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Abstract of the Dissertation
Petrogenesis of the Cortlandt CompleXx

by

John Francis Bender

Doctor of Philosophy
in

Earth and Space Sciences
State University of New York at Stony Brook

Pecember, 1980

Geochemistry of the mafic (gabbro, norite,
diorite) and ultramafic (cortlandtite, clinopyroxenite,
amphibole-pyroxenite) plutonic rocks of the Cortlandt,
Stony Point, and Rosetown complexes show that the
parental composition of these sequentially intruded
plutons is alkalic. Major (Mg#) and trace (Ni, Sc, Cr,
REE) element abundances of samples from the amphibole-
pyroxenite suite are very similar to those of proposed
primary alkali basalts derived from upper mantle
peridotite.

Quantitative chemical modelling reveals that the
major and trace element abundances of most Cortlandt
region basic rocks can be related by fractional crys-
tallization to a parental composition having similar

chemistry to the amphibole-pyroxenites. Cortlandite

iii



and clinopyroxenite are cumulus rock types consisting
of olivine, clinopyroxene, orthopyroxene * kaersutite
and generally contain less than 20% trapped, inter-
stitial melt. Samples of the diorite and gabbroic
plutons of the Cortlandt complex are related to the
parental composition by differentiation involving pri-
marily kaersutite and plagioclase. Accumulation of
these phases is responsible for formation of cumulus
rocks such as hornblendite and kaersutite-rich diorite.
The percentage of interstitial liquid in these rocks
varies from 0% (adcumulate) to 50%. Samples of the
norite pluton are related to one another through frac-
tional crystallization of plagioclase (predominant),
orthopyroxene, clinopyroxene, and amphibole. Several
samples of this body have chemical characteristics that
are consistent with an adcumulate origin.

Strontium isotopic data, in conjunction with
major and trace element modelling data, indicate that
the varied and distinct 87Sr/868r).l ratios of the
Cortlandt region samples from different plutons, re-
flect varying degrees of contamination rather than
source heterogeneity. Sr isotopic data of the diorites,
kaersutite gabbro, and norite plutons of the Cortlandt

complex, indicate that contamination by crustal rocks

iv



occurred before emplacement. This proposed first-stage
contamination event did not strongly affect the major
and trace element chemistry of the parent magma(s) .
However, for the norite parent magma, this event had

a strong effect on the major (A1203, Ca0, SiO,, KZO)
and trace (REE) element chemistry. Diorites of the
Cortlandt complex experienced extensive interaction
with the pelitic country rock at the emplacement site.
The geochemistry of differentiated samples from the
gabbro, diorite, and norite plutons of the Cortlandt
complex indicates that these bodies may have mixed with
aqueous fluid before solidification, causing enrichment
of Rb, Ba, LREE, KZO’ NaZO, and SiO2 in the late-stage
liquids. This second stage mixing event, however, did
not affect the Sr isotopic systematics.

The Cortlandt region granodiorites are character-
'ized by low REE abundances and unusually high Zr/Nb
ratios. The granodiorites appear to be related to the
basic rocks of the Cortlandt region by liquid immisci-
bility.

Trace element abundances of an emery xenolith
within the Cortlandt clinopyroxenite pluton indicate
that this former pelitic rock lost SiOZ, K2 , and NaZO
to the alkalic basic melt not by partial melting, but

instead by metasomatism.
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INTRODUCTION

For almost one hundred years the basic plutonic
rocks of the Cortlandt complex have been the focus of
geological investigations (Dana, 1881; Williams, 1884,
1886, 1887; Kemp, 1888; Rogers, 1911; Bowen, 1922,
1928; Balk, 1927, 1937; Butler, 1936; Shand, 1942;
Steenland and Wollard, 1952; Friedman, 1952, 1954,
1956; Barker, 1964; Ratcliffe, 1968; Dallmeyer, 1975).
The concensus of these studies has been that the di-
verse rock types of the Cortlandt complex are products
of magmatic fractionation and various degrees of crus-
tal contamination. 1In fact, the presence of numerous
emery bearing xenoliths throughout the Cortlandt
complex, led Bowen (1922, 1928) to believe that the
group of hypersthene-labordorite gabbros known as nor-
ites are products of an assimilation process between
gabbro and aluminous-rich sediments.

Recent remapping of the Cortlandt complex
(Ratcliffe, unpublished data) indicates that Shand's
(Shand, 1942) assumption that the Cortlandt mafic rocks
formed by differentiation in situ from a single norite
parent is not correct. Instead, Ratcliffe's field in-
vestigations reveal that there exists at least six

discrete, sequentially intruded plutons in the main



portion of the Cortlandt complex alone.

The presence of these varied and distinct plutons
within such a small geographic area presents an ex-
cellent opportunity to evaluate the petrogenetic
evolution of the Cortlandt magmas. The purpose of this
study is to analyze major element bulk chemistry, trace
element abundances, phase chemistry, and strontium
isotopic compositions in order to determine the influ-
ence of the following factors upon the petrogenesis of
the Cortlandt complex:

1. the source mineralogy and chemistry of the

parental magma(s);

2. the role of mineral fractionation and crystal
accumulation in the development of the ob-
served rock types; and

3. the nature and extent of crustal contamination
within each of the plutons.

In addition, this study provides implications in three
different areas of emphasis:

1. the similarity between the Cortlandt complex
and similar igneous suites;

2. the effects of amphibole fractionation on

major and trace element abundances;



3. quantitative modelling of magmatic processes

through trace element data; and

4. large scale liquid immiscibility.

More specifically, this study not only delimits the
origin of the Cortlandt complex but also gives insight
into the origin of many similar igneous suites. Pri-
marily, the isotopic and chemical affinities of the
Cortlandt rocks are very similar to those alkaline
ultramafic basic magmas of Archean greenstone belts
(Arth and Hanson, 1975; Schultz et al., 1979; Hanson,
1980) and also to those modern alkali basalt suites
present on both ocean islands and continents (Zielenski
and Frey, 1970; Kay and Gast, 1973; Sun and Hanson,
1975, 1976).

In addition, because amphibole fractionation has
played such an important role in the derivation of the
Cortlandt suite, its immediate and long term effects
on the major and trace element abundances of a basic
melt have been thoroughly evaluated.

Also, a major emphasis of this investigation is
to combine the Cortlandt high precision trace element
data with presently available distribution coefficients
to quantitatively model the magmatic processes of the

Cortlandt suite of rocks. The trace elements used for



mathematical modelling are the rare earths, Rb, Sr, Ba,
transitions metals, Zr and Nb.

Finally, this study presents strong evidence that
the granodiorite-diorite rocks of the Cortlandt region
have chemical characteristics indicating that large-
scale liquid immiscibility played a major role in their

petrogenesis.



GEOLOGIC BACKGROUND

The Cortlandt complex (Fig. 1) is an oval-shaped
igneous body (~ 40 square kilometers) that crops out
along the eastern margin of the Hudson River approxi-
mately 56 kilometers north of New York City. Directly
across from the Cortlandt complex, on the western side
of the Hudson River, are two smaller mafic intrusions:
the Rosetown complex (~ 1.5 square kilometers) (Fig. 2
and Fig. 4), and the Stony Point complex (~ 0.8 square
kilometers) (Fig. 3). These bodies are presumed to be
extensions of the Cortlandt complex and contain chemi-
cally and mineralogically similar rock types. Litho-
logic units of the three complexes include: norite,
diorite, hornblendite, pyroxenite, granodiorite, and
cortlandtite.

The Cortlandt and the Stony Point complexes were
emplaced into regionally metamorphosed Cambrian-
Ordovician schists and marbles of the Manhattan Prong
(Fig. 1). Rosetown magmas intruded into the Grenville
age gneisses of the Hudson Highlands (Fig. 1). The
lower Paleozoic country rocks, regionally metamorphosed
during the Taconic orogeny, have a metamorphic gradient
that increases from west (chlorite) to east (silliman-

ite).



Fig. 1. Simplified geologic map of southern
New York modified after Mose et al., 1976,
showing location of Cortlandt (Cort.), Stony
Point (S.P.), and Rosetown (R.T.) complexes,
plus Peekskill granodiorite (P.G.).
Cambrian-Ordovician (C-0); Precambrian (P-€);
Triassic (TR).
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ROSETOWN COMPLEX

[ -HORNBLENDITE
[[J-AMPHIBOLE-PYROXENITE
3-DIORITE
B-GRANODIORITE

Fig. 4. Geologic and sample location map of the Rosetown
complex. Figure is simplified from geologic map compiled
by Ratcliffe (unpublished data).
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From the distribution of the regional metamorphic
zonation and pelitic xenolith fabrics, Ratcliffe (1979,
personal communication) concludes that the Cortlandt
plutons were intruded during or near the maximum P-T
conditions of the Taconic event. While the Cortlandt
complex experienced slight folding during the Acadian
orogeny (Ratcliffe, personal communication), its chem-
istry, mineralogy, and igneous textures appear to be

40Ar/39Ar

unaltered. K-Ar (Long and Kulp, 1962) and
(Dallmeyer, 1975) ages for biotites and amphiboles from
the Cortlandt and Rosetown complexes range between 420
and 450 million years.

Early mapping of the Cortlandt complex (Rogers,
1911; Balk, 1927, 1937; Shand, 1942) revealed that the
internal flow structures of the Cortlandt rock types
define roughly concentric patterns. From this infor-
mation, Balk (1937) concluded that the complex was a
single funnel-shaped intrusion which contains three
smaller interior funnels. Stony Point and Rosetown
were considered to be coeval with the larger Cortlandt
body. Shand (1942) concurred with the single funnel
hypothesis of Balk and concluded that the parental
magma for the entire complex was noritic, and that

differentiation, crystal accumulation, and assimilation

of crustal rocks led to the production of the diverse
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rock types. A geophysical study of the Cortlandt area
(Steenland and Woollard, 1952) shows no evidence of a
feeder pipe in the central region of the complex as
postulated by Balk and Shand. The gravity data suggest
that there are four distinct feeder pipes located along
an east-west line from the eastern edge of the Cortlandt
complex to the Rosetown exposure (Fig. 2). The inferred
width of these pipes varies from 0.3 kilometers in diam-
eter at Rosetown and Stony Point to as large as 3.9 kil-

ometers at the eastern margin of the complex.

Cortlandt Complex

Recent mapping of the Cortlandt, Stony Point, and
Rosetown complexes (Fig. 2) by Ratcliffe (1968, 1971,
personal communication) reveals that these bodies are
composite (Fig. 2) and were not formed by differenti-
ation of a single parental magma. Ratcliffe has mapped
six sequentially intruded, contemporaneous plutons
within the Cortlandt complex. From oldest to youngest
these are: (1) hornblendite to amphibole gabbro; (2)
diorite; (3) clinopyroxenite; (4) cortlandtite and
amphibole-pyroxenite; (5) norite; and (6) clinopyrox-
enite.

Rocks from the hornblendite pluton (pluton 1) are

amphibole (kaersutite)-rich gabbros that have a well-
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developed flow structure defining a northwest trending
funnel-shaped body. Differentiated rocks within this
pluton also contain orthopyroxene, biotite, and quartz.
Diorites of pluton 2, which are separated from pluton 1
by a screen of pelitic country rock, are composed of
plagioclase, biotite, quartz, orthopyroxene, and kaer-
sutite. Minor amounts of almandine garnet are also
found in these peraluminous diorites. Clinopyroxenite
of pluton 3 has a cumulus textural relationship involv-
ing clinopyroxene, orthopyroxene, olivine, opaques, and
kaersutite suggesting formation by crystal accumulation.
Coarse amphibole pyroxenite and amphibole peridotite
(cortlandtite) of pluton 4 is characterized by poiki-
litic kaersutite amphibole enclosing euhedral olivine,
orthopyroxene, and clinopyroxene grains. Norite (plu-
ton 5), the largest of the Cortlandt plutons, cuts plu-
tons 1 and 3 along a northwest trending intrusive con-
tact. The norite pluton is considered by Ratcliffe
(personal communication) to be a thin, spoon-shaped sill
originating from an eastern conduit. The central region
of the norite pluton consists of well-layered norite
containing abundant inclusions of Inwood marble and
Manhattan schist. Xenoliths of Manhattan schist, which

have been altered extensively due to interaction with



13

the noritic magma, range in size from centimeters to
hundreds of meters in thickness. Rhythmically layered
norite, the dominant lithology, consists of plagio-
clase, orthbpyroxene, clinopyroxene, biotite, and
opaques. Amphibole is generally lacking in the norites
except near the center of pluton 5 which is marked by a
region of norite containing poikilitic kaersutite.
Zones within and along the margins of the norite pluton
contain K-feldspar and quartz and the composition is
more monzodioritic rather than noritic. Pyroxenite of
pluton 6 crosscuts flow layering of the norite pluton.
Mineralogy and cumulate textures duplicate those found
within the clinopyroxenite of pluton 3.

The Peekskill granodiorite-quartz monzonite intru-
sion is located at the northern margin of the norite
body (Fig. 1). This steep-walled, elongated pluton
cuts across the faulted boundary of the Reading and
Manhattan Prongs and is separated from the main portion
of the Cortlandt complex by a thin (0.5 km) screen of
Manhattan schist. Geologic relationships (Mose et al.,
1976) show that the Peekskill pluton postdates the
mafic plutons of the Cortlandt complex. However, con-
troversy exists as to whether the Peekskill granodior-
ite is temporally and genetically related to the in-

trusions of the Cortlandt mafic complex. Mose and
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others (1976) obtained a 371 * 14 m.y. Rb-Sr whole rock
isochron age for the Peekskill pluton and they conclude
that the age and field relationships suggest that the
Peekskill pluton is post-tectonic and much later than
the intrusion of the Cortlandt complex. However,
Armstrong (unpublished data) found that, although the
isotopic data for the Peekskill pluton plot very close
to his Cortlandt isochron (~ 420 m.y.), two samples

with high Rb/Sr ratios do not. These two samples con-
trol the isochron because of their low Sr concentrations.
In addition, resetting during the Acadian orogeny may be

responsible for the younger ages of these two samples.

Stony Point Complex

At Stony Point, diorite and cortlandtite plutons
are mineralogically similar to plutons 2 and 4 of the
Cortlandt complex (Figs. 2 and 3). However, the dior-
ite at Stony Point contains considerably more almandine
garnet (~n 3 volume %) than diorites on the eastern side
of the Hudson River (. 0.1 volume %). Numerous diorite,
cortlandtite, and lamprophyric dikes crosscut the dior-
ite and cortlandtite plutons at Stony Point. Ratcliffe
(personal communication) suggests that the main Cortlandt
intrusion and the plutons at Stony Point are continuous

beneath the Hudson River. However, strontium isotopic
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data obtained as part of this study indicate that the
diorite and cortlandtite rocks of the Stony Point and
Cortlandt complexes may not be physically or geneti-

cally related.

Rosetown Complex

The Rosetown complex consists of three intrusive
sequences that are elongate parallel to the nearby
Ramapo fault system (Figs. 2 and 4). The oldest intru-
sive center contains concentrically zoned hornblendite,
cortlandtite, and amphibole diorite (Ratcliffe, 1971).
These closely resemble the rocks from plutons 1, 2, and
4 of the Cortlandt complex. A north-northeast trending
amphibole-biotite diorite pluton cuts the oldest intru-
sive center. This body contains xenoliths of lower
Paleozoic sedimentary rocks similar to those contained
by the Cortlandt complex. The youngest sequence is a
granodiorite which crops out near the northern and
southern ends of the Rosetown body. This granodiorite,
which closely resembles the Peekskill granodiorite, con-
tains numerous mafic cognate Renoliths near its contact

with the kaersutite-bearing diorite pluton.
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ANALYTICAL METHOD AND UNCERTAINTY

Samples were collected from the three Cortlandt
region complexes as mapped by N. M. Ratcliffe on the
basis of their location within a pluton, mineralogical
composition, and lack of alteration. From these sam-
ples, which were representative of the individual
plutonic areas, approximately 200 polished thin sections
were prepared in order to determine petrographic fea-
tures and modal percentages of the various rock types.
Mineral chemistries were determined through use of an
automated, four spectrometer, ARL-EMX-SM electron micro-
probe. All analyses were reduced by the method of
Bence and Albee (1968) with a correction matrix modified
from one reported by Albee and Ray (1970). All pyroxene
analyses were reduced by the procedure of Papike et al.
(1974). On the basis of certain crystal chemical con-
straints, this method estimates the ferric iron content
and the percentage of other than quadrilateral compon-
ents. Reported amphibole analyses were reduced by a
similar procedure; however, the complex nature of the
amphibole crystal chemistry limits the constraints on
estimating the amount of ferric iron. Therefore, the
tabulated amphibole analyses reported are mean Fe3+
values of the allowable ferric iron abundances accord-

ing to the Papike et al. (1974) calculation scheme.



17

Whole rock samples were prepared for use by
splitting 5-10 kilograms of fresh rock to 30 grams and
grinding to -80 mesh size. Major element analyses were
obtained through microprobe examination at Stony Brook,
through x-ray fluorescence analysis by A. J. Erlank at
Cape Town, and through gravimetric and atomic absorp-
tion analysis by N. H. Suhr and J. B. Bodkin at the
Pennsylvania State University.

At Stony Brook, approximately 400 mg of the -80
mesh powders were fused in air without flux on an iridium
strip furnace (Nicholls, 1974) and were analyzed by the
electron microprobe. Homogenous glasses were obtained
by this method for most samples with SiO2 contents less
than 55 wt.%. Samples with higher silica contents could
not be successfully fused to crystal free glasses and
were, therefore, analyzed through x-ray fluorescence.
Each Stony Brook major element analysis (10 elements)
represents an average of six or more spots using a 35
micrometer beam. All analyses were calibrated using
the U.S.G.S. standard rocks BCR-1 and BHVO-1 (Flanagan,
1973; Ayuso et al., 1976; Mazzullo and Bence, 1976).
Internal precision depends on the abundance of the ele-
ment but is generally ~ 5%.

