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Bedrock Geology of the Ossining
Quadrangle, New York

by George C. Wissig, Jr.*

ABSTRACT

The Ossining, New York, 7%-minute quadrangle is located on the east side of
the Hudson River in Westchester County about 42 km north of New York City, in
the Manhattan Prong of the New England Upland Appalachian province. The
stratigraphic sequence within the quadrangle listed from oldest to youngest fol-
lows:

Fordham Gneiss

Fordham unit A—subdivisions in order of abundance are: (1) interlayered
pyroxene-hornblende gneiss, garnet-feldspar-biotite-quartz gneiss, quartz
veins and pods, pegmatite, and amphibolite; (2) more homogeneous
feldspar-biotite-quartz schistose gneiss; and (3) garnet-sillimanite-K-
feldspar-plagioclase-biotite-quartz schist.

Fordham unit B—garnet-biotite-hornblende-feldspar-quartz gneiss and am-
phibolite.

Fordham unit C—pink granitic gneiss, white quartz-plagioclase gneiss, dark
gray biotite-plagioclase gneiss, dark gray biotite-plagioclase-quartz gneiss,
and amphibolite.

Lowerre Quartzite—vitreous quartzite and teldspathic quartzite.
Inwood Marble

Inwood unit A—white dolomite marble.

Inwood unit B—interlavered dolomite marble, calcite marble, and biotite-
feldspar-quartz schist.

Inwood unit C—white dolomite marble,

Inwood unit D—interlayvered white dolomite marble and gray calcite marble
with mica, feldspar, tremolite, pvrite, and serpentine.

Inwood unit E—tan-weathering calcite marble.

Manhattan Formation

Manhattan unit A—fissile garnet-sillimanite-plagioclase-muscovite-quartz-
biotite schist with a pyroxene-hornblende-K-feldspar-biotite-plagioclase-
quartz schistose gneiss and interlayered calcitic marble-schistose gneiss lo-
cally present at base,

Manhattan unit C—muscovite-biotite-plagioclase-quartz gneiss or schistose
gneiss.

* Present Address:
Texaco Research Laboratories
P.0O. Box 425
Bellaire, Texas 77401
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In the northwestern part of the quadrangle, the Manhattan Formation has been
intruded by the mafic Cortlandt Complex.

Metamorphic grade in the quadrangle ranges from sillimanite-garnet-muscovite
subfacies (muscovite-sillimanite zone) to the sillimanite-garnet-orthoclase subfacies
(K-feldspar-sillimanite zone). Maximum metamorphic temperatures are inferred to
have been between 625° and 670°C, and pressures between 5.5 and 6.5 kb.

Carbonate assemblages (dolomite + quartz in the central part of marble belts
and diopside and tremilite near the margins) indicate a decrease in P o, with a
concomitant increase in P y,o from the center to the margins of the belts,

Reactions between the aluminous Manhattan unit A schist and the Inwood
Marble have produced a cale-silicate mineral assemblage at the Inwood-Manhattan
contact. Net movement of K, Al, and H,O from schist toward marble, and of Ca,
Mg, and CO, from marble toward schist is inferred in response to activity (—con-
centration) gradients across the schist-marble contact.

All units have been deformed by passive folding into a series of elongate,
northeast-trending anticlines and synclines.

viil



Introduction

LOCATION AND GEOLOGICAL SETTING

The Ossining, New York, 7%-minute quadrangle is
located on the east shore of the Hudson River in
Westchester County about 42 km north of New York
City (Figure 1). The quadrangle includes the towns of
Ossining, Chappaqua, and Pleasantville.
The entire quadrangle (Plate 1) has been subjected
to regional metamorphism of the upper-amphibolite
facies and lies within the sillimanite zone. Contact
metamorphism is restricted to a 30-100 m wide au- 7&00'[]"

reole surrounding the intrusive Cortlandt Complex in
the northwestern corner of the quadrangle. Reaction
between the Cortlandt Complex and the aluminous
schists of the Manhattan Formation has resulted in the
development of emery which is presently being mined
within the quadrangle. The rocks of the area have
been deformed into a parallel series of folds trending
about N40°E. Folds plunge toward the southwest in
the southermn part of the quadrangle and toward the
northeast in the northern part. This structural pattern
is expressed in a series of doubly plunging anticlines

——

Peekskill N\

Croton on Hudson />
A\
o

hoppaqua o8- i@
Ossininq/C )’ C,Q\-\
Pleasantville

~

-

and synclines.
Maximum topographic relief within the quadrangle “Z
is 252 m. Most hills and valleys trend northeast. Schist
and, particularly, gneiss underly the hills and ridges —410\/@&‘}2“
whereas the valleys are commonly underlain by mar- ¥
ble. Linear escarpments usually mark the gneiss-
marble and schist-marble contacts. Glacial drift is most
abundant in the valleys; on the hills glacial drift is
rare, and bedrock exposures generally are excellent.

Tarrytown ‘\

The stratigraphic sequence within the quadrangle 40 UEZE\:EE:I!UMI
consists of the basal Fordham Gneiss overlain by the e

Lowerre Quartzite, Inwood Marble, and Manhattan
Formation. A vounger mafic igneous complex. the
Cortlandt Complex, discordantly intrudes the Manhat-
tan Formation. The Yonkers Gneiss, which occurs to
the south, has not been found within the Ossining

\5J 10 19KM

quadrangle. Long 1stan d QUADRANGLE LOCATION
14°0 13°30'
SCOPE AND OBJECTIVES LL A
The Ossining, New York, 7%-minute quadrangle Figure 1 Index map showing location of Ossining
was mapped at a scale of 1:12,000 during the summers quadrangle.

of 1966, 1967, and 1968. Approximately nine months
were spent in the field, and correlative laboratory
work was done at Syracuse University during 1968 and
1969. Analytical methods are described in Wissig
(1970). "



The principal objectives in studying the Ossining
quadrangle were the following:

I. To map and subdivide each of the formations
within the quadrangle using field criteria.

2. To provide field and petrographic descriptions of

each stratigraphic unit; and
3. To work out the stratigraphic, structural, and
metamorphic history of the area.
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Stratigraphy

GENERAL STATEMENT

The major stratigraphic units in the Ossining quad-
rangle are the Fordham Gneiss, Lowerre Quartzite,
Inwood Marble, and Manhattan Formation. These
formations can be subdivided into seven units recog-
nized on the basis of rock type, stratigraphic position,
and mineralogical composition. Hall (1968b,d) recog-
nized 15 units within the White Plains quadrangle di-
rectly south of the Ossining quadrangle. In the Ossin-
ing quadrangle, the Fordham Gneiss has been sub-
divided into three units, the Lowerre Quartzite has
not been subdivided, the Inwood Marble has been
subdivided into five units, and the Manhattan Forma-
tion has been subdivided into two units. In contrast,
Hall (1968b,d) recognized five Fordham Gneiss units,
five Inwood Marble units, and three units in the Man-
hattan Formation in addition to Lowerre Quartzite and
Yonkers Gneiss. In the Haverstraw quadrangle, adja-
cent to the Ossining quadrangle to the west, Ratcliffe
(1968) mapped three units in the Fordham Gneiss and
two units in the Manhattan Formation.

On the basis of the position of the Fordham Gneiss
at the center of antiforms, it is inferred that this forma-
tion is the oldest in the quadrangle. The Fordham
Gneiss includes layers of schist, amphibolite, and mar-
ble as well as gneiss. Fordham Gneiss subdivisions
used in the present study correspond to units mapped
by Hall (1966, oral communication and 1968d) in the
White Plains quadrangle directly to the south. Unit E
mapped by Hall in the White Plains quadrangle does
not appear to be present in the Ossining quadrangle.
Hall's unit D is present in the southern part of the Os-
sining quadrangle; however, it is not mappable.

Lacking evidence to the contrary in the Ossining
quadrangle, the geological age assignments adopted by
Fisher and others (1971) on the Geologic Map of New
York are used here: Fordham Gneiss, Proterozoic;
Lowerre Quartzite, Cambrian; Inwood Marble,
Cambrian-Ordovician; Manhattan Formation, Ordovi-
cian and/or Cambrian.

FORDHAM GNEISS

Fordham Unit A

Fordham unit A occurs as a lens within Fordham
unit C, and is characterized by its heterogeneity,

slabby appearance in outcrop, and rusty or brown
weathered surface. The unit tends to break along com-
positional contacts thereby accentuating the inherent
heterogeneity.

Interlayering of rock types on a scale of a few milli-
meters to several meters is common in some sections
of unit A: in other sections, composition is more uni-
form. These differences within the unit do not appear
to have persistent stratigraphic significance. Rock types
comprising the interlayered sequence include rare
pyvroxene-hornblende-bearing gneisses, garnet-
feldspar-biotite-quartz gneisses, quartz veins and pods,
pegmatite, and amphibolite. This interlayered se-
quence is highly deformed, with many folds and
boudins present.

Foliation is poorly developed within much of the
gneiss, and the rock has a granulose texture. Gneisses
of the layered sequences within unit A which have a
marked foliation are characterized by mineral segrega-
tions resulting in quartz-feldspar layers and biotite-
bearing layers. The biotite commonly enwraps coarse
quartz-feldspar pods. Where biotite segregations oc-
cur, the gneiss is schistose.

On the weathered surface, unit A has a yellow or
orange chalky appearance and is very crumbly. A rusty
or brown weathered surface is a common distinguish-
ing characteristic.

Pegmatitic pods and layers are common throughout
the unit; they are most abundant (particularly when
present as distinct layers) in the interlayered sequence
of unit A. The pegmatitic layers contain coarse (2
mm-2 cm) feldspar and quartz with minor amounts of
biotite and garnet. Where biotite is present in the
pegmatite, a coarse foliation exists which parallels the
compositional layering of the sequence in general.
Pegmatite pods from less than a centimeter to over a
meter diameter commonly cut across foliation. Pegma-
tite is also common in the dilatant zones of boudinage
structures throughout the interlayered sequence.

Some vein quartz exists within the interlayered se-
quence as layers crosscutting the foliation and as 1-20
cm diameter pods of varying orientation.

Amphibolite layers appear fresh, as do amphibolites
throughout the entire stratigraphic sequence, and no
apparent foliation exists within the layers. Although
the amphibolite appears fresh and little weathered on
the surface, it occupies the low areas in outcrop and



thus apparently is the most easily eroded rock type in
this heterogeneous sequence.

Fordham unit A is also characterized by more
homogeneous areas where distinet compositional layer-
ing is not prominent. The rock type in such areas is a
slabby. schistose gneiss containing quartz, feldspar,
and biotite with lesser amounts of diopside and
hornblende. Foliation, formed by the parallel orienta-
tion of the biotite, controls the parting of the rock into
slabs a few centimeters thick. Some quartz-rich layers
and pods, amphibolite layers, and white quarte-
feldspar pegmatite layers and pods are also found. The
weathered surface has a rusty or dark brown coloration
which is present on closely spaced schistose planes,
and pervasive weathering is characteristic of this rock.

Another distinet rock type of unit A is an aluminous
schist closely resembling much of Manhattan unit A,
This subdivision is rarely exposed and is limited to

three outcrops within the quadrangle, located south of

Tompkins Corners and 2,000 feet west of hill 651. This
schist may represent a distinct unit underlying unit A;
however, its limited exposure and close association
with rocks clearly belonging to unit A indicate that it
most likely represents highly aluminous sediments es-
sentially contemporaneous with the deposition of unit
A as a whole. This schist is similar to a distinct unit
mapped by Hall (personal communication, 1967) in the
White Plains quadrangle where it is in a stratigraph-
ically different position from the schist here considered
to be part of unit A in the Ossining quadrangle, and,
therefore, the two units are not correlative. The Ford-
ham unit A schist contains biotite, quartz, feldspar, sil-
limanite, lavender garnet, and magnetite. The weath-
ered surface is characterized by decomposition and a
rusty or yellow color.

The general trend of compositional layering and foli-
ation of unit A parallels the contact with unit B.

Fordham unit B

Fordham unit B, overlying unit A, is a thin and
perhaps discontinuous unit. Outcrops are not common,
and, in many places, the unit may be absent. Unit B
consists of a hard, massive, garnet-biotite-
hornblende-quartz-plagioclase gneiss and amphibolite
with accessory magnetite. Separate delineation of the
gneiss and amphibolite has not been generally possi-
ble, and, thus, they have been combined into one map
unit. Some narrow (about 2 mm thick) quartz-feldspar
lavers are present, giving the rock a marked foliation.
A few randomly oriented quartz pods (generally about
1 em in diameter) are also present. Foliation within

the gneiss is also formed by the alternation of

hornblende-rich lavers with biotite-rich layers and by
preferred orientation of biotite and hornblende parallel

to the compositional layering. This compositional layer-
ing is generallv on the order of a few millimeters
thick. Foliation within the amphibolite is not common,
and a granulose texture is characteristic. Foliation
within unit B. when present, parallels the contacts of
unit B. Except for porphyroblastic garnets, the dark
gneiss is fine to medium grained. The fine-grained
zones are very dense and massive without marked foli-
ation. Amphibolite layers are medium-grained with
approximately equal-sized and randomly distributed
hornblende and feldspar grains. The fresh appearance
and lack of brown or rusty coloration on the weathered
surfaces of the amphibolite and gneiss are helpful field
criteria for distinguishing individual outcrops of unit B
from those of unit A,

Fordham unit C

Fordham unit C is by far the most widespread unit
within the Fordham Gneiss and also the best exposed.
In general, it consists of a pink granitic gneiss, a white
quartz-plagioclase gneiss, a dark grav quartz-biotite-
plagioclase gneiss, and amphibolite. These rock types
are often found separately in individual outcrops or
closely associated in outcrop, and the rock types do
not appear to have persistent stratigraphic significance
within the unit.

The pink granitic gneiss often is gradational with the
white plagioclase-rich gneiss, with the color being de-
pendent upon the amount of K-feldspar present. As
the percentage of K-feldspar increases, the rock be-
comes more pink. In outcrop, recognizable minerals in
the pink granitic gneiss include K-feldspar, plagioclase,
quartz, biotite, and occasionally hornblende. Foliation
is formed by the parallel orientation of biotite and by
compositional lavering of biotite-bearing layers and
biotite-free layers of less than one centimeter to sev-
eral centimeters thickness. Compositional layering and
mineralogical foliation are parallel to one another,
Some pink, K-feldspar-bearing pegmatite and white,
K-feldspar-free pegmatite cut across the primary tolia-
tion. A few randomly oriented quartz pods also occur.
In general, the pink gneiss is medium-grained; how-
ever, occasionally large (up to about %2 cm in diameter)
K-feldspar grains are present.

The white gneiss, abundant in unit C, is a massive,
medium-grained rock generally lacking a well-
developed foliation. In the field, recognizable minerals
include quartz, white feldspar, and biotite, with garnet
and hornblende commonly present. In the absence of
disseminated hornblende, distinct amphibolite layers
are often present. These amphibolite layers have sharp
contacts with the surrounding gneiss without any ap-
parent compositional gradation between the two rock
types. Biotite, where disseminated throughout the



rock, forms a weakly developed foliation by virtue of
its parallel orientation. Where biotite is concentrated
into layers a distinct foliation is present with biotite
grains parallel to the compositional layering. Compe-
tent amphibolite layers have been attenuated and bro-
ken during deformation, and amphibolite boudins are
common. The less competent gneiss flowed into the
zones of necking and separation formed by amphibolite
attenuation. These amphibolite layers and boudins are
similar to those previously described in other Fordham
Gneiss units.

