occurred, melt
water was foreed to flow south aeross deposits in the buried channel. Depo-
sitional gradients were elevated and steepened in order to transport sediments
aeross these deposits. As the altitudes of successive heads of deposits
inereased, the levels of successive lakes dammed behind them inereased as well,
as did the topset-foreset contacts of deltas graded to them. Topset beds in
these deposits (Stops 9 and 10) are relatively coarser grained and thicker than
those of subsequent deltas graded to glacial Lake Middletown (Stops 8 and 11).
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somi) - Srow (6 Bhes g 9
P TN ¥ ¥
200 ¢ 53 i ;
I - by — I
e I e i [T Tao N [l _Mipmd—gmpeme L — Y T
& s G N e 2 ot = = AT “:::?::::_t::Efiff:?f;”ﬁ%
o _ ek defended L
50 4
# o d mean geao laval vertreal Emﬂmmm ¥
o mile. .

FIGURE 4,--Projected profiles of glacial stratified deposits in the buried

former channel of the Connecticut River (see location, fig. 2).

Maximum

altitudes of deposits on either side projected to an approximate
longitudinal centerline, oriented approximately N.20%. (the direction of

postglacial crustal upwarp).

Symbols: {ler) deposits of the lower

Connecticut River series; (ml) deposits of glaclal Lake Middletown; (& 121)
location and altitude (or estimated range of altitude) of delta topast-
foreset contact in fij (™-) inferred position of the ice margin during
final deposition of unit ler; ———) glacial lake plane, projected from
delta topsst-foreset contact, and adjusted for postglacial rebound.
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(13)

(14)

(15)

This shift in base-level control is the basigz for correlation of the last
deposits of the lower Connecticut River series with the last deposits of glacial
Lake Coginchaug. The last deposits of both units were 1aid down just prior to
the entry of glacial Lake Middletown into their respective settings. The head
of the lower Connecticut River series (Stop 10) reaches an altitude of 185 ft,
indicating that the ice margin wrapped around the west side of Straits Hill at or
above this altitude at the time of deposition. Assuming that the edge of the
stagnant ice margin sloped very gently, this ice position projects to a slightly
lower altifude across the Connecticut River, i.e. at or slightly below the lowest
spillway for glacial Lake Coginchaug. It thus appears that the transition from
glacial Lake Coginchaug to glacial Lake Middietown in the south part of the
Middletown basin took place as the last deltas of the lower Connecticut River
series were being deposited in the buried channel in Portland. This correlation
is shown by ice line 2 on Figure 2.

Az deglaciation continued, glacial Lake Middletown expanded along the
Connecticut and Mattabesset River channels and along the ancestral channel of
the Conneeticut River in Portland. The earliest deltas graded to the lake were
those deposited in the buried channel north of Straits Hill {Stop 11; and Stop 4
in Stone and others, 1982). Topseti-foreset contacts in these deltas indicate an
initial lake level of 145 ft, which corresponds o an initial spililway altitude of
about 134 ft across deposits at Riverdale {fig. 4). One possibly contempo-
raneous unit is located south of the Connecticut River, just west of The Straits
{fig. 2; Stop 4). Its surface altitude of 135 ft and its location just west of The
Straits suggest that it could have graded to glacial Lake Middletown just after
the time indicated by ice line 2 (fig. 2). Alternatively, its location at the base
of a north-sloping meli~water channel suggests that it formed when the
spillways for low-level glacial Lake Coginchaug were still in use. The origin
and significance of these deposits will be the topic of Stop 4.

As the lake expanded, fine-grained, reddish-brown rhythmites were
deposited along the Connecticut, Mattabesset, and ancestral Connecticut River
channels. These deposits belong to the Berlin elay of Deane (1967), which is
recognized as the lake-bottom unit of glacial Lake Middletown on fortheoming
surficial geologic maps (mentioned in the Introduction). This unit is time-
transgressive with respect to deltas graded to this lake. Lake-bottom sedi-
mentation probably began in The Straits and Pecausett Meadows area {fig. 2)
before the Portland deltas were deposited and continued as the Rocky Hill dam
deltas were deposited. It may have diminished greatly after the ice margin
retreated from the second unit of the Rocky Hill dam {par. 15).

The Rocky Hill dam deposits are an amalgamation of ice-contact deltas at
Cromwell, Rocky Hill, Portland, and South Glastonbury. The delfai¢ origin of
these deposits was not recognized until the 1960's, when they were studied in
conjunction with glacial Lake Hitcheoek (Hartshorn and Colton, 1967; Hartshorn
and Koteff, 1968). They were named the Rocky Hill dam at this time, in
reference to the role they played as the dam for glacial Lake Hitcheock.

. The oldest unit of the Rocky Hill dam is a group of unconnected, jce-
contact deltas built from ice-margin positions just north of the Mattabesset
valley {unit a of deposits graded to glacial Lake Middletown, fig. 2). They were
deposited at the jagged interface of ice and water. The altitude of a topset-
foreset contact in one such delta, 135 ft {fig. 2), indicates that the Riverdale



(16)

an

(18)

(19)

spillway had lowered to approximately 114 ft by this time. The second unit is a
massive delta that issued from an ice position in Rocky Hill and Cromwell
{unit b and ice line 3, fig. 2). This delta filled a bedrock basin beneath the
Goodrich Heights area of Cromwell (Bingham, 1976) and prograded southwest
toward the Mattabesset valley. Access to the valley was blocked in places by
drumlins perched on the south rim of this basin, so that the delta splayed into
valleys leading to the Mattabesset. The level of the lake at this time is
indicated by a surveyed topset-foreset contact of 125 ft in North Cromwell
(fig. 2 and Stop 10). This projects to a level of approximately 103 ft at the
Riverdale spillway. The third unit comprises deltas that did not grade to glacial
Lake Middletown, but rather to a series of lakes controlled by spillways across
the older units (e.g. Stop 6 in Stone and others, 1982).

Glacial Lake Middletown ultimately extended as far north as Windsorville,
Conn., about 19 mi north of the Middletown quadrangle (Stone and others,
1982). As the lake expanded, it gradually lowered, as deposits in the channel
below Riverdale were trenched. After the lake reached Windsorville, it finally
dropped below the level of the Mattabesset River-Piper Brook drainage divide
in Newington (fig. 2). Two lakes then existed in the central lowland—glacial
Lake Hitcheock to the north and glacial Lake Middletown to the south of the
divide (Stone and others, 1982). The level of Hitchecock was controlled by the
New Britain spillway (Hartshorn and Colton, 1967) across the divide. The
altitude of this spillway evidently was controlled by the level of glacial Lake
Middletown, which was the base level of erosion for the New Britain spillway.

Glacial Lake Middletown drained when the Riverdale spillway was incised
to the level of the lake floor near The Straits. As the lake bottom was exposed
in the Middletown basin, it was traversed by streams that deposited reworked
glacial sediments (Stop 7). Ultimately, the lake-bottom deposits at Middletown
were trenched to a depth of 60 ft below mean sea level (Upson and Spencer,
1964), as the Connecticut River graded to a sea level below present. When the
Rocky Hill dam was breached, the waters of glacial Lake Hiteheock rushed
through a much deeper channel than at present. This accounts for the lack of
stream terrace deposits along the Connecticut River south of the dam. Such
deposits, if they exist, were buried by swamp and alluvium deposits during the
Holocene sea-level transgression.

Summary of Findings

() The ice-sontact deposits in the Coginchaug valley were laid down in a
lacustrine setting. This is deduced from the topographic setting (par. 1) and
demonstrated by large-scale delta foresets in deposits at Stop 1. Deposits north
of Stop 1 generally lack large-scale foresets, but their collapsed heads indicate
that they were laid down when the ice margin protruded into this north-sloping
valley and, hence, must be interpreted in terms of a lacustrine setting.

(b) The buried channel deposits and the Rocky Hill dam deposits are deltaic in

origin. Large-scale foreset beds have been exposed in pits throughout these
deposits {Stops 9, 10, 11). Both units comprise numerous ice-contact deltas,

deposited sequentially, and graded to different lake levels. These levels do not

project -to a single, stable lake plane. One major break can be diseerned,
however, between a series of deltas with increasing topset-foreset contact
altitudes and a series graded to progressively lowering lake planes. This break
oceurs within the buried channel deposits. It reflects a major shift in base-
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level control and demarcates & major unit boundary (between deposits of the
lower Connecticut River series and of glacial Lake Middietown).

(e} Deltas in Portland and Cromwell were graded to progressively lower lake
planes, as indieated by the altitudes of their topset-foreset contacts, adjusted
for rebound (e.g. fig. 4). This trend refleets their sequential deposition into a
single, slowly lowering lake, calied glacial Lake Middletown (Stone and others,
1982). The existence of a major lake after southward drainage nominally was
possible points to obstruetion of the outlet from this basin. Melt-water deposits
in the lower Connecticut River channel evidently choked the channel and acted
as a dam. The initial aititude of the spillway across this dam can be inferred
from topset~foreset contacts in the oldest deltas graded to glaeial Lake
Middletown (par. 12).

{d) The Berlin clay is a bottom deposit of glacial Lake ‘Middletown. 1t lies
within the boundaries of the lake and occupies the lowlands within these
limits. It is surrounded and locally overlain by deltas graded to Lake
Middletown. It thus appears to be the time-transgressive, distal facies of these
deltas.

PART il. THE QUESTION OF THE MIDDLETOWN READVANCE
Background: Evoiutibn of the Readvance Theory

8ince the turn of the century, it has been believed that the varved clay
deposits in the Mattabesset valley (the Berlin clay of Deane, 1967, p. 23) were
overridden by glacier ice. Features cited were the "uneven, eroded upper
surface of the clays and the local presence of kames and eskers upon them"
(Shaler and others, 1896, p. 978); undulations and contortions of the clay layers,

-particularly at the surface (Loughlin, 1905, p. 26-27); and local beds of stony

clay or crumpled clay with stones (thought to be till) on top of undisturbed
varves {Antevs, 1928, p. 186-189). Prior to the 1940', there was no consensus
as to whether the clays had been overridden by the last ice advance across New
England or whether it was deformed by a readvance during the last retreat
(ef. Loughlin, 1805, p. 24; Rice and Foye, 1927, p. 37-38; and Flint, 1933,
p. 969); but in 1953, R. F. Flint asserted that a "conspicuous readvance” had
oceurred in a 16-mi streteh of the Central lowland, reaching as far south as
Middletown (Flint, 1953, p. 889). This conviction evidently evolved from field
work conducted in the 1940's and 50's by Simpson (1959), Deane (1953, 1969),
and Flint himself (1953). They found large upland areas where reddish brown,
fine-grained lacustrine sediments {mostly "varved clay") were overlain by till.
They assumed that the subsurface clay deposits were contemporanecus with the
Berlin clay in lowlands and correlated the till above them with the deformed
surface zone of the Berlin clay. Flint ealied the material in this zone ™ill
equivalent, for although it is not, strictly speaking, an ice deposit, it was caused
by the glacier" (Simpson, 1959, citing an oral communication from Flint in
1946). This term was used by extension for the pebbly silt and/or diamict that
overlay the Berlin clay in pits at Middletown {Flint and Cushman, 19583). Flint,
Simpson, and Deane thus envisioned g till sheet overlying late-glacial lake
deposits on uplands and lowlands. This evidently is the "drift of the Middletown
readvance” referred to by Flint (1976, Chart 3). Their reasons for inferring a
readvance from these features, rather than a major glaciation, were not
explained in their writings.
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R. E. Deane extended the readvance till sheet south of the Mattabesset
River. In both the Middletown {1953) and Hartford South {1967} quadrangles, he
found two tills in upland areas, the upper one of which was clayey in the lee of
lowland lake deposits. He concluded that the upper till was composed of
redeposited Iate-glacial clay and therefore was correlative with the till equiva-
lent in lowlands. Furthermore, he found till in outwash deposits in the
Coginchaug valley (Deane, 1953). In some exposures, the till overlay outwash;
in others, it was interbedded. He interpreted this as basal till separating two
outwash units, one older and one younger than the readvance. He thus extended
the readvance to the south part of the Middletown basin.

A seeming predilection for a readvance may have stemmed from an
awareness of Midwestern glacial sequences, which leatured several late-glacial
regdvances. These were believed to record climatie fluetuations, which by
definition would have caused synehronous fluctuations of the border of the ice
sheet, A search was on for evidence of climatic reversals that could be corre-
lated to reconstruet these borders (Wright, 1971), and ecorrelation was in faet
the purpose of Flint's 1933 and 1956 papers, in which he promulgated the
Middletown readvance. The pollen sequence from Durham, just south of the
Coginchaug vailey deposits, seemed to corroborate the readvance theory (Flint,
1956). It featured two late-glacial spruce maxima in pollen Zone A, the
younger of which was interpreted as an indication of climatic reversal during
late-glacial warming (Leopold, 1956). The C-14 date for the older maximum,
12,700+280 B.P. (W-48; Suess, 1954, p. 469), provided a8 maximum date for this
readvance and permitted its correlation with the Valders maximum {Leopold,
1956; Flint, 1956).

Reinterpretations

Many of the findings that underpin the readvance theory can be disputed
in the light of recent field work and other studies published since the late
1950's.