+
Ferrous iron, total iron as Fe2 3 PZOS and HZO
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were determined for several samples at the Pennsylvania
State University Mineral Sciences Laboratory.

Twenty-six samples were analyzed for major (13
elements) and trace (Rb, Sr, Ba, transition metals, Y,
Nb, and Zr) elements by x-ray fluorescence at the Uni-
versity of Cape Town. These analyses were obtained on
a Phillips PW 1220 2KW semi-automatic x-ray spectrometer.
Collection methods and precision for these data are re-
ported by Willis et al. (1971) and Erlank and Kable
(1976).

Rare-earth elements (REE) and Ba analyses were ob-
tained by isotope dilution techniques on the Stony Brook
fully automated, 12-inch radius, 90° sector, NBS design,
mass spectrometer. The chemical technique for REE is
that of Arth (written communication, 1973) and Hanson
(1976) . Chemical dissolution of samples was performed
with a lithium metaborate flux following the procedures
developed by Hdnny and reported by Vocke (1980). Rb
and Sr were also analyzed by isotope dilution using a
6-inch, 60° sector, NBS designed, mass spectrometer.

The analytical precision for each REE is better than 2%,
except for Gd and La, for which it is better than 5%.
Leedey chondrite values (Masuda et al., 1973) divided

by 1.2 are used for normalizing purposes in this study.
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Rb and Sr values have uncertainties of less than 1% of
the amount present, while the analytical precision for
Ba is better than 3%. Replicate analyses of Rb, Sr,
and Ba by iSotope dilution and XRF analysis yield simi-
lar values which attest to the precision of both methods.
87Sr/86Sr ratios were measured on the 6-inch mass
spectrometer using a digital readout and the chemical
procedures of Hanson et al. (1971). Nine runs of
standard SRM 987 yielded a value of 0.71010 with a
standard deviation of + 0.0001(2¢). The standard devi-
ation of the mean for these data is +#0.00004(20). Four
replicate analyses, as well as the nine runs on the

strontium standard, suggest that the uncertainty of any

one analysis is approximately * 0.0001(20).
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ANALYTICAL RESULTS

PETROGRAPHY AND MINERAL CHEMISTRY

Brief‘petrographic descriptions and mineral chem-
istries for each of the major rock types found both
within and associated with the Cortlandt, Stony Point
and Rosetown complexes are presented in this section.
Detailed petrographic descriptions of individual samples
are contained in Appendix 1. The rock names used are
those originally assigned by Williams (1884, 1886, 1887),
Rodgers (1911), and Shand (1942) and are retained for
the purposes of this study. The rock units discussed
are those found within individual plutons and include:
1. hornblendite-kaersutite gabbro; 2. diorite;

3. clinopyroxenite; 4. cortlandtite and amphibole-
pyroxenite; 5. norite; and 6. granodiorite. Data
are also presented for two mafic dikes crosscutting the
Stony Point plutons. The petrology and mineralogy of
samples from the Salt Hill emery mine (Barker, 1964)

conclude this section.

Hornblendite-Kaersutite Gabbro: Cortlandt Complex-

Pluton 1
The hornblendite-kaersutite gabbroic pluton is
the oldest of the Cortlandt plutons (Ratcliffe, unpub-

lished data). It is characterized by strong preferred
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orientation of primary prismatic amphibole which appears
to be a consequence of flow. The rocks are medium to
coarse grained with amphibole crystals often attaining
lengths of several centimeters. In general, samples

from this pluton consist of high titanium (~ 3.6 wt.%),
high alumina (~ 14 wt.%) amphibole, plagioclase (An80_34),
and biotite (Fe/(Fe + Mg) 0.29-0.36). According to the
classification of Papike et al. (1974) these titanifer-
ous amphiboles are magnesio-kaersutites and pargasites.
Accessory phases include: ilmenite, magnetite, rutile,
pyrite, pyrrhotite, apatite, and sphene. The amount of
kaersutite determines classification as hornblendites

( >70% kaersutite) or kaersutite gabbros ( < 70% kaersu-
tite). A small region of this pluton (sample #3) is
characterized by a rock which contains iron-rich ortho-
pyroxene, interstitial quartz, and K-feldspar in addition
to amphibole (~ 15%), plagioclase, and biotite. Amphibole-
norite will be the future reference for this rock unit
contained within pluton 1.

In thin section, the amphiboles are dark reddish-
brown to yellow-brown in color and frequently exhibit
lamellae of ilmenite and rutile parallel to the c-
direction (Fig. 5). These exsolved lamellae appear to

be products of a breakdown (oxidation) reaction, probably



Fig. 5. Photomicrograph of kaersutite (Kaer) ex-
hibiting lamellae of ilmenite and rutile. Plagio-
clase (P1) coexists with the kaersutite crystals
in this hornblendite sample 4. Length of field is
3.5 mm. Uncrossed nicols.

22
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the result of local reheating of these rocks by the in-
trusion of the nearby norite pluton. The cumulate am-
phibole grains within the hornblendite samples are un-
zoned and frequently appear to have been broken, then
fused with other large kaersutite crystals. Often,
plates of biotite occur at the sutures between the
joined amphibole grains (Fig. 6). Biotite grains and
rutile and ilmenite inclusions in these rocks may be
observed in coexisting kaersutite grains. In general,
biotite is a minor constituent of the hornblendites

( <3 volume %), usually comprising less than 15% of the
kaersutite gabbros.

Plagioclase, the second most abundant phase within
these rocks, usually exhibits a subhedral to euhedral
morphology and varies in modal proportion from approxi-
mately 5% (hornblendite) to 55% (kaersutite-gabbro).
The most calcic plagioclases (An80) are associated with
the cumulate hornblendites and display both normal and
reverse zonation. With the gradational change from
hornblendite through gabbro, plagioclase compositions
within the rocks becomes both increasingly more sodic
" AnSO) and less idiomorphic. Appendix 2 contains
selected amphibole, biotite, plagioclase, and ortho-

pyroxene analyses for rocks of pluton 1. Plotted on



Fig. 6. Photomicrograph of broken and sutured kaer-
sutite (Kaer) crystals with biotite (Bi) grains along
breaks. Hornblendite sample 1. Length of field is
3.5 mm. Uncrossed nicols.
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Figs. 7 and 8 are the quadrilateral relationships of
the pyroxene and amphiboles analyzed from the

hornblendite-kaersutite gabbro body.

Diorite: Cortlandt, Stony Point, and Rosetown Complexes

Cortlandt Complex-Pluton 2

Samples from pluton 2 of the Cortlandt complex
are medium to coarse grained and consist of equal pro-
portions of euhedral kaersutite (0.25-0.75 mm) and fresh
plagioclase (0.5-3.0 mm) with subordinate amounts of
biotite and orthopyroxene. Generally, the plagioclase
laths are randomly oriented and tightly packed together
with the prismatic amphibole grains indicative of a
cumulate texture. Accessory phases include magnetite,
jlmenite, pyrite, pyrrhotite, and apatite. Almandine
garnet crystals are infrequently present in these rocks.
Mineral compositions (Appendix 3) and textures of rocks
from this pluton are closely related to those of the
nearby hornblendite-kaersutite gabbros of pluton 1.
The high anorthite content (An77-An51) of the plagio-
clase in samples from this body result in classification
of these rocks as gabbroic rather than dioritic. Ortho-
pyroxene, when present, exists as small (0.5-1.5 mm),
euhedral to subhedral, sometimes rounded grains. These
grains are pleochroic from pink to pale yellow and are

occasionally altered to fibrous brown amphibole along
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fractures. Amphibole compositions (Appendix 3, Fig. 9)
show greater overall chemical variation than the amphi -
boles of pluton 1. In fact, some amphiboles (sample #8)
have much lower titanium and calcium abundances than
kaersutites from other parts of pluton 2. The lower
TiO2 content apparently prevented the exsolution of
ilmenite and rutile lamellae in these hornblendes.
Phase chemical analyses of amphibole, plagioclase
biotite, and orthopyroxene for the Cortlandt diorite
are contained in Appendix 3. Amphibole and pyroxene
compositions for this same pluton are illustrated in

Figs. 9 and 10.

Stony Point Complex

While the diorites of the Cortlandt complex have
a distinctly basic character, the diorites immediately
across the Hudson River at Stony Point do not have this
same affinity. The dioritic material exposed at Stony
Point lacks both amphibole and orthopyroxene and con-
sists almost entirely (70%) of sodic plagioclase (Anzo)
and an iron-rich biotite (Fe/(Fe + Mg) @ 0.69)
(Appendix 3). Plagioclase crystals in this coarse-
grained rock are quite large (0.4-1.0 cm) and display

well-developed crystal faces. Unlike the pPlagioclase

in pluton 2, many of the plagioclase laths at Stony
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Point are partially sericitized. Some crystals also
show oscillatory zoning. Anhedral plates (1-7 mm) of
green-brown biotite are evenly distributed throughout
these rocks and are partially rimmed by magnetite and
ilmenite. Zircon, epidote, and apatite are minor addi-
tional phases. Constituting approximately 2 volume
percent of the Stony Point diorite are euhedral (0.5-
5.0 mm) almandine garnets (Appendix 3) that sometimes
occur as inclusions within plagioclase crystals. These
garnet grains lack signs of alteration (i.e., biotite
replacement) (Fig. 11) or physical transport, and, thus,
appear to have crystallized from the dioritic magma
rather than country rock relics. Occasional garnet -
rich layers (1-3 cm) are present throughout the Stony
Point diorite and suggest that garnet may have been an

important fractionating phase in this pluton.

Rosetown Complex

Diorites at the Rosetown complex are intermediate
to the basic variety of the Cortlandt complex and the
more felsic type at Stony Point. At Rosetown, diorite
samples lack orthopyroxene but contain substantial
amounts of kaersutite and biotite coexisting with an
intermediate plagioclase (An24_36) (Appendix 3). Sam-

ples from this pluton are coarse to medium grained and
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Photomicrograph of almandine garnet (Gar),

biotite (Bi) and plagioclase (P1) in diorite sample

42.

Uncrossed nicols.

Length of field is 3.5 mm.

Fig. 11.
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are composed of equal amounts of felsic and mafic
minerals. Euhedral kaersutite is the most abundant

( ~30%) mafic phase and frequently is partially re-
placed with red-brown biotite. Kaersutite (Appendix 3,
Fig. 9) lacks evidence of rutile and ilmenite exsolution.
Plagioclase grains display euhedral to subhedral morph-
ologies and generally are cloudy in thin section due

to sericitization. Often, plagioclase laths are strongly
normally zoned (nJAn36_15) (Appendix 3). Biotite (Ap-
pendix 3) comprises approximately 15-20% of the rock

by volume and occurs as flakes and small plates; it is
often associated with amphibole. Quartz and K-feldspar
are interstitial. Accessory phases include: sphene,
apatite, epidote, ilmenite, magnetite, pyrite, and

pyrrhotite.

Clinopvroxenite: Cortlandt Complex--Plutons 3 and 6

Black colored clinopyroxenites from these two
widely separated plutons (Fig. 2) show remarkable
similarity in texture, modal mineralogy, and phase
chemistry (Appendix 4). 1In general, the rocks from
these two bodies are medium grained hypidiomorphic to
allotrimorphic-granular and rich in clinopyroxene

(~ 60 volume %; Wo _,3 s1s En ;5 _s0s FSyg 19 ° Modal

proportions of orthopyroxene (10-35%; Wo ; 3, En g g3,

Fs 15_30) and olivine (0-35%; Fo,q¢-Fo,5) vary in these
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ultramafic rocks depending upon sample locality but,
most often, these phases are found to coexist with
kaersutite ( <5%) and opaques (magnetite, ilmenite,
pyrite, and pyrrhotite). Plagioclase and biotite,

when present, form irregular interstitial grains.
Clinopyroxene and orthopyroxene grains in these rocks
display hypidiomorphic outlines and an extremely vari-
able grain size (0.5 mm-1.0 cm). Typically, clinopyrox-
ene grains in these rocks are twinned, simple or repeated
on (100) and are often slightly pleochroic from pale
yellow to pink, reflecting high titania contents (4»1
wt.%) (Appendix 4). Both orthopyroxene and clinopyrox-
ene in these rocks display well-developed Schiller
structure (Fig. 12) with larger grains having fine

( <3 microns) exsolution lamellae of pyroxene. A
characteristic feature of clinopyroxenes of pluton 3

is the presence of large (3-6 mm) euhedral orthopyroxene
crystals that are bent and twisted (Fig. 13). Olivine
occurs as colorless, round, anhedral grains (1-9 mm)
that are commonly cut by a network of fractures. The
olivine grains are unzoned and usually show only minor
serpenterization ( <5%) along these breaks. Smaller
(~1 mm) unfractured olivine grains are frequently en-
closed within orthopyroxene and clinopyroxene grains

and have identical compositions to the larger external



Fig. 12. Photomicrograph of clinopyroxenite (sample 31)
exhibiting cumulate textures of clinopyroxene (Cpx) and
orthopyroxene (Opx). Also, well-developed Schiller
structure. Length of field is 3.5 mm. Uncrossed nicols.

35
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Photomicrograph of clinopyroxenite

Fig. 13.

Crossed nicols.

sample 12 showing deformed orthopyroxene crystal.

Length of field is 3.5 mm.
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olivines. Red-brown kaersutite (~5%) is found inter-
stitially, with a vein-like appearance between the
other mafic phases and commonly has fine-grained (& 0.5
mm) opaques (ilmenite, magnetite, and iron sulfides)
associated with it. Red-brown magnesium-rich biotite
(Appendix 4), like amphibole, is usually found along
grain boundaries but also forms larger (~ 1 mm) plates
at the juncture of pyroxene and olivine grains. Very
small, rare spinel (Appendix 4) grains are found in one
sample from pluton 6 and these occur enclosed within
pyroxene. Plagioclase is generally a minor (<1 volume
%) interstitial phase and displays a variable composi-
tion (An95_58) (Appendix 4). Compositions of coexist-
ing olivine, clinopyroxene, and orthopyroxene in these
clinopyroxenite samples (Appendix 4) are consistent
with the equilibrium Fe2+-Mg partitioning data of
Grover and Orville (1969) suggesting that these mafic
phases crystallized together. The textures and the
general lack of a significant felsic component in these
samples indicate a cumulate origin and minor amounts of
trapped intercumulus liquid. Clinopyroxenite, pyroxene,
and amphibole compositions in molar Ca-Mg-Fe are illus-

trated on Figs. 14 and 15.
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Cortlandtite and Amphibole Pyroxenite: Cortlandt--

Pluton 4, Stony Point and Rosetown Complexes

Cortlandtite and amphibole pyroxenite rocks occur
within pluton 4 of the Cortlandt complex and at the
Stony Point and Rosetown complexes (Figs. 2 and 4).
Cortlandtite, which consists of olivine, clinopyroxene,
orthopyroxene, and amphibole, resembles both the texture
and phase chemistry of the olivine-bearing clinopyroxen-
ites of plutons 3 and 6. However, cortlandtites contain
greater abundances of olivine (25-50%) and kaersutitic
amphibole (10-30%). Generally, the amphibole is char-
acterized by a poikilitic texture. Cortlandtite within
these plutons grades into a rock type referred to as
amphibole-pyroxenite, which lacks olivine and ortho-
pyroxene. Clinopyroxene, kaersutite, biotite, and
plagioclase are the major constituents of the amphibole-

pyroxenites. Discussion of the petrography and phase

chemistry of cortlandtite will be treated first, followed

by a similar discussion of amphibole-pyroxenite.

Cortlandtite:

Cortlandtite is a black-colored, medium-grained
rock which occurs within the Cortlandt and Stony Point

complexes, but is apparently not exposed at Rosetown.

The olivine (FOSO'FO75) in this amphibole peridotite is
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usually rounded, but sometimes exhibits a distinct
crystal outline. Large (~ 5 mm) olivine grains are

not uncommon but the olivine present is usually more
diminutive (0.25-1 mm). In thin section, the olivine
grains are colorless and usually crosscut by numerous
fractures. Serpentine frequently fills these cracks
and creates a vein-like network that extends away from
the olivine grains and either collects or interjects
along clinopyroxene grain boundaries. Often, magnetite,
rather than serpentine, is located along the olivine
fractures (Fig. 16). Alteration of olivine is never
severe and normally comprises less than 10%. Olivines
(Appendix 5) from the cortlandtite show limited ranges
in composition (FOSO-F076) and large and small olivine
grains are very similar in phase chemistry. Inter-
locked with olivine in these cortlandtite samples are
subhedral to anhedral crystals of clinopyroxene. These
clinopyroxenes are frequently twinned and have variable
grain size (0.5-8 mm). In general, the clinopyroxene
grains are larger than the associated olivine. Clino-
pyroxenes (Wo,,3_sq9s EN, 43_50° stS-lO) are usually un-
zoned but, unlike olivine, there is considerable vari-
ation in chemical composition from large to small grains.
Most often, the smaller anhedral pyroxenes have the

lower Mg/(Mg + Fe) ratios within each rock. Overall,



Fig. 16. Photomicrograph of highly fractured olivine (01)
grain from cortlandtite sample 14. Magnetite (Mag) fills

internal cracks with serpentine (Sp) found along margins.