The dark gray or steel gray gneiss of Fordham unit
C differs from the white gneiss in that it contains a
higher percentage of hornblende and/or biotite. Min-
erals recognizable in the field include biotite,
hornblende, feldspar, quartz, and locally garnet. Folia-
tion is commonly formed by alternating layers of white
gneiss and gray gneiss less than one centimeter thick.
Preferred orientation of biotite and hornblende paral-
lels and accentuates this foliation. White and pink
granitic pegmatite layers and pods as well as occasional
quartz pods both parallel and crosscut this foliation.

All rock types within Fordham unit C are present as
both distinct layers in sharp contact with one another
and as gradational rock types. Where distinet lithologic
layering can be recognized, layers generally range in
thickness from less than a centimeter to about 10 me-
ters.

The general trend of foliation within Fordham unit
C parallels the contact of the unit with the overlying
Lowerre Quartzite or Inwood Marble. Contacts be-
tween units within the Fordham Gneiss, in general,
parallel the contact between the Fordham Gneiss and
overlying formations. Some divergence from this paral-
lelism is evident. This divergence is probably the re-
sult of varving ductilities and anisotropies within the
heterogeneous sequence of rock types that comprise
the stratigraphic section. Fordham unit C is the only
Fordham Gneiss unit in the Ossining quadrangle that
is in contact with the overlying formations. In the
White Plains quadrangle, Hall (1968a,b,c,d,) mapped
units within the Fordham Gneiss which are truncated
unconformably at the Fordham Gneiss-Inwood Marble
contact. In the Ossining quadrangle, however, there is
a general parallelism between Fordham units with the
Fordham-Inwood contact,

LOWERRE QUARTZITE

The Lowerre Quartzite overlies the Fordham
Gneiss. In the Ossining quadrangle, as elsewhere
within the Manhattan Prong, this formation has a very
limited distribution. Generally, the Fordham Gneiss is
in direct contact with the overlving Inwood Marble.

Since the name Lowerre Quartzite was first introduced
by Merrill (1896), there has been a debate about the
validity of the Lowerre Quartzite as a distinct forma-
tion. Berkey (1907) considered it to be a part of the
Fordham Gneiss; later Berkey and Rice (1921) consid-
ered the Lowerre Quartzite to be a valid formation.
Prucha (1936) studied all of the Lowerre Quartzite
localities then known and came to the conclusion that
the Lowerre Quartzite outcrops are “strongly sheared
phases of the Fordham Gneiss and associated granite
sheets” (1956, p. 683). Norton (1959) came to the con-
clusion that the Lowerre Quartzite is a valid formation.
More recent mapping by Hall (1966, 1968a,b.c.d),
Ratcliffe (1968), and I indicates that the Lowerre
Quartzite is a distinct rock type of constant strati-
graphic position within and adjacent to the Ossining
quadrangle. On this basis the designation of the Low-
erre Quartzite as a distinct formation will be retained
for the Ossining quadrangle.

Within the Ossining quadrangle. the Lowerre
Quartzite crops out in three localities. One of these
localities, Sparta Landing, was previously described by
several authors (Mather, 1843; Merrill, 1896; Berkey,
1907; Prucha, 1956; Norton and Giese, 1957; Norton,
1959). The other two localities had not been located
prior to the present study. Berkey (1907) mentioned
an outcrop of Lowerre Quartzite about 1 mile north of
Chappaqua along the Harlem division of the New York
Central railroad. Prucha (1956) was unable to locate
this outcrop, nor was L.

The two new Lowerre Quartzite localities are in the
northwestern quarter of the Ossining quadrangle on an
anticline herein called the Teatown Anticline. One of
these two outcrops is located on the nose of the north-
east plunging anticline in a small north-south stream
valley about % mile northeast of Teatown Lake. The
quartzite in this area is 5 to 10 meters thick. It is a
slabby, white, medium-grained quartzite of variable
quartz content. Some layers or areas within the out
crop appear to be composed totally of quartz while
other layers contain abundant feldspar and mica in ad-
dition to the predominant quartz. In the layers rich in
feldspar and mica, foliation is well-developed; in the
pure quartzite it is not. Where present, the foliation is
parallel to foliation within the adjacent Fordham
Gneiss and to the Fordham-Lowerre and Lowerre-
Inwood contact.

The other previously unreported outerop of Lowerre
Quartzite is a very small one located on the southern
limb of the Teatown Anticline at 73°50'15"W longitude
and 41°12'10" latitude. It is lithologically identical to
the Lowerre outcrop previously described.

The Sparta Landing outcrop of Lowerre Quartzite is
situated on the nose of an anticline which, at Sparta,



plunges to the southwest. A feldspathic quartzite with
minor amounts of biotite crops out along the railroad
tracks and along Sparta Brook. The rock at this locality
tends to be more crumbly and more highly weathered
and rust-colored than either of the other two Lowerre
Quartzite localities within the quadrangle. On the
south side of the Sparta Brook valley, the quartzite is
very slabby and highly sheared with abundant slicken-
sides that strike 85° and plunge 45° east. This area may
represent a zone of faulting, and as Prucha (1956) has
suggested, this faulting may be responsible for the
general lack of Inwood Marble along this contact in
this area.

INWOOD MARBLE

On the basis of mapping in the Nyack, White Plains,
and Glenville quadrangles, Hall (1968b,c,d) subdivided
the Inwood Marble into five units, all of which are
represented in the Ossining Marble outcrops within
the Ossining quadrangle (Plate 1). These subunits
could not be extrapolated as separate map units.

Within the Ossining quadrangle, the Inwood Marble
is composed of relatively pure white dolomite marbles,
calcite marbles, dolomite-calcite marbles, and calcitic
marbles containing abundant mica, clinopyroxene, and
quartz., Some layers containing calc-silicate minerals
are also found. Dolomite and quartz coexist away from
the Inwood-Manhattan contact, but, as this contact is
approached, the pair dolomite-quartz is replaced by
diopside. The dolomite-quartz reaction will be dis-
cussed in greater detail later.

Near the Fordham-Inwood contact, the Inwood con-
sists of a coarse- to medium-grained white dolomite
with some calcite, mica, and quartz (Inwood unit A).
Within a few centimeters of the Fordham Gneiss,
dolomite is absent owing to reaction during
metamorphism of the Inwood A dolomite with quartz
from underlying Fordham Gneiss. Recognizable folia-
tion is lacking in Inwood unit A, and the rock tends to
be massive.

Inwood unit B, although commonly exposed in the
White Plains area (Hall, 1968d, p. 120), is poorly ex-
posed in the Ossining quadrangle. It consists of white
dolomite marble layers, red-brown quartz-biotite-
feldspar layers, and calcite-dolomite marble which may
develop a tan weathered surface. Quartz is rare in the
marble layers of this unit.

Inwood unit C is well exposed south of the town of
Ossining particularly on and around the grounds of
Sing Sing prison. This rock is a medium- to coarse-
grained, white dolomitic marble which is commonly
nearly pure dolomite. Adjacent quartz and dolomite
coexist without any evidence of reaction between the

two. Accessory minerals include pyrite and mica.
Layering is commonly massive, but layers ranging
from less than 1 ¢m to several meters in thickness are
also common. In the absence of layering visible folia-
tion does not exist.

Inwood unit D consists of interlayered white.dolomit-
ic marble and white or gray calcitic marble. Individual
layers generally are a few centimeters to several me-
ters in thickness. Mica, feldspar, tremolite, pyrite, and
serpentine are commonly present in addition to calcite
and dolomite. Foliation is marked by light and dark
banding within the calcitic layers and by alternating
dolomite and calcite layers. Hall (1968d) recognized a
cale-schist associated with these interlayered dolomitic
and calcitic marbles; however, in the Ossining quad-
rangle this schist was not seen.

Inwood unit E is a white, medium-grained calcitic
marble. In addition to calcite, minor amounts of
feldspar, quartz, pyroxene, and mica can be recog-
nized in outcrop. A poorly developed foliation is
formed by the parallel orientation of widely scattered
mica flakes. Inwood unit E weathers to a tan color.

Hall (1968d, p. 120) indicated that some units within
the Inwood Marble are commonly present as lenses
which were not deposited in some areas. Similar lens-
ing appears to be present in the Ossining quadrangle
where, from the distribution of rock types, units ap-
parently are commonly missing.

Hall (1968d. p. 122) indicated that there is an angu-
lar unconformity between the Manhattan Formation
and the underlying Inwood Marble. The basis for this
interpretation is that he finds basal Manhattan schist in
contact with each member of the Inwood Marble and
also with the Fordham Gneiss. Hall (1968d, p. 122)
indicated that marble which commonly interlayered
with schist at what was previously considered the
Inwood-Manhattan contact is, in actuality, marble beds
within the Manhattan Formation and, therefore, above
the proposed unconformity. The sparseness of Inwood
outcrops within the Ossining quadrangle does not
permit a clear interpretation as to the presence or ab-
sence of an unconformity between the Inwood and
Manhattan Formations in the Ossining quadrangle. Al-
though the absence of Inwood Marble in many areas of
the Ossining quadrangle may be indicative of an un-
conformity, it may instead be due to tectonic squeez-
ing of the very ductile marble.

FORDHAM-INWOOD CONTACT ZONE

Where the Lowerre Quartzite is absent, the Ford-
ham Gneiss is in contact with the Inwood Marble. In-
terlayering of gneiss and marble at the Fordham-
Inwood contact can be seen in three different areas



within the Ossining quadrangle. In two of these areas
infolding is clearly responsible for the interlayering; in
the third area, infolding is an important mechanism re-
sponsible for the interlayering, but it cannot be the
only mechanism. The first locality of infolding of mar-
ble and gneiss is located about 182 m southwest of
Echo Lake. Here a 0.6-meter-thick layer of marble,
containing calcite, dolomite, and serpentine, is en-
closed by Fordham unit C. Contacts between the
gneiss and marble are sharp, with no apparent compo-
sitional gradation between the two rock types. Mirror
repetition of rock types exists on either side of the fold
axis. This outcrop is on strike with the Fordham-
Inwood contact as established directly north of Echo
Lake. The marble-gneiss outerop is contiguous with
Fordham unit C to the east and is 30 m from outcrops
of the basal Manhattan unit perpendicular to strike to
the west. This stratigraphic position, together with
lithologic similarity of the marble with known Inwood
Marble outcrops, strongly suggests that the marble is
in fact Inwood Marble and not a marble layer within
the Fordham Gneiss. The second outcrop of gneiss-
marble infolding is located along a road cut 45 m west
of the State Game Refuge in the central part of the
quadrangle. The relationships here are very similar to
those just described for the outerop southwest of Echo
Lake, and the outcrop is interpreted as another exam-
ple of Inwood-Fordham infolding. The third area
where the interlayered gneiss-marble is exposed near
or at the Fordham-Inwood contact is in the town of
Chappaqua. This interlayering can be traced parallel to
strike from Chappaqua, along the railroad and Saw
Mill River Parkway, into the Mount Kisco quadrangle
for a distance of about 4 km. An excellent outcrop of
this interlayered sequence, which provides both plan
and cross-sectional views, is exposed at the north-
bound entrance ramp to the Saw Mill River Parkway
at Chappaqua (Figures 2, 3). Isoclinal folding of this
sequence is evident within the outcrop. From Figure 3

and Table 1, it is apparent that on the basis of sym-
metry, isoclinal folding can also be inferred where fold
closures cannot be seen in outcrop. Consistent mirror
symmetry does not, however, persist across the entire
sequence, as can be seen in Figures 2 and 3.

Table 1

Rock sequence at the Chappaqua outcrop of the Ford-
ham Gneiss-Inwood Marble contact zone. Rock types
and layer designations correspond to those used in

Figure 3.

Rock Type Layer Designation Thickness, m
cover
interlayered biotite gneiss and

quartz-feldspar gneiss A 165
white quartz-feldspar gneiss B 45
interlayered biotite gneiss and

quartz-feldspar gneiss A 23

white quartz-feldspar gneiss with
12.5 em by 60 cm pod of white

calcite marble B with C 50
rusty, feldspar-quartz gneiss D 15
white-gray calcite marble with

diopside E 30
rusty, feldspar-quartz gneiss D 2.5
white-gray calcite marble with

diopside E 2.5
white quartz-feldspar gneiss B 15
white-gray calcite marble with

diopside E 0-15
white quartz-feldspar gneiss B 18
white-gray calcite marble with

diopside E 10
white quartz-feldspar gneiss B 15
amphibolite F 60
white quartz-feldspar gneiss B 15
amphibolite F 30
cover



Figure 2 Fordham-Inwood contact zone as exposed York. Layer designations correspond to
along the Saw Mill River Parkway north- those used in Table 1 and Figure 3.
bound entrance ramp at Chappaqua, New
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contact zone exposed along the Saw Mill B,

River Parkwayv northbound entrance ramp
in Chappaqua, New York. Laver descrip-
tions are listed in Table 1, and petrographic
data are presented in Table 22.



MANHATTAN FORMATION
Manhattan unit A

The Manhattan Formation overlies the Inwood Mar-
ble. The interlayered marble and schist which exists
near or at the base of the Manhattan Formation is a
part of the Manhattan Formation (Hall, 1968d). The
Manhattan Formation within the Ossining quadrangle
consists of two units: (1) a fissile schist with calc-silicate
rock or interlayered marble and cale-silicate rock lo-
cally present at the base, and (2) a feldspar-rich gneiss
or schistose gneiss which overlies the fissile schist.
Unit designations for the Manhattan Formation corre-
spond to those of Hall (1968d, p. 120). Manhattan unit
A will be used to designate the lower Manhattan unit
and Manhattan unit C will be used for the upper
Manhattan unit of the Ossining quadrangle. Hall's unit
B, an amphibolite, is absent in the Ossining quad-
rangle and apparently also in the Haverstraw quad-
rangle (Ratcliffe, 1968, p. 200). Amphibolite layers
occur within the Manhattan Formation of the Ossining
quadrangle, but only as thin and discontinuous layers
within both the upper and lower Manhattan units.

Manhattan unit A of the Ossining quadrangle is a
fissile garnet-sillimanite-feldspar-muscovite-quartz-
biotite schist {Oma in Plate 1) with a pyroxene-
hornblende-biotite-quartz-feldspar schist or schistose
gneiss (Omab in Plate 1) and interlayered caleitic
marble-schistose gneiss locally present at the base.

?Omab

The basal, pyvroxene-hornblende, bearing schistose
gneiss is present more commonly in the central and
northwestern portions of the quadrangle than in the
southeastern portion. It ranges from a hard, rusty,
slabby schistose gneiss to a more granulose rock with
very little rust or brown coloration on the weathered
surface. Commonly these two rock types are inter-
layvered with layers 1 to 5 cm thick. Granitic pegmatite
lavers and quartz layers are common and range in
thickness from less than a centimeter to several me-
ters. The rusty, slabby schistose gneiss is dark blue-
gray or black on fresh surfaces and has a well-
developed foliation due to the parallel orientation of
biotite. Where the schistose gneiss is interlayered with
the granulose layers a compositional layering foliation
is present. Both types of foliation parallel the general
trend of the Manhattan-Inwood contact. In the field,
minerals that can be recognized within the slabby
schist or schistose gneiss include biotite, feldspar,
quartz, pyroxene, hornblende, and occasionally calcite,
garnet, and muscovite, The more granulose layers and
zones do not have a well-defined foliation. The
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pyroxene and
hornblende and less biotite and garnet than do the
slabby. schistose gneiss zones. Calcitic marble layers
(generally less than 1 m thick) are commonly inter-
lavered with the schistose gneiss. These marble layers
contain calcite, feldspar, quartz, mica, pyroxene, and
hornblende. No dolomite is recognized.