(a) The "till equivalent” at Middletown was created by a variety of syn- and
post-depositional processes. In {wo recently uncovered sections (Stop 74, and
Stop 5 in Stone and others, 1982), contorted bedding and massive, pebbly silt
("diamict") evidently were produced by penecontemporaneous deformation of
stream-terrace sediments. Below an erosional unconformity, weakly contorted
bedding in rythmites apparently resulted from load consolidation as well. From
these exposures, it can by hypothesized that some of the deformation of the
clay at Berlin was caused by loading. In this connection, it is important to note
that many of the readvance localities mentioned at Berlin by Simpson (1959)
and Deane (1967) were in areas where the clays are overlain by stream deposits
{fig. 2), interpreted as an slluvial fan at the mouth of the New Britain spillway
{Simpson, 1959; Deane, 1987). In another exposure {(Stop 7b), surface beds were
strongly deformed around a small pod of diamict. Elsewhere in this exposure,
the redistribution of sediments apparently resulted from horst and graben
faulting, which was caused by differential compaection. Warped beds and sub-
vertical faults have been exposed at depth in the active clay pit; moreover, the
lake-bottom surface at Middietown is pitted with small depressions (swamps)
that also suggest differential subsidence. Although these depressions are
suggestive of thermokarst, and some contorted beds {(at Stop 7b) resemble frost
involutions, the possibility that the Berlin clay was deformed by permafrost
probably ean be ruled out on the evidence that permafrost conditions did not
exist in Connecticut during the last deglaciation (Black, 1983).
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(b) The style of deformation in the surface of the Berlin clay at Middletown
is not typieal of glacier overriding (e.g. Stone and Koteff, 1979; Larsen, 1982;
and Hicoek and Dreimanis, 1985). The larger faults have a vertical orientation,
rather than the systematie subhorizontal orientation produced by thrusting. In
addition, there is no surface till sheet on the Berlin clay at Middletown. Only
one patch of diamiet (Stop 7b) has been seen in the many recent shallow
excavations in the Berlin eclay.

(b) The correlation of subsurface lacustrine deposits on uplands with the
Berlin clay in lowlands (par. 22) is erroneous. The Berlin clay deposits are rela-
tively homogeneous; they possess the same general characteristies at the
surface and at depth from basin to basin (see deseriptions in Flint, 1933, p. 969;
and Deane, 1967, p. 23). The surface of the Berlin clay slopes gently southeast
from a general altitude of 55 ft at Berlin to 35 ft at Middletown. In contrast,
the upland clays oeccur mainly as cores, wedges, and interbeds in drumlins
(fig. 5). They also apparently occur in large patches beneath till on the uplands
between Hartford and Middletown. Their eomposition is variable, ranging from
pebbly laminites with diamiet (Stop 6) to varved clay. More importantly, the
upland clay deposits appear to be of different ages. Some are overlain by
compact, fine-grained, jointed, iron-stained till, interpreted as lower till
(fig. 5); others grade upward into eompact, stony upper till (see discussion,
Stop 6). Certainly, the clay beds in lower till are not the same age as the Berlin
clay.

(e} Lacustrine beds may be a common eomponent of thick till deposits in the
central lowland. They have been deseribed in drumlins in South Windsor
(Colton, 1965) and East Hartford (J. P. Schafer, 1985, written communcation)
and seen by the author in a drumlin at Chicopee, Massachusetts (at Stop 5 in
Larsen, 1982). Proponents of the Middletown readvance in the 1950's may have
believed that the ocecurrence of clay beds in till was unique to central
Connecticut and that it therefore called for a special explanation. This no
longer seems to be the case.

(d) The Coginchaug valley deposits contain interbedded flowtill, which has
been seen in recent exposures (now slumped). Flowtill is probably what Deane
(1953) interpreted as basal till in these deposits (par. 23). The origin and
significance of flowtill may not have been recognized generally at the time
(Hartshorn, 1958). In one of Deane's unpublished photographs (XX-24; see
collection reference in the Introduction), erudely stratified, gravelly till can be
seen to overlie faulted and overturned beds of sand. The composition and
bedding suggest that this is flow till. The faet that this pit was located in an
isolated, high kame (fig. 3) indicates that these sediments probably were
deposited in an ice hole where the deposition of remobilized till was likely
(Hartshorn, 1958). In at least one location, the Coginchaug valley deposits are
overlain by eolluvium composed of till that moved downslope from an adjacent
drumlin (J. H. Hartshorn, 1958, unpublished field review of "Surficial Geology of
the Middletown Quadrangle, Conn.,” by R. E. Deane, 1953). The two tills seen
by Deane in the Hartford South and Middletown quadrangles were probably
different lithologic or genetic facies of the upper till of Connecticut, which was
not deseribed systematically until 1968 (Pessl and Schafer, 1968).
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(e) Zone A of the Durham pollen sequence no longer is interpreted as a record
of late-glacial climatic fluetuations. The decline in hardwood tree pollen per-
centages in the upper part of Zone A is thought instead to refleet dilution by
sharply increasing numbers of conifer pollen (Davis, 1967). Pollen sequences
from New England now are interpreted as a record of continuous climatie
warming through Zone B.
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FIELD TRIP

. Assémbly Point: Coginéhaug Regional High School, Durham, just south of
the junction of Conn. Rtes. 68 and 17 (fig. 6). Time: 8:30 a.m.

From New Haven, take [-91 north to the Rte. 68 exit (in Wallingford).
Folilow Rte. 68 east to Durham. En route, enter the Middletown basin at Reed
Gap (site of a large traprock quarry). Approximately 2.4 mi east of the gap,
cross the Coginchaug River, the principal north-flowing stream of the
Middletown basin. The lowlands north and south of the road are the Durham
Meadows, lake-bottom plain of glacial Lake Coginchaug, the first major late-
glacial lake that opened in the Middletown basin. From the river, travel 0.5 mi
to the junetion with Rte. 17; turn right.. The High School is just south of the
junetion, on the left (east) side of the road.

We will leave extra ears in the High School parking lot. Food, gas, and rest
rooms are located nearby along Rte. 17 (between Rtes. 147 to the north and 79
to the south). No speecial lunch stop is planned. A field-trip itinerary will be
handed out at the assembly point. Stops are located in the Durham, Middletown,
and Middle Haddam quadrangles (U.S. Geological Survey, scale 1:24,000, contour
interval 10 ft). The general location of each stop is given in terms of quadrangle
"ninths." These are formed by 2-1/2 minute intervals of latitude and longitude
that divide each quadrangle into nine equal areas.

STOP 1. Strickland Farm pit, Town of Middlefield, Durham gquadrangle
(NC 9th). Access to pit is via unnamed industrial park road not on topo. (topo-
graphic map) E. of Cherry Hill Rd. (unnamed on topo.) 0.33 mi N. of the junction
with Middlefield Rd. (Conn. Rte. 147). Follow industrial park road 0.25 mi to
interseetion with unnamed road on left; take this road N. 0.2 mi to pit (owned by
Town of Middlefield). .

This pit exposes delta foreset beds at the top of a "kame" at the north-end.

of Durham Meadows (figs. 1 and 2). The Meadows are a lake-bottom plain
(Simpson, 1968) near the south end of the Middletown basin. The lowest outlet
from this basin, south of the Meadows, is the 275-ft gap at the head of the
Coginchaug River. The altitude of this spillway projects to a level of 301 {t at
the kame, which itself reaches 315 ft. This projection gives a minimum estimate
for the altitude of the lake plane at this location; a column of water in the
spillway probably raised the level a few feet. Muech of this delta thus stends
slightly below the level of this lake, which is ealled the Durham stage of glacial
Lake Coginchaug (par. 4).

Only foreset beds have been exposed in this 10 to 12-ft deep, horseshoe-
shaped cut. The foreset beds interseet the 305-ft land surface, which has been
graded to a depth of 0.5-1.0 ft. Thin topsets may have been removed, but it
appears that they did not overlie this part of the delta, indicating that this was
the distal, submerged part. Foreset beds dip west to southwest at 9 to 36
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degrees. The degree of dip incereases toward the eenter of the kame. Along the
northwest wall of the pit, the upper foresets can be traced into bottomset beds,
which are overlain conformably by tabular cosets of cross-bedded fine pebble
gravel., No faulis have been exposed in this cut, indicating that the delta had a
free front at this location, and hence probably graded to an open lake {rather
than an ice-hole pond). North of this pit, the surface and flanks of this landform
have hummocky topography, indicating that it formed in contact with ice. The
significance of this ice-contact slope with respect to the stages of glacial Lake
Coginchaug is discussed in paragraph 5.

STOP 2. Stowe 8t. pit, Town of Middlefield, Middletown quadrangle (SW-
SC 9ths). Enter via "Private Drive" on N. side of Stowe St. (unnamed on topo.),
0.05 mi W. of intersection with Conn. Rte. 1537 (Main St.). Owned by Town of
Middiefield. '

The sedimentary facies exposed in this pit are eommon throughout deposits
of the Middletown stage of glacial Lake Coginchaug {par. B). In this pit, two euts
expose pervasively faulted beds near the base and top of a small kame terrace.
In the lower cut, beds of plane-laminated sand and massive, matrix-supported
gravel sre oversteepened by closely spaced normal faults. In the upper eut, beds
of sand are digplaced by normal step faults that extend fo the top of the section
(at approximately 255 ft). At different loeations, the upper pit face has shown
trough and tabular cosets of e¢ross-bedded sand, cut locally by arcuate erosional
scours; and interbedded massive sand and climbing ripple sequences. The dip
direction of beds is generally south-southwest.

Together, these sections suggest a fining-upward sequence of f{luvial
deposits lald down on a mass of stagnant ice. Melting apparently tovk place
during and after deposition. Facies at the base of the terrace are more
"proximal® (coarse grained, poorly sorted) than beds above. This normally would
be interpreted as a subaerial, regressive outwash sequence deposited as the ice
margin retreated from this location; however, in this north-draining valley, it
ean be inferred that these sediments were deposited in a lacustrine setting
(par. 1). Inasmuch as they lack large-scale foresets, they do not appear to have
formed as a delta graded to the lake plane. They may have been deposited as
subaerial outwash upon a mass of stagnant ice (that propped it above the surface
of the lake), or as subaqueous outwash (Rust and Romanelli, 1975), or both.
Correspondingly, the upward change in facies may reflect & change in source
from the submerged, grounded base to the ice margin, initially, to supraglacial
streams. ‘

STOP 3. dJoseph L. Carta property, 274 Bartholomew Rd., City of Middletown,
Middle Haddam quadrangle (CW 9th).: Enter property via dirt road on E. side of
Bartholomew Rd., 0.25 mi N. of Reservoir Rd. (unnamed on topo.), or 0.5 mi. 8.
of Bow Ln. Follow dirt road E. past shed to fence surrounding gullies.

These two gullies are incised in thiek till deposits down slope from a
spillway for the Middletown stage of glacial Lake Coginchaug (fig. 2). The
gullies form branching, meandering channels, generally 20 ft deep. Mo streams
enter these gullies, and the trickle of water that flows through them presumably
is fed by springs at their heads {(which are covered with cut brush). The loeation
of such underfit channels at the base of a spillway suggests that they were
carved by melt water flowing downhill from this spillway to the Connecticut
River, the lowest outlet from the Middletown basin. At the time when this
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spillway was used, the ice margin must have abutted the landscape at or above
its level; otherwise melt water would have escaped through a lower spillway
{par. 1, 6, 7). These gullies originate below this level, indicating that melt water
flowed beneath the ice. Farther downhill, these gullies join a larger ravine along
Reservoir Brook, which flows north to the Connecticut River. Many other dry
channels exist on slopes between the spillways for glacial Lake Coginchaug and
the Connecticut River. It thus appears that subglacial drainage took place in
this area throughout the Middletown stage of glacial Lake Coginchaug.

STOP 4. Roadside Parks pit, City of Middletown, Middle Haddam quadrangle
(CW 9th). Pit is on S. side of River Rd., 0.7 mi E. of Silvermine Rd. Dirt road to
pit is marked "State Property, No Trespassing."

Three major units have been exposed in discontinuous fresh cuts along the
southern two-thirds of this north-northwest trending cut:

upper sand and gravel unit (2 to 6 ft thick): beds of medium to fine pebble gravel
and medium to coarse sand in trough and tabular cosets; and/or medium to
very coarse sand with fine pebble gravel, in massive to crudely stratified
beds with many reactivation surfaces.

--——conformable and erosional contacts--—

middle fine sand unit (4 to 7 ft thiek): interbedded massive very fine sand,
plane-laminated medium to fine sand, and sinusoidal beds of fine to very
fine sand. Some beds are intrastratally deformed into anticlines and
synelines as much as 3 ft high. Axes of folds and sinusoidal ripples are
vertieal or slightly inclined to southeast and northwest.

——conformable contaet-——

lower sand unit (3 to 6 ft exposed above slump at base of section): variable fine
to very coarse sand, granular gravel, and fine pebble gravel; in massive,
planar, and graded beds, which occur in alternating coarse-fine sequences,
with parallel contacts.

The origin of these deposits is uncertain. ‘They are located at the mouth of

a melt-water channel, as well as at the margin of glacial Lake Middletown
(par. 12}). Their interpretation as an north-building fan or delta (into glacial Lake
Middletown or a tunnel beneath stagnant ice) or as a south-building ice-contact
deposit awaits determination of the overall current direetionsin these deposits
(which have not been obvious in sections). Information leading to an environ-
mental and chronological interpretation will be sought at this stop.

STOP 5. White rocks "lower till" loeality, River Rd., City of Middletown, Middle
Haddam quadrangle (CW 9th). Road cut is on 8. side of River Rd., 1.5 mi E. of
Silvermine Rd. {and Town Farms Inn). Road cut is just past White RocKs quarry,
on E. side of powerline crossing. Parking is very dangerous; shoulder is narrow
and soft. :

This is one of few well-exposed, lower till localities in Connecticut. The
physical appearance of this till should be compared with that at Stop 6.
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The lower till of Connecticut is a widespread but discontinuous subsurface
unit (Stone and others, 1982). It is found primarily in drumling and other thick
till areas, and in pockets between bedroek knobs., 1t less commonly occurs as a
thin plaster on valley walls—in this case, on the wall of the Straits of the

‘Connecticut River (fig. 2).