Length of field is 3.5 mm. Uncrossed nicols.
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the phase chemistries of clinopyroxenes in the cort-
landtite samples are very similar (Appendix 5, Fig. 18).
Also, the orthopyroxene compositions in these samples
overlap (Appendix 5, Fig. 18). Orthopyroxene

(Wo 1.3+ En 55 _gs» st15_20) in cortlandtite usually
comprises less than 5% of the rock; its abundance be-
comes high ( 15%) only when the modal proportions of
olivine is near 50%. Kaersutite in cortlandtite varies
from approximately 2% to 20%. As it increases in abun-
dances, the texture of the kaersutite changes from
interstitial to poikilitic (Figs. 19, 20, and 21).
Kaersutite crystals enclosing pyroxene and olivine
sometimes attain sizes of 1-2 cm. This poikilitic tex-
ture has been interpreted as in situ crystallization of
intercumulus or trapped liquid (Wager and Brown, 1968).
The amphibole in each sample, whether appearing in a
vein-like network or a poikilitic fashion, shows strong
pleochroism from reddish-brown to yellow, and a variable
chemistry (Appendix 5, Fig. 17). Magnetite, ilmenite,
pyrite, and pyrrhotite are the common accessory phases
of this rock; however, the cortlandtite from Stony Point
contains a small portion (< 1%) of sodic phlogopite

(Appendix 5) within its serpentine network.

Amphibole-Pyroxenite:

This rock type occurs at all three complexes and
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Fig. 19. Cortlandtite sample 14 showing interstitial
kaersutite (Kaer) between grains of clinopyroxene (Cpx),

orthopyroxene (Opx), and olivine (01). Length of field
is 3.5 mm. Uncrossed nicols.
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Crossed nicols of 15A showing that kaersutite

20.
is optically continuous.

Fig.
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Crossed nicols of 15A showing that kaersutite

is optically continuous.

Fig. 20.
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is comprised of kaersutite (50% or greater) and clino-
pyroxene (30-40%) with subordinate amounts of plagio-
clase, biotite, apatite, ilmenite, magnetite, pyrite,

and pyrrhotite. The amphibole in these medium to

coarse grained, black-colored rocks has both a prismatic
and poikilitic habit and ranges in size from 0.1 to 2.0
cm. FEuhedral amphibole crystals are normally zoned and
chemical compositions for both the poikilitic and pris-
matic amphibole in the same sample can be identical
(Appendix 5, Fig. 17). Shand (1942) believes that the
poikilitic amphibole in both the amphibole-pyroxenites
and cortlandtites was produced by deuteric alteration.
However, Williams (1886) concludes that the amphibole
poikicrysts simply represent a portion of the residual
magma trapped within these rocks. The presence of
prismatic and poikilitic kaersutite with similar chemical
compositions found within the same thin section supports
this conclusion. In addition, coexisting phases such as
plagioclase and clinopyroxene lack substantial alteration
indicating that large volumes of late-stage magmatic
fluid did not pass through these rocks. 1In thin section,
clinopyroxene is clear to faintly green colored and
ranges in size from 2.5 to 3.0 mm with euhedral to sub-
hedral outlines. Clinopyroxenes (Wo%43_57, Enm36_50,

Fsm3_14) are normally zoned and show greater chemical
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variations than clinopyroxenes of the cortlandtite
samples (Appendix 5, Fig. 18). As was noted earlier,
orthopyroxene does not occur within the amphibole-
pyroxenite samples. The common interstitial phases

with the amphibole-pyroxenites are plagioclase (An50_30),
biotite, opaques, and apatite. Amphibole-pyroxenite
near the carbonaceous contact (sample 15) contains
approximately 3% calcite (Fig. 22), possibly the result
of a carbonate assimilation reaction. This calcite-
bearing amphibole-pyroxenite is characterized by unusual
clinopyroxene phase chemistry (high A1203 and Fe203)
(Fig. 18, Appendix 5).

Norite: Cortlandt Complex--Pluton 5

Norite is a gabbroic rock type in which ortho-
pyroxene rather than clinopyroxene is the predominant
pyroxene, and, by this definition, most of the rocks
within pluton 5 of the Cortlandt complex can be classi-
fied as norites. However, clinopyroxene is never sub-
ordinate to orthopyroxene in any part of the noritic
body, and in several norite samples, the abundance of
clinopyroxene almost equals orthopyroxene. In addition
to variations in the orthoclinopyroxene ratio, the
quantity of amphibole, biotite, quartz, and K feldspar

can differ from one noritic sample to the next, resulting



Fig. 22. Photomicrograph of interstitial calcite (Ca)
enclosed by kaersutite (Kaer) and a minor amount of
clinopyroxene (Cpx) in amphibole-pyroxenite sample 15.
Length of field is 2.5 mm. Uncrossed nicols.
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in what appears to be several noritic species. The most
recent attempt to map the aereal distribution of minera-
logically different rock types within the norite pluton
has been by Ratcliffe (personal communication) who iden-
tifies four distinct textural and compositional units
present in pluton 5. These are: 1. amphibole-free
norite; 2. biotite-amphibole norite; 3. kaersutite
norite; and 4. feldspathic quartz norite. In general,
these four separate groups of norites exist within

pluton 5 on a large scale; however, samples of one

noritic species can exist within the map area of another
group. Discussion of the petrography and phase chemistry
of noritic samples will follow Ratcliffe's map units and
classification scheme. However, because of the similarity
of the textures, mineral abundances, and phase chemistries,
discussion of the amphibole-free norites and thte biotite-

amphibole norites will be combined.

Amphibole-Free Norite and Biotite-Amphibole Norite:

Samples from the largest zone of pluton 5 consist
of both coarse- and fine-grained, well-layered norite
which frequently displays strong flow orientation of its
Plagioclase and orthopyroxene crystals. These norites
are easy to distinguish in the field because of their

pink-colored plagioclase and euhedral black pyroxene
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crystals. The pink coloration of the plagioclase, which
was noted and discussed in some detail by Williams (1887)
and Rogers (1911), is due to the presence of extremely
small hematite plates. Most samples of these norites
consist of plagioclase (50-60%), orthopyroxene (20-25%),
clinopyroxene (5-10%) and biotite (5-10%). Amphibole,
when present, is interstitial and usually constitutes
less than 5 volume percent of these rocks. Generally,
the plagioclase grains are euhedral to subhedral in shape
and range in size from 0.5 to 6.0 mm. Frequently, large
and small plagioclase laths in thin section show excell-
ent parallel alignment with each other and with coexist-
ing pyroxene grains (Fig. 23). Plagioclase twin lamellae
are often bent or show evidence of being broken by strain,
indicative of flow and possible filter pressing processes.
Plagioclase usually lacks any appreciable sericitization
and, while the range of feldspar composition is from
An73_38, most samples contain plagioclase with anorthite
contents of 40 to 50% (Appendix 6). These samples ex-
hibit both normal and reverse zoning profiles.
Orthopyroxene (Wo 1 _,» En ,v_ccs FS 35_,9), the key
mineral of the entire norite group, occurs as stout eu-
hedral to subhedral grains that are usually small
(0.25-0.50 mm). 1In coarse-grained samples, orthopyrox-

ene crystals can attain dimensions as great as 4 mm;



Fig. 23. Photomicrograph of aligned plagioclase and

pyroxene grains in norite sample 22.
is 3.5 mm. Crossed nicols.

Length of field
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the small orthopyroxene grains usually predominate and
often cluster together to form large (1-2 mm) aggregates.
Orthopyroxene (Appendix 6, Fig. 25) is pleochroic (pale
pink to green) and frequently contains ilmenite inclu-
sions (Schiller structure) that are seldom opaque but
usually reddish in color. The larger orthopyroxene
crystals contain fine exsolution lamellae of clinopyrox-
ene and inclusions of both plagioclase and clinopyroxene.
Clinopyroxene (W031_48, En34_43, F811_26) closely resem-
bles the co-existing orthopyroxene. In thin section,

the clinopyroxene, like orthopyroxene, is reddish-brown
in color due to ilmenite inclusions, and it displays a
slight pleochroism from pale green to pink. The pleo-
chroic nature of the clinopyroxenes is most likely the

cause of the under-estimation of the amount of clino-

pyroxene in these rocks by earlier investigators (Williams,

1884, 1886; Rogers, 1911; Shand, 1942). Chemical compo-
sitions of these clinopyroxenes are remarkably similar
(Appendix 6, Fig. 25). Dark brown to yellow biotite
comprises less than 10% of these rocks by volume and
shows limited Mg/(Mg + Fe) values (Appendix 6). Phase
chemistry of the greeﬁ colored amphibole present in these
samples is listed in Appendix 6 and plotted on Fig. 24.

Modal abundance of opaques in this suite varies

55



56

*sToquis paleudIsap oyl Aq polussaadsi aae (uotledol oldwes JOjF
¢ 313 o9s) orduwes yoes woaJ sasAreur sroqiydwe psiosrss (¢ voanid) xsrdwoo
1pUBTIIO0) ©Yyl JO 931TJ0oU woxy saroqiydue Jo sdiysuorilelad [eaalellapen)d

" ‘314
9434 bwbw
7Y /N FA) N\ VAY A N 7] ~
&
g
v 4«%»
€2 -o 340D YoMV bwod
8¢ -2 S3I709IHIWY
2l-v
le-o
6l -v
8l -

(S NOLNTd) S31IYON



* TOqUAS

psleudisop oyl £q polussaida aae (uotieool oldwes JoJ gz 314 oos) oldues
yoes woaj sosdAleue ouUoxoIAd pe10o18s ‘(g uoinid) xso1dwod 3pue(lI0)

SYl JO 91TJI0U WOIJ sausx0oIAd Jo sdiysuoTrielod Tetelellapend °cz 914

9494 bOW
ToNa gEPS

Gé
1%

lC

cé a A v A Bo)
og a

o SANIXOHA
02 v
6l =
81 o

9
I¢ o

S3L114ON

c ¢ +




from 2% to 5%, with ilmenite and iron-sulfides predomi-
nant. Magnetite is present, though subordinate. Eu-

hedral apatite is an accessory phase.

Kaersutite Norite:

This unusual norite from near the geometric center
of pluton 5 contains approximately 407% poikilitic kaer-
sutite (Fig. 26) in addition to plagioclase (30%), ortho-
pyroxene (25%), and clinopyroxene (5%). Large (0.2-1 mm)
brown to yellow amphibole poikicrysts enclose plagio-
clase (An74), orthopyroxene (Womz, En ¢e» Fsm32), clino-
pyroxene (Wow46, Enm40, Fsm14), apatite and opaque grains.
The composition of kaersutite (Appendix 6, Fig. 24) is
very similar to that of the kaersutitic amphiboles found
in pluton 1 (Appendix 2, Fig. 7). Plagioclase (Appendix
6) is very fresh and has anorthite contents (~70) con-
siderably higher than most other noritic plagioclase.

In thin section, the plagioclase, orthopyroxene, and
clinopyroxene closely resemble in size, coloration, and
texture, those within the amphibole-free norite group.

Biotite grains are rare.

Feldspathic Quartz Norite:

This norite group is part of the norite-monzo-
diorite border facies that rims the southern portion of

plutons 5 and 6 (Fig. 2). This unit generally consists
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Fig. 26. Photomicrograph of poikilitic kaersutite (Kaer)
grain enclosing orthopyroxene (Opx), clinopyroxene (Cpx),
and plagioclase (P1l) crystals in kaersutite-norite sample
18. Length of field is 3.5 mm. Crossed nicols.
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of plagioclase (+50%), K-feldspar (v15%), orthopyroxene
(~15%), clinopyroxene (“5%), amphibole (~10%), biotite
(~5%), and minor amounts of quartz (V3%). Plagioclase
grains are unaltered and have anorthite contents that
range from 53 to 37% (Appendix 6). Many of the plagio-
clase laths (0.5-5.0 mm) frequently display strong os-
cillatory zoning profiles in thin section, and are well
oriented. Plagioclase occasionally exhibits a myrmekitic
texture when it is contiguous with the interstitial K
feldspar. Orthopyroxene (Wom3, En“86-37’ FS&SB) crystals
are small (10.2 mm) and generally aligned with the larger
plagioclase grains. Coexisting clinopyroxene (WO&BO-AZ’
En, 36_37s Fs,y1_35) has larger grain size (2 mm). These
feldspathic quartz norites contain the most iron-rich
pyroxenes of any of the norites (Appendix 6, Fig. 25).
Amphibole is green to yellow in color and often has a
poikilitic habit enclosing orthopyroxene and plagioclase
grains. Mineral compositions for this amphibole are
listed in Appendix 6 and plotted on Fig. 24. Ilmenite,
the principal opaque mineral, is usually surrounded by

biotite or amphibole rims.

Granodiorite: Cortlandt Complex, Rosetown Complex, and

Peekskill Pluton

Samples of granodioritic composition from a dike

crosscutting the Cortlandt norite, from the Rosetown complex
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and from the Peekskill pluton have similar modal mineral-
ogies and phase chemistries. Plagioclase (+60%), quartz
(~30%), and K-feldspar (5-10%) are the main constituents
with subordinate amounts of biotite, muscovite, and
chlorite. Samples from the Rosetown and Peekskill plu-
tonic bodies are medium-grained, white-colored rocks,
while samples obtained from the Cortlandt dike are light
grey in color and have a porphyritic texture (Fig. 27).
In the porphyritic dike (sample 24), the large (0.5-2 mm),
extremely fresh, plagioclase phenocrysts are normally
zoned (An26_12), sometimes in an oscillatory manner
(Appendix 7). These euhedral feldspars are surrounded
by a fine-grained (+0.1 mm) interlocked assemblage of
quartz, plagioclase, and K-feldspar. Brown to yellow
colored biotite occurs as single grains randomly dis-
tributed throughout the groundmass, and in multi-grained
aggregates that sometimes attain 1 mm size dimensions.
Biotite in either morphology has similar chemistry
(Appendix 7). Rare muscovite and epidote grains also
occur with biotite in the groundmass of this felsic dike.
This felsic dike rock is a rhyodacite, the extrusive
equivalent of the coarser-grained granodiorite samples.
However, throughout the text this dike rock will be re-
ferred to as a granodiorite dike on the basis of its

chemical composition. Granodiorite samples from both the



Fig. 27. Photomicrograph of porphyritic texture of
sample 24 a rhyodacite. Strongly zoned plagioclase
phenocryst is featured in field of view. Length of
field is 3.5 mm. Crossed nicols.
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Peekskill and Rosetown localities are very similar in
texture and mineral composition. Rocks from these two
areas lack any extensive alteration and are composed of
euhedral to subhedral plagioclase laths (0.5-2.0 mm)

with anhedral quartz (v1 mm) and K-feldspar (0.25-1.0 mm)
grains. Plagioclase laths are normally zoned (An27_6)
and occasionally display oscillatory extinction and
myrmekitic texture. K-feldspars are perthitic and fre-
quently exhibit grid twinning. Biotite, muscovite, and
chlorite plates are interstitial and randomly distributed

throughout the rock along with rare epidote grains.

Mafic Dike: Stony Point Complex

Samples were collected from the mafic-lamprophyric
(spessertite) dikes that crosscut the cortlandtite-
amphibole pyroxenite and diorite plutons at Stony Point
(Fig. 3). The dikes consist of kaersutite (20-40%),
biotite (~30%), plagioclase (20-40%), and opaques (25%)
with accessory apatite, epidote, sphene, and calcite.
Samples from the 10 cm wide dike which cuts the
cortlandtite-amphibole-pyroxenite show fine-grained,
allotriomorphic-granular textures with grain sizes less
than 0.1 mm. The anhedral plagioclase grains in this
sample show a limited range in composition (An34_28)
as does the coexisting magnesium biotite and kaersutite

(Appendix 8, Fig. 28).
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The sample from the 30-cm-wide dike which crosscuts
the almandine-bearing diorite is medium-grained and con-
tains euhedral kaersutite crystals as large as 1.5 mm.
These amphibole grains are strongly zoned from core to
rim (Appendix 8, Fig. 28) and display ilmenite exsolution
lamellae. While amphibole displays a large variation in
chemical composition, coexisting biotite grains have
limited Mg/Mg + Fe values (Appendix 8). Plagioclase is
found interstitially and is sodic (An26_19) in composi-

tion (Appendix 8).

Salt Hill Emery and Related Quartz-Feldspathic Dikes:

Cortlandt Complex

Samples from the Salt Hill emery mine located at
the sountern portion of pluton 6 (Fig. 2) have been the
subject of numerous investigations since Williams (1886)
first described the locality (Rogers, 1911; Shand, 1942;
Friedman, 1952, 1956; Barker, 1964; Caporuscio and Morse,
1978). The rock at this locality is black colored and
very dense. It consists of sillimanite, green spinel
(pleonaste), corundum, cordierite, almandine garnet,
staurolite, biotite, white mica, sapphirine, and opaques
(ilmenite and magnetite). Kyanite, andalusite, quartz,
plagioclase, and orthopyroxene are also present in minor

amounts. Proportions of minerals vary greatly in thin
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section. Generally, bladed sillimanite, opaques, biotite,
and white mica are ubiquitous throughout the emery body.
When present, sapphirine occurs as large blue-green
tabular crystals that are strongly pleochroic.

Estimates of the intensive thermodynamic parameters
of P, T, and fO2 for the Salt Hill emery during formation
were recently determined by Caporuscio and Morse (1978).
They postulated that these emery xenoliths originated
at temperatures in excess of 800°C and at relatively high
oxygen fugacities (between HM and QFM). Pressure esti-
mates were less constrained but generally believed to be
between the AlZSiOS~trip1e point and 9.5 kb. Mineral
analyses for spinel, garnet, biotite, sapphirine, and
plagioclase of the Salt Hill emery are listed in
Appendix 9.