The schistose gneiss and interlayered schistose
gneiss-marble present at the base of the Manhattan
Formation are local in their distribution, and many
areas within the quadrangle exist where the fissile
schist typical of Manhattan unit A is in direct contact
with the underlying Inwood Marble.

granulose zones contain more

?Oma

This is the most abundant rock type within Manhat-
tan unit A. Tt is a fissile, aluminous schist easily iden-
tified within the Ossining quadrangle by its high mica
content and very rough, irregular, weathered surface.

This unit has the largest number of mineral phases
of any unit within the Ossining quadrangle; those rec-
ognizable in the field include biotite, muscovite, gar-
net, quartz, feldspar, sillimanite, magnetite, and rarely
tourmaline and chlorite. Magnetite is locally abundant
near the base of Manhattan unit A, and, in a few
areas, makes it impossible to take accurate compass
readings.

Compositional layering is commonly produced by
feldspar-quartz-rich layers and mica-rich layers. Where
present, it parallels both foliation and unit contacts.

Grain size within the schist is quite variable. Spher-
ical to euhedral garnet grains and platy mica grains
commonly are less than a millimeter in diameter, but
locally exceed one centimeter. Sillimanite is generally
fibrous, and ranges in length from less than a millime-
ter to several centimeters where present as small pods
in the schist. The remaining mineral phases are fine-
to medium-grained. Pink and white pegmatite pods
and layers of greatly varying size are abundant
throughout Manhattan unit A. They consist of quartz,
feldspar, muscovite, biotite, and garnet, with subordi-
nate tourmaline and sillimanite. Pegmatite pods as
well as the commonly present quartz pods occur both
concordantly and discordantly to the foliation. Pegma-
tite layers parallel the foliation,

POmaa

Thin, discontinuous amphibolite lenses that are
rarely more than a few meters thick and several me-
ters in length occur within Manhattan unit A. The
largest of these lenses is located on the southern limb
of the Teatown Anticline where a 2-meter-thick lens
can be traced for about 1.5 km along strike. Manhattan
unit A amphibolite is very similar to amphibolite in



other formations. It is dark gray to black and is com-
posed of hornblende, plagioclase, and minor quartz.
All amphibolites are concordant with the foliation of
the surrounding schist, but the amphibolites them-
selves lack visible foliation.

Manhattan unit C

The contact between Manhattan unit A and Manhat-
tan unit C in the Ossining quadrangle is gradational.
Manhattan unit A rock type a few centimeters thick is
interlayered with Manhattan unit C rock type of about
the same thickness. This contact zone is limited to a
few meters in width; however, schist layers similar to
Manhattan unit A are occasionally found well within
Manhattan unit C,

Manhattan unit C stratigraphically is the highest
unit in the Ossining quadrangle. Manhattan unit C is
fine- to medium-grained and composed of feldspar,
quartz, biotite, and muscovite with minor amounts of
garnet and magnetite and occasionally sillimanite.
Quartz and feldspar are the dominant minerals; hence,
the rock is gneissic in character. Compositional layer-
ing of quartz-feldspar layers and biotite layers (a few
millimeters thick), as well as the parallel orientation of
biotite and occasionally muscovite, give the rock a
well-defined foliation. The preferred orientation of
mica is parallel to compositional layering. In general
the outcrop surfaces appear to be rather massive, but
close examination reveals that the foliation is also ex-
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pressed by small-scale preferential weathering out of
the thin mica layers.

Amphibolite layers containing feldspar, hornblende,
and biotite are locally found within Manhattan unit C.
In some layers the hornblende grains have parallel
orientation, in others preferred orientation is lacking.

CORTLANDT COMPLEX

A younger, mafic, igneous complex, the Cortlandt
Complex, discordantly intrudes the Manhattan Forma-
tion. Other than to map the boundary between the
Cortlandt Complex and the intruded Manhattan For-
mation, only a brief reconnaissance of the Cortlandt
Complex was made for the present study. The Com-
plex has been mapped by Rogers (1911), Balk (1927),
and Shand (1942). Additional studies include those of
Dana (1880), Williams (1884, 1886, 1887a,b, 1888a,b),
Steenland and Woolard (1952), and Long (1961), The
subdivisions are those used on the State Geologic Map
of Fisher and others (1971),

Emery deposits, presently being mined at one local-
ity within the Ossining quadrangle, are associated with
the Cortlandt Complex. These were studied by Wil-
liams (1888b), Rogers (1911), Larsen (1928), Gillson
and Kania (1930), Butler (1936) and Friedman (1956).
They were most recently investigated by Barker (1964)
who concluded that the emery formed by reaction of
the pelitic Manhattan schist with the mafic Cortlandt
Complex.



Petrography

GENERAL STATEMENT

Few studies have been made of the petrology of the
Fordham-Manhattan stratigraphic sequence. Fettke
(1914) studied the Manhattan Formation, and more re-
cently Scotford (1956), Langer (1966), and Lessing
(1967) have made petrographic studies of the above
sequence.

During field work in the Ossining quadrangle, more
than 300 samples were collected, and from these, 171
thin sections were made and studied. Modal analyses
were made of 74 thin sections, and all were stained for
either feldspar or calcite. The analyses, along with
mineral identifications for all the 171 thin sections, are
presented in Tables 18-27. Sample locations are
shown on Plate 2. All modal analyses were made using
2,000 counts per thin section. The reliability of each
point count analyses was determined by the method of
Kalsbeek (1969), and the results are given as = values
for each modal percentage in Tables 18-27.

Thirty-two minerals have been identified from rocks
of the Ossining quadrangle, exclusive of the Cortlandt
Complex and that part of the Manhattan Formation
which was metamorphosed by the intrusion of the
Complex. Quartz and plagioclase are the most abun-
dant. Other minerals are hiotite, magnetite, hematite,
pvrite, muscovite, zircon, apatite, sillimanite, garnet,
sphene, allanite, tourmaline, staurolite, microcline, or-
thoclase, clinopyroxene, hornblende, scapolite, seri-
cite, chlorite, serpentine, calcite, dolomite, phlogo-
pite, olivine, tremolite, and clinozoisite. Microper-
thite, microantiperthite, and myrmekitic intergrowths
of quartz and Na-plagioclase are also present in a few
samples.

Determinative techniques other than microscopic
were used only when two conditions were met: 1) the
composition of the mineral in question could not be
readily determined by flat stage techniques (e.g., solid
solution series such as the feldspar) and 2) knowledge
of the composition was necessary for determining
mineralogical paragenesis.

FORDHAM GNEISS

Fordham unit A
Fordham unit A is characterized by a variety of rock
types, and a comparison of the mineral content of the
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samples listed in Table 18 reflects this variety.
Homblende, scapolite, and pyroxene are common in a
few layers, but are rare or absent in the remainder of
the unit. Sillimanite and muscovite are most common
in the schist whereas perthite is limited to pegmatite.
Variety of rock type is also reflected in the plagioclase
compositions (Table 2). Anorthite content ranges from
Angg to Angg.

Table 2. Fordham unit A plagioclase compositions

Sample # An Mol %
15-T1 16
70-11 22
57 25
70-1 29
117 29
27 32
65-11 34
120 34
63-1 39
114 39

Within Fordham unit A, as well as throughout the en-
tire stratigraphic sequence, plagioclase composition re-
flects bulk rock composition rather than metamorphic
grade. Those layers rich in aluminum and calcium con-
tain plagioclase with a high anorthite content. Those
poor in caleium, though often high in aluminum, have
plagioclase with low anorthite content. The
hornblende-scapolite-pyroxene-rich layers of Fordham
unit A and the basal Manhattan unit A, as well as am-
phibolites throughout the stratigraphic sequence, are
characterized by andesine and labradorite.

The granitic and aluminous units contain oligoclase
as the most common plagioclase. In all samples of
Fordham unit A except amphibolite, quartz is the
dominant mineral, and quartz along with plagioclase
and biotite constitute the bulk of all samples.

The schist in Fordham unit A (70-1 and 70-II) is
similar to the Manhattan unit A rock type. Sillimanite,
biotite, garnet, and some K-feldspar (Orgg-Orgg)
coexist. Thus, within the Fordham Gneiss, sillimanite,
K-feldspar, and quartz represent a stable mineral as-
semblage.

The other rock types which constitute Fordham unit
A are also not unique to this unit. Layers within Ford-



ham unit A which contain abundant pyroxene,
hornblende, scapolite, and calcie plagioclase closely re-
semble layvers near the base of the Manhattan Forma-
tion, and the biotite-plagioclase-quartz gneisses of
Fordham unit A are similar to some gneisses from
Fordham unit C and Manhattan unit C. Such similar-
itv of rock types exist throughout the stratigraphic se-
('IU Erece.

Fordham unit B

Field observations indicate that Fordham unit B
consists principally of a dark quartz-feldspar gneiss and
amphibolite. This character is reflected in the modes
for the unit B samples (Table 19). The difterence be-
tween the two unit B rock types is best reflected in
the quartz/hornblende ratio. In amphibolites, the ratio
is low, whereas in the dark gray gneiss the ratio is re-
latively high. The relativelv subsilicic composition of
this rock is evident from plagioclase compositions
which range from Any to Ansg (Table 3).
occasionally clinopyroxene are abundant minerals in

Biotite and

addition to quartz, plagioclase, and hornblende. Less
abundant phases include zircon, unidentified opaque
minerals, apatite, garnet and, in one sample, calcite,

In one sample from Fordham unit B, clinopyvroxene
constitutes 27.5% (volume) of the rock, but in general
it does not exceed one or two percent. Clinopvroxene
is green in hand sample, but colorless in thin section.
It has excellent cleavage. Hornblende commonly oc-
curs as rims around the pyroxene, but unrimmed
pyroxene is also common. The optic angle N, and 2V
were determined for 15 pyroxene samples from Ford-
ham unit A, the Fordham-Inwood contact zone, In-
wood Marble, and the base of Manhattan unit A as
well as from Fordham unit B. From these data,
pyroxene composition was inferred using a diagram
62) (Figure 4). The
pyroxene from Fordham unit B is salite.

The total number of mineral phases and the variabil-
ity of mineral composition in Fordham unit B is
smaller than in any other unit. This restricted compo-

presented by Troger (1959, p.

sitional range suggests a very limited variability in the
nature of the pre-metamorphic parent rock, and little
if any interchange with the rocks above or below.
Field studies support this conclusion in that contacts
between unit B and the surrounding units are sharp.
Such relationships, as well as the apparent absence of
the unit in many places, are consistent with the possi-
bility that unit B represents a malic to intermediate
voleanic rock.

o]

Table 3. Fordham unit B plagioclase compositions

Sample # An Mol %

63 31

7 32
94 34
52 35
72 35
69 36
93 36
28 40
35 40
76 56

Fordham unit C

Fordham unit C is quite variable in mineralogy, but,
in all samples, quartz, feldspar, and biotite are domi-
nant. Plagioclase is generally the dominant feldspar,
but in some outcrops, particularly along the Teatown
Anticline, K-feldspar dominates. In general, plagio-
clase and K-feldspar percentages varv inversely. Sam-
ples high in K-feldspar tend to be pink whereas those
high in plagioclase are white to dark gray.

A study of structural state of the K-feldspar (Wissig,
1970) shows that of those samples which have a normal
structural state, Fordham unit C and the Lowerre
Quartzite have K-feldspars with a microcline structure,
The Inwood Marble and the base of Manhattan unit A
contain alkali feldspars that are quite variable in struc-
tural state. All of the alkali feldspars studied are
K-rich, with little Na in solid solution. Values of K/K
+Na for the K-feldspar range from 0.77 to 0.92 and
average 0.88. No apparent relationship exists between
stratigraphic  position and composition of the
K-feldspars. The petrogenetic significance of structural
state and composition will be discussed later,

Table 4. Fordham unit C, K-feldspar compositions

Sample # Composition
295A Oryy
312-1 Orgy
317 Orgg
318 Org;

319 Orgg

Plagioclase grains from Fordham unit C. particularly
from the Teatown Anticline, locally have narrow, fresh
borders surrounding a highly sericitized and twinned



4!

Figure 4

Triangular plot of clinopyroxene composi-
tions from the Ossining quadrangle.
__Fordham unit A, —_Fordham unit B,
»—Fordhamrlnwt)od contact zone, — Inwood
Marble, —Manhattan unit A (basal schis-
tose gniess). Clinopyroxene classification
based on Hess (1949).
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Photomicrographs of plagioclase with calcic
core (C) (Any) and sodic rim (R) (Any).
Quartz (Q), Microcline (M). Fordham unit
C, sample 295-1. Crossed nicols.




Figure 6 Photomicrograph of plagioclase with a caleic

-
—0.1mm

core (C) (Ansg) and sodic rim (R) (Angy).
Quartz (Q). Fordham unit C, sample 319.

Crossed nicols.

core (Figures 5,6). In general, twinning extends be-
yond the core and through the rim, but the plagioclase
in the rim has an extinction angle indicating that it is
more sodic than the core (Table 3). Scotford (1956, p.
1173) interpreted similarly zoned plagioclase from the
Fordham Gneiss of the Poundridge area as products of
alkali metasomatism.

Table 5. Fordham unit C plagioclase compositions
for rimmed plagioclase

Sample # Core An Mol %  Rim An Mol %

295A 14 11
318 15 -8
220 20 18
319 28 24

Plagioclase composition (Table 6) for the unit is re-
lated to the presence or absence of K-feldspar grains,
varying from Ans to Angg where K-feldspar is absent
and from Ang, to Ansy where it is present. An obvious
exception to this relationship is sample 43 which con-
tains K-feldspar and has a plagioclase of composition
Any;. However, this sample differs from others in that

16

the plagioclase is highly altered along cleavage traces,
and the K-feldspar occurs there rather than as separate
grains.

Hornblende is abundant in some samples and absent
in others. Other minerals, present in trace amounts
include an unidentified opaque mineral, zircon, mus-
covite, sericite, apatite, calcite, garnet, chlorite,
clinozoisite, sphene, allanite, tourmaline, sillimanite,
and myrmekitic intergrowths of quartz and plagioclase.

Table 6. Fordham unit C plagioclase compositions

Sample # An Mol %  Sample #  An Mol %
312-1 14 105 26
312-11 14 110 26
313 15 112 27
260-11 16 107 28
309 16 119 28
111 18 317 29
86 19 96 32
Ch H 22 260-1 32
244 22 10 36
108 24 43 43
37 26



Sphene is a common accessory mineral in the Ford-
ham Gneiss of the Teatown Anticline where it fre-
quently rims an unidentified opaque mineral. Lessing
(1967, p. 23) described in the Poundridge area a simi-
lar occurrence of sphene surrounding pure ilmenite.

Bubble trains of unknown composition are common
in some thin sections of both Fordham unit C and
Manhattan unit C. Within any given thin section these
bubble trains are parallel, and transverse to the folia-
tion. Because the planes of inclusions commonly ex-
tend without deflection through adjacent quartz grains
of different orientation, the orientation of these inclu-
sions cannot be crystallographically controlled. Tuttle
(1949) has pointed out that primary inclusions in
quartz generally have either a random orientation or
an orientation controlled by growth planes. Therefore,
the bubble inclusions of those samples here studied
are probably of secondary origin and may represent a
late shearing direction transverse to the mineralogical
foliation.