The "red" facies of lower till is exposed in this 6- to 7-ft section, which is

© loeated 1.0 mi E. of the Eastern Border Fault. The out is kept clean by a

waterfall. The till is very compact, and the water has seculpted potholes and
pinnacles into the outerop. The color of the matrix, dark reddish brown,
indieates that this till was derived from red beds of the Central Lowland, west of
the fault. It is composed chiefly of very fine sand, with a 3 to 5% concentration
of mostly erystalline clasts. Slabs of till can be pried loose along black~stained,
subhorizontal joints. These also are exposed in the bed of the stream at the top .
of the section. The presence of these iron-oxide stained joints indicates that this
is lower till {(Pessl and Schafer, 1968). These joints are thought to represent the
base of a deep weathering profile, truncated by glacial erosion during lLate-
Wiseonsinan time.

STOP 6. 8. G. Marino Crane Service cut, Mill 8t., City of Middletown,
Middletown quarangle (CE 9th). Mill St. runs between Ridge Rd. and the rotary
on Conn. Rte. 17 (S. Main St.) at the entrance to the Conn. Rte. 9 connector.
Marino's driveway is on the 8. side of Mill St., 0.3 mi SE. of the rotary. Park
at the NW. end of the parking lot and walk down driveway behind the building to
the west and south cuts. The north cut is on Mill St.

This loeality is an example of interbedded till and laminated fine-grained
sediments. Laminites are fairly common in drumlins and upland till deposits in
the central lowland. Six localities have been reported in the Middletown quad-
rangle (fig. 5), and more subsurface "varved clay" deposits are indicated by
borings. Large deposits of subsurface ¢lay have been mapped to the north in the
New Britain and Hartford South quadrangles (S8impson, 1959; Deane, 1967).

The Marino locality features a body of laminites between two tills. The
underlying till has been exposed along the base of the west wall, but at present is
covered by landslide deposits and a retaining wall, This till is fine-grained and
compact, with a relatively small percentage of eclasts (chiefly subangular
pebbles, cobbles, and boulders). The matrix contains sand lenses and streaks of
silt and clay that may be deformed laminae. It is overlain uneonformably by
laminites, which are exposed diseontinuously along the west and south walls. The
loeations of fresh sections change frequently as a result of rotational
landslides. The laminites are composed chiefly of sand, silt, and clay. Two
facies have been identifieds a pebbly facies, with interbedded diamiet, graded
coarse sand tc clay, and laminated very fine sand to clay, in apparently
arhythmic sequences {pebbles are concentrated in the diamict beds but also
pepper the other beds); and a nonpebbly facies, composed of mainly thin, well-
sorted, apparently rhythmic laminations, with 1- to 2-ft thiek intervals of
contorted bedding. These two facies grade vertically and laterally into one
another, but details of their relationships have not been established. Near the
top of the south wall, pebbly laminites grade upward into thick, sandy couplets.
The coarse members consist of non-compacet, massive, poorly sorted sand with
pebbles and some streaky laminations. These beds are 2 to 5 ft thick. The fine
memberg consist of miero-laminated very fine sand, silt, and clay. These beds
are 1 to 2 in thiek, with sharp basal contacts and gradational upper contacts. At
the top of the south wall, the stony sand is overlain by a moderately compact,
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massive, stony sand with rounded pebbles and cobbles. Their long axes dip down
to the west-southwest. The two units interpenetrate along the contact. The
overlying till is exposed in the north wall on Mill St. It is compaet, sandy, and
stony, with a relatively large percentage of rounded pebbles and cobbles. It
interpenetrates the laminites along faults and folds. Detached and rotated slabs
of laminites appear to have been interthrust from the northwest with till. One
large slab dips 12 to 25° to the north-northwest.

Evidently, an ice sheet overrode the deposits of a glacial lake at this
location. The event was probably late Wisconsinan, inasmuch as the overlying
till in the north cut appears to be a basal facies of upper till {ef. lower till, Stop
5). The laminites were deposited in an ice-contact lake. This is indicated by the
abundance of stones and diamiet beds within them. This lake may have been pro-
or subglacial, or beneath an ice shelf; and the lake itself may have existed prior
to the last glaciation. A more detailed interpretation must be based on a
systematic study of lithofacies and eontacts and ecomparison with developing
models for "glaciogenie subaquatic deposits" (Gravenor and others, 1984).

STOPS 7a and 7b. Michael Kane Brick Co. pits, Conn. Rte. 72 (Newfield St.),
City of Middletown, Middletown quadrangle (CC 9th). Gravel driveway to Kane
is on E. side of Rte. 72, 0.8 mi N. of Westfield St. Driveway {through trees) is
marked by small sign attached.to tree.

These pits expose the Berlin clay (par. 13, 21, 22, 25, 26, 27), which is more
than 50 ft thick beneath the Kane property. The Berlin clay is the lake-bottom
unit of glacial L.ake Middletown (par. 9, 10, 12, 15, 16, 20). Here at Middletown,
the lake-bottom surface reaches a maximum altitude of 35 ft. Where the
original surface is intact, it is riddled with small depressions (swamps). Around
clay pits, the original surface has been obliterated by mining and by dumping of
dredge spoil {and tons of discarded brieks). The mining of clay is preceded by the
stripping of sediments on top of it; thus, even in active eclay pits, exposures of
the original land surface are rare. In recent years, three such exposures have
been observed at Kane. One was described in the 1982 NEIGC Guidebook (Stone
and others, 1982, Stop 5). That section is still accessible, as is the one at
Stop Ta. Stop 7b now is buried, but is described because similar features may be
exposed in future exeavations at Kane.

STOP 7a. Take the dirt road at the N. end of the kiln buildings to the working
pit. This road runs E. to the railroad tracks, then turns N. toward the pit. Park
near the pit and walk to the abandoned pit to the north. Cuts a and b are in the
northwest corner of this pit.

This section is similar to the one in the southeast corner of the active clay
pit (Stone and others, 1982, Stop 5). At both localities, the erosional uncon-
formities are interpreted as stream channel scours and the overlying sediments
as fluvial deposits. These consist mainly of massive to crudely bedded, poorly
sorted sand, with scattered pebbles, varved clay fragments, and rotated clasts of
poorly sorted sand. These deposits resemble some deseriptions of the alleged
ntjll equivalent" (par. 22), but the presence of traceable laminations indicates
that they are water-laid sediments. These streaky, weakly contorted, disrupted
laminations appear to have foundered during deposition, probably as a result of
loading. The foundering of pebble gravel beds may have caused their dispersal in
the poorly sorted sand. The included varve fragments and rotated clasts of sand
appear to have been eroded from stream banks (as in fig. 7, cut a).
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These stream deposits become thicker, better stratified, and better sorted
from northwest to southeast across the Kane property. In this direction, the
surface altitude of the Berlin clay decreases from approximately 30 ft (at this
stop), to approximately 19 ft in the southeast corner of the active pit, to 8 ft at
the southeast end of the property. At this end, a 10-ft unit of trough and tabular
eross-bedded pebbly sand was stripped from the top of the clay in 1979. The
orientation of trough axes and sand-wave foresets was generally S.65-70CE.
Based on this information, the materials above unconformities "9" and "2" in
cuts a and b, respectively, are interpreted as the feather edge of stream terrace
deposits on the floor of glacial Lake Middletown.

STOP 7b. The bulky waste landfill is located in the southwest corner of the Kene

property, bounded on the W. by Rte. 72 and on the S. by a powerline. Access to

the section was via a small shopping center parking lot on the south side of the
powerline. ‘

This important locality was exposed in the fall of 1982, as an old clay pit
was prepared for a bulky waste landfill. The south well of the pit was excavated
to make a straight, vertical boundary for the landfill. This excavation
encountered the original surface of the Berlin clay. The beds were contorted and
faulted end were covered at one location by a patch of compact diamiet. This

_clit was different from the other two localities at Kane, in that it lacked a -

stream terrace unit (to account for the deformation and diamiet), and it more
closely matched descriptions of "till equivalent" {(par. 22}, Moreover, it provided
a relatively long, continuous exposure in which the style of deformation could be
examined (par. 26).

The section measured 172 ft long by 5 to 8.5 ft high and faced northeast.
A swamp was exposed in cross section at the west end of the cut. It had been
filled with 3 ft of dirt spoil, which overlay a black, organie-rich layer, approxi-
mately 0.8 ft thick. This layer rested on a zone of contorted silt-cley laminae,

approximately 2.5 ft thick, that had been churned by roots. Below this zone,.

laminations were contorted but.traceable across the face. They were deformed
chiefly by diversely oriented high- and low-angle normal and reverse faults with
measureable slip surfaces of several inches and net displacements of 0.125 to 0.5
in. This section was cut by intersecting subvertical joints, along which black
stains extended from the organic layer to the base of the cut.

Southeast of the swamp, the section consisted of chiefly fine sand laminae
that were deformed into horsts and grabens (figs. 8 and 9).. These structures
were produced by many smell-seale faults (figs. 10, 11, 12, 13); boudinage

structures also were  observed. Displacement patterns and directions were -

diverse and corresponded mostly to local movement of material downslope into
grabens. The degree of deformation increased from the base to the top of the
section.

In one graben, the uppermost laminae were deformed intensely into flame-

like structures along closely spaced thrust faults (figs. 14 and 15). Along these-
faults, the deformed laminae intertongued with an irregularly shaped body of

very compact, stony clay that occupied the center of the trough. This body
measured 11.5 ft wide by a maximum of 4.0 ft thick. The clay was mottled with
lighter streaks that appeared to be deformed laminations. The degree of
interpenetration decreased from east to west along the base of the clay, and the
western contact was a high-angle normal fault plane (just to the right of fig. 8).
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FIGURE 8.--Center part of section at Stop 7b. Numbered intervals are
meters. View to $.30°W.
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FIGURE 9.--Selected major features in Figure 8 (Stop 7b) and index to Figures
10«15, Units: a-microfaulted beds, traceable across sectlon; b-contorted
beds, sedimentary structures destroyed; c-diamict pod: cg-aompact silt and
sand with fine pebbles; c,-relatively stone-free, streaky silt and clay
{deformed laminations?). Sediments of unit b may have slid along the
surface of unit a. Unlt ¢ may have alid into a lake-bottom depreasion at
the same time as unit b, causing them to interpenetrate along faults.
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FIGURE 10.--Deformation of fine sand laminae at crest of horat (see location,
Figure 9). On left, horst is bounded by a low-angle normal fault with
antithetic reverse faluts. Net displacement 1s extensional to left.

FIGURE 11.--Transition from horst to graben (see location, Figure 9). Light-
colored bed is down-dropped to right by a series of step faults.
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FIGURE 12.--Detail of small-scale graben (see location, Flgure 9}, Down-
dropped, rotated bleck is bounded by a azet of subvertical normal faults on
right and by listric normal faults on lower left. Rotation of block 1s
indicated by reverse fault on upper left.

FIGURE 13.--Synthetic normal faults caused by extension and rotation to left
{see location, Figure 9}.
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FIGURE 1H.--Contact between intensely deformed, fine-sand laminae and diamiot
in graben (see loeation, Figure 9). The two units interpenstrate along
parallel thrusgt faults.

_FIGURE 15.--Detail of contact in Figure 13 (see location, Figure 9).
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Two episodes of deformation are discernible in this cut: one that affected
all the laminae in the surface zone of the lake bed and one that affected just the
sediments around the pebbly elay mass. Throughout the surface zone, laminae
are cut by small-seale normal and reverse faults with diverse orientations, but

- with material transport into loeal depressions. This redistribution of sediments

apparently was caused by horst and graben faulting, which most likely resulted
from differential compaction of lake-bottom sediments overlying an irregular
surface. In the active clay pit, beds are broadly warped and subvertically faulted
at a depth of 20 ft. The numerous small swamps on the surface may indicate
local subsidence. It thus appears that the Berlin clay at Middletown was
aflected at least locally by differential compaction. An alternative or additional
cause of local deformation may have been mining activitiess vibration, exca-
vation, loading in proximity, and lowering of the water table all are known to
-cause the lateral yield of saturated clay toward the face of an excavation, as the
bottom of the face heaves toward the cut, and the overlying clay settles
(Terzhagi and Peck, 1948, p. 515-518:; p. 527). The dumping of spoil on the
surface {as in the bog at the west end of this eut) may have eaused the peripheral
deposits fo bulge "isostatieally.”

The pebbly clay appears to have been embedded in the lake-bottom surface
by movement from northwest to southeast. It may be a pod of iceberg till
(Ovenshine, 1870) that slid into a loeal depression; or it may be a redeposited
mass of lake-bottom sediments (perhaps dislodged by a grounding iceberg) that
likewise slid downslope.