Numerous quartz-rich dikes or veins that vary in
width from approximately 0.5 cm to 0.5 meters (Fig. 29)
occur throughout the Salt Hill emery deposit. These
felsic dikes consist of quartz (+85%), plagioclase (n10%),
almandine garnet (v5%), with minor amounts of interstitial
muscovite and chlorite. Garnet occurs as small (v0.1 mm),
round, slightly pink, crystals oriented in a chain-like
fashion between larger (1-2 mm) anhedral quartz grains
(Fig. 30). These garnets (Appendix 9) are similar in

chemical composition to the almandine garnets in the



Fig. 29. Photograph of Salt Hill emery containing
numerous quartz-feldspathic veins.
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Fig. 30. Photomicrograph of almandine garnet (Gar) in
Salt Hill quartz-feldspathic vein, sample 36. In addi-
tion to garnet, quartz (Q), white mica (W.M.), and opaques

are within the field of view. Length of field is 3.5 mm.
Uncrossed nicols.,
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nearby emery (Appendix 9). Plagioclase is unaltered
and generally found in fine-grained aggregates at quartz
triple junctions. Plagioclase mineral compositions
(Appendix 9) are variable (An80_33) throughout the

sample.

Summary

The mafic rocks of the Cortlandt, Stony Point, and
Rosetown complexes are relatively unaltered with ex-
tremely similar mineralogies, chemistries, and petro-
graphic features. In general, these basic rocks are
medium to coarse-grained and have hypidiomorphic-
granular to panidiomorphic-granular textures. Well-
developed igneous lamination and cumulate textures in
several of the Cortlandt region mafic rocks indicate that
crystal accumulation processes played an important role
in the petrogenesis of these rocks. Olivine, clinopy-
roxene, and orthopyroxene are the principal cumulate
phases of cortlandtite and clinopyroxenite while kaersu-
tite and plagioclase are the cumulus minerals of the
hornblendites and the amphibole-rich diorites. One of
the outstanding features of the Cortlandt region suite
is the presence of kaersutite in each of the different
basic plutons. It occurs in both prismatic and poikilitic

morphologies, sometimes with both forms coexisting within
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the same sample. The poikilitic nature of the kaersutite
in the cortlandtite, clinopyroxenites, and norites suggests
that the interstitial melt of these cumulus rocks was
nearly identical in composition to that of the titanium-
rich kaersutite. The presence of kaersutite and biotite
suggests an alkali affinity for the basic rocks of the
Cortlandt suite; however, modal orthopyroxene and quartz
in several of these same basic rocks also indicates a
tholeiitic affinity. These contrasting characteristics
(hybridization) are unusual. A search of the literature
found the coexistence of kaersutite and orthopyroxene in
two other basic plutonic complexes. The first occurrence
was noted by Nockolds (1941) in the Garabal Hill-Glen Fyne
complex of Scotland where gabbros are associated with
peridotites, pyroxenites, and hornblendites. The second
occurrence is in the basic plutons of the Peninsular
Range batholith of southern California where kaersutite
gabbros coexist with norite, peridotite, and anorthosite
(Walawender, 1976; Walawender et al., 1979; Walawender
and Smith, 1980). At both localities the postulated
parental magma for the suite of mafic rocks was a high-
alumina (calc-alkali series) basalt that experienced
various degrees of localized contamination with pelitic
schist. However, the basic rocks of these two complexes

contain substantially less potassium (<1 wt.%) and
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titanium ( ~1 wt.%) than the mafic rocks of the Cortlandt
suite. The hybrid characteristics of the Cortlandt
region suite may reflect source region chemistry, magma

generation processes, and/or crustal contamination.
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ANALYTICAL RESULTS

MAJOR ELEMENT ANALYSES

Thirty-eight major element analyses of rocks from
the Cortlandt, Stony Point, and Rosetown complexes are
listed in Table 1. Sample locations and descriptions
are contained in Fig. 2 and Appendix 1. An AFM plot
(Fig. 31) shows the relative iron-enrichment trend of
the Cortlandt region suite. This plot indicates that
the Cortlandt suite is very similar to the calc-alkaline
series defined by Irvine and Baragar (1971). Clinopy-
roxenite (samples 11, 12, and 31) and olivine-rich cort-
landtite samples (14, 16, 41) are tightly clustered near
the iron-magnesium boundary of the AFM diagram, consist-
ent with a cumulate (olivine-pyroxene) origin. Horn-
blendite (1, 2, 5) and diorite (7, 8, 9, 10) samples plot
much closer to the iron (F) apex of the AFM diagram due
to their high proportion of cumulate kaersutite and
opaques while noncumulus (differentiated) rock types
(amphibole-pyroxenite, diorite, gabbro, and norite) are
more widely scattered, generally parallel to the A-M
boundary. Granodiorite samples (24, 34, 51) plot ex-
tremely close to the A-apex because of their low iron

and magnesium abundances and high alkalis.
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Plotting of the C.I.P.W. norms (Table 2) of the
Cortlandt region samples on the normative basalt tri-
angles (Fig. 32) of Yoder and Tilley (1962) magnifies
these major element differences. The chemistry of the
mafic igneous rocks ranges from silica undersaturated
(nepheline normative) to silica oversaturated (quartz
normative), implying that these mafic rocks have both
alkalic and tholeiitic affinities, further supporting
the hybrid character determined from the petrographic
data. Samples that are nepheline normative and hence
plot on the alkali-basalt triangle, generally contain
modal amphibole in quantities greater than 50 volume
percent. Cortlandtite, clinopyroxenite, and amphibole-
pyroxenite samples generally contain a much higher pro-
portion of normative diopside than do the diorite,
hornblendite, and kaersutite gabbro or norite samples.
Norite samples (19, 20, 21, 23) are tightly grouped near
the hypersthene apex reflecting their high modal ortho-
pyroxene/clinopyroxene ratio.

A kaersutite gabbro sample (3) and two diorite
samples (8, 42) are corundum normative, indicating that
these basic rocks have undergone extensive amphibole
fractionation (Cawthorn and Brown, 1976; Cawthorn et al.,
1976) or have experienced pelitic country rock contamin-

ation (Bowen, 1928; Green and Ringwood, 1968). 1In
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general, rocks that are corundum normative also contain
almandine garnet as a minor constituent. The diorite
samples (8, 42) do contain almandine garnet crystals.
Later discussion determines whether almandine garnet of
these Cortlandt region diorites crystallized from a basic
melt or are remnants of incomplete assimilation of a
garnet-bearing pelitic schist.

Oxide variation diagrams show a smooth decrease of
Mg0O, FeO, and Ca0 with increasing SiO2 for the Cortlandt
region basic suite, with the exception of the ferro-
magnesium cumulate rocks (cortlandtite and clinopyroxen-
ite). Ca0O and TiO2 show a positive correlation with
Mg/(Mg + Fe2+), while A1203 and KZO are negatively cor-
related. Throughout the entire suite, titania concen-
trations vary from less than 1% to almost 4%. The low
TiO2 abundances can be correlated to rocks dominated by
plagioclase, olivine, and pyroxene, while high titania
corresponds to rocks with high modal percentages of
kaersutite and ilmenite. 1In general, rocks of the
diorite, hornblendite-kaersutite gabbro, and norite
plutons are characterized by high potassium (1.5-3.8 wt.%)
abundances, indicative of an alkalic affinity. Figure 33,
a binary oxide plot of A1203 against Mg0O, shows the alu-

minous nature of the Cortlandt basic rocks as well as



84

*soxo TdwWQO_UM0O19S0Y pue

squtog Auoas ‘apueriro) oyl woxJ saldwes Jo 107d OINW SA moNH< ‘g€ '314

(%+M) OB
8¢ e vl 22 04 8l ol 14! 2l Ol 8 9 14 é @)
T T T | T T T T T T T T 0
_ g 4t
Iv® o » o 2@
i 18
8ve
u or® 21 .
Sle AO\O A_.;v
® ovv €~C
8l woo e0S _‘m O _<
= $Ze (14 e ©v ve vmw |
1o @6l 02® St OMN
ole g®eiz o<
n m.nv Nm %V . ON
L@ ®6 (Y34
| { | i | | | i 1 | i | .VN



85

the effects of plagioclase and ferromagnesian (pyroxene,
olivine, and amphibole) fractionation or accumulation.
This diagram shows a distinct negative correlation of
alumina and magnesia, with the abundance of A1203

varying by a factor of five (4-20 wt.%) and MgO by more
than an order of magnitude (0.3-26 wt.%) for the basic
samples. Figure 33 also shows that hornblendite and
amphibole-rich diorite samples have appreciably higher
alumina contents for a given MgO value, indicating a sub-
stantial proportion of cumulus plagioclase and kaersutite
within these rocks. The general trend of the data in
this plot is consistent with crystal fractionation
processes. Samples with high Mg0O (low A1203) represent
ferromagnesian (olivine, pyroxene, and amphibole) cumu-
lates while those with high A1203 (low Mg0) are the re-
sultant differentiates. From these data and from calcu-
lated fractionated trends, a possible parental composi-
tion(s) for the Cortlandt basic suite should have A1203
and Mg0 abundances of approximately 13 and 11 wt.%,
respectively. The amphibole-pyroxenite samples (15, 40,
48) have the required A1203 (13 wt.%) and Mg0 (~11 wt.%)
characteristics, suggesting that this rock type is a
possible parental composition for the Cortlandt basic

suite.
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ANALYTICAL RESULTS
TRACE ELEMENT ANALYSES

Twenty-five samples have been analyzed for rare
earth elements (REE), Rb, Sr, Ba, Nb, Zr, Y, and a com-
plete set of first series transition metals (Table 3).
Strontium varies from 1608 ppm in the Stony Point dio-
rite (sample 42) to less than 100 ppm in several cort-
landtite and clinopyroxenite samples, with a majority of
values in the range 500 to 700 ppm. Rb abundances vary
from less than 1 ppm in a clinopyroxenite (31) to a high
of 117 ppm in a quartz-norite (23). Barium ranges from
4 ppm to 2600 ppm. This large variation in Sr, Rb, and
Ba abundances of the Cortlandt suite can be attributed
to the effects of fractional crystallization involving
the minerals plagioclase, kaersutite, olivine, clino-
pyroxene, and orthopyroxene. Low abundances of Sr
(<100 ppm), Rb (<4 ppm) and Ba (<60 ppm) in rocks such
as the Cortlandt region peridotites (cortlandtite and
clinopyroxenites) indicate sole accumulation of ferro-
magnesian phases with small amounts of trapped inter-
stitial liquid. Diorite (7), hornblendite (2), and
norite (18, 19) samples with high Sr (600 ppm) at rela-
tively low Rb (<8 ppm) levels are indicative of plagio-

clase accumulation because the partition coefficient for
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Sr between plagioclase and basaltic melt is greater than
1 (Philpotts and Schnetzler, 1970). The plagioclase
partition data also indicate that the parental magma of
these rock types probably contained approximately 500 ppm
Sr. Mafic samples such as those of several norites and
diorites with high Ba, Rb, and K abundances and high
Rb/Sr ratios represent differentiates containing little
or no cumulate minerals produced by fractional crystal-
lization and dominated by the removal of plagioclase.
The K/Ba ratios of the Cortlandt region basic samples
averages approximately 22 and shows smaller variation
than the K/Rb ratios (Fig. 34). The highest K/Rb ratios
(1000-1200) occur in rocks (2, 7, 18, 19) that consist
predominantly of cumulate kaersutite and plagioclase.
7irconium abundances of the Cortlandt basic suite
range from 32 ppm (cortlandtite) to 725 ppm (Stony Point
diorite) with a majority of the values varying from 100
to 200 ppm. Zirconium, because it is excluded from the
liquidus phases in basaltic suites (Saunders and Tarney,
1979), can be used as an indicator of extent of differ-
entiation as well as a means of estimating the amount
of trapped interstitial liquid in the cumulate rock types.
To illustrate the range of trace element variation

due to crystal fractionation processes, Ni and Rb have
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been plotted against MgO (Figs. 35 and 36). MgO shows
a strong positive correlation with Ni and a negative
correlation with Rb. Rb and Ni concentrations vary by
two orders of magnitude reflecting the accumulation of
olivine and pyroxene in the peridotitic rock types (Ni
358-1300 ppm; Rb 1-8 ppm) and extensive crystal fraction-
ation involving plagioclase and ferromagnesium phases in
the differentiated rocks (Ni 5-30 ppm; Rb 60-117 ppm).
As in Fig. 34, samples 2, 7, 18, and 19, rocks which
contain a substantial proportion of cumulate plagioclase,
plot significantly below the main Rb-MgO trend.

It should be noted that the average K/Ba, K/Rb,
Rb/Sr (~0.04), and Zr/Nb (v7) ratios of the Cortlandt
region basic rocks are more typical of those of alkali

basalts than those of tholeiitic basalts (Hanson, 1977).
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ANALYTICAL RESULTS

RUBIDIUM-STRONTIUM ISOTOPIC ANALYSIS

87Sr/86Sr ratios for seventeen of the Cortlandt

igneous rocks and one sample of pelitic country rock are
given in Table 4. Rb/Sr data for these eighteen samples
are plotted on a strontium evolution diagram in Fig. 37.

The 87Rb/86

Sr values of the igneous suite have a re-
stricted range (0.0087-0.3764) and, because of scatter,
the collective data on this plot do not define an iso-
chron. Yet, data points from an individual pluton such
as the three data points from the norite body do lie very
close to a line with an age of 440 m.y., an age that is
supported by the geological field relationships. A line
parallel to that of the norite line can also be drawn
through rocks of the hornblendite kaersutite-gabbroic
body (pluton 1) of the Cortlandt complex while a line
through samples from the Cortlandt complex diorites
(pluton 2) has a substantially steeper slope (~900 m.y.).
The diorite slope extrapolates very close to the pelitic
country rock data point which has a high Rb/Sr and
87Sr/868r ratio, defining a potential mixing line.
Sample 14 (cortlandtite) and sample 15 (amphibole-
pyroxenite) from pluton 4 of the Cortlandt complex also

8

lack any correlation of 7Sr/86Sr and Rb/Sr to a 440 m.y.



Table 4. Strontium Isotopic Data.

Sample 87Sr/865r 87Rb/865r (87Sr/865r)1.C

1 0.70821 0.2447 0.70668
2 0.70707 0.0418 0.70681
3 0.70926 0.3764 0.70690
7 0.70618 0.0168 0.70607
8 0.70945 0.1950 0.70823
9 0.70850 0.0646 0.70810
11 - 0.70739 0.1993 0.70614
14 0.70551 0.0994 0.70489
15 0.70681 0.1046 0.70615
19 0.70653 0.0087 0.70648
22 0.70853 0.3326 0.70645
23 0.70968 0.5131 0.70646
40 0.70506 0.1250 0.70428
42 0.70535 0.1242 0.70457
43 0.70527 0.7688 0.70421
45 0.75968 4.608 0.73080
48 0.70530 0.0820 0.70479
51 0.70647 0.2264 0.70505

c: based on a 440 m.y. old age.
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age. The strontium isotopic data indicate that each
pluton from the Cortlandt, Stony Point, and Rosetown
complexes is isotopically distinct.  Strontium initials
(87Sr/868r]i), based on a 440 m.y. age have been cal-
culated (Table 4) and are displayed on Fig. 38, a plot

of 87Sr/868r).l against Rb/Sr. The wide diversity of
87Sr/868r initial ratios (0.70421-0.70823) for these
samples suggests source heterogeneity and/or contamination
of an initial parent with a low 87Sr/868r)i (~0.704) by
older crustal material. From Fig. 30 and Table 4 it is
apparent that samples from the Cortlandt complex have
considerably higher 87Sr/868r).l values than do the samples
from the Stony Point and Rosetown complexes on the western

side of the Hudson River.
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ANALYTICAL RESULTS
RARE EARTH ELEMENT DATA AND PETROCHEMICAL CHARACTERISTICS

The rare earth element (REE) data for this study
1s presented separately because of the usefulness of
the REE in determining relationships among igneous rock
suites. The REE analyses, together with other major
and trace element data, should clearly show the geo-
chemical variations among the Cortlandt region rock
types, as well as the processes that may have caused
these variations. Samples from the cortlandtite and
amphibole-pyroxenite suite will be discussed first,
since the major and trace element characteristics of
the amphibole-pyroxenites indicate that they are possible

parental compositions of the other basic rock types.

Cortlandtite and Amphibole-Pyvroxenite

REE patterns for two cortlandtites (14, 41) and
three amphibole-pyroxenites (15, 40, 48) are illustrated
on Fig. 39. All samples have fractionated REE patterns
with (La/Yb)n ratios ranging from 2.9 to 11.0. The two
cortlandtite samples, 41 from Stony Point and 14 from
the Cortlandt complex, have middle (MREE) and heavy (HREE)
REE abundances that are approximately 50% less than those

of the amphibole-pyroxenite samples (15, 40, 48).
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Fig. 39. Chondrite-normalized rare-earth patterns
for cortlandtite and amphibole-pyroxenites of the
Cortlandt, Stony Point and Rosetown complexes.
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However, cortlandtite sample 14, unlike cortlandtite
sample 41, has a greater downward concavity in its light
rare earth (LREE) pattern (Fig. 39). The extreme down-
ward concavity of the REE pattern of cortlandtite sample
14, plus its low Rb (3.1 ppm), Sr (89 ppm), Ba (43 ppm),
Zr (32 ppm), Nb (2.4 ppm) abundances and its high Mg/

(Mg + Fez+) (Mg# 0.83), Ni (739 ppm), Sc (44 ppm), and

Cr (767 ppm) values indicate that it is a rock which
contains large percentages of cumulate olivine and c¢lino-
pyroxene and minor amounts of trapped intercumulus liquid.
This conclusion is in agreement with the petrographic data.
The relative REE abundances in the parent melt from which
the cumulate minerals (olivine, clinopyroxene, ortho-
pyroxene) of sample 14 crystallized were probably similar
to those of the three fractionated amphibole-pyroxenite
samples (15, 40, 48). Cortlandtite sample 41 from Stony
Point also appears to have had a cumulate origin (Ni

1312 ppm; Mg# 0.80). It lacks the LREE concavity be-
cause it contains more trapped intercumulus melt than
sample 14. Entrapment of a greater amount of liquid
(~50%) also explains the higher incompatible element

(Rb 8.4 ppm; Sr 201 ppm; Zr 67 ppm; Nb 10 ppm) abundances
of sample 41 compared to those of sample 14. This con-
clusion is consistent with the petrography (Figs. 19

and 21). Sample 14 contains only a small proportion
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(~15%) of interstitial kaersutite while sample 41 con-
tains a large enough proportion of kaersutite that it
has a poikilitic texture. Kaersutite, as was mentioned
earlier, is believed to closely approximate the major
element chemistry of the parental melt; hence, any
trapped intercumulus liquid in these rocks crystallized
as kaersutite.