LOWERRE QUARTZITE

The Lowerre Quartzite is more distinctive in the
field than in thin section. It is a feldspathic quartzite
with a higher percentage of quartz than other units
(Table 21). The generally high content of quartz (35%
to 94%) readily distinguishes the unit from the under-
lying Fordham Gneiss and overlying Inwood Marble.
Three K-feldspar determinations (Wissig, 1970) indi-
cate that the K-feldspar structural state is close to that
of microcline. K-feldspar compositions range from Org,
to Orgy. Plagioclase compositions of two samples are in
the albite and oligoclase range (An; and An,,). Other
minerals include biotite, muscovite, clinozoisite, zir-
con, apatite, tourmaline, sphene, and unidentified
opaque minerals.

INWOOD MARBLE

The Inwood Marble is dominated by either dolomite
or calcite in a given locality. Near the Inwood-
Fordham contact and within the central part of the
Inwood Marble, dolomite is common. Within the cen-
tral part, dolomite coexists stably with quartz. Near
the Inwood-Manhattan contact the dominant carbonate
mineral is calcite, and the pair dolomite + quartz has
been replaced by diopside. The single pyroxene iden-
titied from the Inwood Marble is an endiopside (Fig-
ure 4). Olivine occurs in some dolomitic marbles
which are free of quartz. Olivine is commonly wholly
or partially replaced by serpentine, and serpentine-
rimmed olivine is common. Other minor constituents
are phlogopite, K-feldspar, scapolite, and pyrite.
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K-feldspar has a variable structural state ranging from
maximum microcline to intermediate between ortho-
clase and microcline (Wissig, 1970). K-feldspar compo-
sition is relatively constant, ranging from Orgg to Org,

(Table 7).

Table 7. Inwood Marble K-feldspar compositions

Sample # Composition
131 Orgg
133 Orgg
336 Org,
340-1 Orgy

The Inwood Marble as a whole contains approxi-
mately equal amounts of calcite and dolomite, with all
other constituents being present in only minor
amounts. However, large differences in calcite/
dolomite ratio occur in individual samples as deter-
mined by staining. The same commonly applies to ad-
jacent layers from the same outerop. The total number
of mineral phases within the Inwood Marble is rela-
tively high (19); however, individual samples generally
contain few phases, indicating that the number of
components within any one part of the Inwood Marble
is small.

In a few samples, well-rounded quartz grains occur,
surrounded by a coarse, carbonate matrix. These
grains are interpreted as detrital, presumably pro-
tected from deformation by the very ductile calcite and
dolomite which surround them.

FORDHAM-INWOOD CONTACT ZONE

Figure 3 is a sketch of the Fordham-Inwood contact
zone exposed along the Saw Mill River Parkway in
Chappaqua. Pertinent petrographic data are presented
in Table 22. Thin sections 175G and 1751 were made
from layer A; 175A, 175E, and 175H from layer B;
175B and 175D from layer D; 175C from layer E; and
175E from layer F. From these petrographic data,
compositional distinctions between layers are obvious.
Laver A is distinguished by its high biotite content,
low hornblende content, and lack of K-feldspar. Layer
B has a high K-feldspar content, low biotite content,
and no hornblende. Layer D is distinguished on the
basis of its physical appearance in outcrop, which is
characterized by a rusty weathered surface. On the
basis of petrographic data, layer D is similar in compo-
sition to layer B, and therefore, probably is a part of
layer B. E is the only marble layer.

K-feldspar of layers B, D, and the amphibolite have
similar structural states close to that of microcline



(Wissig, 1970). The pyroxene in layers D, E, and the
amphibolite is entirely diopside (Figure 4),
Compositional similarities as determined from pe-
trographic studies of the Fordham-Inwood contact zone
indicate that infolding cannot, by itself, be the only
mechanism. Layer A and the amphibolite are not cor-
relative, and thus complete mirror symmetry is lack-
ing, Faulting or more local shearing remains as a pos-
sible mechanism to account for the interlayering. With
the available data from the Ossining quadrangle, con-
clusive explanation for the interlayering at the
Inwood-Fordham contact is not possible.

MANHATTAN FORMATION
Manhattan unit A

Basal Schistose Gneiss: Locally, the base of Manhat-
tan unit A is characterized by a schistose gneiss con-
taining abundant calesilicate minerals, plagioclase, and
rarely K-feldspar. It is readily distinguished from the
remaining lower Manhattan unit by the common oc-
currence of hornblende, pyroxene, scapolite,
K-feldspar, sphene, calcite, and highly variable plagio-
clase compositions (An,y; to Ang) (Table 8). With the
exception of marble interlavers in which calcite is the
dominant phase, all of the basal Manhattan zone con-
tains plagioclase, quartz, and biotite as the dominant
minerals. K-feldspar is found in the basal Manhattan
Formation. However, none has been found in the
upper part of Manhattan unit A, nor in Manhattan unit
C. Other common minerals in the basal calc-silicate
rock are quartz, biotite, opaque minerals; accessories
include clinozoisite, zircon, apatite, myrmekitic inter-
growths of quartz and plagioclase, garnet, tourmaline,
sericite, chlorite, allanite, sillimanite, muscovite, and
epidote. Both metamict and non-metamict allanite
occur as trace constituents in a few samples, and allan-
ite is commonly surrounded by clinozoisite. Metamict
allanite is characterized by anastomosing cracks radiat-
ing from a central allanite grain into but not beyond
the surrounding clinoziosite rim.

All pyroxenes studied from the base of the Manhat-
tan Formation are monoclinic, ranging from Mg-rich to
Fe-rich salite (Figure 4). K-feldspars from the basal
Manhattan zone vary in both structural state and com-
position, with ranging from Orgs to Org,, and structural
state ranging between maximum microcline and or-

thoclase (Wissig, 1970). Three Na/K+Na values of

muscovite (Na/K + Na = 13.0%, 13.0%, 22.3% for
samples 236, 344, and 342-1, respectively) suggest high
variability in muscovite compositions. Muscovite,
K-feldspar, and plagioclase all have quite variable
compositions within this zone. Hornblende rims
around pyroxene are comion,
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Table 8. Basal Manhattan zone plagioclase composi-

tions
Sample # An Mol % Sample # An Mol %
212 2l 210A 54
227 26 345-1 54
233 26 303 38
234(peg) 29 346-1 58
259-11 32 236 64
346-11 35 E10 68
222 41 126-1T1 68
344 41 180 70
211-1 45 224d 80
342-1 47 342-11 850

The number of phases in any one thin section is
high; 9 or 10 phases commonly are present, but as
many as 15 mineral phases coexist within one thin sec-
tion. Similarly, the total number of phases present in
the basal Manhattan zone is high (21). This variability
reflects the existence and reaction between two very
different bulk compositions: an aluminous assemblage
and a carbonate-rich assemblage.

Table 9. Basal Manhattan zone K-feldspar composi-

tions
Sample # Composition
E10 01‘34
224d Org;
303 Orge
342-11 Orsg
345-1 Orgg
345-11 Org,y

Fissile Schist: In addition to the basal zone contain-
ing cale-silicate minerals, Manhattan unit A is charac-
terized by a highly aluminous, fissile schist. Plagio-
clase, quartz, muscovite, sillimanite, and biotite ac-
count for the bulk of the rock, but garnet and magne-
tite are also common. Accessory minerals include
tourmaline, staurolite, zircon, apatite, sericite, chlo-
rite, K-feldspar, and myrmekitic intergrowths of quartz
and plagioclase. Hornblende and clinozoisite are lim-
ited to amphibolite layers, where hornblende and
plagioclase (Any,) are dominant, and quartz, zircon,
magnetite, apatite, and sericite occur in lesser
amounts. The staurolite is limited to the base of Man-
hattan unit A near the underlying marble and is not
found in any other stratigraphic position within the
quadrangle. Barth (1936, p. 788) reported that north of
the Hudson Highlands, in the same stratigraphic se-
quence, staurolite is restricted to a narrow zone within



Figure 7 Photomicrograph of euhedral staurolite (St) ' | 0 5
with fibrous sillimanite (Si) inclusions. The :
sillimanite cuts across the staurolite grain micrograph. Muscovite (Ms), biotite (Bi).
boundary in the left side of the photo- Manhattan unit A, sample 308. Plane light.

F

Figure 8 Photomicrograph of staurolite remnant (St)
in muscovite (Ms)., Manhattan unit A, sam- I | 05 mm
ple 329. Plane light.
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the schist near the contact between the schist and the
marble. The similarity in occurrence of staurolite to
the north and south of the Highlands may have signifi-
cance in correlation between the two areas. Staurolite
in the Ossining quadrangle occurs in both an unaltered
state and in other samples partially replaced by rim-
ming muscovite (Figure 8). Sillimanite, quartz, and
muscovite coexist without anv textural evidence
suggesting reaction between the quartz and muscovite.
Scotford (1956) reported that, in the Poundridge area,
muscovite is limited to rocks containing sodic to in-
termediate plagioclase (Ang,_g). This limitation does
not apply to the Ossining quadrangle where plagioclase
associated with muscovite ranges from An;, to Ang
(Table 10). Using data from Evans and Guidotti (1966,
p. 39), muscovite from Manhattan unit A was deter-
mined to have paragonite values ranging from 8 to
22% (Table 11). No regional or stratigraphic trends in
muscovite composition are apparent in the Ossining
quadrangle except for relatively high Na values (18-
23% paragonite) of muscovite associated with stauro-
lite. In staurolite-free assemblages, muscovite tends to
be more K-rich. A similar trend was noted by Guidotti
(1968) for rocks from the Rangeley area, Maine.
Plagioclase compositions range from Angy to Angg, with
most samples having values of about An,; (Table 10).
K-eldspar is restricted to the base of the Manhattan
Formation. Of the two K-feldspar samples for which
structural state and composition were determined, one
sample has an anomalous structural state; the other
sample has an intermediate structural state and a com-
position of Oryg,. No hornblende was found within
either Manhattan unit A or Manhattan unit C except
in amphibolites and near or at the Inwood-Manhattan
contact.

Table 10. Manhattan unit A (fissile schist) plagio-
clase compositions

Sample #  An Mol %  Sample #  An Mol %

350 14 326 25
331 19 154 26
165 21 144-1 27
339 21 152 27
353 21 315 27
151A 22 320 27
307 22 329 27
258 24 210 31
265 24 332 31
302 24 347 34

ET 25 321 39
283 25 305(amp) 44
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Table 11. Manhattan unit A (fissile schist) muscovite
compositions expressed as percent
paragonite (Pg)

Sample # %Pg/Pg+Ms Sample # %Pg/Pg+Ms

197 8.3 165 13.7
315 10.0 349 16.1
151A 10.8 283 18.4
138 11.4 329 18.4
152 11.4 348 18.4
320 11.4 353 18.4
307 12.2 308 19.0
347 122 326 19.8
302 13.0 339 19.8
321 13.0 350 19.8

E7 22.3

Manhattan unit C

Manhattan unit C, the stratigraphically highest unit
within the Ossining quadrangle, is characterized by an
abundance of plagioclase, quartz, and biotite, lesser
amounts of muscovite, and an unidentified opaque
mineral, Zircon, sillimanite, garnet, and apatite are
common accessory minerals; allanite, clinozoisite, and
sphene are rare accessories. Amphibolite layers contain
abundant plagioclase and hornblende, with lesser
amounts of biotite, quartz, and unidentified opaque
mineral, and zircon. The mineralogical and modal
composition of the schistose gneiss remains relatively
constant, indicating a low degree of component varia-
bility throughout the unit. The Na/Na+K ratios of
muscovite range from 9.0% to 20.8% (Table 12).
Plagioclase compositions range from Ang, to Ang,, with
most plagioclase samples being close to An,; (Table
13).

Within the Ossining quadrangle, four classes of
metamorphic rocks can be recognized on the basis of
their bulk chemical composition: aluminous, quartzo-
feldspathic, calcareous, and mafic. Of these, the
aluminous assemblages are the most suitable for
metamorphic facies classification. Thus, the aluminous
Manhattan schist will form the basis for facies classifi-
cation for the Ossining quadrangle.

The aluminous rocks of Manhattan unit A consist es-
sentially of quartz, muscovite, biotite, sillimanite, gar-
net, staurolite, plagioclase, and minor K-feldspar.
These minerals contain the components SiQ,, A1,0,,
MgO, FeO, K0, Na,O, CaO, and H,0. Since quartz
is present in all Manhattan unit A assemblages, SiO, is
present in excess and therefore need not be graphi-
cally considered as a compositional variable. H,O will
be assumed to be a mobile component and must,
therefore, be considered in terms of its chemical po-



tential which is externally controlled. Hence, H,O is
not considered as a component in terms of the phase
rule, but it must be considered as an intensive variable
(i.e., in addition to temperature and total pressure).
With the elimination of H,O and S$iO, as variable
components, Manhattan unit A fissile schist can be de-
scribed in terms of the six components Al,0;, MgO,
FeO, K;O, Na,O, and CaO. Both the AFM diagram
(Thompson, 1957) and the CaO-Na,0-K,0-AlLO; tet-
rahedron (Guidotti, 1963 and Evans and Guidotti,
1966) will be used for the present study in evaluating
possible reaction pairs and stable assemblages.

Minerals in the AFM projection which are found in
the aluminous schist of Manhattan unit A include bio-
tite, sillimanite, garnet, and staurolite (along with
quartz and muscovite). Examination of Table 25 re-
veals that assemblages containing only one or two of
these minerals are rare, but three- and four-phase as-
semblages are common. Observed AFM mineral as-
semblages are as follows (all, also, contain quartz and
muscovite):

L. Biotite

2. Biotite + sillimanite

3. Biotite + garnet

4. Biotite + sillimanite + garnet

5. Biotite + sillimanite + garnet + staurolite

These assemblages are plotted in Figure 10. Staurolite
is found only near the base of Manhattan unit A, close
to the contact of Manhattan unit A with the underlying
Inwood Marble. The three-phase assemblages,
sillimanite-garmet-biotite, is a stable assemblage in all
but the lowest part of the Manhattan unit A.