STOP B, New Pond pit, Shadow Ln., Town of Cromwell, Middletown quadrangle
{NE 9th). Shadow Ln. is on the E. side of Conn. Rte. 99, 1.75 mi N. of West St.
(at the center of Cromwell). New Pond is approximately 0.5 mi down the lane.
Road to pit erosses the dam at the 5. end of New Pond,

This pit is located in the Rocky Hill dam deposits (par. 14, 15, 19, 20). The
altitude of the surface here is 135 ft, and the surveyed altitude of the topset-
foreset contact is 125 ft. The topset beds are composed of trough eross-bedded
sand and pebbly sand, approximately 10 ft thick. They fine downward toward the
foreset contaet. The foreset beds are composed of chiefly sand and are 30 to
40 ft thick. The beds dip generally 20° toward S.20°W., which is also the
orientation of the tongue-shaped body in which this pit is located. This landform
is interpreted as a distributary lobe that prograded southwest into glacial Lake
Middletown (par. 15). There is a sharp textural break between the foresets and
the gently dipping bottomsets, which are composed chiefly of very fine sand and -
silt in planar laminations, magssive beds, and climbing ripple sequences. These
bottomset deposits are &8 much as 86 ft thick and fine downward to clay (Ryder
and Weiss, 1971). Inasmuch as the bottomsets are relatively thick here and the
topsets relatively fine-grained, this location is inferred to have been "distal"
with respeet to the source of this delta {ice line 3, fig. 2). By the time the delta
front reached this location, the lake bottom surface had been raised from ~21 ft
{or lower) to +85 ft in altitude. '

STOP 9. Riverdale pit, Conn. Rte. 66, Town of Portland, Middle Haddam
quadrangie (CW-CC 9ths). Entrance to pit is 8. of Rte. 66, 1.85 mi E. of junetion
with Conn. Rte. 17. Pit is owned by Joe Seiferman, proprietor of the Riverdale
Motel (just W. of pit).
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This pit is in glaelal stratified deposits at the mouth of the buried former
- ehannel of the Conhnecticut River {fig. 1). The depth to bedrock here is more
than 150 ft (Bingham and others, 1975), and these glacial stratified deposits may
be more than 290 ft thick, The upper 25 to 30 ft are exposed in two cuts. The
upper cut is oriented N.20°W, and exposes 15-18 ft of horizontally bedded, imbri-
-¢ate boulder-cobble gravel, fining downward to cobble-pebble gravel and sand.
Clasts in the upper beds dip genermlly to the north-northwest. Some channels
- and bars are indicated in the lower gravel by troughs filled with graded cobble-
pebble to pebble gravel and by wedges of sand in high-angle eross beds, overlain
by plane-laminated sand. The lower cut, in the floor of the upper cut; exposes
10 ft of plane-bedded and trough cross-bedded sand on bedding planes that dip
south-southeast. These appear to be delta foresets, and the tepset—foreset
contact, a8 measured in the floor of the upper cut, is 121 ft. _

STOP 10. Hubert E. Butler Co. pit, Conn. Rte. 66, Town of Portland, Middle
Haddam quadrangle {CW 8th). (Property owned by the Middletown YMCA and
leased to the Butler Co.) Pit can be reached via the driveway to YMCA Camp
Ingersoll Phelps, located on the N, side of Rte. 66, 0.45 mi E. of the junetion
with Conn. Rte. 17. Driveway is opposite the E. end of the median on Rte. 66.
Permission to enter must be obtained from either the Bzztler Co. or the "Y." This
pit is dangerous; stay away from the walls.

This pit is located in kettled melt—water éeposits that fill the preglacial
- channel of the Connecticut River (fig. 1}, Along the thalweg of this channel,
deposits are more than 276 ft thick {Bingham and others, 1875). They comprise
numerous small, ice-contact deltas graded to irregular lekes that formed be~
tween the ice margin, other deltas, and masses of stagnant ice. At the site of
this pit, a delta prograded west-northwest into a lske at the north end of Jobs
Pond (fig. 2), which was the site of a huge ice block. Stream flow was deflected
"west by this ice block and by the slightly older delta to the south. This is
indicated by features seen in the pit: collapsed beds in the north and south
flanks of this landform, topset gravels that appear to fine from east to west
across the pit, and foreset beds that appear to dip west-northwest. The topset-
foreset contact stands 10 to 12 ft below the land surfate, which reaches 175 to
185 ft. The agltitude of the contact is thus between 183 and 175 ft. This is at
least 18 ft higher than in subsequent deltas {to the north) that graded to glacial
Lake Middletown {par. 10). The elevated contact in this pit indicates that when
this delta was deposited, melt water was foreed to flow south aeross deposits
between Jobs Pond and Riverdale, which have surface altitudes of 145 to 175 ft.

The topset beds in this pit are composed of boulder-cobble to pebble gravel

and pebbly sand. Textures fine downward and bedding correspondingly changes - '

from crudely horizontal at the top to cross-stratified below, in bar and channel
deposits. The foreset beds are composed of pebble gravel and pebbly sand &t the
contaet, fining downward to sand and fine pebble gravel. In a separate, 10-ft cut
in the floor of this pit, the foresets have composite bedding, where trough and
tabular subsets migrated down the foreset slope.

STOP 11. Sage Hollow Rd. pit, Town of Portland, Middle Haddam qu&drangle
INE 9th]. Sage Hollow Rd. runs E. from the junction of Conn. Rtes. 17 and 17A
at Fogelmarks Corners. Gravel road to pit is 0.13 mi E. of this junetion, on the
S. side of Sage Hollow Rd. Pit is owned by the Town of Portland.
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This pit exposes uncollapsed deltaic bedding in the flanks of a "kame
terrace" on the east wall of the Connecticut River channel, The upper cut
exposes approximately 11 ft of interbedded pebble gravel (in crudely horizontal
beds and cross beds) and sand (in tabular cosets with high- and low-angle cross
beds). The lowm* cut exposes at least 20 ft of plane-bedded sand in foresets that
dip generally 35° west-southwest. The estimated altitude of the topset-foreset
contact is 144 ft. The narrow terraces in Portland connect deposits of the Rocky
Hill dam in South Glastonbury with deposits in the buried channel at Portlend.
They previocusly were believed to be fluvial kame terraces deposited alongside a
mass of stagnant ice that filled the Connecticut River channel between Wangunk
Meﬁgows, Gildersleeve,  and North Cromwell (Flint, 1953; Deane, 1953; see
locdlions on' base map, fig. 6). The absence of similar, connecting deposits
across the river at Middietown prompted the inference that the channel at
Middletown was completely blocked by this ice mass, which forced melt water to
flow through the ancestral channel at Portland.

Thisg plt shows that the terrace flanks are locally non-ice-contact and that
they formed. in places as free delta fronts. Each terrace may comprise several
wedge-shaped deltas that prograded southwest along the ice margin into open
water. In the case of this particular delta, a northeast-southwest ice margin is
indicated by the trend of the terrace edge north of the pit and by cuts in this
edge that show surface textures coarsening toward the northeast.

.. Deltaic bedding has been exposed throughout the narrow kame terraces in
Portland. Adjusted for rebound (par. 2), the altitudes of topset-forest contacts
show. that these deltas graded to progressively lower water planes during their
sequential emplacement (fig. 4). For this reason, they are interpreted as the
de;)gosxts of one gradually lowermg lake, glacial Lake Middletown {par. 10, 12, 19,
20
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The sedimentology, etratigraphy, and paleontology of
the Lower Jurasglc Portland Formation, Hartford Basin,
central Connaecticut

Peter M. LeTourneau and WNicholas G. MclDonald
Dept. of Earth and Environmental Sclences
Wesleyan Unlversity, Middietown, CT.

"It I3 too generally a habit to think that while
extraordinary examples of geologiecal structure
may be found in remote parts of the world they
are not to be looked for at home, whare
familiarity with the hills and valleys brings
them to be regavded as commonplace."

~ W.M. Davils, 1898, p. 25.

PART I.

Geologic Setting

In the Middle and Late Triassic, reglonal extenslounal stress
assoclated with the inclplent rifting of the North American and
African plates created a series of half-graben and graben {(the
Newark Supergroup) along the eastern margin of the Appalachian
orogen from Nova Scotla to South Carolina (Froelich and Olsen,
1984). The Hartford Bagin, in central Connecticut and
south-central Magsachusetts, is approximately 140 km long and up
to 30 km wide {(¥Fig. 1). Bagin subsidence began In mid-Norian
and was primarily controlled by large, west-dipping, north-south-
trending listric normal faults developed on the flanks of mantled
gnelss domes of Devonlan age (0Olgen and others, 1982; Wise and
Robinson, 1982). The greatest subsidence occurred on master
faults located along the eastern sdge of the basin. The western
margin of the basgin 18 delineated by minor normal faults,
monoclinal flexures, and angular unconformities. Deposition In
the resulting asymmetric trough was penecontemporaneous with
subaidence, and for at least 25 milllon years the basin was
filled with sedimeat derived primarily from the metamorphic and
igneous terranes of the highlands to the east. Due to
post~Juragsic upllift and erosion, the orlginal exteat and volume
of the deposits in the Hartford Basin cananot be determined. As
mach as 7.5 km of Newark strata may remaln In the north-central
part of the basin (Burger and Ataman, 1984).
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Figure 1. A simplified geologic map of the
Hartford Basin.

Underlying magma sources were tapped intermittently during
the infilling of the basin. Recently ldentiflied feeder dikes may
have been the condults through which tholeiitlic lavas were
extruded on to the baslia floor during three separate Intetrvals in
the earlieat Jurassic (Martello and others, 1984; Philpotts,
1985). The stratigraphy of the Hartford Basin consists of four
sedimentary formatlons delineated by three interbedded,
laterally-continuous basalt flow units (Table 1). This
relatively simple stratigraphy is locally complicated by block
faults, folds, and a lack of distinctive marker beds in the
sedimentary rocks. All wnlts in the Bartford Basln dip generally
to the east and progressively younger rocks are exposed in a
traverge from west to east across the basin.
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Stratigraphic Divisions Estimated Thickness
Portland Formation 450 - >2000m
Hampden Basalt 60 -~ 100m
East Berlin Formation 170m
Holyoke Basalt 100 ~ 150m
Shuttle Meadow Formation 100m

J Talcott Basalt 65m

Ty New Haven Formatlon >2200m

Table 1.

Data from Cornet (1977); Hubert and others {1978),
Olsen and others (1982).

The sedimentary rocks of the basin have been dated and
correlated with the standard European stages by palynofleoral
comparisons supplemented by megafossil plant and vertebrate
evidence (Cornet and others, 1973; Cornet and Traverse, 1975;
Cornet, 1977: Olsen and others, 1982). Deposition of Portland
gediments began in the late Hettangian and continued through the
Toarcian, a span of at least 15 million years {Cornet and
Traverse, 1975; Palmer, 1983). The Portland Formation contains
the youngest rocks In the Hartford Basin and the uppermost
Portland strata are the youngest of all Newark Supergroup
deposits {Olsen and others, 1982).

The Portland Formation is exposed in a belt that widens from
1/3 to fully 2/3 of the width of the basin from central
- Connecticut north to the Holyoke Range in Massachusetts; the
Formation is largely faulted out in southern Connecticut. The
Portland varles in thickness and ranges from as little as 450 m
in southern Connecticut to perhaps as much as 4000 m in southeen
Magsachusetts {Cornet, 1977).

The Portland Formation was named by Krynlue {1950) for the
spectacular exposures of medium to coarse sandstone in the old
quarries at Portland, Connecticut, but these red~brown, planar—
and cross—stratified sandstones comprise no more than half of the
Formation as a whole. Extrewe lateral and vertical varlations
are characteristic of the Portland and the rocks become
progressively finer~grained from east to west across the basin.
The coarsest rocks, including polymictic boulder and cobble
conglomerate and pebbly sandstone, are found along the eastern
wmargin of the basin. As much as 307 of the Formation consists of
red, red-brown, grey, and black siltstone and shale (Krynine,
1950}, primarily 1n the central and western portions of the
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outcrop area. Asymmetrical and symmetrical dark shale cyeles,
gimilar to those described from the Fast Berlin Formation {Hubert
and others, 1976) are common in the lower half of the Portland.
Thegse dark shale units are of paleontological luwportance and may
prove to be of economlc value as hydrocarhon source beds.

During the long interval of Portland sedimentation, southern
New England was situated in the sub-tropics, 15° 20° north of
the paleoequator {Olaen, 1984}. The lateral and vertical
distriburion and varilable character of the rocks and fossils of
the Portland Formation suggest that the Early Jurassic climate
was seaspnal and characterized by varied-length coscillations
between humid and seml—arid conditions (Hubert and others, 1982;
Thomson, 1983). Perennlal and ephemeral streams flowed generally
wegstward across the eastern and central parts of the basin.
Along the sastern margin, alluvial fan complexes were deposited
against active fault escarpments. The bagin floor contained
braided and meandering stream channels and broad, fine-grained
floodplaina. TDuring dry Intervals, the basin floor was occupled
by ephemeral lakes and playas. However, at times of increased
rainfall, large, perennial, stratifled lakes became established
in the basin and encroached on the eastern margin to form
transgressive deposlitional sequences over the distal portions of
alluvial fans. Several lacustrine shoreline deposits have been
recognized within 0.75 km of the basin wargin 1n central
Connectlcut. :

Yacles and Facles Distribution

The sedimentary rocks can be divided into four general
facies and elght numbered sub~facies that define distinct
depositional sequences. The facles divisions are based primarily
on grain size, e.g., maximum clast size In the conglomerate
units, or sandstone/siltstone ratios in the fine-grained units.
Dilagnostic fosslls also asslst in the recognition of facfes,
particularly 1in the flpe-grained units. Facies arve mappable
units at a 1:24,000 scale. Sub-facles divisions are based on
sedImentary structures, graln size, sorting, color, nature of
bedding and stratification, and other characteristics. A summary
table of facles and sub-facles defined within the Portland
Formation follows. The colors of the rocks are varlous shades of
red, red-brown, or brown unless otherwise specified.
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T BEPOSITIONAL
FACLES [FACLES | DESCRIFELION PIAGHOSTIC FOSSILS ENVIRGRMENT
rakrix-supported, poorly=i .
1 isorted boulder and R/ debris flow upper
cobble conglomerste to
aid
Congla~ poorly—stratified, elast- shallow Allavial | Fan
merate 2 Jaupported coaplowmerate HiA ratded stream|] Fan
and pehbly saudetone fephemoral)
croags-gtretified =oarvee reptile bratded stfean wid €0
3 feonplomerate and hones {powalbly fower
pebbly sandstong persunial) fan
ol enar-tenlaated and scarce Inverte- distal
4 [ripple cross-laminated hiate burkows sheetflow Fan
Sand-- ailty Elne sandstons :
stoneg
planar~ and crogs~ inverrebrate bralded and along the
3 Jstratiflad medlum to burrows, plants, meandaring eAsLern
coarse sandatona with reptiie tracks, arvaam and half of
thin, [aterbedded sestee reptile Floodplaln Basin the basin
siltgtons pones Fioor
thin-bedded slltstose vaptiie tracks, flondplain primarily
5kt~ & {with mudcracks aml iavertebraie treece {with shallew {a the
atong wmedium Lo coarse fosails, ostra« airaam gl ceniral
sandstone lengen and codes, zonchoatra— [erevassse~ porticas
layers cang, plants aplay of the
E sandatons basin
grey, weli-sarted, abundane plants, shallow
7 |vipple cross- watonid metlusks, iwater at or take
laminated reptile tracks, near wave ma g fa
sandstone and conchestracans, hase and and
siltstone estracodes, pollen |ghotveline shorellne
/spores, loverte- Perannial
Tark brate hurrTows Lake
Shals "
dari grey to black abundant Fishes, halnw. wave desp lake
8 jsiltstone and caprolites, base fa goiet, water
finely-faminated conchosllacans, GRYgen- HoT and Lake
shals abundant planis water batlom
Table 2. Summary of Portland Formation facies

and inferred depositional ewvironments.