The fractionated REE patterns and trace element
ratios (Rb/Sr, Zr/Nb, etc.) of the three amphibole-
pyroxenite samples from the cortlandtite plutons are
similar to those of alkali basalts which originate from
the mantle and have garnet as a residual phase (Kay and
Gast, 1973; Sun and Hanson, 1975; Hanson, 19773 Frey et
al., 1978). The Mg numbers (0.71-0.72) and Ni abundances
(100-196 ppm) of amphibole-pyroxenite samples 40 and 48
suggest that these rocks could represent primary (rela-
tively undifferentiated) basaltic melts from upper
mantle peridotite (Green, 1970, 1971; Sun and Hanson,
1975; Frey et al., 1978), and could be the parental magma
for other basic rock types of the area. Sample 15 is not
considered to be representative of a primary basaltic
magma, even though it has REE abundances and a Mg number
similar to those of samples 40 and 48. Rather, sample

15 seems to have assimilated substantial carbonate country



rock at the emplacement site which considerably changed
its calcium (15.6 wt.%) and silica (37.5 wt.%) abun-

dances (Table 1).

Clinopyroxenites

REE patterns (Fig. 40) for the clinopyroxenite
samples from the western (11) and eastern (31) portions
of the Cortlandt complex are similar and are character-
ized by a strong downward curvature of the LREE, nega-
tive Eu anomalies, and linear fractionated REE for Gd
through Yb. Sample 31 from pluton 6 has slightly lower
REE abundances and a greater downward concavity of its
LREE than sample 11. The REE patterns and the high Sc
(53 and 54 ppm), Ni (358 and 507 ppm), and Cr (651 and
932 ppm) abundances, plus the low incompatible element

‘values, indicate that these clinopyroxenites, like

cortlandtite sample 14, are ferromagnesian (clinopyroxene,

orthopyroxene, and olivine) cumulates. Also, like the
cumulus cortlandtite sample 14, only a small proportion
of melt appears to have been trapped in the cumulate

pile of these two clinopyroxenites.

Hornblendite-Kaersutite Gabbros

The REE patterns for four rock samples and one

kaersutite mineral separate from pluton 1 of the Cortlandt

106
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Fig. 40. Chondrite-normalized rare-earth patterns for
two clinopyroxenites of the Cortlandt complex.
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complex are shown in Fig. 41. The three hornblendite
whole rock patterns (1, 2, 4) are characterized by a
strong concave down curvature in the LREE and negative

Eu anomalies very similar to those of the kaersutite
mineral separate (#1 kaer) reflecting the large propor-
tion (70-80%) of cumulate kaersutitic amphibole in these
rocks. The low Rb/Sr ratios (0.01) of hornblendite sam-
ple 2 indicates that plagioclase is also a cumulate phase.
Petrographic data also support this conclusion that amphi-
bole and plagioclase are both cumulus minerals within
many of the samples of pluton 1. The overall differences
in the REE abundances of these three hornblendites (1, 2,
4) indicate possible variation in the amount of plagio-
clase, the other major mineral constituent in these rocks,
trapped intercumulus liquid, and the abundance of trace
mineral phases such as sphene. REE and major elements
(Table 1) were determined on a kaersutite mineral separ-
ate to aid in the evaluation of partitioning between
kaersutite and basaltic melt which was useful in quanti-
tative modelling.

A kaersutitic gabbro, sample 3, has a highly frac-
tionated REE pattern ((La/Yb)n % 14) and probably repre-
sents a derivative liquid. The high Rb (76 ppm),

Ba (1181 ppm), K50 (3.58 wt.%) and SiO2 (56.9 wt.%)
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Fig. 41. Chondrite-normalized rare earth patterns for
hornblendites and kaersutite gabbros of the Cortlandt
complex. Also illustrated is the REE pattern of a kaer-
sutite mineral separate (1 KAER) from hornblendite sample 1.
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values of sample 3 suggest that this kaersutite gabbro
is a late-stage differentiated liquid from the same magma

that produced the cumulus hornblendite rocks.

Diorites

The REE patterns for six diorite samples from the
Cortlandt, Stony Point, and Rosetown complexes are il-
lustrated on Fig. 42. Two of the diorite samples from
pluton 2 of the Cortlandt complex (7, 9) have REE patterns
that are slightly concave downward in the LREE, indicating
possible accumulation of kaersutite. The low silica
(41.8 and 43.9 wt.%) and high Mg numbers (0.58) of these
two samples (Table 1) are consistent with accumulation
of amphibole. The low Rb/Sr ratios of samples 7 and 9
(0.005 and 0.022) and the lack of appreciable negative
Eu anomalies suggest that plagioclase is also a cumulate
phase in these diorites. The third diorite sample (8)
analyzed from pluton 2, has a more highly fractionated
REE pattern ((La/Yb)n & 11), higher silica (47.5 wt.%),
and lower Mg number (0.52) (Table 1), indicating that it
consists principally of differentiated melt. Diorite
sample 8, like the kaersutite gabbro sample 3 from
pluton 1, is corundum normative (1.87%) (Table 2), pos-
sibly due to the addition of pelitic material.

The REE pattern (Fig. 42) for the Stony Point
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for diorites of the Cortlandt, Stony Point, and
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diorite sample (42) is characterized by a large positive
Eu anomaly and very low heavy rare earth element (HREE)
abundances ((La/Yb)n A 66). This diorite, like sample

8, contains almandine garnet (~ 3 modal %) and is corundum

normative (3.54%). The high A1203 (20.4 wt.%), Na,0O

2
(5.20 wt.%), and NaZO/KZO ratio (1.75), and the Ba
(2641 ppm) and Sr (1639 ppm) contents of this diorite

are very similar to those of the Archean syenodiorites
studied by Arth and Hanson (1973). The high A1203, Sr
abundances, as well as the large positive Eu anomaly,
suggest that this diorite sample may contain a substantial
proportion of cumulate plagioclase. It is believed that
crystallization and subsequent fractionation of garnet
from the diorite melt is responsible for the low HREE
abundances of sample 42.

The Rosetown complex diorites (49, 50) have frac-
tionated REE patterns ((La/Yb)n:¥ 13). However, unlike
the derivative liquids represented by samples 8 and 42,
these two diorites from Rosetown are not corundum norma-
tive (Table 2). Sample 50 is a diorite inclusion removed
from a nearby granodiorite body (Fig. 4) while sample 49
is from the diorite pluton at Rosetown. The REE data
and major element compositions suggest that samples 49
and 50 may be related by amphibole and plagioclase frac-

tionation.
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Norites

The alkalic nature of six norite samples from the
Cortlandt pluton 5 is further demonstrated by their
strongly fractionated REE patterns ((La/Yb)n g 14)
(Fig. 43). These norites include kaersutite norite (18),
biotite amphibole norite (19, 20, 21, 22), and a quartz
norite (23) with a very high alkali content (KZO % 3.80
wt %3 NaZO ¥ 3.35 wt.%). Unlike the differentiated
samples from the Cortlandt hornblendite and diorite
plutons, the norite samples, though high in alumina
(~18 wt.%), have higher SiOZ/A1203 ratios (~ 3.0) and,
therefore, are not corundum normative (Table 2). The
REE patterns of these samples are subparallel and REE
abundances vary by almost a factor of three. Pronounced
Eu anomalies are present only in norite samples 23
(negative anomaly) and 19 (positive anomaly). These
correlations, plus the similarity of trace element
ratios (Rb/Sr, K/Rb, Ba/Sr) suggest that these six norite
samples may be related to each other by fractional crystal-
lization involving various amounts of plagioclase, amphi-

bole, orthopyroxene, clinopyroxene, and biotite.

Granodiorites

Three granodiorite samples collected from Rosetown
(#51), Peekskill (#34), and a rhyodacite dike crosscutting

the norite pluton of the Cortlandt complex (#24), have
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subparallel REE patterns which are approximately linear
from La to Er ((La/Er)N ¥ 13) and then flatten out be-
tween Er and Yb (Fig. 44). All three samples have

slight positive Eu anomalies. REE abundances are un-
usually low for granitic rocks which generally have La
and Yb concentrations that are 100x and 10x those of
chondrites, respectively. Low REE abundances preclude
the possibility that the granodiorites are related to

the basic rocks of the Cortlandt region by any fractional
crystallization process. The low PZOS ( ~218 ppm), Br
(~95 ppm), and Nb (v 1.4 ppm) concentrations and the
low Rb/Sr ( ~v0.169) ratios of these granodiorites also
suggest that they cannot be partial melts of graywacke

or any other crustal material. Their textures and chem-
istries indicate that they are not feldspar-quartz cumu-
lates. The low abundance of high-field strength elements
(REE, P, Cr, Nb, Zr, Ni, and Y) are consistent with an

origin involving liquid immiscibility.

Mafic Dike Rocks

The REE patterns for two mafic dikes which cross
cut the cortlandtite (43) and diorite (44) plutons at
Stony Point (Fig. 3) are illustrated on Fig. 45. Like
their major and trace element abundances (Tables 1, 3),
the REE values of these two dike rocks are similar. The

REE patterns are fractionated ((La/Ybn % 13) and are
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nearly identical in the MREE and HREE. However, sample
44 has 30% greater abundances of the LREE. These mafic
dike rocks have very similar major and trace element

and phase chemistries to the amphibole-pyroxenites of
Rosetown (48) and Stony Point (4), suggesting generation

from the same source.

Salt Hill Emery, Related Felsic Dikes, and Country Rock

Pelitic Schist

The REE patterns for emery (37), a siliceous dike
(36) crosscutting the emery, and a sample of pelitic
country rock (45) are illustrated on Fig. 46. The pelitic
schist (45) has a fractionated REE pattern ((La/Yb)n % 7,
a negative Eu anomaly, and a flat HREE pattern that is
very similar to that of North American composite shale
(Haskin et al., 1968). This aluminous (19.4 wt.%) schist
has high concentrations of Rb (177 ppm), Ba (1332 ppm),
and KZO (7.05 wt.%) (Tables 1, 3).

The Salt Hill emery (37) has a REE pattern (Fig. 46)
parallel to that of the pelitic schist in LREE and MREE
abundances. However, while the pelitic material has flat
HREE at 18x chondritic, the HREE abundances of the emery
are fractionated with Yb values almost a factor of four
lower than those of the pelite. The fractionated REE
pattern and high LREE abundances of the emery sample (37)
cannot be a consequence of its formation through partial

melting of the pelitic schist. If anatexis of the pelitic
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schist was responsible for producing the silica- and
alkali-deficient emery, then the LREE and MREE abun-
dances of the emery would be greatly depleted, not slightly
enriched as they seem to be. .

A quartz-feldspathic dike rock (36) found cutting
the emery at the Salt Hill location (Fig. 2) has a REE
pattern with a strongly concave upward shape in the LREE
and MREE. The HREE are flat at 8x chondrites. It is
believed that sample 36 may have crystallized from an
aqueous fluid that originated from the former pelitic

xenolith (emery sample 37).
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DISCUSSION

The aim of this investigation is to assess the
following factors and their role in the petrogenesis
of the Cortlandt complex:

1. the source mineralogy and chemistry of the
parental magma(s);

2. the role of mineral fractionation and crystal
accumulation in the development of the ob-
served rock types; and

3. the nature and extent of crustal contamin-
ation within each of the Cortlandt region
plutons.

The petrographic, geochemical, and isotopic data pre-
sented indicate that the ultra-basic and basic rocks of
the Cortlandt suite have strong alkalic affinities.
However, the presence of modal orthopyroxene throughout
the series, plus the occurrence of quartz in the more
differentiated mafic samples, demonstrates the atypical
nature of the Cortlandt region basic suite. Observed
petrographic and chemical variations within rocks of the
peridotite (clinopyroxenite and cortlandtite) plutons
reveal that differentiation of a mildly alkalic liquid
and subsequent accumulation of the liquidus minerals,
olivine, clinopyroxene, and orthopyroxene, is responsible
for their formation. Amphibole-pyroxenite, which occurs

with cortlandtite in the same body, because of its geo-

chemistry, is considered to be a possible parent composition
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not only of the cortlandtite and clinopyroxenites but
also of the gabbros, diorites, and norites. The im-
plication and further assessment of amphibole-pyroxenites
as a parental composition will be discussed in detaill
in another section. Crystal accumulation processes
have also played an important role in the petrogenesis
of rocks from the hornblendite-kaersutite gabbro and
diorite plutons of the Cortlandt complex. These bodies
(plutons 1 and 2) contain cumulate rocks predominantly
composed of kaersutite and plagioclase indicating that
these two minerals are very important in the fractional
crystallization history of the diorite and gabbroic
magmas. Within the norite pluton, petrographic and
geochemical data show that plagioclase, orthopyroxene,
and clinopyroxene, as well as lesser amounts of kaer-
sutite and biotite, have been involved in the petro-
genesis of this body. Mineralogical data such as the
ubiquitous nature of kaersutite throughout the Cortlandt
basic rock types, geochemical similarities of all the
basic rocks, plus the proximity of the diverse rock
types, suggest that the Cortlandt region plutons may be
related to a common magma. Thus, the observed chemical
variations in these plutons would represent different

magma chambers (conduits) that have experienced various
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degrees of differentiation.

The large variations in 87Sr/86

Sr):.L ratios of the
Cortlandt basic rocks would, at first glance, seem to
preclude the hypothesis that the suite of samples is
related to a common alkalic parent. However, any magma
passing through the continental crust is susceptible to
isotopic modification (contamination) as a result of
interaction with crustal material on route to its level
of emplacement. Possible interaction processes between
magma and its surroundings upon ascent include: (1)
assimilation; (2) wall-rock reaction, and (3) isotopic
exchange. Any one or a combination of these methods
could provide a means of changing not only 87Sr/86Sr
ratios of a magma but also, to some extent, its major
and trace element chemistry. Hence, it is believed that

the varied and distinct 87Sr/86

Sr).l ratios of the Cortlandt
samples from different plutons could reflect varying de-
grees of contamination rather than source heterogeneity.
Thus, one parental compoéition may be responsible for
the production of the Cortlandt suite.

Through quantitative trace element modelling of the
Cortlandt region chemical data, the general hypothesis
of a common parent magma, isotopically modified by

crustal contamination will be evaluated. The ability

of this type of modelling to test, interpret, and set
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limits on various magmatic processes has proven success-
ful in many other investigations (see Allegre and
Minster, 1978, and Hanson, 1978, for reviews). How-
ever, an essential part of these modelling calculations
is the selection of proper mineral-melt partition co-
efficients and correct identification of a parentél
composition. Discussion of crystal fractionation
modelling techniques, procedures, and methods used to
select both proper partition coefficients and a parental

melt follow.
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TRACE ELEMENT MODELLING EQUATION
AND MINERAL -MELT PARTITION COEFFICIENT

Recent studies (Bryan et al., 1969; Wright and
Doherty, 1970; Z®elinski and Frey, 1970; Zielinski,
1975; Sun and Hanson, 1976; Arth et al., 1978) have
been moderately successful in the quantitative model -
ling of fractional crystallization and its effects upon
major and trace element chemistries of both volcanic
and plutonic rock suites. These investigations have
used trace element mineral-melt distribution coeffi-
cients (Kd's) with mineral and bulk compositional re-
lationships to predict the trace element abundances in
different rock types. Equations governing trace element
behavior during fractional crystallization are based on
the Rayleigh (1896) distillation process. This equation,
describing trace-element behavior during fractional
crystallization (Neuman et al., 1954; Greenland, 1970)
may be expressed as: CL/CO = F(D-l), where I is the
fraction of melt remaining, C0 is the concentration of
a particular trace element in the original melt, CL
is the concentration of the same element in the residual
liquid, and D is the bulk mineral-melt distribution
coefficient for the crystalline phases removed from the

melt. D can be expressed as
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n n
o

L D= § XaKd '
where Kd is the mineral-melt elemental distribution
coefficient'for each fractionating ﬁhase and is defined
as the weight fraction of a trace element in a particular
phase divided by the weight fraction of the same element
in the coexisting liquid. Xd represents the weight
fraction of o in the precipitating phases. For any
element, as D approaches zero, CL/CO‘X 1/F, so that the
concentration of that element is enriched inversely
proportional to the fraction of melt remaining. When
D is very large (>> 1), the melt will be rapidly de-
pleted in that particular element.

An accurate knowledge of how an element distributes
between a crystal and coexisting liquid is required for
the quantitative application of the fractional crystal-
lization equation to magmatic processes. Trace element
distribution coefficients (Kd's) have been measured for
a variety of minerals in different igneous rock types
(Schnetzler and Philpotts, 1970; Philpotts and
Schnetzler, 1970; Nagasawa and Schnetzler, 1971; Sun
and Hanson, 1975). Distribution coefficients have been
measured most precisely for the REE, Rb, Sr, and Ba
which thus become most useful for trace element modelling.