Several possibilities exist to explain the presence of
an additional phase in assemblage 5 over the theoreti-
cal maximum of three:

1) Equilibrium may not have been maintained dur-
ing the progressive metamorphism of the Manhattan
Formation; _

2) Garnet, biotite, and staurolite may have different
essential components (Fe™, Ti*? 4 in biotite; Zn*? in
staurolite; Mn*? in garnet) which would remove one or
more of these phases from the plane of the projection.
In the absence of compositional control of these
phases, this possibility cannot be evaluated fully. The
rare occurrence of staurolite + magnetite rims around
garnet suggests a compositional control of staurolite
stability by the reaction:

Almandine + O, + H,0 — Staurolite + magnetite
+ quartz;

3) A decrease in the number of independent vari-
ables would stabilize an additional phase. A discon-
tinuous reaction resulting in the addition of another
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phase can occur only on a specific surface in P, T,/
uH,0 space, and the intersection of this surface with
the earth’s surface is a line (an isograd). Within the
Ossining quadrangle, the distribution of the four-phase
assemblage biotite + sillimanite + garnet + staurolite
defines a stratigraphically controlled line near the base
of the Manhattan Formation. If this distribution of
phases represents an isograd in the Ossining quad-
rangle, only the isograd and the prograde assemblage
biotite-garnet-sillimanite are represented. Muscovite
from the staurolite-bearing assemblage is more sodic
(Pg/iPg+Ms = 18-21%) than muscovite from
staurolite-free assemblages (Pg/Pg+Ms = 8-17%). On
the basis of data from Evans and Guidotti (1966), mus-
covite can be expected to become less sodic and
plagioclase more sodic with increasing metamorphic
grade. Although muscovite is more sodic in the pres-
ence of staurolite, plagioclase is not less sodic at or
near a supposed staurolite isograd. Therefore, on the
basis of muscovite-plagioclase equilibria there is no
basis for inferring an isograd in a gradient of one or
more intensive variables; and

4) Retrograde reactions may have been responsible
for the addition of staurolite to the assemblage: biotite
+ sillimanite + garnet. Textural relationships in this
regard are inconclusive. Euhedral staurolite occurs in
part within sillimanite masses, in part including fibro-
lite. Sillimanite trains within the staurolite commonly
are continuations of sillimanite fibers adjacent to the
staurolite crystals (Figure 7). These textural relation-
ships between sillimanite and staurolite could be the
result of either prograde or retrograde reactions. Re-
crystallization of muscovite and partial replacement of
staurolite by muscovite is suggested by the presence of
small corroded relict staurolite and remmants of sil-
limanite swarms in large muscovite plates (Figure 8).
These replacement textures occur in the same strati-
graphic position within the Manhattan Formation as
does alkali feldspar which is inferred to be the result of
reaction between muscovite and calcite (p. 68). Ex-
perimental studies (Ganguly, 1968, p. 289) and obser-
vational evidence (Fyfe, Tumer, and Verhoogen, 1958,
p. 229) indicate that K-feldspar and staurolite are in-
compatible. The reaction of muscovite and calcite,
therefore, would not be expected to form K-feldspar
with staurolite in Manhattan unit A, but, rather, would
be expected to alter the aluminum silicates (i.e.,
staurolite) and reprecipitate muscovite. The alkali
source for the alteration of staurolite to late-stage mus-
covite in the Ossining quadrangle is therefore inferred
to be the reaction hetween preexisting muscovite and
calcite.

In one sample of the fissile schist from the base of
Manhattan unit A, fine-grained muscovite rims euhe-
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Figure 9 Photomicrograph of biotite (Bi) with a mus- Figure 10 AFM diagram for Manhattan unit A of the
covite (Ms) rim. K-feldspar (Kf) surrounds Ossining quadrangle. Metamorphic as-
the biotite and muscovite. Manhattan unit semblages are listed on page 23 and are
A, sample 265. Crossed nicols. numerically indicated in the diagram.
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for Manhattan unit A.
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represents
— — — assemblage 4,

............ assemblage 5. Assemblages 1, 2,
and 6 are numerically indicated in the dia-

gram.

dral biotite plates (Figure 9). This muscovite is closely
associated with K-feldspar and is inferred to be late-
stage muscovite formed from a reaction between
preexisting muscovite, calcite, and quartz at some time
following the formation of biotite. The biotite presum-
ably served as a nucleating agent for the precipitation
of muscovite.

Minerals in the tetrahedron sillimanite-anorthite-
albite-K-feldspar which are found in the aluminous
schist of Manhattan unit A include sillimanite, musco-
vite, plagioclase, and K-feldspar (along with excess
510, as quartz). Examination of Table 25 reveals that
assemblages with only one of these phases are nonexis-
tent, two-phase assemblages are rare, but three-phase
assemblages are common. Four-phase assemblages are
rare. Observed mineral assemblages which plot within
this tetrahedron are as follows:

L. Muscovite + plagioclase

2. Muscovite + sillimanite

3. Muscovite + sillimanite + plagioclase

4. Muscovite + sillimanite + plagioclase + stauro-
lite

5. Muscovite + sillimanite + plagioclase +
K-feldspar

6. Sillimanite + plagioclase

Clearly, assemblages 3 and 4 are the same assemblage
with regard to the sillimanite-K-feldspar-Ab-An tet-
rahedron, but, as pointed out earlier, textural evidence
suggests that the muscovite associated with staurolite
was formed late in the metamorphic history of the
rock. No such evidence exists for the other as-
semblages listed above; hence, assemblage 4 has been
considered as an assemblage distinct from assemblage
3. In addition to textural consideration, a cursory
examination of muscovite compositions in Table 11 in-
dicates that 3 and 4 should probably not be considered
a part of the same assemblage. The above assemblages
are plotted in Figure 11. Only the compositionally
limiting values have been plotted on this figure in
order to avoid confusion with too much data.

Within each assemblage, compositions exist between
the values as plotted in Figure 11. Two samples (321
and 353) from assemblage 3 and one sample from as-
semblage 4 (350) have not been used in this study.
Mineral compositions determined from these samples
are not in agreement with the remaining samples in
their respective assemblages. The reasons for their
great variance is not known; however, even if these
samples are considered as valid, they do not change
relationships either within or between assemblages,
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Figure 12 Al,0,-KAlO,-NaAlOQ,-CaAl,O, tetrahedron
for Fordham unit A (schist) and Manhattan
unit A, — - — - — represents Fordham
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Figure 11 does not reveal any evidence for dis-
equilibrium within individual assemblages; in all as-
semblages the number of phases is either equal to or
less than the number of components. Local equilib-
rium is possibly present within and between as-
semblages. The amount of K* in plagioclase, reflecting
local K™ concentrations, may be responsible for cross-
ing of muscovite-plagioclase tie lines (Boone, 1969,
personal communication). The triangle for assemblage
4 cuts the component triangle for assemblage 3. The
wedge representing phase assemblage 5 cuts as-
semblages 1, 3, 4, and 6. Previously, it was suggested
that the muscovite of assemblage 4 and the K-feldspar
of Manhattan unit A were formed by the reaction be-
tween preexisting muscovite and calcite. K-feldspar
and Na-rich muscovite within Manhattan unit A are
restricted to the base of Manhattan unit A, near the
contact with the underlying Inwood Marble. Hewitt
and Orville (1968) studied muscovite-calcite-quartz
stability and found that the reaction KAl;Si;O,0(OH),
+ CaCO; + 28i0;, = KAISi;Os + CaAl,Si,0f + H,0
+ CO, has a maximum equilibrium temperature of
463+3°C at 1000 bars, 492+3°C at 2000 bars, and
548+5°C at 4000 bars. Extrapolation of these data to
higher pressures and temperatures (Figure 13) indi-
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represents Man-

cates that under metamorphic conditions inferred for
the Ossining quadrangle (p. 76) the above reaction
should proceed to the right. The introduction of
CaCOjy from the underlying marble is thus proposed to
explain the lack of equilibrium between assemblages
within the sillimanite-Or-Ab-K-feldspar tetrahedron.
The introduction of CaCO; may also explain why K*
concentration differences exist (Boone, 1969, personal
communication). In the absence of K-feldspar, the sta-
ble assemblage within this tetrahedron is sillimanite-
muscovite-plagioclase. The two- or three-phase as-
semblage consisting of sillimanite and/or muscovite
and/or plagioclase is considered to be the equilibrium
phase assemblage within all but the base of the
aluminous Manhattan unit A of the Ossining quad-
rangle.

By eliminating from consideration those rocks near
the base of the Manhattan Formation, the following
minerals represent stable phases within Manhattan
unit A: biotite, sillimanite, garnet, plagioclase, musco-
vite, and quartz. These minerals indicate that the
Manhattan unit A is within the muscovite-sillimanite
zone, and belongs to the sillimanite-almandine-
muscovite subfacies of the amphibolite facies.
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Figure 13 Experimental mineral equilibria and infer-
red physical conditions of metamorphism
for the Ossining quadrangle; hachures indi-
cate the inferred maximum range of
pressure and temperature. Aluminum sili-
cate curves and area ol uncertainty for the
ALSIO; triple point from Richardson, ef al.,

Lo
Ut

650 700
re °C

(1969). Curve for melting of muscovite (ms),
quartz (qtz), and oligoclase (olig) from von
Platen and Holler (1966). Curve for reaction
of muscovite (ms) + (qtz) + caleite (cal) to
torm K-feldspar (K-feld) + anorthite (An) +
CO, + H,0. from Hewitt and Orville
(1968).



Table 12. Manhattan unit C muscovite compositions
expressed as percent paragonite (Pg)

Sample # %Pg/Pg+Ms
304 9.0
335 9.0
314 10.8
284 12.2
324 12.2
333 12.2
286 14.4
325 14.4
328 16.8
279 20.8

Table 13. Manhattan unit C plagioclase compositions

Sample # An Mol %

327-1 21
279 23
284-1 24
286 26
275 27
304 27
314 27
292 29
324 29
335 29
357 29
280 30
316 30
325 31
333 31
287 32

Petrology

INTERNAL EQUILIBRIUM AND METAMORPHIC
FACIES CLASSIFICATION

If equilibrium has been established either locally or
over wide areas within the Ossining quadrangle, the
mineral assemblages must conform to the require-
ments of the phase rule (Goldschmidt, 1911; Kor-
zhinsky, 1936, 1950, 1965).

The establishment of internal equilibrium is de-
pendent on the scale or size of the system under con-
sideration. Although mutually incompatible as-
semblages within the system are indicative of dis-
equilibrium, Thompson (1959) pointed out that local
equilibrium may be established within such a system if
the incompatible phases are not in contact with one
another. For the present discussion, the limits of each
system will be defined as the boundaries between
stratigraphic units, and, therefore, each unit defines a
system.

Although local equilibrium is established for most
phases within the Ossining quadrangle, some local dis-
continuities do exist. Textural evidence of local (grain
boundary) disequilibrium include hornblende rims on
pyroxene (Fordham unit B, samples 72 and 94; basal
schistose gneiss of Manhattan unit A, samples E10, 35,
180, 211-I1, 303), biotite rims on hornblende (Ford-
ham unit B, samples 28 and 76; Fordham unit C, sam-
ples 112 and 260-I1I; Fordham unit A, sample 115),
fresh sodic rims on altered calcic plagioclase (Fordham
unit A, sample 115, Fordham unit C, samples 220,
293-1, 318, 319; Fordham-Inwood contact zone, sample
175A; Table 16, Figures 5, 6); muscovite plates rim-
ming staurolite (Manhattan unit A, sample 329; Figure
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8), and muscovite rimming biotite (Manhattan unit A,
sample 265; Figure 9),

The occurrence of fresh sodic plagioclase rims on al-
tered calcic plagioclase (Figures 5, 6) is most common
in Fordham unit C of the Teatown Anticline. The
highest concentrations of microcline in the quadrangle
also occur here, and the sodic plagioclase is restricted
to the boundaries between Ca-rich plagioclase and
K-feldspar. Tuttle (1952) studied secondary albite in six
granites, and found that nearly all of the secondary al-
bite is located at K-feldspar-plagioclase boundaries.
Tuttle concluded that despite the absence of perthite,
unmixing of alkali feldspars is the most probable
source for the K-feldspar and “late stage™ albite.
Within the Ossining quadrangle, minor amounts of
microperthite are found in three of the six samples
from Fordham unit C containing sodic plagioclase rims
on calcic plagioclase cores (295-1, 318, 319), suggesting
exsolution as the cause.

Throughout the stratigraphic sequence, the plagio-
clase is uniformly of low temperature-intermediate
structural state (Wissig, 1970). In contrast, the
K-feldspar structural state is quite variable, indicating
a disequilibrium within stratigraphic units. Tempera-
ture, water pressure, and bulk composition all affect
the K-feldspar structural state, and studies by Dietrich
(1962) indicate that composition of the feldspar is also
an important factor. It is interesting to note that, in
the Ossining quadrangle, the unit with the greatest
variation in K-feldspar structural state (Manhattan unit
A) is also the unit with the greatest variation in com-
position of the K-feldspar. In addition to structural
state, disequilibrium relations in the Manhattan unit A



fissile schist (p. 65-69) indicate that assemblages con-
taining K-feldspar are in disequilibrium.

The only aluminous schist of the Fordham Gneiss
occurs within Fordham unit A. This schist contains the
following coexisting minerals: plagioclase (Angs ),
biotite, garnet, sillimanite, and K-feldspar (Orgg_gq).
This assemblage differs from that for Manhattan unit A
in the absence of muscovite and the presence of a
K-feldspar close to orthoclase in structural state. The
two different assemblages are plotted on the
sillimanite-An-Ab-Or tetrahedron in Figure 12.
Clearly, the ditference between these cannot be
attributed to differences in the bulk composition, and
the crossing tie lines are best attributed to a difference
in metamorphic grade. The Fordham unit A as-
semblage represents a slightly higher metamorphic
grade than that of the Manhattan unit A. The as-
semblage in Fordham unit A belongs to the
K-feldspar-sillimanite zone and the sillimanite-garnet-
orthoclase subfacies of the amphibolite facies. From
the relative stratigraphic position of the two units, this
difference in metamorphic grade suggests a slight in-
crease in grade of metamorphism with stratigraphic
depth. An alternative explanation is that the Fordham
Gneiss has undergone a high grade metamorphic event
prior to the deposition of the Manhattan Formation
and the assemblage sillimanite-garnet-orthoclase in
Fordham unit A records this early event. Definitive
evidence regarding these choices is lacking.

On the basis of mineral phases present within all the
other units of the quadrangle, it is concluded that the
metamorphic terrane of the quadrangle lies wholly
with the amphibolite facies. The grade of metamor-
phism ranges from the sillimanite-garnet-orthoclase
subfacies (K-feldspar-sillimanite =zone) to the
sillimanite-garnet-muscovite subfacies (muscovite-
sillimanite zone) of the amphibolite facies.

PHYSICAL CONDITIONS OF METAMORPHISM

Mineral stabilities as shown on PT diagram are only
approximate unless the variables controlling mineral
stability are known. For the rocks from the Ossining
quadrangle, many of these variables are not known,
and, therefore, any inferences regarding temperature
and pressure are somewhat speculative,

Within the Manhattan Formation, the stable phases
most useful in determining maximum temperature and
pressure include sillimanite, muscovite, quartz, and
oligoclase. Within Fordham unit A, the presence of
K-feldspar, sillimanite, and oligoclase and the absence
of muscovite are helptful for determining metamorphic
environment. The stability fields defined by these
minerals are plotted in Figure 13.
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The stability fields of the Al,SiO; polymorphs have
been extensively studied with quite divergent results
(Zen, 1969, presents an excellent summary of these
studies). For the present study, the experimental re-
sults of Richardson, et al., (1969) have been plotted in
Figure 13. In addition to their univariant lines, the re-
gion of uncertainty for the triple point as determined
by Richardson, et al., has been includes in Figure 13.
The kyanite-sillimanite and
sillimanite-andalusite define the lower temperature
stability field of the metamorphic terrane within the
quadrangle as well as both the upper and lower
pressure stability field. Within the Manhattan Forma-
tion, muscovite, quartz, sillimanite, and oligoclase

univariant lines

coexist in apparent stable equilibrium. Except near the
Manhattan-Inwood contact, K-feldspar is lacking. This
suggests that metamorphic conditions were below the
temperature and pressure necessary for formation of
sillimanite and K-feldspar from the pair muscovite +
quartz, but above the temperature and pressure neces-
sary for the formation of K-feldspar from muscovite +
quartz + calcite. The muscovite-quartz-oligoclase as-
semblage also suggests that the maximum metamor-
phic temperature within the Manhattan Formation was
below that necessary for anatectic melting. The reac-
tion marking the onset of such melting is:

muscovite + quartz + plagioclase — K-
feldspar-plagioclase-quartz components in the melt
and An-richer plagioclase + sillimanite + H,O
(von Platen and Holler, 1966)

Pegmatite layers within the Ossining quadrangle may
be the result of anatectic melting; compositional data
were not obtained. On the basis of the univariant
curves sillimanite-kyanite and sillimanite-andalusite,
and anatectic melting of quartz-muscovite-oligoclase,
the temperature and pressure at the time of meta-
morphism of the Manhattan Formation can be brack-
eted between 625° and 665°C and 4.5 and 6.4 kb, re-
spectively.