The distribution of facies In the Portland Formatrion is

ia Figure 2.

All units dip to the east and consequently

both the lateral and vertical distribution of the facles Is

11lus

is limited to the eastern margin of the basin.

trated.

The Conglomerate Facles of the Portland Formation
The Sandstone

Facies of the Portland is generally restricted to the eastern
half of the cutcrop area, but also occurs in a unarrow,
north-gouth~oriented belt overlying the Hampden Basalt,
particolarly in northern Connecticut.
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occuples a broad belt along the central
limited areas along the eastern wmargin.
intercalated with the coarser Sandstone
in central Connecticut, but in northern
Massachusetts, the dark shale unite are
agssociated with the finer Sandstone and

axis of the basin and

The Dark Shale Facles is
and Conglomerate Facles
Connecticut and

almost exclusively
Siltstone Facles.

FACIES

Conglomerate
Sandstone

Siltstone

Dark Shale

Flgure 2. Distribution of Por
the Hartford Basin.
scale and locations

tland facies in
(Dark Shale not to
approximate).



" Alluvial Fan Deposglts: The Basin Margila

"seas0n the very marglin of the valley, we find a coarse
conglomerate in a few places, of quite pecullar
character... The fragments are sometimes several feet in
diameter, and the stratification of the rock is very

obscure."”
~ E. Hitchcock, 1858, p. 11.

The best ekposures of the coarse strata of the Conglomerate
Facles are located along the basin margin in Durham, Middletown,
and Portland, Comnectlcut. Over 700 m of measured section was
compiled at Round Hill (Middletown) and Crow Hill {Portland) to
understand the stratigraphic succession and depositional history
of the coarse-prained units {Fig. 3). Preliminary results of
investigatlions in this detalled study area have been previously
discussed in LeTourneau and Horne (1984), LeTourneau and Smoot
(1985), and LeTourneaun {1985z, 1985b, 1985c¢).

FACIES
DISTRIBUTION

z’
a/&funu red Saction

l‘.“‘q
%

s

Congiomurate

e Couarss
% Sandstome

D Biltstons
’ Bark
SMIQ

Huampden
lﬁmalt

Crow Hill

b

Figure 3. Facies distributfon in the detailed
study area, central Connecticut
(see Fig. 1}).
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The texture, fabric, sedimentary structures, clast—-size

.distributicn, bedding geometry, and sediment dispersal patterns

of the rocks of sub~facles 1 — 4 are characteristic of alluvial

fan deposits.

These coarse-grained sedimentary rocks form wedge~

or prism-ghaped bodies that thin and fine away from the basin

margin {Fig. 3).

A map of the maximum clast-size distribution (Fig. 4a)
demonstrates that the conglomerate grain size decreases rapidly
over a distance of 2 - 3 kn from the basin edge and that the

coarsest ynits outline discrete lobate areas.

The paleocurrent

patterns at Round Hill and Crow Hill (Flg. 4b) radiate out from

the central parts of the conglomerate lobes.

The sediment

dispersal patterns and the composition of the conglomerate clasts
indicate that the source area for the alluvial fan sediments was.

in the Paleozolc crystallines east of the present baslin margin,

MAXIMUM CLAST SIZE
contour interval 10c¢m

PALEOCURRENTS

Figure 4.

(a.) Maximum clast size distribution
and (b.) paleocurrent patterns in
the detalled study area.
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Depoaition on alluvial fans is by stream flow or debris flow
processes which represent end members of a continuum of
increasing flow viscosities beginning with clear water. Fluvial
discharge across an alluvial fan forms shallow, temporary,
braided streams that become more disperse in a down-fan
direction, These braided streams shift back and forth on the fan
surface as gediment accumulates in the stream bed. Very broad,
shallow, essentially unconfined stream flows in the lower reaches
of an alluvial fan are termed sheetflows.

Debrig flows are highly viscous slurrles of unsorted caarse
sediment supported in a fine—grained matrix. Because of the high
matrix strength and the non-turbulent internal flow, very large
boulders and cobbles are commonly rafted on the surface or
carried within the debris flow. Debris flows are the major
process which transports large clasts to the wmid-fan and
lower~fan areas. -

The poorly—-sorted boulder and cobble beds of Sub—facies 1
compare most favorably with descriptions of modern and ancient
debris flow deposits (Nilsen, 1982; Wasson, 1977). Diagnostic
features include: random or chaotic orientation of clasts dn a
mud-rich matrix, concentration of the largest clasts near the -
upper and outer contacts of the deposit, hummocky and irregular -
upper contacts, planar and dilstinct lower contacts, and an
absence of cross—bedding or stratification within the deposit.
These debris flow units form distinct layers or lemses surrounded
by pebbly sandstone and conglomerate of Sub~facies 2.

Sub~facies 2 consists of thin bedded, poorly-stratified
conglomerate and pebbly sandstone in normalwgraded and 1aterally-
discontinuous lenses. These beds are Interpreted as ephemeral
braided stream deposits from the mid-fan area. The predominately
fining~up depositional unlts suggest decelerating flow events
terminating with the deposition of fine sand and silt during the
waning stages of flow. Most of the fine drapes forming the upper
contacts of 1ndividual units have dessication features (mudcracks
and mudcurlsg), which strongly implies that flow events were
punctuated by perlods of non—depoglition and subaerial exposure.
Cross-bedding is generally rare in thls sub~facles. Horlzoutal-
and inclined-planar stratification is the most common Internal
structure in these units. The fine-gralned upper contacts are
planar-lanminated to ripple cross=laminated.

Sub—~facies 3 ig characterized by trough and planar
cross-gtratified conglomerate and pebbly sandstone. Cross=—bed
gets average 0.2 - 0.3 m thick and reach a maximum of 1.5 m.
Imbricate pebbles define the lower contacts and the foresets of
the conglomerate and pebbly sandstome units. Typically, the
upper and lower contacts are discontinuous and the lens-like,
crosg-stratified units interfinger within larger meter-scale
beds. Pebhbles and cobbles are dispersed in the coarse sand and
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granule matrix or rarely oceur ino dilscrete lenses or layers.

" The conglomerate and sandstone units of Sub~facles 3 are
interpreted as deposits of moderately deep, posslbly pereannial,
braided streams. Thls Iaterpretation 18 based on the occurrence
of sedimentary features indicative of persistent stream flow:

-abundant, well-developed, large~scale crosg-stratificatlon,

moderate sorting, the absence of dessication features, and a
fairly uniform style of stratlification and bedding. The lack of
large boulders (such as those found in Sub-facles 1 and 2)
suggests that the stresms were not competent enough to transport
vary large clasts or that debris flows were not assoclated with
this sub~facles. When traced in a basinward direction, this
sub~facies Is laterally adjacent to, and In part correlative
with, the Dark Shale Facies.

Sub-facles 4 1s composed of thin, planar—laminated and
ripple cross—laminated, poorly-sorted, micaceous, silty fine
sandstone. This lithology characteristically contains a high
percentage of carbonate cement and pore fillings. Granule
interbeds are common.

Bub~facles 4 ilncludes the finest-grained alluvial fan
gsedinments which are, in part, transitional between the lower fan
and basin floor depositional environments. These units can be
traced For hundreds of meterg or more and provide
easlliy-identified, laterally~correlative horizons within the
coarse sandstone and conglomerate units. Laterally, this
sub-facies thins and pinches out against coarser units. In a
baginward direction, it thickens and becomes gradational with
thin-bedded siltstone.

The rocks of Sub-facles 4 are sheetflow deposlts formed by
shallow, unconfined flow on sandflats at the distal portions of
alluvial fans. This unit {s typlcally found dovmsection from the
rocks of Sub-facies 1 and 2. Thig relationship is repeated
through the wvertical section at Round Hill; the predominately
coarsening-up depositional sequences delineate successive

progradational alluvial fam cycles. The fine~gralned rocks of

Sub~facies & provide convenlent marker units that define the base
of Individual cycles.

Figure 5 is a palecenvironmental reconstruction of the
detailed study area in central Connecticut ghowing the location
of alluvial fans and a perennial lake (see discussion below) in
ghe Barly Jurassic. Alluvial fan locatlons are based on the
peometry and distribution of the coarse-gralned unlts (Flg. 33},
particularly Sub-facies 1 - 4, discussed above. The maximum
¢last—-size distribution (Filg. 4a) and the radial palevcurrent
patterns at Crow Hill and Round Hill (Fig. 4b) define discrete
alluvial fans along the eastern margin ¢f the basin. The
location of the hypotheslzed lake is based on several
well-exposed lacustrine cycles that are interbedded with the
alluvial fan deposits, for example, at Laurel Brock in Middletown
{Stop 3). ‘
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Figure 5. Paleoenviroomental reconstruction
of the detailed study area during
a period of wmaximum lake expansion.

Braided and Meandering Streams and Floodplains: The Basin Floor

The medium to coarsge sandstone, siltstone, and minor shale
of Sub-facies 5 and 6 dominate the sedimentary section along the
central axis of the Harrford Basin and comprise well over half of
the Portland Formatlon as a whole. Sub—facles 5 is primarily
found east of the central axis of the basin. Sub—facies 6 Is
generally confined to the western side of the basin in central
and northern Connecticut and scuthern Massachusetts (see Figure
2.

Sub—facles 5 consists of crossg—stratified, coarde and pebbly
sandstone with iIntercalated, laminated and thin-bedded, burrowed
and mudcracked siltstone. The coarse sandstone forms the
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thickest units, ranging from 0.2 to 1.0 m thick. Bedding
consglsts of horizontal- and inclined-planar stratification and
tabular and trough cross—stratification. Pebbles comprise less
than 10% of the coarse fraction and rarely exceed 6 cm in

.diameter. The lower contacts are scoured Into the underlying
© siltstone or sandstone and contain abundant mud rip-up clasts.

The upper contacts are planar to undulatory and are delineated by
gharp changes in graln slze.

In Sub-facles 5, the coarse sandstone layers or lenticular
beds are separated by mlcaceous, planar—laminated and ripple
crogs—laminated marcon, red, or red-brown siltstone. The
siltstone beds range from 0.1 te 0.5 m thick and may be laterally
continuous or pluch out over several meters. Distinctive
characteristics of the siltstone units are the ubiquitous
desaicatlon cracks and abundant trace fossils, including
invertebrate burrows and reptlle tracks.

Sub-facles & 18 closely related to Sub-facles 5; these two
divisions represent end members of varled sandstone/slletstone
ratios for the fluvial basin floor deposits. Sub-facles 6 is
composed largely of massive to thin-bedded red and brown
gllrstone with interbedded thin lenses and layers of medium to

_coarse sandstone. Internal structures in the siltstone include

horizontal and wavy lamination, ripple and climbing-vipple
cross-lamination, and minor oscillatory ripple cross~lamination.
Mudcracks and soft sediment deformation features, including load
casts and pseudonodules, are abundant. The suite of trace
fosslls found in the siltstone i{s similar to that described
from the fine-grained unfits of Sub~facies 3. Orange-brown
dolomitic concretions up to 15 cm in diameter are very common in
gome of the laminated siltstone units, particularly in exposures
along the central axis of the basin. Evaporite mineral casts
(halite and gypsum) have also been identified in this sub-facies.
The thin sandstone lenses and layers average 0.2 m thick and
typically have scoured and irregular lower contacts and planar to
undulatory upper contacts. Planar and trough
cross-stratification 1s well developed and mud rip-up clasts are
very abundant along the lower contacts and cross—~bed foresets.

Sub~facies 5 and 6 formed in braided and meandering stream
and floodplain depositional environments In the central portions
of the Hartford Basin. The location of the sand~dpminated units
of Sub~facies 5 may Indicate the relative positions of the streanm
channel networks at various stratigraphic levels. Channels
became incised Into the finer—grained deposits and as the streams
scoured the substrate and migrated laterally across the
surrounding broad floodplalns, the c¢ohesive gilt and clay was
incorporated into the cross—stratified stream channel sande as
mud rip-up clasts. At the K~F Quarry (Stop 4), an illustration
of the meandering nature of the broad, shallow stream channels in
the central part of the basin Is provided by abundant,
well-exposed lateral accretion barforms or point bars that define
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the edges of the 0.5 to 1.5 m thick sandstone lenses. Along the
eastern side of the basin, trough cross~bedded, coarse and pebbly
sandstone units are the typlecal braided stream deposits.