In this study, the distribution coefficients used



in the trace element modelling calculations were
selected and/or estimated from both natural and experi-
mental systems of basaltic compositions and lie well
within the range of published values. Where partition-
ing data was not available for certain elements such
as Zr in amphibole, Kd's were estimated through con-
struction of Onuma diagrams (Onuma et al., 1968;
Jensen, 1973; Philpotts, 1978). These Kd's are given
in Table 5 and those for the REE are illustrated on
Fig. 47.

A Dbrief discussion of the distribution of REE
and other trace elements within individual minerals

(Table 5 and Fig. 47) and the qualitative effect of
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these minerals upon a basaltic melt during differentiation

follows.

Olivine: Olivine effectively excludes the REE and most
other large radius, multi-charged elements. Therefore,
crystallization of olivine from a basaltic melt will
enrich the melt in the trace elements for which it has
low Kd's. However, olivine has high affinities for the
transition metals, especially nickel (Kd n 8) (Leeman,
1974), which results in its rapid depletion in the

magma with olivine separation.



Table 5.

Mineral-Melt Distribution Coefficient Data Used in Model Calculations.

Clino- ¢ Ortho- ® Plagio- € . _1 28

pyroxene pyroxene Olivine®  Amphibole? clase Apatite’  Sphene’ Garnet” Biotite*
La 0.07 0.01 0.007 0.44 0.20 14.1 30.0 0.18 0.34
Ce 0.20 0.015 0.007 0.72 0.15 16.6 53.3 0.35 0.32
NG 0.38 0.03 0.007 1.16 0.12 21.0 88.3 0.53 0.29
Sm 0.54 0.04 0.007 1.56 0.09 20.7 102 2.6¢€ 0.2¢
Eu 0.50 0.04 0.007 1.28 0.50 14.5 101 1.50 0.24
Gd 0.62 0.07 0.007 1.84 0.09 21.7 102 10.5 0.28
Dy 0.59 c. N 0.008 1.7 0.06 16.9 80.6 28.6 0.29
Er 0.54 0.17 0.009 1.65 0.05 14.1 58.7 37.0 0.35
Y. 0.432 0.22 0.01 1.52 0.04 9.4 37.4 39.9 0.44
Rh 0.0 0.001 0.01 - 0.42 0.07 3.0
Sr 0.07 0.007 0.014 0.50 3.0
Ba 0.081 0.00% 0.001 1.4 0.23 12.0
Sc 3.4 1.1 0.25 3.6 ---
Ni 1.5 3.0 8.0 0.80 -——- 0.50
Co 0.40 1.2 2.4 0.50 - 0.60
Cr 6.0 1.2 0.20 1.5 --- 1.2
r 0.22 0.11 --- 0.44 ---
Nt 0.0z 0.01 --- 0.04 -

aggi: REE melt Kc's modification of Sun anc Hanson's (1976) cpx (#61) partition coefficients:
RP ant Bs data from Shimizu (1974); Ba from Philpotts and Schnetzler (1570); trans:tion metsz.
data estimated from experimental studies (Lindstrom and Weill, 1974; Lindstrom, 1976; Lindstrcr
anc Weill, 1978j; Nb and Zr data from McCallum and Charette (1976,.

LQEE: REE, Rb, Sr and Ba Kd's modified from data of Philpotts and Schnetzler (1970, and
Schrietzler and Philpotts (1970); transition metal data estimated from experimental studies
(Lindstrom, 1976; Mysen, 1978; Bird, 1971; McKay and Weill, 1977). 2r and Nb values are
intuitive guesses.

Coiiv: REE, RL, Sr, Ba melt Kd's average of two from Schnetzler and Philpotts (1970, anc
Prilpotts and Schnetzler (1970) as reported in Arth and Hanson (1975). Transition metal
data estimated from both experimental and natural system studies (Leemar, 1974; Dale and
Hendersor.,, 1972; Leeman and Scheidegger, 1977; Huebner et al., 1976); Nb and 2r arbitraril.
set at 0.00i.

c&gﬁi: Mineral-melt Kd's for REE modified from kaersutite phenocryst of Sur and Hanson (197
for sampie #il167; Rb and Sr modified from data of Sur and Hanson (1976); and Philpotts anc
Schnetzler (1570); Ba, Zr, Nb and transition metal! kaersutite-melt Kd's are estimated based
on data from this study.

€pias: REE, RL, Sr and Ba Kd's compiled from various sources (Drake, 1972; Schnetzler and
Philpotts, 1970; Philpotts and Schnetzler, 1970; Sun and Hanson, 1976; and Arth and Barker,
197¢6).

£
‘Agatite: REE melt Kd's average of four from Nagasawa (1970) as reported in Arth and Hansor
1975); La determined by extrapolation.

gsghene: REE kd’s from Simmons and Hedge (1978); La determined bu extrapolation.

hcarne:: REE distribution coefficients from Schnetzler and Philpotts (1970); La deter-
mined by extrapolation; Er modified from 43 to 37 as part of this study.

Jszotite: Mineral-melt Kd's for REE from Higuschi and Nagasawa (1969): La by extrapolation:
Rb, Sr, and Ba Kd's estimated from data of Schnetzler and Philpotts (1970) and Philpotts
and Schnetzler (1970); transition metal Kd's are estimated based on data from this study.
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Clinopyroxene: The Kd's for high-Ca clinopyroxene are

greater for the MREE and HREE than they are for the LREE,
resulting in a distinct concave down shape and negative

Eu anomaly (Fig. 47). Although the REE partition coef-
ficients for clinopyroxene are much greater than those

for olivine, the Kd's are generally less than one for

basic magmas. Separation of clinopyroxene from a melt will
enrich all the REE in the residual magma; the LREE are more
enriched than the MREE and HREE. Clinopyroxene, like oli-
vine, has high Kd's for the transition metals with a par-
ticularly high distribution coefficient for Cr (Kd n 6)
(Lindstrom, 1976). Clinopyroxene, like olivine, also
discriminates against Rb, Sr, and Ba (Schnetzler and
Philpotts, 1970; Philpotts and Schnetzler, 1970; Shimuzu,
1974).

Orthopvroxene: Orthopyroxene has a similar REE distribu-

tion pattern to that of clinopyroxene (Fig. 47), but has
lower contents of rare earths relative to the same melt.
Orthopyroxene, like clinopyroxene, also has very low par-
tition coefficients for Rb, Sr, and Ba (Schnetzler and
Philpotts, 1970; Philpotts and Schnetzler, 1970) and also
has Kd's greater than unity for the transition metals
(Dale and Henderson, 1972).

Kaersutite: This titaniferous calcic amphibole has a simi-

lar REE pattern of distribution coefficients to that

of clinopyroxene, but with much higher absolute values



(Fig. 47). Kaersutite, like both pyroxenes,
discriminates against Euz+ and its REE Kd pattern has
a slight negative Eu anomaly. Separation of large
amounts of kaersutite will cause a relative depletion
of the MREE and HREE and a pronounced enfichment of
the LREE in the residual magma. The alkali-bearing

A site of amphibole causes kaersutite-melt Kd's for
Rb, Sr, and Ba to be higher than those for pyroxene
(Schnetzler and Philpotts, 1970; Philpotts and
Schnetzler, 1970; Sun and Hanson, 1976). However, the
similarity of M sites in both amphibole and pyroxene

causes transition metal K.'s to be similar (Table 5).

d
However, while the REE Kd's between clinopyroxene and
kaersutite are similar, the data of Sun and Hanson (1976)
indicate that when these phases coexist, kaersutite will
have the higher REE abundance.

Biotite: Biotite discriminates against all REE in a
similar manner (Kd's < 1) and thus does not seriously
affect the distribution of REE in the melt. Biotite
does, however, have high affinities for transition
metals as well as Rb and Ba (Schnetzler and Philpotts,

1970; Philpotts and Schnetzler, 1970; Leeman, 1976).

Plagioclase: Plagioclase has low Kd's for the trivalent

REE, but feldspar has a large positive Eu anomaly because
+
it preferentially accepts Eu2 (Fig. 47). Plagioclase

Kd's for the REE, other than Eu, are essentially
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independent of composition and temperature (Drake and
Weil, 1975). The Eu anomaly increases with decreasing
temperature (Ab increases) and iQZ, and is significant

in almost ali terrestrial igneous rocks (Drake, 1975).
Plagioclase has high distribution coefficients for Sr

and Ba but effectively excludes Rb from its structure

due to its larger ionic size and lower *+1 valance
(Schnetzler and Philpotts, 1970; Philpotts and Schnetzler,

1970; Drake, 1972; Sun and Hanson, 1976).

Apatite and Sphene: Apatite has high mineral-melt Kd's
for the REE (Nagasawa and Schnetzler, 1971) and a con-
cave down distribution pattern (Fig. 47). Fractionation
of apatite will deplete the melt more in the MREE than
it will for the LREE and HREE. Because apatite is a
phosphate mineral, phosphorous abundances in a rock can
be significantly increased due to accumulation of this
phase,

Sphene has a similar REE partition coefficient
pattern to that of apatite (Simmons and Hedge, 1978),
but with greater Ky values (Fig. 47). Crystallization
of both sphene and apatite, even to the extent of a few
tenths of a percent, can strongly influence the REE

patterns of the residual magma.



Garnet: Garnet has very low Kd's for the LREE and
increasingly larger Kd's for the HREE, with the overall
d}fferencevin the LREE and HREE varying by two orders
of magnitude (Schnetzler and Philpotts, 1970). The
presence of garnet will, therefore, have a pronounced

effect on the HREE abundance of the melt.
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PARENTAL MAGMA

As was stated earlier, the geochemical character-
istics of the Cortlandt region amphibole-pyroxenites
approximate the composition of the parental magma from
which the various Cortlandt plutons could be derived.
Further evaluation of the major and trace element
characteristics of three amphibole-pyroxenite samples
(15, 40, 48) also revealed that the amphibole-pyroxenites
are very similar in chemical composition to proposed
mantle-derived, primary, alkali basalts. A primary
magma is a melt which has undergone little or no crystal
fractionation upon separation from its source region
and, hence, is still in chemical equilibrium with its
source. Recent investigators (Green, 1970; Green et al.,
1974; Sun and Hanson, 1975; Frey et al., 1978) have sug-
gested that primary alkali or tholeiitic basalts derived
from upper mantle peridotite should have Mg numbers of
0.68-0.75 and Ni abundances of 300-500 ppm. 1In addition,
values for compatible trace elements Sc (15-28 ppm) and
Co (27-80 ppm) in a primary, mantle-derived, basaltic
magma were estimated by Frey et al., 1978. Examination
of the major and trace element chemistries of amphibole-
pyroxenite sample 40 (Tables 1 and 3) reveals it to have

many of the characteristics of a primary magma. For
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example, the amphibole—pyroxenite sample 40 has an Mg
number of 0.72 and compatible element values (Ni 196 ppm,
Co 68 ppm, Sc 41 ppm) which indicate that this sample
has not undergone extensive differentiation nor does

jt contain significant cumulate minerals. The absence
of modal olivine precludes the high Ni, Co and Mg
number and the result of olivine accumulation. The
presence of chilled dike rocks at Stony Point (samples
43 and 44) with similar major, trace, and phase chemical
compositions to this amphibole-pyroxenite sample (40)
further supports the conclusion that the chemical com-
position of this plutonic rock is truly representative
of a primary liquid. Sun and Hanson (1975, 1976) used
their proposed primary composition to successfully
model the fractional crystallization history of the
more evolved alkali basaltic samples of Antarctica,
Hence, amphibule-pyroxenite sample 40 which has many of
the chemical characteristics of a primary magma is pro-
posed to be a parental composition of the Cortlandt
basic suite.

The REE data for the amphibole-pyroxenite (40) and
for the primary alkali basalts from Ross Island, Antarctica
(Sun and Hanson, 1975), Victoria, Australia (Frey et al.,
1978) and a proposed alkali basalt parental composition

from southwest Finland (Arth et al., 1978) have been
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plotted on a chondrite normalized REE diagram (Fig. 48).
Sample 40, the proposed parental composition, has a
fractionated REE pattern similar to those of other
primitive alkali basalts. Its REE are most similar
to sample 69-1036, the postulated primary and parental
magma of alkali basalts in Victoria, Australia (Frey
et al., 1978). The major REE differences among these
proposed parent liquids are in the overall abundances
of the LREE and the MREE. These rare earth differences
could reflect differences in source chemistry and/or
degree of partial melting.

Kay and Gast (1973), Sun and Hanson (1975), and
Frey et al., (1978) suggest that the fractionated REE
patterns of alkali basalts are the result of partial
melting of a mantle source in which garnet was a residual
phase. They also suggest that source regions for alkali
basalts must be enriched in the LREE relative to HREE
(La/Yb = 7.5 and 5.3 for Sun and Hanson and Frey et al.,
respectively). Primary alkalic basalts can be produced
from a chondritic (flat) REE source, but only by very
small degrees of partial melting (< 2%). Separation of
such a small amount of liquid from its source is con-
sidered to be difficult (Waff, 1980). However, if the

mantle source is fractionated (La/Yb ¥ 4), alkali basalts
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can be produced by more reasonable degrees of partial
melting (~7 to 15%) and, therefore, can be more easily
separated from their residuum.

From its major (Mg number % 0.72; TiO, % 2.14 wt.%;

K50 ~v1.04 wt.%) and trace (Ni ¥ 196 ppm; Sc ¥ 41 ppm;

V)

Cr » 292 ppm; Rb &~ 16 ppm; Ba % 35 ppm) element char-
v v

n

acteristics and from its low 87Sr/86

Sr).l (0.70428), it
can be seen that the amphibole-pyroxenite sample (40)
may be a primary magma and a possible parental magma.
However, sample 40 has experienced slight modification
of its chemistry due to crystal fractionation at the em-
placement site. As was mentioned earlier, the olivine-
pyroxene bearing cortlandtites associated with the
amphibole-pyroxenite plutons are cumulus rocks formed

by differentiation of the amphibole-pyroxenite composi-
tion. However, because olivine and pyroxene have low
partition coefficients (Kd's) for the incompatible
elements (Rb, Sr, Ba, REE, Zr, Nb), the ratios of these
elements in the fractionated melt should be very similar
to those of the original magma. It is necessary to
closely examine sample 40 both petrographically and
chemically for evidence of crystal accumulation since

it is a plutonic igneous rock and not part of a chill

margin. This examination indicates that the proposed
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parental rock (40) contains ~ 20% cumulate amphibole
and clinopyroxene. The high scandium value (41 ppm)
of sample 40, when compared to those of other proposed
primary basalts (Sc ~ 25 ppm) also support this crystal
accumulation assumption because both clinopyroxene and
kaersutite have high ( ~3.5) Kd's for Se. The adjust-
ment of the major and trace element chemistries of the
amphibole-pyroxenite sample 40 caused by the subtraction
of clinopyroxene and amphibole in a 2:1 proportion is
shown in Table 6. The subtraction of 20% cumulate
minerals in a 2:1 (clinopyroxene: amphibole) ratio was
determined on the basis of textural and major element
chemistry to be a reasonable proportion for the removal
of the cumulate phases. However, to illustrate that
the exact ratio of removal of phases is not critical,
20% cumulate crystals in ratios of 1:0, 1:2, 1:1, and
0:1 were extracted to determine the effect on the major
and trace element chemistry. Table 6 shows the narrow
variation ( 10%) that results from removal of phases
in various proportions.

The amphibole-pyroxenite composition, minus the
20% cumulate phases, will be referred to as 40P (parental)
and will be used in the fractional crystallization models

unless otherwise stated. The major and trace element
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Table 6. Amphibole-Pyroxenite #40 Removal of 20" Cumulate Phases in Different Proportions.

#40 W.R. a b c d e
REE Normalized

La 51.4 62.7 59.9 60.7 58.2 61.5
Ce 47.7 57.1 52.8 53.8 50.8 54.8
Nd 43.8 49.9 44.7 46.1 42.3 47.4
Sm 32.8 35.9 31.2 32.4 29.0 34.0
Eu 26.6 29.0 26.5 27.3 25.0 28.6
Gd 22.3 23.7 20.2 21.2 18.5 22.6
Dy 16.2 17.0 15.1 15.7 13.8 16.6
Er 12.2 13.0 1.4 11.9 10.6 12.6
Yb 8,97 10.8 9.60 10.0 8.90 10.6
ppm
Rb 16.4 20.5 19.3 19.6 18.7 19.9
Sr 379 466 437 445 424 452
Ba 257 321 261 275 235 289
Ni 196 175 195 190 205 185
Co 68 77.7 76.8 76.9 76.0 77.2
Cr 292 95.7 188 158 261 133
Sc 4 24.0 23.3 23.5 23.0 23.6
p 1178 1472 1472 1472 1472 1472
Nb 16.2 20.2 20.1 20.2 20.1 20.2
Ir 108 128 124 125 122 128
Wt.%
S1'02 47.3 46.4 481 47.6 48.9 47.2
A]ZO3 12.0 13.9 12.3 12.7 11.5 13.1
"Fe0" 10.6 11.5 10.9 11.0 10.5 11.2
Mg0 11.3 10.2 10.7 10.6 11.0 10.4
T'iO2 2.21 2.58 1.95 2.11 1.64 2.27
Cal 12.9 11.2 13.6 12.3 13.4 1.9
Na20 1.80 2.12 1.80 1.99 1.65 1.96
K20 1.07 1.34 1.18 1.22 1.1 1.26

a. Clinopyroxene only (1:0)

b. Clinopyroxene + amphibole (1:2)

c. Clinopyroxene + amphibole (1:1)

d. Amphibole only (0:1)

e. Clinopyroxene + amphibole (2:1)
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abundances of 40P are listed in Table 7.