Fettke (1914) and Ratcliffe (1968) found abundant
staurolite and kyanite in the Manhattan Formation of
the Haverstraw quadrangle directly west of the Ossin-
ing quadrangle.

Staurolite and kyanite indicate a decrease in
metamorphic grade to the west, with pressure above
that at which andalusite is stable. The sequence kyanite
— sillimanite without intermediate andalusite suggests
that metamorphic pressure within the Ossining quad-
rangle was above 5.5 kb (Figure 13) thereby further re-
stricting the possible range of metamorphic conditions.

Within Fordham unit A, sillimanite coexists with
K-feldspar and oligoclase suggesting that the stability
range for muscovite + quartz has been exceeded.



However, biotite + sillimanite + quartz coexist. Al-
though no experimental studies on the reaction biotite
+ sillimanite + quartz— K-feldspar + almandine + H,0
have been made, Winkler (1967, p. 212) suggested
that such a reaction should take place at slightly higher
temperatures than the anatectic melting of muscovite
+ quartz. Therefore, Fordham unit A,
metamorphic temperature was probably only slightly
higher than that necessary for anatectic melting of
muscovite + quartz. This suggests a temperature of

within

about 670°C and pressure between 5.5 and 6.5 kb.

In Figure 13, the inferred range of possible
temperature/pressure conditions is indicated by
hachures. Temperature is inferred to have been be-
tween 625° and about 670°C with pressures between
5.5 and 6.5 kb,

FORDHAM AND MANHATTAN
METAMORPHISM

If the Fordham Gneiss has undergone a metamor-
phic event prior to the deposition of the cover rocks as
suggested by Hall (1968d), this event might be re-
corded in the resulting mineral assemblages. As
pointed out earlier (p. 71), Fordham unit A represents
a slightly higher metamorphic grade than does Man-
hattan unit A; however, this difference in metamorphic
grade may reflect slight differences in metamorphic
environment (T, P, wH,O, etc.) within the same
metamorphic event.

Smith and Yoder (1956) studied the structural state
of plagioclase from various petrologic environments
and found that plagioclase structural state is dependent
on composition and thermal history. Thus, by compar-
ing plagioclase of similar compositions, variations in
structural state should reflect variations in the thermal
history of the plagioclase. The structural state of
plagioclase from the Ossining quadrangle was studied
(Wissig, 1970) using the method of Bambauer, et al.,
(1967).

The data from this study indicate that plagioclase
from both the Fordham Gneiss and Manhattan Forma-
tion has a low temperature-intermediate structural
state. A wvariation in plagioclase structural state would
indicate a variation in the thermal history of the
plagioclase, but similar structural states do not neces-
sarily indicate similar thermal histories. An alternative
explanation for the resultant similarity in plagioclase
structural state is the possibility that a subsequent
metamorphic event has been of sufficient intensity to
change the Al-Si-ordering arrangement. In such a case,
the plagioclase structural state reflects only the sub-
sequent thermal event and not the entire thermal his-
tory of the plagioclase. It thus appears that the ques-
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tion of multiple periods of metamorphism within the
Ossining quadrangle cannot be resolved on the basis of
plagioclase structural state,

CARBONATE PETROLOGY

Although facies designation is not easily determined
using carbonate rocks because of the added variable of
Po,. a number of varying assemblages occur in the
Inwood Marble which are helpful in determining the
thermodynamic conditions at the time of metamor-
phism,

The assemblages plotted in the Si0,-CaO-MgO
triangle (Figure 14) include calcite, dolomite, quartz,
olivine, tremolite, and endiopside, the latter being
based on a single determination. Although variations in
pyroxene composition are possible, they would not
change relationships within or between assemblages as
inferred from the Si0,-CaO-MgO composition triangle.
Examination of Table 23 reveals that Si0,-CaQO-MgO-
COy-H,0O assemblages containing one phase are rare,
but two- and three-phase assemblages are common:

1. Calcite

2. Calcite + dolomite

3. Calcite + quartz

4. Dolomite + quartz phlogopite,
5. Calcite + quartz + clinopyroxene = K-feldspar,
6. Calcite + quartz + dolomite scapolite
7. Calcite + dolomite + tremolite

8. Calcite + dolomite + olivine

Noncrossing tie lines within individual assemblages
indicate local equilibrium, but crossing tie lines he-
tween assemblages suggest that equilibrium has not
been established within the Inwood Marble as a
whole. Although compositional variables may be re-
sponsible for the apparent disequilibrium, the distribu-
tion for these assemblages within the Inwood Marble
(Table 23 and Plate 2) suggests that the most probable
variable responsible for the lack of internal equilibrium
within the Inwood Marble is the partial pressure of
CO;. Those assemblages indicating a high Peo, (i.e.
dolomite + quartz and calcite + dolomite + quartz)
are found in the central part of the Inwood Marble
belts whereas toward the outer margins of the marble
belts dolomite and quartz have reacted to produce
pyroxene and tremolite. These relationships suggest a
decrease in Peo, with a concomitant increase in Pu,o
going outward from the central part of the marble
belts.

Experimental studies in the system CaO-MgO-
5i0,-CO,-H,O have been restricted to studies at
pressures of 2000 bars or less (summarized by Wink-
ler, 1967). Hence, the only conclusion which can be
drawn from the experimental data is that P, ex-

ceeded 2 kb.
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INWOOD-MANHATTAN CONTACT ZONE

Reaction between the Inwood Marble and the fissile

schist of Manhattan unit A resulted in the formation of

a cale-silicate mineral assemblage not tound elsewhere.
This assemblage (basal schistose gneiss) occurs only
locally along the contact, and appears to have a maxi-
mum thickness of about 300 meters. In many of the
thickest parts of this zone, thin (2-10 cm) calcitic mar-
bles are intercollated with schistose gneiss layers
which are at least several meters thick.
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— assemblage 7,
assemblage 8.

The cale-silicate assemblage may represent a grada-
tional depositional contact between a calcareous and
aluminous sediment, a metasomatic reaction zone, or a
combination of these two processes. On the basis of
the mantling relationships previously described,
metasomatic transfer of components appears to be the
primary, if not the only, mechanism responsible for
the observed assemblage. Such an interpretation, with
transfer of components as shown in Table 14, is consis-
tent with the model proposed by Vidale (1969).



Table 14. Mineral assemblages and inferred component transfer across the Inwood-
Manhattan contact in the Ossining, New York quadrangle

Inwood Marble Inwood Marble

Manhattan A Manhattan A

away from near contact basal schistose fissile
contact gneiss schist
Dolomite
Phlogopite _—_______ Phlogopite
Caleite ____________ Calcite __________ Calcite
Scapolite __________ Scapolite __________ Scapolite
Sphene ____________ Sphene __________ Sphene
Quartzy wocswesnmnn QUartz oee e e Quarkz: oo Quartz
Tremolite
Diopside - ._______ Diopside-salite
K-feldspar ________ K-feldspar
Ca-rich plagioclase
Hornblende
Clinozoisite
Biotite ___________ Biotite
Gamet  _________ Garnet
Sillimanite
Muscovite
CO,— Na-rich
— Ca— Plagioclase
«—H,0—
«— K —
— Al —
«— Si? —

Compositional control on many of the calc-silicate
minerals is inadequate for determining phase equilibria

within either individual assemblages or the cale-silicate
zone as a whole.

Structural Geology

GENERAL RELATIONSHIPS

The Ossining quadrangle is located in the Manhattan
Prong of the New England Upland. In southeastern
New York, the Prong is bounded on the north by the
Precambrian -Hudson Highlands and on the west by
the Triassic Newark Group. For additional information
on the regional tectonic setting, the reader is referred
to the generalized Tectonic-Metamorphic map of New
York (Fisher et al., 1971).

Within the Ossining quadrangle, stratigraphic units
have been deformed into a series of northeast-trending
isoclinal folds overturned to the northwest, with axial
surfaces dipping steeply eastward (Plate 1). The folds
plunge to the northeast in the northern and southeast-
ern part of the quadrangle and to the southwest in the
southwestern and western part of the quadrangle. The
northeast trend of major folds and formational bound-
aries is characteristic of the Manhattan Prong from
New York City through Westchester County and west-
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Figure 15 Small-scale chevron folds in the fissile schist |_——' 05 cm
of Manhattan unit A.




ern Connecticut, as can be seen on the Geologic Map
of New York (Fisher et al., 1971). In northern West-
chester and Putman counties, the entire sequence is
rotated into a series of isoclinal cross-folds which
plunge to the northwest, Scotford (1956) and Prucha et
al., (1968) described these features as axial-plane folds.

Foliation is prominent in all formations of the Ossin-
ing quadrangle. The Fordham Gneiss is characterized
by a compositional-layering foliation; the Manhattan
Formation is characterized by a well-defined biotite
and/or muscovite schistosity; and Lowerre Quartzite
and Inwood Marble are characterized by poorly de-
tined foliation formed by widely scattered parallel mica
flakes. In a few areas, the schistosity of the Manhattan
Formation is crinkled into a series of small-scale chev-
ron folds (Figure 15). Foliation in all units is steeply
dipping. The strike of the foliation parallels the map
traces of the axial surfaces of major folds, and the folia-
tion is interpreted to be axial-plane foliation.

Lineations (mineral lineations, small-scale fold axes,
and crenulations) plunge southwest in the southwest-
ern part of the quadrangle and northeast in the north-
ern part. The sense of shear on small-scale parasitic
folds is not consistent in any one area. Sinistral and
dextral parasitic folds are, therefore, inferred to be the
result of local stress fields, not reflecting movement on
a regional scale.

Lineations parallel the general direction of plunge of
the regional isoclinal folds. On the basis of direction
and amount of plunge of small-scale fold axes, the re-
gional folds are inferred to plunge about 35°SW in the
southwestern and western part of the quadrangle and
from 60° to 30°NE in eastern and central part of the
quadrangle.

Deformation within the quadrangle has caused tec-
tonic thickening and thinning of the more ductile
units, particularly the Inwood Marble. The map
breadth of the Inwood Marble is quite variable and
ranges from zero to somewhat more than one mile. In
general, the marble map breadth is narrow on the
limbs of the major northeast-trending folds and wide in
the hinge areas. In some areas, such as in the central
portion of the quadrangle, tectonic thinning is inter-
preted to have removed the marble from the limbs of
major folds at the present level of erosion, and Ford-
ham unit C is in direct contact with Manhattan unit A.

No major faults have been recognized within the
Ossining quadrangle. Slickensides are common in a
few areas throughout the stratigraphic sequence, but
these reflect-only small-scale local movement. Defor-
mation within all units is mainly the result of similar
folding. Small-scale folds are often variable in fold
style, but the generally constant northeast strike of
foliation as well as thickening of units in hinge areas

suggests regional deformation by passive (similar) fold-
ing.

The structural data indicate that the Fordham
Gneiss, Lowerre Quartzite, Inwood Marble, and Man-
hattan Formation have been deformed simultaneously;
no structural fabric was observed in one formation that
was not also found within the other formations.

RELATIONSHIP OF FORDHAM GNEISS TO
OVERLYING FORMATIONS

Fordham-Inwood Contact Zone

An aspect of the geological history of the Manhattan
Prong which has received considerable attention in re-
cent vears is the question of whether or not an uncon-
formity exists between the Fordham Gneiss and the
overlying Lowerre Quartzite, Inwood Marble, and
Manhattan Formation. Prucha (1955, 1956, 1959),
Prucha, et al., (1968), Scotford (1956), and Clarke
(1968) concluded that the entire sequence is conforma-
ble. Hall (1966, 1968a,b,c.d) and Ratcliffe (1968) con-
cluded that an unconformity exists between the Ford-
ham Gneiss and overlving formations (as originally
concluded by Merrill et al., 1901), and between
Manhattan-A and older rocks,

In three different areas of the Ossining quadrangle,
the Fordham-Inwood contact is characterized by inter-
layering of gneiss and marble. These interlayers trend
parallel to the Fordham-Inwood contact. Although
much of the interlayering at the Fordham-Inwood con-
tact within the quadrangle is the result of isoclinal fold-
ing, the absence of mirror repetition in some suggests
that some of the interlayers may have another explana-
tion. No conclusive evidence has been found in the
quadrangle to either confirm or deny the possibility of
shearing as an explanation, as proposed by Isachsen
(1964) or the possibility of a continuous depositional
sequence across the Fordham-Gneiss-Inwood Marble
contact as suggested by Prucha (1956), Prucha, et al.,
(1968), and Scotford (1956). There is no evidence that
would indicate shearing or fracturing within the con-
tact zone, but this does not exclude the possibility of
faulting or a folded unconformity. No evidence was
found in the Ossining quadrangle to support the
suggestion by Hall (1968d) that the interlayering might
result from sedimentary reworking. In sum, the data
observed in the Ossining quadrangle neither prove nor
disprove the existence of an unconformity between the
Fordham Gneiss and overlying formations. Within the
White Plains quadrangle directly to the south., how-
ever, Hall (1968d) has mapped an angular unconfor-
mity between the Fordham and overlying units. Also,
in the Haverstraw quadrangle to the west, Rateliffe
(1968) has mapped a similar angular unconformity.



Figure 16 Foliation data for the Teatown Anticline.
Lower hemisphere, equal-area projections.
Plane of diagrams is horizontal. (A) 57 poles
to foliation from Fordham unit C. Contours
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1.8%, 5.3%, 8.8%, 12.3%, 15.8% per 1%
area. (B) 146 poles to foliation from Man-
hattan unit A. Contours 0.7%, 2.1%, 4.1%,
6.2%, 8.2%, 10.3% per 1% area.
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Figure 17 Lineation data for the Teatown Anticline.
Lower hemisphere, equal-area projections.
Plane of diagrams is horizontal. (A) 103
lineations from Fordham unit C. Contours

1%, 3%, 7%, 12%, 15% per 1% area. (B) 94
lineations from Manhattan unit A. Contours
1.1%, 3.2%, 7.4%, 11.7% per 1% area.



COMPARISON OF STRUCTURAL TRENDS IN
THE FORDHAM AND MANHATTAN FORMA-
TIONS

Although no angular relationship can be discussed
between the Fordham and overlying units in the Os-
sining quadrangle, the possibility of a structural dis-
continuity can be tested in a large fold (the Teatown
Anticline) within the Teatown Lake area of the Ossin-
ing quadrangle.

Poles to foliation from both the Fordham Gneiss and
Manhattan unit A have been plotted and contoured
using a circular counter on a lower hemisphere
Schmidt (equal-area) net (Figure 16). Although the two
projections differ in detail, both show the same strong
pole concentration to the northwest, corresponding to
a foliation trend striking about N40°E and dipping
about 65° southeast.

Lineations from the same units have been similarly
plotted and contoured (Figure 17). A strong northeast
lineation direction is evident in both projections.

It is clear from Figures 16 and 17 that no structural
discontinuity is discernable in the Teatown Anticline,
and for this reason, an interpretation of a conformable
sequence is favored for the Ossining quadrangle.
However, in view of Hall's (1968d) evidence for an an-
gular unconformity between these formations to the
south, the similarity in structural orientation in the
Ossining quadrangle may indicate either that both de-
formations were coaxial or that the later deformation
obliterated evidence of an earlier event in the Ford-
ham Gneiss.