The siltstone units of Sub-facies 5 and 6 are fine-grained
floodplain deposits. Sedimentary features in the giltstone are
indicative of periods of rapid sedimentation alternating with
prolonged eplsodes of subazerial exposure and dessication., When
streams overtopped the shallow channels, sand and silt were
deposited on the broad floodplains in climbing ripples and as
planar-stratified sheets, and biloturbating organisms worked
through the fine-grained, water-saturated substrate. Some of the
thin sandstone leoses and sheets may be ctrevasse-splay deposits
formed adjacent to the maln stream channel networks during high
discharge conditions. Shallow floodplaln lakes and oxbow lakes
formed ag a result of channel meandering, by periodic inundation
of the floodplains, and because of the shallow water table in the
low-gradient basin floor.

During drier conditions, strean-flow was confined to the
sand~filled channels and the floodplains developed extensive
desslcation surfaces. Standing water in shallow pools and ponds
formed playas, as evldenced by the extensively mudcracked and
mechanically-disrupted mudstone and siltstone fabrics. 7The
evaporative concentration of surface and ground waters produced
carbonate {including ferroan dolomite) nodules and irregular
layers and, lees frequently, evaporite minerals, including halite
{(Parnell, 1983) and gypsum {Kcynine, 19530).

Lacustrine Deposits

"Now it iz in the shales and saundstones...that we
find organic remalns - the fighes, the tracks,
and the plants.” .

- f. Hitchcock, 1858, p. 11.

The sedimentary structures, sorting, bedding thickness and
geometry, and fossils of the grey sandstone, grey siltstone, and
black shale of the Dark Shale Facles are analogous to features of
both modern and ancient lacustrine deposits (Link and Osborne,
1978; Hardie and others, 1978). ’

The grain size of the slltstone, sandstone, and minor
conglomerate of Sub—faclies 7 correlates with the offshore -~

" onshore relationships in an inferred lake margin depositional

environment. Grey, ripple—laminated and wavy-bedded slltstone
units were deposited at or below wave base in the sub—littoral
zone., The intercalation of laminated silt and clay and thin,
fine sand layers ig indicative of the varlable energy conditlions
that existed between the nearshore and deeper water environments.
The grey sandstone units contain a wide variety of wave~

generated sedimentary structures. Oscillatory ripples are the
most common sedimentary structure observed in thisg unit; some of
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the ripples have sheared crests suggesting that they were planed
by turbulence from shoaling waves. Planar—-stratified and tabular
cross—stratified low-angle accretliomnary sandstone lenses were
deposited as nearshore bars ia the littoral zone and as linear
beach ridges in the swash zona. These sandstone unlts are very
well sorted, indicating a high degree of reworking and winnowing
by waves. Fragmental plant material is very abundant and
reflects the proximity of heavily-vegetated areas to the lake
margin. Beds contalning plant fossil layers suggest that
detrital plant material may have formed floating and/or submerged
masses near shore.

The sandstone heds become coarser and more conglomeratic
onshore. Often, large boulders or cobbles are found as isolated
clasts in the wave—rippled, well—-sorted sandstone onlts.
Large—scale, tabular cross-stratification 1In the coarse sandstone
and minor conglomerate was formed in beach ridges bullt by wave
reworkling of alluvial fan sediment {LeTourneau and Smoot, 1985}).

Sub-facies 8 1s composed of thin-bedded, laminated and
microlaminated black shale deposited under reducing conditions in
periodically or permanently stratified lake waters {Sanders,
1968; McDonald, 1982). The fine laminatlons in the black shale
indicate that bloturbatisg organisms were excluded from the
substrate. Anoxlc bottom conditions probably resulted from the
thermal or chemlical stratification of the lake waters. Many of
the black shale unite of the Portland Formation can be classified
as oll shales because of the high percentage of kerogenous
organlc matter (Robbins and others, 1979). Abundant fossil
fishes {semionotlds and redfieldiids) characterize several of the
black shale deposits; the excellent preservation of these fosslls
confirms the absence of scavenging benthos.

The finely-laminated nature of the black shale indicates
deposition below wave base, but the slze and depth of the lakes
1s uncertain. Anoxic or reducing conditions may form 1ln shallow,
eatrophic ponds or lakes, as well as in deep, stratified bodies
of water. The thickness of the black shale units does not
provide a measure of the depth of the ancient lakes of the
Portland Formation, but only an lndication of the temporal
persistence of a particular depositional environment. In all
probability, Portland lakes varied widely in size and depth, from
ephemeral pools and playas to deep, stratified lakes hundreds of
square kilometers in area.

Along the eastern edge of the basin, the lake and
lake-margin deposlits {Bub~facles 7 and 8) are Intercalated with
coarse~grained, stream-flow-dominated alluvial fan deposits
{Sub—-facies 3). Here, the thickest and best exposed
transgressive and regressive shoreline gequences are located
(Stop 3). The distribution of the Dark Shale Faclies rocks {as
shown in Pigures 2 and 3) suggests that, at times, the ancient
lakes drowned the distal margins of the alluvial fans (Flg. 5).

In contrast, the lake and lake~margin deposits ldentifled

_1n porth-central Conmecticut {Stop 5) are interbedded with
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finetr-grained, carbonate~rich clastic rocks and form
fluvial-deltaic sequences In the central and western portlons
of the basin.

A Deposltional Model for the Portland Formation

The combined influence 'of climate and tectonics on
sedimentation in the Portland Formatlon can he Ilnterpreted from
the lateral and vertlcal distribution of the sub~facles described
above, the peometry of the various depositional units, and the
sedimentary features of the different rock types.

The Climate Hypothesis

Two sub~facles assemblages have been recognized in central
Connecticut. One sub-fscles assemblage (Fig. 6a) is composed of
Sub—facies 1, 2, 4, 5, and 6, which formed in alluvial fan and
basin floor enviromments. Sedimentary features in this
assemblage are evidence of ephemerzl fluvlal activity. The
presence of debris flow deposits, abundant muderacks and othér’
dessication features may Indicate that thls assemblage was
deposited during a "dry” phase of sedimentation, probably upnder
arid to semi-arid climatic conditions.

The optimum conditions for the formation of debris flows are
arld and semi-~arid climates with less than 500 mm/yr of strongly
seasonal rainfall (Blissenbach, 1954; Lustig, 1965). The
preservation potential of debris flows on alluvial fans is
highest in drier climates because low veolume, low frequency
stream flows often cannot rework the coarse-gralned debris flow
lobes on the fan surface. Because of these relationships, debris
flows in ancient alluvial fans may be reliable paleoclimatic
indicators.

Further evidence of "dry"” deposltiomal conditions in the
Portland Formation is found in the fine—grained rocks of the
central and western portions of the basin. Emerscon (1917) and
Parnell {1983} describe halite hopper—-crystal casts in the
Portland strata along the Connectlicut and Chicopee Rivers in
Massachusetts. Saline brines capable of precipitating halite and
gypsun are easlly formed by the evaporatlon of standing bodies of
water in an arid or semi—arid enviromnment. Glilchrist (1979)
identifled caliche paleosol horizons in the Portland Formation in
north—central Connecticut. Caliche formation 1s dependent on
evaporative concentration of alkaline ground water in the vadose
zone; its occurrence implies semi-aridity and seasonal .
precipltation (Leeder, 1975; Hubert and others, 1978).
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Figure &. Sub—facles assemblages indicative of
{a.) "dry" and (b.) "wet" phases
of deposition.

The second assemblage {Fig. 6b) 1is composed of Sub-facies
3, 7 and 8, which represent: 3) proxiwal and distal braided
stream deposits near the basin margin, 7) lake shoreline and
littoral sediments, and 8) the profundal muds of a perennial
lake. The laminated black shale (8) and grey sandstone (7)
correlate laterally with the cross—bedded sandstone and
conglomerate of Sub~facles 3. This assemblage is also found in
vertical successlon (for example, at Laurel Brock - Stop 3) in
the followlng ascending sequence: 3-7-8-7-3, which represents a
single transgresslive -~ regressive lake cycle. This sub-facies
assemblage may Indlcate a "wet” phase of sedimentation, the
result of high fluvial discharge under humid climatic conditions.
In the central and western portiouns of the basin, more humid
elimatic conditlons are represented by an assemblage containing
Sub—facies 5, 7, and B.

Along the eastern border of the basin, alternating
wet—dry—wet—dry-wet depositional cycles are documented through
700 m of measured gection, beginning at Laurel Brook ~ "wet”

B7-16



(Stop 3), and -continuing through Goleman Road - "dry" (Stop 1)
toward the eastern horder fault.

The altermnation of lacustrine strata with fluvial strata .
contalning caliche, evaporite mineral casts, carbonate nodules,

and dessication features provides convincing evidence for wet and -
dry depositional cycles during much of Portland time. Van Houten

(1964) and Olsen (1984) described similar climatic cycles from
the Trilassic Lockatong Formation in the Newark Basin. Hubert and
others (1982) and Gierlowski-Kordesch (1985) recognized cyclic
depositional sequences in the Jurassic East Berlin Formation in
central Connecticut.

The Tectonic Hypothesis

Several lines of evidence support the conclusion that
syndepositional tectonic subsidence also controlled the style of
sedimentation and the distribution of facies in the Portland
Formation.

s -]
7 ~ ®* Portland Fm.
E,
@ * East Berlin Fm.
® 5
o
X . _ .
L3 -~ o Shuttie Meadow Fm.
i -
t; 3 - d ™
s .
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— ® -
(¢9] & *
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Distance from Eastern Margin (km)

Figure 7. Thickness of black shale beds vs.
distance from the eastern fault

margin.
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The grain-size distributlon and the paleocurrent patterns of
the eastern margin conglomerate and sandstone delineate discrete
alluvial faus with radii of 1 to 3 km. Small, radial alluvilal
fans are typically assoclated with rapidly subsiding basin
marging, for example, as along the east side of Death Valley,
California. 1In contrast, the western side of Death Valley
functions as a “hinge zone” for the asymmetric basin subsidence
and the alluvlal fans form deeply embayed, coalescing complexes
{(Hoolce, 1972; Steel, 1976; Heward, 1978).

The syndeposltional eastward tilting of the floor of the
Hartford Basin is alsoc sugpgested by the geometry of the
lacustrine strata. Figure 7 graphs the thickpess of the
finely-laminated black shale units versus thelr distance from the
pregent eastern border fault. In each of the formations
contalnlng lacustrine strata, the black shale unlts are thickest
nearest [o the eastern margin and thin towards the center of the
basin. In addition, several lacustrine sequences located within
1 km of the basin margin contain features indicative of
syndepositional selsmic activity, including slump folds, ductile
faults, and thin turbidites (Sanders, 1968; McDonald, 1975).

West East

ul!e!al fan flogdpliain straam Ie inke
charinel  mergin  canter

Flgure 8. Inferred geometry of an Early Jurassic
lake basin and deposits based on facles
distribution and the data shown in Figure
7.
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Figure & diagrams the geometry of a hypotheslzed Early
Jurassic lake basgin and its deposits. A4As a regult of asymmetric
basin subsidence, rthe pereanial lakes of rhe Portland, Fast
Berlin, aud Shuttle Meadow Formations were deepest amd persisted
longest along the eastern margin. Shoreline features are well .
developed 1n the coarse alluvial fan depesits of the Portland
Formation (Stop 3) (LeTourneau and Smoot, 1985).

Further evidence of the active tectonle subsidence of the
Hartford HBasin is provided by the provenance of basalt clasts in
the conglomerate units at Round Hill (Fig. 3 and 5}. The
geochemical signature of the basalt clasts 18 comparable to that
of the Hampden Basalt (Puffer and others, 1981) which underlies
the Portland Formation (Table 1). One.or more of the basalt
flows in the basin may have crossed the fault margin and
continued gsome distance into the eastern highlands. Subsequent
uplift and erogion could then transport the basalt fragments on
to the surface of the alluvial fans. At Round Hill, the basalt

-elagts are restricted to the lowest 250 m of the measured section _
- {Fig. 3). This suggests that only a thin tongue of the Hampden

Basalt encroached into the eastern highlands and a limited volume
of material wag avallable for transport into the basin.

Coarsening~up sequences of conglomerate and sandstone, 10 to
30 m thick, are the dominant depositional trend in the measured
section through the Round Hill Fan (Fig. 3). These repetitive
sequences reflect the progradation of alluvial fan lobes due to
tectonic rejuvenatlion of the basin margin and the relative uplift
of the source area (Heward, 1978; Gloppen and Steel, 1981).

Summary

The depositional model proposed for the Portland Formation
is useful for predicting the distribution of lithofacles in the
lower Jurassic sedimentary rocks of the Hartford Basin. This
model provides a framework for understanding a rift basin
depositional system based on tectomic and climatiec countrols on
sedimentation. Tectonic tilting of the basin floor is the
primary control on sedimentation and influences the distribution
of the depogitional sub-envireonments in the basin. The vertical
distribution of the lacustrine deposits provides a record of
cyclic climatic change during the infilling of the basin.

Figure 9 suymmarizes the depositional system proposed for the
Lower Jurassic rocks of the Portland Formatlon during a
hypothetical period of maximum lake expaasion.