Table 8 compares the major and trace element
abundances of amphibole-pyroxenite 40P to the proposed
primary alkali basalt compositions of Sun and Hanson
(1975) and Frey et al. (1978), as well as the parent
composition of Arth et al. (1978). As can be seen from
Table 8, most of the major element oxide concentrations
proposed for the Cortlandt parental magma compare
favorably with the-chemical abundances of proposed,
primary, alkali basalts from Antarctica, Australia, and
Finland. Differences in some elements (TiOz, Cao, NaZO,
KZO’ Rb, Sr) probably reflect chemical differences in
the source regions of these melts and/or degrees of
partial melting. The REE pattern of 40P is character-
ized by a slight concave down curvature in its LREE
(Fig. 48). The parental composition (UK-7) for the
gabbro—diorite-tonalite-trondhjemite suite of south-
west Finland proposed by Arth et al. (1978) also has a
slight downward curvature of its LREE (Fig. 48). The
peculiar shaped REE pattern in 40P and of the Proterozoic
age alkali basalts from Finland cannot be explained simply
by crystal accumulation. Instead, it seems to be a
characteristic feature imposed by either the source

jtself or by the partial melting of the source.



Table 7. Amphibole-Pyroxenite #40 Parental Composition.

#40 Sample #40 Parental®
REE Normalized

La 51.4 61.5
Ce 47.7 54.8
Nd 43.8 47.4
Sm 32.8 34,0
Eu 26.6 28.6
Gd 22.3 22.6
Dy 16.2 16.6
Er 12.2 12.6
Yb 10.0 10.6
ppm

Rb 16.4 19.9
Sr 379 452

Ba 257 289

Ni 196 185

Co 68 77.2
Cr 292 133

Sc 41 23.6
P 1178 1472

Nb 16.2 20.2
ir 108 128
Wt.%

Sioz 47.3 47.2
A1203 12.0 13.1
“FeQ" 10.6 11.2
Mgl 11.3 10.4
T'iO2 2.21 2.27
Ca0 12.9 11.9
Na20 1.80 1.96
K20 1.07 1.26

2Removed 20% clinopyroxene and amphibole in a

2:1 ratio from Sample #40 whole rock composition.
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Table 8. Proposed Primary Continental Alkali Basalt Compositions.

e

#40 Parental® 15765b DV43© 69-1036d UK-2
5102 47.2 43.7 45.0 48.0 48.9
A1203 13.1 11.9 13.3 13.9 13.9
“Fe0" 11.2 10.7 11.1 10.9 9.40
MgO 10.4 12.9 9.50 11.4 10.9
TiO2 2.27 3.64 3.07 2.14 1.41
Ca0 11.9 10.9 12.5 8.35 10.0
NaZO 1.96 3.52 2.61 3.23 2.02
KZO 1.26 1.28 1.03 1.18 0.74
Mg# 0.72 0.74 0.71 0.69 0.70
Rb 19.9 42 30 24 22.6
Sr 452 880 1000 543 297
Ba 289 395 408 350 131
Ni 185 290 300 364 177
Rb/Sr 0.044 0.048 0.030 0.044 0.076
Ba/Sr 0.690 0.449 0.408 0.645 0.441

qrhis study.

b

ross Island Antarctica (Sun and

c .
Ross Island Antarctica (Sun and

Hanson, 1975).

Hanson, 1975).

d , , .
Mt. Frazer-West Victoria, Australia (Frey EE.E&:' 1978).

®s. w. Finland (Arth et al., 1978).
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MAJOR AND TRACE ELEMENT MODELLING TECHNIQUES

For the quantitative modelling part of this inves-
tigation, the mineral -melt Kd's and trace element
fractionation equation were combined with the proposed
parental liquid (40P) to test if the spectrum of com-
positions of the Cortlandt suite could be related by a
liquid line of descent from a common parent composition.
The mathematical modelling process used not only the
trace element data, but also the major element, phase
chemical, field, and petrographic data to fully assess
the possible parent-daughter relationships. Major ele-
ments were modelled using similar procedures incorpor-
ated into computerized petrologic mixing programs (Wright
and Doherty, 1970; Zielinski and Frey, 1970; Zielinski,
1975). All modelling calculations were performed with
the aid of a hand calculator and not only made use of
the actual phase chemistry of a sample (Appendixes 2-9)
but also carefully evaluated the petrography of the sam-

ple to determine the validity of a solution.



PETROGENESIS OF THE CORTLANDTITE AND
AMPHIBOLE-PYROXENITE SUITE

Since it is proposed that the amphibole-pyroxenite
composition is the possible parental composition of the
Cortlandt basic suite, samples of the cortlandtite-
amphibole-pyroxenite suite are quantitatively modelled
first. As was discussed earlier, major and trace ele-
ments, phase chemistry, and Sr isotopes suggest that
samples of the cortlandtite and amphibole-pyroxenite
suites from the Cortlandt (pluton 4), Stony Point, and
Rosetown complexes appear to be related to a common
parent magma (similar to 40P) by fractionation involv-
ing clinopyroxene, orthopyroxene, olivine,
and/or kaersutite. Cortlandtite samples 14 and 41 ap-
pear to be cumulates of olivine and pyroxene while the
two amphibole-pyroxenites (15, 48) appear to be differ-
entiates of the original alkalic parental magma. The
determined relationship of these four samples to the
parental composition 40P follows.

Sample 14 from the Cortlandt complex consists of
approximately 50% clinopyroxene, 12Z. orthopyroxene,
23% olivine, and 15% kaersutitic amphibole (Appendix 1).
The pyroxene and olivine show cumulate textural relation-
ships (Figs. 19 and 20) while the amphibole is inter-

stitial with a vein-like appearance. The kaersutite
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and its peculiar texture represent a portion of the
parent magma which eventually solidified as intercumulus
material. The REE pattern is characterized by a nega-
tive Eu anomaly and by pronounced depletion of the LREE
(Fig. 39). This REE pattern and the high compatible
element (Cr 767 ppm; Sc 44 ppm; Ni 643 ppm) abundances
are consistent with clinopyroxene accumulation. Quan-
titative modelling of the major and trace element data
(Table 9) show that cortlandtite sample 14 can be re-
lated to the proposed parental composition by accumula-
tion of approximately 50% clinopyroxene, 16% orthopy-
roxene, 25% olivine, and 15% trapped (intercumulus)
parental liquid.

The mathematical modelling contained in Table 9
was performed in two steps. In the initial step,
clinopyroxene, orthopyroxene, and olivine were crystal-
lized from the amphibole-pyroxenite 40P, and then these
minerals were accumulated in the proportions 0.59 (clino-
pyroxene), 0.16 (orthopyroxene), 0.25 (olivine). These
proportions are very similar to the modal proportions
of cortlandtite sample 14. The major element composi-
tions of this calculated cumulate rock were determined
from the phase chemistry of the natural sample (Appendix

5). Partition coefficients and the proportion of each
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‘Table 9. sumple #14 Quantitative Modelling.

#40 Parental a b #14 Sample
REE Normalized

La 61.5 2.75 11.6 12.1
Ce 54,8 6.69 13.9 14.0
Nd 47.4 10.9 16.4 17.0
Sm 34.0 1.1 14.5 15.0
Eu 28.6 8.67 n.7 11.9
Gd 22.6 8.56 10.7 10.5
Dy 16.6 6.10 7.68 7.41
Er 12.6 4.38 5.61 5.39
Yb 10.6 3.07 4,19 4.23
ppm

Rb 19.9 0.06 3.04 3.06
Sr 452 20.8 85.5 89.0
Ba 289 0.0 43.4 43.3
Ni 185 623 557 643
Co 77.2 79.4 79 119

Cr 133 503 448 767

Sc 23.6 53 48.6 44

p 1472 0.0 221 87

Nb 20.2 0.27 3.3 2.4
Ir 128 18.9 35.3 32
Wt.%

S1'02 47.2 48.8 48.6 47.2
A1203 13.1 2.76 4.31 4.13
"FeQ" 11.2 10.6 10.7 11.1
Mg0 10.4 23.8 21.8 22.2
T'iO2 2.27 0.38 0.66 0.66
Ca0 11.9 13.2 13.0 13.7
Na20 1.96 0.14 0.41 0.49
K20 1.26 0.00 0.19 0.13

2cumlate (0.59 cpx; 0.16 opx; 0.25 oliv) crystallized from
#40 parental composition.

bCumulate plus 15% liquid (#40 parental composition).
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phase in the cumulate pile determined the trace element
abundances within the calculated rock.

In the second step of the modelling, 15% of the
parental liquid was added to the cumulate mineralogy in
order to obtain a closer chemical match between the cal-
culated cumulate and the natural sample (14). This step
assumes that the volume of melt greatly exceeds the amount
of crystalline (cumulus material) and, hence, that the
melt has not appreciably changed in chemical composition.
The resulting major and trace element chemistry was ob-
tained by mass balance. Because the amount of inter-
stitial 1liquid is small (~ 15%), the phase chemistry and
modal proportions of the three cumulate phases (clinopy-
roxene, orthopyroxene, and olivine) determine the major
element chemistry. However, even this small amount of
trapped parental liquid causes a significant increase 1in
A1203, NaZO, KZO’ and TiOZ. There is a close fit between
the calculated and natural rock compositions after the
addition of the parental liquid (Table 9). Entrapment
of approximately 15% of the parental liquid also causes
the incompatible elements Rb, Sr, Ba, P, Zr, Nb, and
LREE to be increased to abundances nearly identical to
those of sample 14 (Table 9). The very low abundances
of the incompatible elements restrict the amount of

intercumulus liquid present in cortlandtite sample 14.



A substantial proportion of this intercumulus liquid
crystallized as amphibole, explaining the interstitial
vein-like texture of this phase in this cortlandtite
sample (Figs. 19 and 20).

The successful duplication of the major and trace
element abundances of sample 14 by the quantitative
modelling scheme would indicate that reasonable approxi-
mations have been made for both the mineral-melt distri-
bution coefficients (Kd's) and chemical compositions of
the parental magma. However, it should be noted that
these values are not independent; rather, they are in-
versely proportionate. Hence, if the estimates of the
trace element abundances of the parental composition
(40P) exceed the original amount by 30%, then, in order

to successfully duplicate the calculated modelling, the
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Kd's of each mineral would have to be lowered appropriately.

Because of the great care taken in selecting a parental
composition and mineral-melt distribution coefficients,
the modelling values are believed to be within 10-20% of
the actual values. Calculations (not displayed here)
with independently varied Kd's, parental composition,
cumulate mineralogy, and intercumulus liquid indicate
that the estimated error for the quantitative modelling
for the REE, Rb, Sr, Ba, Zr, Nb, P and major elements

is approximately 15%. With this assigned error, the
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amount of trapped liquid within sample 14 can vary be-
tween 13-17%. However, the assigned error for Ni,
Co, and Cr is considerably larger because of variable
oxidation states and the presence of iron oxides and
iron sulfides, the Kd's of which are not precisely
known.

Cortlandtite from the Stony Point complex (sample
41) contains minerals that are chemically very similar
to those of cortlandtite sample 14 from the Cortlandt
complex (Appendix 5). From the REE pattern (Fig. 39)
of sample 41, which lacks a downward concavity of the
LREE and from its higher incompatible element abundances
(Table 3), it is apparent that the Stony Point cortlandtite
(41) contains significantly more trapped parental liquid
(less cumulus minerals) than sample 14, assuming a rela-
tionship to the same parental magma at similar stages
of differentiation. Incompatible element abundances of
sample 41 imply that 40% parental liquid has been
trapped within the mafic cumulate (Table 10). Entrap-
ment of 40% parental magma to a cumulate pile consisting
of olivine (~ 80%), clinopyroxene (~ 5%), and orthopyrox-
ene (~ 15%) will closely match the major element chemistry
of sample 41 (Table 10). Abundances of Rb, Sr, Nb, Ba,

and Zr within this cortlandtite are also matched closely
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Table 10. sampie #41 Quantitative Modelling.

#40 Parental a b #41 Sample
REE Normalized

La 61.5 0.34 24.8 45,2
Ce 54.8 0.98 22.5 35.0
Nd 47.4 1.38 19.8 23.8
Sm 34.0 1.31 14.4 14.8
Eu 28.6 1.05 12.1 11.0
Gd 22.6 1.08 9.69 10.4
Dy 16.6 0.87 7.16 6.50
Er 12.6 0.74 5.48 4.81
Yb 10.6 0.65 4.63 4.06
ppm

Rb 19.9 0.18 8.07 8.40
Sr 452 7.12 185 201

Ba 289 0.0 116 136

Ni 185 1281 843 1163

Co 77.2 164 129 161

Cr 133 85 104 198

Sc 23.6 12.6 17.0 15.0
P 1472 0.00 589 873

Nb 20.2 0.05 8.1 10.0
Ir 128 3.52 53.3 67
Wt.%

S'iO2 47.2 41.2 43.7 39.2
A1203 13.1 0.38 5.47 4.95
"Fe0" 11.2 20.0 16.5 15.6
Mgl 10.4 36.9 26.3 25.9
T102 2.27 0.02 0.92 0.83
Cal 11.9 1.10 5.42 4.47
Na20 1.96 0.06 0.82 0.62
K20 1.26 0.00 0.50 0.48

aCumulate (0.80 olivine; 0.15 cpx; 0.05 opx) crystallized from
#40 parental composition.

bCumulate plus 40% liguid (#40 parental composition).
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by this model using the amphibole-pyroxenite parental
composition (40P). However, reproduction of the REE
abundances of this sample is not possible with this
calculation scheme. The REE pattern of sample 41
cannot be reproduced from any liquid having REE abun-
dances comparable to those of 40P. Resultant LREE
abundances of the calculated model (Table 10) are low,
while the HREE abundances are high. In order to match
the LREE observed in sample 41, more intercumulus liquid
and/or more clinopyroxene must be added to the cumulate
pile. However, these manipulations cause the HREE abun-
dances to increase to unreasonably high values. Hence,
it would seem that the REE abundances of sample 41 are
compatible with a parental liquid that is more fraction-
ated (LaN n 90; Yby % 8) in REE than the proposed parental
composition 40P. This second liquid is still a primitive
composition as evidenced by the similarity of olivine
composition (Fo77) in samples 14 and 41. This implies
that at least two different magmas exist within the Stony
Point cortlandtite pluton. The major and trace element
chemistries of these melts are similar with the exception
of the REE.

The low Rb and KZO values of sample 41 indicate that
interaction with the pelitic country rock cannot be re-

sponsible for the LREE enrichment of the parental liquid
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or cortlandtite sample 41. The location of sample 41,
near the margin of the Stony Point cortlandtite pluton
and its field relationships (Ratcliffe, 1968) indicate
that this region of the body may represent a distinct
intrusion. REE abundances of two dikes (43, 44) at
Stony Point are very similar to those needed to produce
the REE values of the Stony Point cortlandtite, 41.
Amphibole-pyroxenite (sample 15) from the Cortlandt
complex is unusual in that it contains « 3 modal percent
calcite and has low silica (~ 40 wt.%) and high Ca0 (16.6
wt.%) abundances. Its REE pattern (Fig. 39) is fraction-
ated and lacks any concave down curvature in its LREE,
indicating that accumulation of ferromagnesian minerals
in this sample is minimal. The major and trace element
modelling (Table 11) reveals that 15 can be obtained from
40P through crystal fractionation (30%) involving amphi-
bole (60%), clinopyroxene (30%), and biotite (10%). One
explanation for the low HREE, low SiOZ, and high CaO
values of this amphibole-pyroxenite is the addition of
approximately 15% calcareous material to the fractionated
parental liquid. The REE abundances for carbonates
(Haskin et al., 1966) are such (approximately an order
of magnitude lower) that addition of this amount of
material will deplete all the REE and especially the

HREE (Table 11). Quantitative modelling calculations



Table 11. Sample #15 Quantitative Modelling.

a b o #15 Sample
REE Normalized

La 78.4 10.0 68.1 68.1
Ce 64.9 6.80 56.2 '58.3
Nd 50.2 4,90 43,4 45.1
Sm 32.8 3.40 28.4 30.1
Eu 29.2 1.90 25.1 23.4
Gd 20.2 3.05 17.6 19.5
Dy 15.3 13.4 13.3
Er 11.8 1.85 10.3 10.3
Yb 10.2 1.50 8.9 8.73
WE.% *

510, 48.6 0.31 41.4 40.0
A1,0, 14.3 0.07 12.2 15.0
"FeQ" 12.5 0.08 10.6 10.3
Mgo 8.60 21.5 10.6 1.2
Ti0, 2.50 0.01 2.13 2.57
Ca0 11.8 30.5 14.6 16.6
Na,0 2.23 0.08 1.91 2.16
K,0 1.1 0.03 0.95 1.96

a30°/o fractional crystallization (0.60 amph; 0.30 cpx;

0.10 biotite) of #40 parental composition.

bDolomite (REE--Haskin et al., 19§¢).

Caddition of 15% dolomite (b) to a.

*

Major elements for dolomite; U. S. National Bureau
of Standards sample 88, Illinois State Geological

Survey Circular 308, 196 p-38.
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contained in Table 11 show that, if carbonate is to

be added, the additional carbonate material must be
dolomitic ( ~ 31 wt.% Cal0: ~ 24 wt.% Mg0O) in order to
explain the high Mg0 (11.2 wt.%) content of sample 15.
The high K,0 abundances (~ 2 wt.%) of this rock may

be a consequence of the addition of cumulate biotite
(~10%), a phase that is present in this sample.

The similarity of amphibole-pyroxenite sample 15 to the
calculated model strongly suggests that a carbonate bulk
assimilation scheme is a viable explanation for its
unusual chemistry. Calcite, not dolomite, is the com-
position of the carbonate phase in sample 15 suggesting
that it may be of igneous origin. The location of
sample 15, close to the dolomitic Inwood marble contact
(Paige, 1956) (Fig. 2), further supports this assimilation
idea.