The age designations adopted on the Geologic Map
of New York (Fisher et al., 1971) are used herein, but
with the reservation explicit in the above paragraph.

MULTIPLE DEFORMATION WITHIN THE
OSSINING QUADRANGLE

Recent structural studies in southeastern New York
indicate that the rocks of the Manhattan Prong have
undergone polyphase deformation. Scotford (1956) and
Prucha et al., (1968) recognized movement in two dif-
ferent directions. Bowes and Langer (1968) and Langer
and Bowes (1969) indicated that the schists and am-
phibolite from the Bronx, New York have been sub-
jected to three phases of deformation. Ratcliffe (1968)
recognized three phases of folding in the Haverstraw
quadrangle. Hall (1968d) described three varieties of

folds in the Manhattan Formation as well as a tilting
prior to the deposition of the Manhattan Formation
and at least one period of deformation of the Fordham
Gneiss prior to the deposition of the Inwood Marble.

On the basis of contoured equal-area projections dis-
cussed above, structural analysis of the Teatown Anti-
cline can be undertaken without considering the Ford-
ham Gneiss and Manhattan Formation separately. The
Teatown Anticline is a large, northeast-plunging fold
with an axis striking about N45°E. The plot of poles to
foliation (Figure 18) shows an axial fabric correspond-
ing to foliation striking N45°E and dipping 65°SE. The
strike of the foliation as determined from the foliation
pole-diagram (N40°E) is nearly parallel to the trace of
the axial surface (N45°E).

Lineations from the Teatown Anticline have been
plotted and contoured on an equal-area net (Figure
18). The axial lineation concentration lies on the folia-
tion plane as determined by the foliation pole-diagram,
and plunges about 45°NE. The lineations are inferred
to be B-lineations parallel to the regional fold axis of
the Teatown Anticline. '

The southwest extension of the Teatown Anticline is
not exposed, and, thus, the data are not representative
of the entire structure. The recorded data from the
exposed part of the anticline record only one period of
deformation. The map pattern and lineation data for
the quadrangle as a whole indicate that structures
plunge to the northeast in the northern and eastern
part of the quadrangle and to the southwest in the
southwestern part of the quadrangle. The structural
data indicate that the foliation maintains a persistent
northeast trend throughout the quadrangle. Strati-
graphic units have been deformed into a series of
elongate northeast folds, and foliation parallels this
northeast trend. On the basis of a well-defined axial-
plane foliation and thickening of units within hinge
areas, these regional folds are inferred to be the result
of similar folding. A late-stage deformation is recorded
in some outcrops of Manhattan unit A (fissile schist).
The axial-plane foliation (mica schistosity) of Manhattan
unit A has been deformed into small-scale chevron
folds (Figure 15) which are not related to the regional
fold pattern.

Within the Ossining quadrangle, metamorphism and
deformation were largely synchronous. Although a few
phases may be the result of retrograde metamorphism
(staurolite and late-stage muscovite), there is no indica-
tion of the relationship between these phases and the
deformational history.
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Figure 18 Foliation and lineation data for the Tea-
town Anticline. Lower hemisphere, equal-
area projections. Plane of diagrams is hori-
zontal. (A) 241 poles to foliations from
Fordham unit C, Manhattan unit A, and
Manhattan unit C. Contours 0.4%, 21.%,

B

4.1%, 6.2%, 8.3%, 10.4% per 1% area. (B)
288 lineations from Fordham unit C, Man-
hattan unit A, and Manhattan unit C. Con-
tours 0.3%, 1.7%, 3.5%, 6.9%, 10.4% per
1% area.
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Table 15. Compositions of plagioclase

Fordham unit A Fordham unit C Manhattan unit A
(basal schistose gneiss)

Sample # An Mol % Sample # An Mol % Sample # An Mol %
15-1 16 31241 14 212 21
70-11 22 312-1 14 227 26
57 25 313 13 233 26
70-1 29 260-11 16 234(peg) 29
117 29 309 16 259-11 32
27 32 11 18 346-11 35
65-11 34 86 19 222 41
120 34 ChH 22 344 41
65-1 39 244 22 21141 45
114 39 108 24 342-1 47

37 26 210A 54
Fordham unit B 105 26 345-1 54
110 26 303 58

Sample # An Mol % 112 27 346-1 58

- 107 28 236 64
63 31 119 28 E10 68

7 32 317 29 126-111 68
94 34 96 32 180 70
52 35 260-1 32 224d 80
72 35 10 36 342-11 80
69 36 43 43
93 36
28 40
35 40
76 56

Manhattan unit A— Manhattan unit C
Manhattan unit A Cortlandt contact zone (upper Manhattan)
(fissile schist)

Sample # An Mol % Samgﬂ An Mol % Sample # An Mol %
350 14 354 17 327-llam) 21
331 19 E9 24 279 23
165 21 352 27 284 24
339 21 351 29 286 26
353 21 275 27
151A 22 304 27
307 22 314 27
258 24 292 29
265 24 324 29
302 24 335 29

E7 25 357 29
283 25 280 30
326 25 316 30
154 26 325 31
144-| 27 333 31
152 27 287 32
315 27
320 27
329 27
210 31
332 31
347 34
321 39
305(am) 44

38



Table 16. Compositions of rimmed plagioclase

Sample # Formation Core, An Mol % Rim, An Mol %
115 Fordham A 73 52
295-1 Fordham C 14 11
318 Fordham C 15 8
220 Fordham C 20 18
319 Fordham C 28 24
175A Fordham-Inwood
contact 26

Table 17. K-feldspar compositions

Sample # Formational unit Composition
70-1 Fordham A Orge
70-11 Fordham A Orgo
15-1 Fordham A

(pegmatite) Oryqy
ChH Fordham C (@5
295A Fordham C Orga
312-1 Fordham C Orgs
317 Fordham C O
318 Fordham C Orgy
319 Fordham C Orgg
237b Lowerre Orgs
3101 Lowerre Orgq
310-1 Lowerre Orgs
175A Fordham-Inwood

contact zone Orgg
175E Fordham-Inwood

contact zone Org,
13 Inwood Orgy
133 Inwood Orgg
336 Inwood Orgy
340-1 Inwood Org,
E10 Manhattan A

(basal zone) Orgy
224d Manhattan A

(basal zone) Orgy
303 Manhattan A

(basal zone) Orgg
342-11 Manhattan A

(basal zone) Orgg
345-1 Manhattan A

(basal zone) Orgg
345-1 Manhattan A

(basal zone) Orgs
323-11 Manhattan A

(fissile schist) Org,
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Table 18. Modes (volume percent) of Fordham unit A

Sample Number 15-11 27 57 65-1 6511 70 70-11 114 115 117 120 Avg. of 4
(excluding
schist)
Chartessms rasmosns 51x2 X 5xE2 X X X 262 38x2 X X 50 48
Plagioclase ..... 142 X 34x2 X X X 2532 Pl foi X X 33 26
Biotite.... 28=x2 X 152 X X X 272 32%2 X X 1.2 22
Garnet............ 6x1 X X 2+1 X X 4 3
Opaque........ 1 X tr X X X 5+1 81 X X 1 3
Zircon tr X tr X tr tr X X tr
SBEICITE s minsnanes X X X tr tr tr
Sillimanite X X 6=1 tr
K-feldspar ....... tr X X 8+1 X tr tr
Apatite s papenumees X tr X tr
Sphene ..o X tr
Muscovite....cooovinninen tr
Allanite.....cocoovveiieennnns tr tr
Hornblende .................. X tr
Scapolitesanamna X tr
Pyroxene ........cccoeeveeennne X X tr
Perthites.m s tr
Chlorite .o tr
Tourmaline................... tr tr
Plagioclase An% 16 32 25 39 34 29 22 39 29 34
114 — Rusty weathered schistose gneiss 7 - White gneiss with biotite
115 - Rusty weathered schistose gneiss 57 - Dark gray gneiss
117 - Rusty weathered schistose gneiss 65-1 - Dark gray gneiss
120 - Pegmatite layer in schistose gneiss 65-1l - White, granitic gneiss
15-1 - Pegmatite layer in dark gray gneiss 70 - Sillimanite-garnet schist
15-11 = Dark gray garnetiferous gneiss 70-1 - Sillimanite-garnet schist
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Table 19. Modes (volume percent) of Fordham unit B

Sample Number 7 28 35 52 63 69 72 76 93 94 Avg. of 7
QU snarsyynniny 30%2 X tr 7x1 X tr 6x1 43 X 3 13
Plagioclase ........ccccoeevvnnn. 49+2 X 333 42+2 X 423 35%2 29+2 X 33x2 38
Biotite............ X 741 28=x2 X 1 1 6x1 X 1 6
Hornblende ... X 29+3 19+2 513 422 10+1 X 50£2 32
Zircon tr X tr tr tr tr tr
Opaque ... X 3x1 tr X tr 2+ 1 X 4+1 1
Ei o 1 TIRNRRONEN RS X tr tr tr tr X tr tr
Pyroxene ..... 25+2 5+1 4x1 7x1 6
(6. 1] S 2 3+1 9+1 101 tr 3
Carbonate......ocooeeeeeeeieeeee e 1 tr
Plagioclase An% 32 40 40 35 31 36 35 56 36 34

7 —-Massive dark gray gneiss

28 -Massive dark gray gneiss

35 —Amphibolite

52 -Massive dark gray gneiss

63 —Interlayered light gray and black gneiss

69  -Amphibaolite

72 -Massive dark gray, garnetiferous gneiss or amphibolite

76 -Massive dark gray, garnetiferous gneiss
93 -Massive dark gray gneiss
94  —Massive, fine-grained amphibolite
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Table 20. Modes (volume percent) of Fordham unit C

Sample Number ChH 10 37 43 86 96 105 107 108 110 111 112 119 220
Quartz......cee.ee 22 X 222 X X 28+ X X X X 23:x2 262 X 22x2
Plagioclase 20 X 512 X X 42+ X X X X 42 *2 39+2 X 44x2
Biotite 1 X 23x2 X X 7ot X X X X 16 2 262 X 13+1
K-feldspar .... 56 tr X X X X X X 19 +2 X 17£2
Opaque........ tr X tr X X tr X X tr 1 X tr
Hornblende ... X 1 X 182 X X X 4+1
Zircon.... tr 1 X X X X X tr tr X tr
Myrmekite... tr tr X 2
Muscovite tr X
Sericite ........... X X X X
Apatite............ X tr X X tr X X X tr tr X tr
Carbonate....... 1
Garnet X 3*1 X 2x1
Chlorite. 1 X
Clinozoisite X X X
Allanite..... tr tr
Tourmaline
Perthite..............
Sillimanite ..o
Plagioclase An% 22 36 26 43 19 32 26 28 24 26 18 27 28 20(core)
18(rim)

ChH -Interlayered white and gray gneiss 112 - White and gray layered gneiss 295-1 - Pink granitic gneiss

10 — Interlayered white and gray gneiss 119 —White and gray layered gneiss 295-1l - Pink granitic gneiss

37 - Gray biotite gneiss 220 - Gray biotite gneiss 309 - Pink granitic gneiss

43 — Interlayered white and gray gneiss 237-1ll - Gray biotite gneiss 312-1 - Light gray and pink gneiss

86 - White to light gray gneiss 244 - Interlayered white and gray gneiss 312-1l - Light gray and pink gneiss

96 — Massive, steel-gray hornblende gneiss 250 - Interlayered white and gray gneiss 313 - Pink granitic gneiss

105 - Gray garnet-biotite gneiss 260-1 - Interlayered white and gray gneiss 317 — White to pink granitic gneiss

107 - Pink to gray granitic gneiss 260-1l - Interlayered white and gray gneiss 318 - Pink granitic gneiss

108 - Gray biotite gneiss 260-ill — Interlayered white and gray gneiss 319 - Pink granitic gneiss

111 — White to pink granitic gneiss

(cont'd)
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Table 20 (cont'd)

237-111 244 250  260-1 260-11  260-111 295-1 295-11 309 31241 312-11 313 317 318 319 Avg. of 11
X 332 X X 24+2 X X X X X 20+2 X 50+2 8+1 X 25
X 60%2 X X 632 X X X X X 362 X 24x2 27+2 X 41
X 4+ 1 X X 5+1 X X X X X TLED X 1 11=1 X 11
X 2 X 1 X X X X X 1742 X 23x2 37+2 X 16

tr X X X X X tr tr tr tr
tr 6+1 X X X 31 7x1 4
tr X X tr X X X X X X tr 1 X tr
X X X X X 1 X 3*1 X 1
X X X 1 tr
X tr
X X X tr X X X X 1 X 1 X tr
X tr
tr
X X X X X tr X tr
tr X 1 X tr X tr
X X X 2 2 X tr
X tr X tr tr
X tr
X X 2x1 X tr
X tr

22 32 16 14(core) 16 14 14 15 29 15(core) 28(core)

11(rim) 8(rim) 24(rim)

Table 21. Modes (volume percent) of Lowerre Quartzite

Sample Number 237-1 237-11 306-1 306-11 310-1  310-N Avg. of 4
X 64+2 941 36x2 84=x2 69
X 31x2 2 19+2 14x2 17
X 2 4+1 1 2
Plagioclase X 1 1 37+2 10
Muscovite X tr 1 3x1 tr 1
Opague........ X 1 tr tr tr tr
Clinozoisite X tr
Zircon X tr tr tr tr tr
Apatite ............... X tr tr tr
Tourmaline.......... tr tr

iHr

237-1 - Feldspathic quartzite
237-11 - Feldspathic quartzite
306-1 - Vitreous quartzite
306-1ll - Feldspathic quartzite
310-1 - Vitreous quartzite
310-11 - Vitreous quartzite

43



Table 22. Modes (volume percent) of Fordham-Inwood Contact Zone
Avg. (excluding Avg. of three
Sample Number 175A 175B 175C 175D 175E 175 175F 175G 175H 1751 183-1 183-11 183-11l marble & amphibolite) marble samples
K-feldspar............... 643 15%2 2+1 60x3 9x1 26 40=+2 X 19+2 26 10
Plagioclase ............. 13£2 29x2 Fim=i 13 272 37%2 302 45+*2 X 101 66+2 30 3
Myrmekite .. i AREA tr 2% tr tr 1 tr
Quartz......coeeveveeen, 1922 4242 10+2 1522 112 33 37 252 35%2 2 202 28 8
= 17e) ] P ——— tr tr 3 2 ix 16+2 X 12+2 7
Chlorite tr tr tr
Fo 0 -] (- TN tr 1 tr tr tr tr tr tr tr X tr tr tr
Muscovite...............  tr 2 1 tr
Opaque....ccccoeeeeeer. 1 4*1 tr tr tr 1 tr tr 1 tr tr tr
tr tr tr 1r tr 1 tr tr tr tr
81 14£2 142 27+2 3 X 18x2 3 20
tr tr tr tr tr tr tr tr
tr tr
tr tr
2 72%3 48%3 1 X 48+2 tr 56
Serpenting .............. tr tr
Scapolite 127 4+1 24 tr 1 3 2
Hornblende............. 68+2 3x1 tr
Phlogopite.............. tr tr
175A - White quartz-feldspar gneiss 175  — White feldspar-quartz gneiss
175B - Rusty quartz-feldspar gneiss 175 - White feldspar-quartz gneiss
175C - Light gray calcite marble 175  — White feldspar-quartz gneiss
175D - Rusty quartz-feldspar gneiss 183-1 - Light gray calcite marble
175E - Light gray calcite marble 183-1l - Light gray calcite marble
175E - White quartz-feldspar gneiss 183-1ll - White feldspar-quartz gneiss
175F - Amphibolite
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Table 23. Modes (volume percent) of Inwood Marble