The eastern parts were dominated by coarse clastic
depesition and the greatest sedimentation rates. The easternmost
black shales are the thickest and have the best preserved fossil
fishes ~ a result of the well-developed styatification of the

s

lake waters. Hpisodic influxes of sediment, due to the proximity

of alluvial fans, may have contributed to the rapid burial and
good preservation of the organisms.
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Figure 9. Summary of the depositional system
of the Portland Formation during
a period of maximum lake expansiocu.

In the western portlions, deposition took place on a broad,
low=gradient bagin floor. The lake gradually shallowed to the
west and fine-grained sedimentation was dominant. Carbonate
nodules, limestone beds, algal stromatolltes, and evaporite
crystal casts were zbundant along western shorelines, but rarely
formed on the opposite shore. At Stony Brook (Stop 5), western
shoreline sandstones of a peremnnlal lake contain abundant
micritic intraformational conglomerate, unionid mollusks, and
plant debris. Low sedimentation rates encouraged carbonate
production by algae, forming stromatolitic mats and mounds in the
photic zone. The abundant carbonate nodules and less common
evaporite mineral casts in the surroundlog floodplain slltstone
and shale formed from elevated rates of evaporation on the basin
floor. Figure 10 is a reconstruction of Early Jurassic
paleogeography based on the sedimentology and paleontology of the
Portland Formation.
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Figure 10.

Paleogeographlc reconstruction of the
Hartford Basin during Portland time.
View from west to east across the center
of the basin. For descriptions of the
organisms 1llustrated, see text (Stops

4 and 5) or McDonald (1982).
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PART 1I.

S8top Descriptions

AUTHORS™ NOTE: Do not enter any of the localities
listed below without obtaining the
permission of the landowmer(s). '
Please respect thelr property rights
or access may be denied to future
investigators.

Stop 1. Coleman Road, Middletown.

Exceptional exposures of alluvial fan conglomerate and
sandstone are found throughout the Round Hill area in Middletown
(Middletown 7.5 min. guadrangle). Several linear ridges are
located 250 m east of Coleman Road, 1.5 km south of its
intersection with Rt. 17. The vertical section at this stop
incorporates coarsening-up, progradational alluvial fan cycles -
from sheetflow sandflats of the fan toe (Sub~facles 4), to
ghallow stream deposits {Sub~facles 2) and debris flows
(Sub-facies 1) of the mid-fan. These deposits accumulated during
arid to semi~arid climatic conditions. The followlng discussion
focuses on the lower or westernmost ridge in the ocuterop area. -
This ridge extends in an essentlally unbroken line over a
distance of at least 2.5 km, from Round Hill Road in the south,
to just west of Mapleshade Road in the north (Stop 2).

A complete range of wholly to partially preserved debris
flow deposits occurs at this location. A "boulder bed" horlzon
is the most promiment feature in the 10 m high linear cliff. At
the north end of the boulder bed, a number of diagnostic debris
flow features can be observed, lncluding: laverse grading,
matrix-supported clasts In chaotlic or random orlentations, planar
lower contacts, hummocky upper contacts, and abrupt grailn-size
contrasts with adjacent units. Grey-green, weathered basalt
clasts are abundant and are posslibly derived from the Hampden
Basalt. The high percentage of mud in the debris flow matrix
caugses these layers to be eroded deeply iInte the cliff Face.

Jlong the outerop, approximately 50 m north of the boulder
bed, several large boulders over 1 m in diameter are found. Some
of these boulders shelter remmant debris flow fabrics beneath ’
them; other large boulders occur as isclated clasts in a pebbly
sand matrix. These boulders were originally freighted on to the
alluvial fan by debris flows. Subsequent stream flow removed
most or all of the finer matrix and smaller clasts and left the
largest clasts behind.

The debris flows are surrounded by normal-graded,
poorly-sorted, poorly-stratified conglomerate and pebbly
sandstone {Sub~facies 2) deposited by braided streams.
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‘Cross—bedding consists of small-scale trough cross—-stratification

representing “scour-and-fill" surfaces in the active channels.
Horizontal-planar and Inclined-planar stratification indicates
that much of the sediment was deposited by shallow, high-velocity
streams. Fine-grained, ripple— and wavy-laminated rocks of
Sub-facies 4 are typlcally found at the base of each
coarsening—up sequence.

The next ridge to the east (upsection) 1is similar; 10 -
30 m coarsening—up cycles repeat through the 700 m sequence at
Round Hill. Covered intervals are underlain by fine-grained
distal fan deposits that thicken in a basinward direction (toward
Stop 2). Paleocurrent indicators at Stop 1 trend north -
northwest revealing that this locality is on the northwest flank
of the Round Hill Fan complex. The central area of the alluvial
fan complex is located near Sunshine Farms and Round Hill Road,
approximately 1 km south of Stop 1.

Stop 2. Mapleshade Road, Middletown.

Two well-exposed, parallel ridges of alluvial fan
conglomerate and sandstone (Sub-facles 2 and 4) are located just
northeast of Stop 1 (Coleman Road) at the sharp bend in
Mapleshade Road (Middletown 7.5 min. quadrangle). These ridges
are laterally correlative with the two ridges at Stop 1.

The ridges at this stop contain two coarsening-up,
progradational alluvial fan cycles. At this site, the maximum
clast size 1s smaller and the fining-up beds comprising the fan
cycles are thinner tham at Stop 1. Debris flow deposits have not
been recognized here. Cobbles and boulders occur as
clast—-supported, imbricated lenses and layers at the base of the
normal—-graded beds.

A survey of the lower ridge shows that all of the
cross—stratification is very small scale. Most of the outcrop is
comprised of thin, fining—up depositional units, representing
decelerating flow events (Sub—facles 2). In this ridge, a broad,
shallow alluvial fan channel can be observed. This channel is
less than 1 m thick and is approximately 5 m wide. Its lower
contact is concave—upward and scoured into the underlying unit;
the upper contact is planar and distinct. The base of the
channel is defined by a clast-supported cobble or pebble lag.
The channel fi1ll is finer grained and better sorted than the
surrounding beds. Large cobbles and boulders are absent in the
channel. The channel is composed entirely of well-developed,
small-scale trough cross—gtratification. A comparision of the
sorting and stratification within the channel lens and the
surrrounding units Indicates the subtle contrast between more
frequent, longer-duration stream flow in the shallow channel and
short—duration, high velocity flow over broader areas of the fan
during high discharge events.

The upper (eastern) ridge at this stop ahows features
similar to those in the lower ridge. A small channel is
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exposed at the base of this outcrop. At the north end of the
outerop, the sheetflood sandstones of Sub-facles 4 are well
exposed.

It is interesting to note that the covered interval between
the two ridges at Stop Z is thicker than that between the
correlative ridges at Stop 1. This indicates that the distal fan
deposits pinch cut southward toward the ceatral part of the fan
complex. The upper vidge is approximately 5 m thick at Stop 2,
but 200 m to the north it thins to less than 1 m ~— a clear
illustration of the wedge~like geomerry of the alluvial fan
lobes. Both S5top 1 and 2 represent "dry” alluvial fan cycles.

Stop 3. Laurel Brook, Middlefield.

Laurel Brook contains up to 30 m of well~exposed alluvial
fan conglomerate, lake margin sandstone, and lacustrive dark
shale {Sub-facles 3, 7, B). The outcrops are 0.5 km south of
Laurel Brook reservoir and 0.75 km west of the welgh station/
parking area along Rt. 17, south of Middletown (Middletown 7.5
min, quadrangle}. This locality 1llustrates the typlcal
Intercalation of Portland alluvial fan and lacustrine strata.
Similar sequences can be seen at Prout Brook and Long Hill Brook,
Middletown, and along the south bank of the Connecticut River in
north Portland.

The complete transgressive - regressive lacustrine cycle at
Laurel Brook ls composed of the followlng sub—facles, from base
to top: 3 -7 -8 - 7 -~ 3. The strata surrounding the central
microlaminated black shale have a marked asymmetry. The shallow
lacustrine/shoreline strata {Sub—facles 7) below the shale are
thinner than the equivalent rocks above. Evidently, the initial
lake transgression occcurred over a relatively short interval. 1In
contrast, the regresgive phase was of substantially longer
duration.

The finely-laminated and mlcrolaminated black shale
produces abundant well-preserved fishes (redfieldiids and
gemfonotids). Other fosslls at this locality include plants,
coprolites, and scarce reptile tracks (Mchonald, 1975; 1982).

Red wmudstones, poorly-sorted conglomerate, and pebbly
sandstone overlie the lacustrine cycle. These sediments were
deposited on floodplalns/mudflats and alluvial fans surrounding
the perennial lake., Shoreline features, such as well-sorted bars .
and wave~generated beach ridges have been recognized in the basal
1.5 m of the upper conglomerate beds.

The stratigraphic sequence at Laurel Brook 1llustrates the
avolution of a perennlal lake system and the migration of its
onghore — offshore facles as a function of varying depth. This
sub~facles assemblage documents a “wet” phase of deposition
during early Portland time.
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Stop 4. K-F Quarry, Suffield.

A typical sequence of lower-middle Portland "mid-basin”
strata is exposed in the quarry of the E-F Brick Company, on the
west bank of the Connecticut River, 3.6 km east of Suffield
center (Broad Brook 7.5 mln. quadrangle). At present, some 20 m
of vertical sectlon are visible along the west wall at the
southern end of the quarry. These strata are of particular
interest because of their lithologlc and paleontologic diversity,
for the variety of sedlmentary structures they exhibit, and for
their copper mineralization. :

Laterally-extensive, lentlcular or tabular units of
red-brown, buff-white, or grey, very fine- to mediva-grained
stream channel sandstone (Sub-facles 5) make up most of the
quarry section. The sandstones are seldom greater than one meter
in thickness, and are usuvally well-sorted, well-indurated,
calcareous and micaceous. They digplay planar and distinct upper
contacts; the lower contacts of the unigs are undulatory and
scoured Into the underlying beds. Laterally, the sandsatone
bodies terminate abruptly or Interfinger with finer-grained
depositrs. At a few horizons, the sandstones contaln angular to
rounded clasts of red or grey mudstone; the clasts vary from
sand-slzed particles to flattened, polygonal plates up to 50 em
io diameter. Interbedded with the sandstones and locally
dominant are millimerter— to meter-scale lenses of red-brown,
micaceous floodplain slltstone and silty mudstone. Conspicuous
among the quarry redbeds are two 20 cm units of fisgsile,
thinly-bedded, partly microlaminated, fossiliferous, “lacustrine”
grey—black shale which occur near the base and top of the
sectlon.

The exposed rock faces, the extensive rubble piles, and huge
quarried slabs at this locality permit both cross—section and
bedding—plane examlaation of numerous primary and secondary
gedimentary structures. Large~scale cross~stratification with
meter—-scale, planar cross-bed sets can be seen on the south wall
of the quarry. Megaripples with wavelengths of 1.5 - 2 .m are
found on the upper surface of a buff-white sandstone along the
west wall. Most of the sandstone and siltstone beds are planar—
laminated or ripple cross—lamlnated, some display cliumbing-ripple
lamination. Oscillatory ripples, current ripples, and parting
lineations are abundant on certaln bedding surfaces, as are
polygonal dessication cracks, flute casts, ralndrop imprints,
foam impressions, swash and wrinkle marks, and a variety of tool
marks. Syndepositional soft-sediment deformation structures
include load casts, ball-and-pillow structure, and convoluted
bedding. Later deformatlion produced small faults with well-
developed slickensides, gentle folds, and small, orthogonal joint
sets. HManganese oxide dendrites and calcite druse coat fracture
and bedding gurfaces in gome units; dolomitic nodules and
mottling occur in some of the red mudstone-giltstone beds.

The quarry exposures contain a variety of fossils. Trace
fossils are conspicuous in the red-brown siltstone and mudstone;
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mogt abundant are horizontal and vertical burrows of the
Scovenla type, probably made by non—insect arthropoda, possibly
erayfish {Olsen, 1980; Glerlowski-Kordesch, 1985). These linear
burrows are from 0.1 to 1.0 ¢m in diameter and up to 30 cm long,
are often branched, and possess irregular, koobby, longitudinal
ridges on the external surface. Faint meniscate Infillings are
visible In a few speciwens. An unusual, sinucus crawling trace
21l cm long and 1 ¢m wide was collected at the site. 1t has
lobate furrows made by appendages, and may have been produced by
the arthropod responsible for the Scoyenia burrows. Smooth,
useally horizental, cylindrical burrows, 1-Z mm in diameter are
also present. Indistinct reptile footprints occur sparingly on
bedding surfaces; types represented include the tracks of small
and large dluosaurs {Grallator, Anchisauripus, Eubrontes}

and possibly those of small, erocodile-like reptiles
{Batrachopus). )

Most of the non-red rocks at the quarry contaln copper-rich,
coalified plant remains, mainly woody stem and branch fragmeunts
up to 0.5 m long. A few stem fragments display the longitudinal
striations and constricted nodes characteristic of the horsetail
Equisetites. Well-preserved, carbonized leafy shoots of the
conifers Brachyphyllum and/or Pagiophyllum are found at
several horizons, sowmetimes accompanled by ovulifercus cones. and
cone scales referable to Hirmerella.

In additioo to plant fossils, the two thin, grey-black shale
unlts preserve dissoclated scales and boneg of the holostean figh
Semionotus, large coprolites, and rare conchostracans and -
ostracodes. A 1.5 cm zone of choeolate-brown silty claystone
immediately above the upper grey-black shale 1a particulary rich
In invertebrate remaing, and has produced conchostracans
{Cyzicus and ?Cornla), darwlnulid ostracodes, and possible
beetle elytra.

The existence of copper minerals in the Suffield - Enfleld
area is mentloned in colonial land transactlons (Gray, 1982).
Subsequent discoveries of copper-rich, coalified plant remains
in the region led to explorations for productive coal béds and
coppetr deposits {S5illiman, 1818; Shepard, 1837), most of which
were soon abandoned when the limited extent of the “coal” and
copper minerallzatlion was realized. Ac the K-F quarry, chalcocite
and bornite and their oxidation products coat bedding planes and
surround and replace carbonized wood fragments In the grey, buff,
and white sandstones and organic-rich grey-black shale unlts.
{CGray, 1982). Malachite is most conspicuous in mineralized
samples; azurite, chrysocolla, covellite, and cuprite occur in
small amounts. The concentration of copper minerals in the
non-red units suggests hydrothermal emplacement. Local reducing
conditions In the sediments were created by decaying organie
matter and as a result of hydrogen sulfide production by
anaeroblec bacteria. This facllited the precipltalon of Inscluble
sulfldes from copper—rich groundwaters. Gray (1982) proposes
that the coepper mineralization toock place prior to significant
compaction of the sediments.
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The lithic character, sedimentary structures, and fossils of

. the K-F quarry strata collectively suggest deposition in braided

river - floodplain enviromments. The geometry of the sandstone
bodies and the dune-scale bedforms present in some units
characterize broad, meandering, usually shallow, sand-bed rivers

‘with braided channels delineated by bars. During frequent

periods of flooding, rivers undercut the fine-grained margins of
the main channels and incised smaller, secondary, crevasse—splay
channels in the floodplains. Mud clasts of various sizes and
abundant plant debris were incorporated into the channel sands.
During the waning stages of flood events, fine sand, silt, and
clay formed climbing-ripples and planar beds on the adjacent
floodplains. The abundant dessication ‘features, mud—-draped
surfaces, and burrowed zones found on the upper contacts of many
sandstone/siltstone units indicate that the episodes of fluvial
activity were punctuated by short—-duration (probably seasonal)
dry intervals.  The density of well-preserved, little—transported
conlfer remains in some beds suggests that at least parts of the
floodplain and possibly stream channel bars and islands were “
heavily vegetated. The thin beds of red and grey-black
“"lacustrine” shale may have formed in oxbow lakes or small
floodplain ponds rich 1in organic debris.

Stop 5. Stony Brook, Suffield.

One of the largest and most informative exposures of the
lower-middle Portland Formation in north—central Connecticut is
revealed along the north and south banks of the Stony Brook

ravine, 3.4 km southeast of the town of Suffield and 0.8 km west

of the Intersection of Stony Brook with the Connecticut River
(Windsor Locks and Broad Brook 7.5 min. quadrangles). More than
60 meters of section outcrop on the near—vertical walls of the
gorge. : _

The bulk of the Stony Brook section 1s composed of .
thinly-bedded to massive, irregular- to wavy-laminated, pale red
to brick red, calcareous stream channel sandstone, floodplain
siltstone, and minor red shale. Typically, these redbeds are
highly micaceous and intensely burrowed; ripple marks,
dessication cracks, and reptile footprints are locally abundant
on bedding surfaces. The succession of oxidized fluvial deposits
is interrupted by at least two large, asymmetrical cycles of
grey-black lacustrine strata and a number of smaller non-red
units. ' ’ .
The best—-exposed lacustrine cycle is found along the south
bank of the stream 0.2 km west of the Rt. 159 bridge, and is
noteworthy because of its unusual lithologiles and abundance of
fossils. The 6 m thick lacustrine sequence 1s characterized by
an alternation of well-indurated lenses of well-sorted, ripple
cross~laminated, fine- to medium-grained, calcareous grey
sandstone and interbedded units of friable, thinly-bedded,
red-grey, grey-green, and black calcareous siltstone, shale, and
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limestone. Though the sandstone beds form prominent ledges in
outcrop (up to 0.6 m thick in the western portions of the
exposure), they thin markedly east or downdip. Paleccurrent
directions derived from current or climbing ripples and linear
scour marks in the sandstone units trend N 30°E to N 50°E. The
siltstone and claystone units usually thicken In an easterly
direction. Near the base of the section are two thin lenses of
grey-black, algal-laminated silty limestone with well-defined
"loop structures” and/or planar laminations. The limestone beds
plnch and swell, but do not exceed 5 cm in thickness. Normally,
they have distinct mudcracked, burrowed, or loaded upper and
lower contacts. Three meters from the base of the cycle, a 0.4 m
disrupted bed of grey, sandy siltstone contains nodular carbonate
septaria and massive, elongate nodules of silty limestone up to
30 em in length. These carbonate nodules or lenses may be
stromatolitic mounds. ' '

Three thin lenses of calcareocus intraformational
conglomerate are the most distinctive units in the lower
lacustrine cyecle at Stony Brook. These conglomerate lenses vary
in thickness along the length of the outctop and range from 0.5
cm to 25 cm. The three lenses are similar in structure and
overall composition, but differ slightly in clast size and :
lithology and matrix composition. Typically, the
intraformational conglomerate is composed of a diverse assortment
of the following: 1) very angular to well-rounded, sand- to |
pebble-sized limestone or dolomitic limestone peloids; 2)
concentrically-zoned ooids, pisoids, and probable oncolites; 3)
well-rounded grey siltstone or black shale clasts up to 9 cm
in diameter; 4) micrite clasts enclosing fish scales, bones, and
coprolites; 5) eylindrical, tufa-coated, micrite-filled or hollow
structures (probable plant stem or branch casts); and 6) large,
complex intraclasts and fragments of the foregoing. These
sediments are contailned in a matrix of grey or red-grey,
micaceous, highly calcareous, fine-grained sandstone or
siltstone. The middle and upper conglomerate lenses display
poorly=-defined graded bedding. The lower lens 1s reverse graded.
The upper and lower contacts of the intraformational conglomerate
lenses and the enclosing sandstones and siltstones are undulatory
and sharp. Because of the abundance of carbonate cement, the
lenses of conglomerate are very well Iindurated; the fresh rock is
very hard and splits along irregular fractures parallel to
bedding or along vertical, planar joint surfaces. When
weathered, the carbonate clasts are readily dissolved and the
rock assumes a characteristic vesicular appearance.

A large portion of the lacustrine strata at Stony Brook 1s
fossiliferous. Networks of branching, smooth-walled, mm-scale,
horizontal and vertical burrows are common on many bedding
surfaces; larger burrows of the Scoyenla type are less common.
Carbonized plant stem, branch, and leaf fragments are found
throughout the cycle and are particularly abundant in some of

-the grey sandstone and intraformational conglomerate units. Much

of the plant material consists of finely-macerated,
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taxonomically~indeterminate debris, but Brachyphyllum-like
(conifer) leafy shoots and Equisetites (horsetail) remalns can
sometimes be recognized. The lenses of Intraformational
conglomerate enclose masses. of very large, diamond—shaped or
square fish scales and isolated skull, shoulder girdle, and fin
bones referable to some of the more robust species of
Semionotus. Black, oval, scale-filled coprolites up to 3 cm
in length occur in some conglomerate beds; these may indicate
the presence of the coelacanth Diplurus lenglcaudatus
{(McDonald, 1982) or fish-eating reptiles. Thin, highly
calcareous, oold-filled zones in the middle lens of

intraformational conglomerate contain acarce, well-preserved
‘darwinulid ostracodes and ovate conchostracan (clam shrimp)

valves. The conchostracans, referable to Cyzicus sp., range up
to & mm in length and possess calcite-replaced shells with
distinct concentric costse.

The most notable fossils In the Stony Brook rocks are the
bivalved mollusks contained in the conglomerate lenses and
assoclated grey sandstones. These pelecypods are the only known
in—-gitu mollusks from the Portland Forwmation and the locality
is one of only three sites in the Connecticut Valley Newark
where mellusks have been found (McDonald, 1982; 1985). The
bivalves cecur as detalled internal and external molds and casts
and compare favorably with the previocusly described species of
Unic (freshwater clams or mussels) found in a
glacially~transported boulder near Wilbraham, Massachusetts
(Emerson, 1900; Troxell, 1914), The Stony Brook speclmens are
narrowly elliptical in outline, with a gently convex beak and
long, well~defined lateral teeth; typical individuals are about 5
cm long and 2 cm high. The concentric growth lines of the shell
are preserved iu several specimens. Nearly all the unionids are -
fully articulated with closed and unbroken valves. Individuals
preserved in cross—-gectlon display minute dissolved shell voilds
about 0.2 mm in thickness. The articulated, undamaged condition
of the bivalved remains and their abundance In certain layers
strongly lmplies that these fosslls are autochthonous. This

“conclusion 18 futher supported by the discovery of presumed

mollusk dwelling/escape burrows in the uppermost intraformational
conglomerate and the fumediately overlying grey sandstone. The
larger burrows are stralght, roughly cylindrical, unbranched,
vertical to sub-vertical structures up to 10 cm long and 2.5 cm
in diameter. Along the edge of the burrows, the sediment laminae
are bent downward, a diagnostic feature of escape traces (Reineck
and Singh, 1980). The deepest portions of many burrows are
excavated into the upper few centimeters of the Intraformational
conglomerate; most burrows terminate upward in ripple
cross—lamlnated, calcareous sllty sandstone. Mollusks have not
yet been found within the burrows, but they are common at the
appropriate horizons. The present-day Unic 1s a filter—feeding
bivalve with an incompletely fused mantle;- 1t lives exposed on
lake and stream channel floors, or 1t can burrow a short distance
Into the sediment (McKerrow, 1978). Evidence suggests that the
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Stony Brook bivalves were geml~infaunal, in-situ residents in
the limy conglomeratic and sandy substrate.

The strata exposged In the basal lacustripe cycle at Stony
Brook are Interpreted as shoreline and nearshore deposits which
formed at the western margin of a large, perennial, Portland
lake. Periodic fluctuatlons of lake level account for the
interfingering of coarse and fine, clastie and chemical, oxidized
and reduced sediments. During deposition, the fluvial-deltaic,
mudflat-sandflat, and shoreline enviromments of the Stony Brook
lake were alternately subjected to varied=~length episodes of
shoaling and subaerial exposure followed by periods of lake
expansion.

The lenses of westward-thickening, well-sorted grey
sandstone which dominate the section may represent prograding
delta lobes which bullt into the lake from the southwest. The
load structures that often mark the sandstone~shale contacts were
developed from the accumulation of coarse sediment on top of
water-saturated and non-compacted mud. The siltstone~shale units
are usually bloturbated amd probably formed on broad,
partially-oxidized nearshore mudflats or perhaps in shallow
lagoons along the shoreline.

Wave agltation and local reworking of the carbonate
sediments produced the peloids, oolds, pisoids, oncolites, and
intraclasts which were later incorporated into intraformational
conglomerate lenges. The presence of large clastic and carbonate
tip-up clasts in' the Intraformational conglomerate suggests that
the conglomerate may have formed during a transgressive
lacustrine phase when low-standing lake waters re—advanced over
previcusly deposited sediments. Another possibility is that the
conglomerate beds are storm deposits or "tempestites”™. The
variety of clast types, the combination of very angular and very
well-rounded ¢lasts, the lack of imbrication, the occurrence of
massive plant’ fragments and dissoclated fish remains, and the
presence of localized, small-scale hummocky cross-stratification
supports thie conclusion. The character of these deposits
closely conformg to the criteria established by Kreisa (1981) for
the recognition of sterm deposits.

Poorly Yepresented in the Stony Brook section are the
reduced, sulfide-organic-rich, rhythmically-laminated,
fossiliferous, “"deep water" black shale strata that characterize
many other Connecticut Valley Newark lakes.. However, rounded,
pyrite~rich clasts of black shale occur in some of the
intraformational conglomerate layers, so thie facies no doubt
exlsted offshore, presumably to the east.

The diverse invertebrate community and the very large,
abundant semionotid fishes imply that the Stony Brook lake was
ecologically hospitable and of substantial size. The sediments,
sedimentary structures, and foesils are closely analogous to
those described by Link and Osborne (1978) for the marginal
lacustrine units of the Pliocene Ridge Basin Group of southern
California.
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STOP #1:

PART IIX.

Road Log

Assemble at WESLEYAN UNIVERSITY, Middletown, at the
loading dock behind the SCIENCE TOWER, on Pine St.
Proceed left (south) on Pine 5t. to the Intersection
of Pine St. and Randolph Rd.

Turn left (east) on Randolph Rd.

Turn right (south) on Rt. 17.

Bear left on Coleman Rd. Ascend the north flank
of the Round Hill Fan complex. HNote cutcrop of
conglomerate and sandstone along the left (east)

alde of the road.

Park just before the intersection of Kelsey St. and

Coleman Rd. Walk northeast along a dirt trail through

woods to encounter several linear ridges of alluvial
fan conglomerate.

Golemaékaéad. Alluvial fan deposits and debris flows.

3.3

4.0

sTOP #2:

Return to cars and proceed to intersection of Coleman

Rd, and Kelsdey St. Turn left (east) on Kelsey St.

Tutn left (north) on Mapleshade Rd. Note bedding

plane —~ dip slope exposures of conglomerate along the

left {west) side of the road.
Park on Mapleshade Rd.

Mapleghade Road. Alluvial fan deposits.

Proceéd into flelds on left (west) side of

road and continue northwest into lower field.
Follow cutcrop until the south end of the

lower ridge ig encountered. The stop description
begins here. After examining the lower outcrop,

.walk back te upper field and continue east to

the. prominent c¢liff in the northeast .corner
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4.5

6.6

STOP #3:

of the field.

Return to cars. Continue along Maplesghade Ed.
{north).

Turn left (west) on Randolph Rd. Proceed to