Sample Number 126-1 126-11 131 132a-1l 132a-1 133 135 140 143 168 189 215 216 252 254 25541
Calcite.....ocoooovvvneen.. 573 11 X X 98 X X 142 X X X 23 X X
Dolomite .....cccoiviivvinnnn tr 87 X X X X 76x2 X X X 30 X X X
Quartz......oocoeiiiiin. 1 X X tr X
Phlogopite . X 2 X X
Pyroxene ........cccccevvvenn. 1722 ?
K-feldspar ........c.ccuveen... 1 tr X X tr 41
Scapolite. 8+1 Z X 1 X X X X 2 X X
APA. oo sy aasisaans tr tr
Opaquessaminnagayz 1 tr X X tr X X 1 X X X X
Sphene ... tr X tr ?
Zircon..... X ?
Plagioclase ..........cocee X X
Sericite ... X
Sillimanite .................... X
BiIOtItE : cccnnsceisnmin s X X
Olivine ... X 3+1 1
Serpentine .......... R X X X X 4 X
Chlorite «aanmnsaa X
Tremolite ....ocovveiivenn. X ?
126-1 - Gray calcite marble 215 — White calcite marble 323-IV - Tan calcite marble
126-11 - White dolomite marble 216 - White calcite-dolomite marble 330-1 - White calcite marble
131 - White calcite marble 252 - White dolomite marble 330-1l - White dolomite marble
132a-11 - White calcite marble 254 - White dolomite marble 336 - White calcite marble
132a-1 - Rusty quartz-feldspar gneiss 255-1 - White dolomite marble 338-1 - White dolomite marble
133 - White calcite marble 255-1l - White dolomite marble 338-1l - White dolomite marble
135 - White dolomite marble 261 - White dolomite marble 340-1 - White calcite marble
140 - White calcite marble 301 - White dolomite marble 340-1l - White calcite marble
143 - White dolomite marble 322-1 - Green calcite marble 358 - White calcite marble
168 ~ Green calcite marble 322-11 - Green calcite marble 359  — White calcite-dolomite marble
189 - White calcite marble
255-11 261 301 322-1 322-1 322-11 323-1v 330-1 330-1 336 338-1 338-11 340-1 340-l1 358 359 Avg. of 11
1 X 32+2 X X X X X 91 X X 93 X X 21x2 40
94 98+1 X 3+1 X X X X X X X 622 41
tr 1 X X X 2 1 X tr
1 X 2
tr ? ? X 2
3 5 X 1
2 tr X X X X X tr X X 6+ 1 2
tr ? tr tr tr
tr tr X 1 X X X X X tr X X tr X X tr
r
X X X tr tr tr
? tr
tr
ir
tr
2 tr
X 7=1 4
50%2 X X X ? ? 4
14x2 X 1




Table 24. Modes (volume percent) of Manhattan unit A (basal schistose gneiss)

Sample Number E10 126-111 180 210A 2111 21111 212 222 224d 227 233 234 236
Plagioclase ........... 26%2 X X X X X X 33x2 X X X
Quartz...... 25%2 + X X X X X 202 X X X X
Hornblende .................  10%1 X X B+1 X
Biotite 151 25x2 X X X X 20=x2 X X X X
Pyroxene . 1 tr X X
Opaque ... 2 2+1 X X X X X X 1 X X X
10=1 X X
o e | 1 X X X 14+1 X X
Sphene ........... tr tr X X 1 X
Clinozoisite .... 2+1 X ? X X
Zircon tr tr X X X tr X X X X
Apatite.. tr tr X X X X X X tr X X X
Myrmekite ......ocooiverninns tr tr X X tr X X
Garnet......... 5%1 X X X X
Tourmaline.. ir X X
Calcite..... tr X
Sericite.... X X X X X
CRIBEIE e X X X tr
Allanite X X 2 X X
Sillimanite... X X
Muscovite ., X X X X X
Epidote.......
Plagioclase An% 68 68 70 54 45 21 41 80 26 26 29 64
E10 - Rusty, slabby schistose gneiss 227 — Dark gray schistose gneiss 342-1 - Slabby schistose gneiss
126-1ll — Dark gray garnetiferous gneiss 233 — Dark gray garnetiferous schist 342-1l — Slabby schistose gneiss
180 - Dark greenish gray gneiss 234 - Pegmatite 344 - Slabby schistose gneiss
210A - Garnetiferous schistose gneiss 236  — Dark gray schistose gneiss 345-1 —Slabby schistose gneiss
211-1 - Dark gray schistose gneiss 259-1 - Dark gray schistose gneiss 345-11 - Slabby schistose gneiss
211-1l — Dark greenish gray gneiss 259-11 - Rusty schistose gneiss 345-111 - Slabby schistose gneiss
212 - Dark gray garnetiferous gneiss 303 - Dark gray schistose gneiss 346-1 - Dark gray gneiss
222 - Dark gray schistose gneiss 337-1 - Rusty schistose gneiss 346-1l - Calcite-bearing dark gneiss
224d - Rusty, slabby schistose gneiss 337-1l - Rusty schistose gneiss
{cont’d)
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Table 24 (cont'd)

259-1 259-11 303 337-1 337-11 342-1 342-11 344 345-1 345-11 345-111 346-1 346-11 Avg. of 6
X X 19%2 X X X X X X TG 1321 25
X X 34%2 X X X X X X X X 332 20+2 27
X 61 X X X 4
X X 1 X X X X X X X X 9+1 5+1 13
X ThE2 X X X X X X 3
X X 3+1 X X X X X X X 2 1 2

111 X X X X X 10x1 5
X X 61 X X tr X X X X 6*1 6
X 1 X X X X 1 tr tr
? X X X X tr
X tr X X X X X X X X tr tr tr
X tr X ? X X X tr tr tr
X tr X tr tr
X X 1
X X X X tr tr tr
X X X X X B8+1 602 1
X X tr
X X tr
2 X X X X tr tr
X X tr
X X tr
3+1 tr

32 58 47 80 41 54 58 35
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Table 25. Modes (volume percent) of Manhattan unit A (fissile schist)

Sample Number E7 138 1441 1441 151A 152 154 165 197 210 258 265 283 302 305
Plagioclase ............ X 16x X 44=3 X X 10+1 X X X 17+2 X 49%2 22+2
Quartz......ccveeeeeenns X X 25 X 11£2 X X 372 X X X 23+2 X 1722 10x1
Muscovite X X r X 102 X 9=x1 X X X 21x2 X 5+1
Sillimanite.. X X X 61 X 51 X 6+1 X 31
Biotite:.:..cccviain X X == X 26+2 X X 29%2 X X X 25%2 X 152

Gamnet ... X X tr X X 7x1 X X tr X 8x1
Tourmaline ............ X X

Staurolite .......cceeeee X X

Zircon....... X tr X tr X X tr X X tr tr 1
Opague .... X X 21 X 26 X X 2 X X tr X 11  5=%1
Apatite... X X X X tr X tr tr
Sericite... X X tr tr tr
Chlorite....cooi i tr

Clinozoisite 1
K-feldspar 6+1

Myrmekite ... tr

Hornblende ...........cccoooeis 60%2
Plagioclase An% 25 27 22 27 26 21 31 24 24 25 24 44

307 308 315 320 321 323-I0 326 329 331 332 339 347 348 349 350 353 Avg. of 11 Samples
(excluding am)

X tr 21x2 X X tr | X 141 X X X 131 941 X 19
X 9+1 29%2 X X X 29=x2 X 8+1 X X X 28=*2 X x2 X 21
X 36x2 17x2 X X tr 2922 X 31+2 X X X 2 X 31£2 X 20
X 11%1 8x1 X tr X 11=x1 X 6] X 1 *1 X 8
X 262 22+2 X X X 14%1 X 31x2 X X X 18x2 X 24%2 X 24
X 4+1 X X X tr X 8x1 X X 7z 31 X 3
X 1 X 1 tr X X X tr X tr X tr
X 9=1 tr X tr tr tr
X tr tr X X tr X tr X X X tr tr X tr
X 2 tr X X X 2=+1 X tr X X X tr X 2 1
X tr X X X tr X tr X X tr tr
tr tr
X tr tr
1 X tr
1 tr
22 27 27 39 25 27 29 31 21 34 14 21
E7 - Dark gray fissile schist 265 - Feldspar-rich hard schist 326 - Sillimanite-rich fissile schist
138 - Dark gray fissile schist 283 - Feldspar-rich fissile schist 329  —Sillimanite-rich fissile schist
144-1 - Dark gray fissile schist 302 - Feldspar-rich hard schist 331 — Garnetiferous fissile schist
144-11 - Dark gray fissile schist 305 - Amphibolite 332 - Feldspar-rich hard schist
151A - Feldspar-rich fissile schist 307 - Garnetiferous fissile schist 339 - Garnetiferous fissile schist
152 - Feldspar-rich fissile schist 308 - Dark gray fissile schist 347  — Feldspar-rich hard schist
154 - Feldspar-rich fissile schist 315 - Feldspar-rich hard schist 348 - Garnetiferous fissile schist
165 - Garnetiferous fissile schist 320 - Feldspar-rich fissile schist 349 - Very fissile gray schist
197 - Feldspar-rich hard schist 321 - Feldspar-rich hard schist 350 - Garnetiferous fissile schist
210 - Feldspar-rich hard schist 323-11 - Garnetiferous fissile schist 353 - Garnetiferous fissile schist
258 - Feldspar-rich hard schist
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6%

nhattan unit A near
EREISEE urisci volume percent) of Ma 314 316 324 325 327-1 327411 328 333 335 357 Avg.of5

Cortlandt Complex

X X 36%2 X X X 36=*2 X 24+2 X 31
o mowm m awe R R EgE x hommuogmoy
X X 4+1 X 5x1 X 61 X 4
Plagioclase e EATRTURRRPR | 11x1 X 15=1 13 tr 2+ tr
X 27%2 X F5aEN 21 1 tr tr
X X T6=x1 8 X X 1 X X X 1 X 2 X 2
Biotite ... X 23x2 X 13=1 18 X X tr X X tr tr X tr
K-feldspar-........ X tr tr X X tr X tr X tr X tr
Opaque............. X 1 X 8+1 5
Zircon . X tr X tr tr
Apatite g X X tr tr X X tr
Garnet 101 1 6 tr X tr
Sillimanite ... 27%2 X 3142 29 X tr
Tourmaline.......cooocinicccie e tr tr tr X X tr
X tr
E9 - Hard feldspar-rich schistose gneiss - - o
351 - Garnetiferous fissile schist 27 30 29 31 21 31 29 29
352 - Hard feldspar-rich schistose gneiss o
354 - Sillimanite-rich fissile schist
275 - Gray, biotite-rich gneiss 316 - Hard, steel gray gneiss
279 - Hard, gray schistose gneiss 324 - Hard, steel gray gneiss
Table 27. Modes (volume percent) of Manhattan unit C 280 - Hard, steel gray gneiss 325 - Hard, steel gray gneiss
284-1 - Hard, steel gray gneiss 327-1 - Amphibolite
284-1l - Hard, steel gray gneiss 327-1l - Amphibolite
Sample Number 275 279 280 2841 284-l 286 287 292 304 286 - Hard, steel gray gneiss 328 - Hard, steel gray gneiss
287 - Hard, dark gray gneiss 333 — Hard, steel gray gneiss
- 292 - Hard, steel gray gneiss 335 - Hard, dark gray gneiss
Plagioclase ... X X X X X 30x2 31x2 X X 304 - Hard, steel gray gneiss 357 - Hard, steel gray gneiss
Quartz. ... X X X X X 42+2 35%2 X X 314 - Hard, steel gray gneiss
Bictite.. X X X X X 18£2 21x2 X X
Muscovite .cooeee. X X X X X 6+1 tr X X
Sillimanite.............. X tr tr
Garnet... X X X tr tr
Opaque.. X X X X X 3+1 1
Zircon .... X X X X X tr tr X X
Apatite. ... X X X X X tr tr X X
Calcite
{secondary) ........ 10+1
Sericite ..oooovneennn
Allanite......cconiin
Sphene ...
Hornblende ............
Clinozoisite ............

Plagioclase An% 27 23 30 24 26 32 29 27



SUMMARY AND CONCLUSIONS

The stratigraphic sequence within the Ossining
quadrangle has been divided into 11 units on the hasis
of rock type, stratigraphic position, and mineralogical
composition,

With the exception of the Inwood Marble and the
base of the Manhattan Formation, phase equilibria
within units have been established. Only the alumi-
nous Fordham unit A and Manhattan unit A are suita-
ble for classification into the metamorphic facies classi-
fication. Within Fordham unit A, the stable mineral
assemblage is biotite-sillimanite-garnet-plagioclase-K-
feldspar-quartz; within Manhattan unit A, it is biotite-
sillimanite-garnet-plagioclase-muscovite-quartz. The
metamorphic grade for the Ossining quadrangle thus
ranges within the amphibolite facies from the
sillimanite-garnet-orthoclase subfacies (K-feldspar-
sillimanite zone) to the sillimanite-garnet-muscovite
subfacies (muscovite-sillimanite zone). Metamorphic
temperatures are inferred to have been between 625°
and 670°C, and pressures between 5.5 and 6.5 kb.

Within the Inwood Marble, phase equilibria have
been established locally, but not for the unit as a
whole. In the central part of the Inwood Marble belts,
dolomite + quartz coexist whereas, toward the mar-
gins, dolomite + quartz have reacted to produce
pyroxene and tremolite. The relationships suggest a
high CO, pressure gradient, with Po, decreasing from
greater than 2.0 kb in the center of marble belts to
almost 0 kb at the margins, with a concomitant in-
crease in Py . The stable coexistence of dolomite +
quartz within a few hundred meters of the Inwood-
Fordham and Inwood-Manhattan contact indicates that
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the Inwood Marble acted as an efficient seal to CO,
migration.

The base of the Manhattan Formation is locally
characterized by a cale-silicate mineral assemblage
which appears to have been formed by metasomatic
reaction between the aluminous Manhattan unit A and
the calcareous, basal Manhattan unit A and Inwood
Marble. Net displacement of K, Al, H,O, and possible
Si from the schist toward the marble is inferred with
concomitant displacement of Ca, Mg, and CO, from
the marble toward the schist.

Structural data and the lithologic outcrop pattern in-
dicate that the entire stratigraphic sequence of the Os-
sining quadrangle has been deformed by passive (simi-
lar) folding into a series of elongate, northeast-trending
folds. Structural fabric studies failed to reveal any
structural discontinuities between formations.

Hall (1966, 1968a,b,c,d) mapped an angular uncon-
formity between the Fordham Gneiss and overlying
formations in the White Plains quadrangle. In the Os-
sining quadrangle, however, such evidence is lacking.
All units within the Fordham Gneiss parallel the
Fordham-Inwood and Fordham-Lowerre contact and
the small-scale interlayering of Fordham Gneiss and
Inwood Marble is ambiguous. The structural fabric
within the Fordham Gneiss is similar to that of the
overlying units and plagioclase structural state and
metamorphic grade are similar throughout the strati-
graphic sequence. There is no unambiguous evidence
to indicate metamorphism of the Fordham Gneiss
prior to the deposition of the overlying units.
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