While the local dolomitic marble was not analyzed
for strontium isotopes, it is probable that it, like
most marine carbonates of Paleozoic age, had an
87Sr/86Sr ratio of approximately 0.708 (Peterman, 1967).
Assimilation (15%) of this carbonate material by 40P
(878r/868r).l v 0.70428) will cause an increase in the

strontium 87/86 ratio. Table 4 shows that amphibole-

pyroxenite sample 15 has a much higher initial strontium
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value (0.7062) than either the cortlandtite #14 (0.7049)
or amphibole-pyroxenite #48 (0.7048) samples. These
differences, which are very much greater than the pre-
cision of the measurement, support, but do not confirm
a carbonate assimilation model for sample 15.

As shown by Bowen (1928), assimilation, because
of the heat balance problem, promotes the crystallization
of the cumulus mineral phases already precipitating, thus
hastening the fractional crystallization process along the
same liquid line of descent. While assimilation may en-
hance the proportion of late differentiates, changes in
the liquid composition may not be seriously affected.
However, carbonate assimilation by a basic liquid can re-
sult in desilication of the melt and crystallization of
diopsidic augite (Bowen, 1928). The high alumina (9-11
wt.%) contents of the clinopyroxenes of sample 15 (Ap-
pendix 5) could be the result of their crystallization
from a melt which assimilated calcareous material. The
lack of sufficient silica in the melt could have caused
the crystallizing clinopyroxene to incorporate an unusu-
ally high amount of alumina in its structure. The conse-
quence of this can be seen in Appendix 5 where the struc-
tural formulae of the clinopyroxenes of sample 15 show
greater amounts of tetrahedral alumina than do clinopyroxenes
of other amphibole-pyroxenite samples.

The amphibole-pyroxenite sample 48 from the

Rosetown complex has major and trace element abundances
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(Tables 1 and 3) very similar to those of sample 40.
The phase chemistries of amphibole and clinopyroxene

in samples 48 and 40 are also remarkably similar (Ap-
pendix 5). Also, like sample 40, the major and trace
elements of sample 48 are consistent with accumulation
of approximately 20% clinopyroxene and amphibole in a
2:1 proportion. The overall higher REE abundances

( v 20%) of the Rosetown amphibole-pyroxenite 48 (Fig.
32) compared to those of the Stony Point amphibole-
pyroxenite 40 are too great to be explained entirely by
fractionation. Instead, it would seem that the parent
composition of sample 48, while having similar major
and trace element chemistry to that of sample 40, had
an approximately 20% higher REE content than the parental
compositions of sample 40. 1If there has not been con-

tamination, the difference in 87Sr/86

Sr), (#40-0.70428;
#48-0.70479) between these two primary compositions
would suggest origin from isotopically distinct source
regions.

In summary, it appears that the cortlandtites and
the amphibole-pyroxenites of the Cortlandt Stony Point
and Rosetown complexes are related to a primitive alkali

basalt magma by crystal accumulation (cortlandtites)

and fractional crystallization (amphibole-pyroxenites).
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Petrographic and chemical data reveal that olivine,
clinopyroxene, and orthopyroxene were the near-liquidus
phases of this primary magma when it was intruded at
the various emplacement sites. Subsequent differen-
tiation of this parental liquid resulted in the termin-
ation of olivine and orthopyroxene precipitation and the
onset of amphibole (kaersutite), clinopyroxene, and
plagioclase co-crystallization. The co-crystallization
of amphibole and clinopyroxene in the amphibole-pyroxenite
indicates an increase in the water fugacity of the melt
after the cessation of olivine precipitation. This con-
clusion is based on experimental studies (Green, 1972;
Helz, 1973; Allen et al., 1975; Cawthorn and O'Hara,
1976; Stewart et al., 1976) which have shown that in
hydrous basaltic melts, amphibole and clinopyroxene
can only exist as near-liquidus phases (at pressures
between 2 and 20 kb) when PHZO:>O.5 PT‘
Crustal contamination of the alkali basalt parent
of the Cortlandt region cortlandtites and amphibole-
pyroxenites seems to have been minimal with the exception
of one area in the Cortlandt complex near the carbonate
contact. The apparent REE and slight isotopic differ-
ences of this mafic parental magma at the Stony Point
and Rosetown emplacement sites could be attributable

to source heterogeneity and/or crustal contamination.



PETROGENESIS OF THE CLINOPYROXENITE SUITE

Physically separate (as mapped by Ratcliffe,
unpublished'data) clinopyroxenite bodies occur on both
the western and eastern margins of the noritic pluton
of the Cortlandt complex (Fig. 2). A representative
sample from each of these pyroxenites was analyzed for
both major and trace elements (Tables 1 and 3). Sample
11 from the western pluton and sample 31 from the eastern
have similar modal mineralogies (Appendix 1) and nearly
identical phase chemistries (Appendix 4) suggesting
similar modes of origin. Textures suggest that these
pyroxenites are cumulates. In addition, they are char-
acterized by a strong downward concavity in their LREE
(Fig. 40) and very low incompatible element (Rb, Sr, Ba,
Zr, P) abundances. However, while the REE patterns and
incompatible element abundances of pyroxenite samples
11 and 31 are similar to those of Cortlandtite sample
14, the ferromagnesian phases show substantially higher
iron enrichment (Appendix 4). As a result,in order to
successfully model these two clinopyroxenites, the
starting parental composition (40P) had to be differen-
tiated by fractional crystallization (20%) (Table 12).
The separating minerals, clinopyroxene, orthopyroxene,

olivine, and amphibole form the cumulate pile. Modelling
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Table 12. sample #11 Quantitative Modelling.

a b c #11 Sample
REE Normalized
La 74.9 5.30 17.8 19.1
Ce 65.4 1.2 21.0 22.8
Nd 55.0 17.3 24.1 26.5
Sm 38.6 17.0 20.9 22.8
Eu 32.4 13.0 16.5 15.6
Gd 25.3 13.0 15.2 16.0
Dy 18.6 9.18 10.9 11.4
Er 14.2 6.64 8.00 8.40
Yb 12.1 4.80 6.11 6.80
ppm .
Rb 24.4 0.56 4.8 4.8
Sr 550 40.8 132 69.3
Ba 351 24.6 83 59.4
Ni 128 326 291 358
Co 79.4 63 65.9 97.6
Cr 71.4 304 262 651
Sc 17.3 45.5 42.9 53
P 1840 0.0 331 232
Nb 24.8 0.42 4.8 <1.8
Zr 153 28.3 50.7 51.2
Wt.%
510, 46.6 49.0 48.6 49.5
A1,0, 15.3 4,05 6.08 4.68
"Fed" 1.4 10.4 10.6 10.8
MgO0 7.82 19.8 17.6 18.7
Ti0, 2.66 0.73 1.08 0.76
Ca0 11.4 14.8 14.2 14.1
Na,0 2.35 0.33 0.69 0.18
K0 1.44 0.07 0.32 0.16

420% fractional crystallization (10% 0.60 cpx; 0.20 opx; 0.20
olivine; then 10% 0.60 cpx; 0.20 opx; 0.10 olivine; 0.10 amph.)
of #40 parental composition.

bcumulate (0.66 cpx; 0.16 opx; 0.13 olivine; 0.05 amph) crystal-
lized from #40 parental composition.

cCumulate plus 18% liquid (a).



calculations (Table 12) show that clinopyroxenite

sample 11 can be derived from 40P by fractional crystal-
lization of olivine, pyroxene, and amphibole from the
melt, and then accumulation of clinopyroxene (54%),
orthopyroxene (13%), olivine (11%), kaersutitic am-
phibole (4%), while retaining 184 interstitial 1liquid.
This trapped liquid has the chemical composition of

the liquid with which the cumulate minerals were last

in equilibrium. Elements such as Rb, Sr, Nb, Zr, P, and
Ba, which are essentially excluded from the cumulate

minerals in sample 11, constrain the amount of calcu-

lated trapped intercumulus liquid. The vein-like appear-

ance of kaersutite in clinopyroxenite sample 11 suggests
that, like the Cortlandtite sample 14, substantial kaer-
sutite crystallized from the interstitial liquid. How-
ever, unlike sample 14, sample 11 contains a small
amount (~ 5%) of kaersutitic amphibole as a cumulate
phase. The overall higher REE abundances (v 55%) of
clinopyroxenite, when compared to those of cortlandtite
sample 14, are the results of the crystallization of
sample 11 from a more differentiated liquid containing
both cumulate amphibole and less cumulus olivine.

This modelling scheme (Table 12) reveals a close
fit for most elements with the exception of Sr and Ba.

These elements are higher in the modelled rock than

161
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those of the natural sample by a factor of almost 2.

This discrepancy indicates that the abundances of these

two elements in the parental composition must be con-
siderably lower than those of the proposed parent (dif -
ferentiated 40P) or that amphibole cannot be a cumulus
phase. Because kaersutite is a cumulate mineral and

also is needed to explain the overall REE abundances of
sample 11, thg parental liquid of this clinopyroxenite,
while having major and trace element values similar to
those of the proposed parental composition, 40P, apparently
had lower strontium ( ~ 200 ppm) and Ba ( ~ 250 ppm) contents.
The lower Cr and Co abundances of the calculated model of
sample 11 probably reflect the presence of Fe oxides and

Fe sulfides in the natural sample. These phases are ig-
nored in this particular modelling calculation.

The similarity of 87Sr/86

Sr).1 of sample 11 (0.70614)

to that of the amphibole-pyroxenite sample 15 (0.70615)

is believed to be fortuitous, but does suggest that the
parental magma of this clinopyroxenite had a higher ini-

tial strontium value than the parental magmas of the
cortlandtite (14) and amphibole-pyroxenite (40, 48)

samples. It should also be noted that the higher 87Sr/86Sr).l
of the norites (~ 0.70646) would seem to preclude the

clinopyroxenites of pluton 3 from being crystallization

products of the norite magma.
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The major and trace element chemistries of the
eastern pyroxenite sample 31 can be produced by crystal
accumulation (clinopyroxene 50%; orthopyroxene 37%;
olivine 8%; amphibole 5%) from the same parental com-
position used to model the western pyroxenite sample 11.
Compared to sample 11, the lower REE and incompatible
element (Rb 1.1 ppm; Sr 50 ppm; P 44 ppm) abundances of
sample 31 (Table 3, Fig. 33) place the amount of calcu-
lated intercumulus liquid at 6%, substantially less than
the 18% of sample 11. The high proportion of cumulate
minerals of clinopyroxenites 11 (82%) and 31 (94%) in-
dicate that the process by which jnterstitial liquid

was excluded from these cumulate rocks was efficient.
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PETROGENESIS OF THE HORNBLENDITES AND KAERSUTITE GABBROS

Hornblendites and kaersutite gabbros from pluton 1
of the Cortiandt complex formed at moderate pressures
from a hydrous basaltic liquid resulting in crystallized
amphibole (kaersutite) and plagioclase. Clinopyroxene
and olivine are absent. Hornblendite sample 2 appears
from its phase chemistry (Appendix 2) to be the least
differentiated of the samples. The REE pattern of
sample 2 (Fig. 41) is characterized by a strong concave
down curvature in the LREE and a negative Eu anomaly
consistent with amphibole accumulation. Textural features
plus the low SiO2 content (39.1 wt.%) of this sample
further support an amphibole accumulation origin of
this rock.

Quantitative modelling of this kaersutite cumulate
began with the amphibole pyroxenite parental composition,
40P, from which clinopyroxene (60%), orthopyroxene (20%),
olivine (15%), and minor amphibole (5%) were fraction-
ated (20%) (Table 13). Crystallization of olivine,
clinopyroxene, and orthopyroxene was then replaced by
kaersutite and plagioclase coprecipitation (5%). The
lack of any olivine and pyroxene indicates that these
minerals were no longer crystallizing from the horn-

blendite parental liquid; hence, they were excluded from
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Table 13. sample #2 Quantitative Modelling.

a b d d #2 Sample
REE Normalized
La 74.9 77.4 28.5 30.3 29.4
Ce 65.4 66.9 36.7 40.5 39.0
Nd 55.0 55.9 47.0 52.7 51.4
Sm 38.6 38.4 43.0 48.6 46.4
Eu 32.4 32.7 34.2 36.8 34.1
Gd 25.3 24.9 32.7 37.1 33.6
Dy 18.6 18.4 22.4 25.4 22.8
Er 14.2 14.1 16.5 18.8 16.8
Yb 12.1 12.0 13.0 14.7 12.9
ppm
Rb 24.4 25.3 8.0 8.9 8.4
Sr 550 543 679 543 584
Ba 351 351 368 409 506
N{ 128 131 73 84 16
Co 79.4 82.1 28.7 32.8 85
Cr 71.4 71.2 75 85 43
Sc 17.3 16.0 40.3 46 52
P 1840 1914 0.0 0.0 100
Nb 24.8 25.6 9.0 10.2 11.0
Ir 153 158 48.7 55.6 60.8
Wt.%

S1'02 46.6 46.7 43.9 42.9 39.1
A1203 15.3 15.1 19.6 17.8 17.4
"Fe0" 11.4 11.5 9.03 10.3 13.1
Mgl 7.82 7.79 8.33 9.50 9.14
T1'O2 2.66 2.65 2.80 3.20 3.55
Ca0 11.4 11.4 12.2 11.8 11.0
NaZO 2.35 2.35 2.42 2.30 1.58
KZO 1.44 1.46 1.04 1.16 1.22

N

See Sample #11 calculated composition a.
5% fractional crystallization (0.70 amph; 0.30 plag) from composition a.

Cumulate (0.70 amph; 0.30 plag) crystallized from composition b.

Q O b

cumulate (0.80 amph; 0.20 plag) crystallized from composition b.
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the modelling scheme. Accumulation of kaersutite and
plagioclase from this liquid in the ratio of 7:3 or
8:2, respectively, reveals that the REE and most
other trace element abundances are closely duplicated
(Table 13). The major element chemistry resulting
from this calculation (Table 13) has a close resem-
blance to that of hornblendite sample 2 except for the
abundances of SiOz, TiOZ, and FeO. However, this sample
contains approximately 5 modal % opaques (ilmenite and
iron-sulfides). Addition of 5% opaques (3% iron-sulfides;
7% ilmenite) to the calculated composition decreases the
silica by 5% (42.9 - 40.8%), and increases the FeO (12.7%)
and titania (3.9%) abundances resulting in values similar
to those of hornblendite sample 2. This 5% addition also
improves the modelling fit for the major elements A1203,
Mg0O, Ca0O, and NaZO. The high sulfur content of sample 2
(Table 1) is consistent with substantial iron-sulfide
(pyrite, pyhrrotite) accumulation. The close fit of
the major and trace element chemistry of this hornblendite
to the calculated modelling scheme suggests that this
sample lacks differentiated liquid and is an amphibole-
plagioclase adcumulate.

The conventional interpretation of adcumulates is
that they consist of segregated minerals that grew from

an intercumulus liquid which was communicating by diffusion



with a larger reservoir of magma (Wager and Brown, 1968).
Growth of the cumulate minerals continued until their
grain boundaries met and formed interlocking mosaic
texture. For hornblendite sample 2, it would appear
that the cumulus amphibole ( ~75%) and plagioclase

(v 25%) crystals of this rock removed their essential
components from the magma, grew, and, consequently,
forced out the inappropriate intercumulus melt during
their growth. The low abund ances of phosphorus (~ 100
ppm), whose D is approximately zero for plagioclase,
amphibole, and opaques, further supports the idea that
this rock is a two-mineral adcumulate, devoid of trapped
interstitial liquid.

In an adcumulate, because the cumulus minerals are
overgrown by material of the same composition, the
original cumulate cores and overgrowth rims should
theoretically not be detectable (Wager and Brown, 1968).
Amphiboles in this hornblendite (2) are not zoned;
however, the plagioclase is weakly reverse zoned (Ap-
pendix 2).

McBirney and Noyes (1979) have recently shown that
cumulate textures, preferred orientation of crystals,
and layering, which are features generally associated

with crystal settling can be explained in terms of in
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situ crystallization. These are all features of the
Cortlandt complex hornblendites. The process of in
situ growth can explain the close association of amphi-
bole and plagioclase minerals of very different densi-
ties in this cumulus rock. It would be expected that
if the hornblendites formed by a crystal settling pro-
cess instead of by in situ growth, density differences
would have caused segregation of these two minerals.
The exclusion of incompatible elements from hornblendite
sample 2 indicates that the rate of growth of the cumulate
kaersutite and plagioclase crystals must have been slower
than the rate of diffusion of the incompatible components
out of the interstitial liquid.

Since sample 2 is composed primarily of kaersutite
(~ 75%) and apparently lacks trapped interstitial melt,
kaersutite-melt distribution coefficients can be esti-
mated for elements such as Ba, Zr, and Nb. Using the
calculated parental composition of this hornblendite
contained in Table 13, and assuming that these trace
elements are excluded from plagioclase, Kd's of approxi-
mately 1.4 (Ba), 0.4 (Zr), and 0.5 (Nb) are estimated
for kaersutite to match these trace element abundances
in sample 2. Because Nb has a reported Kd of approxi-
mately 0.8 for ilmenite-basalt liquid (McCallum and
Charette, 1978), it may also have a high affinity for
pyrite and pyhrrotite, minor constituents (~ 3 volume

%) of this rock. Therefore, the estimated partition
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coefficient for Nb in kaersutite by this calculation
scheme is a maximum.

Another hornblendite sample (1) from pluton 1 has
essentially the same modal mineralogy as sample 2
(Appendix 1) but has much higher (factor of 2-5) in-
compatible element abundances. This difference indi-
cates that hornblendite sample 1 is probably not an ad-
cumulate but contains some ( ~40%) trapped interstitial
liquid. Zoned plagioclase (Appendix 2) plus the pres-
ence of biotite and sphene in sample 1 might be indica-
tive of this intercumulus melt. Hornblendite sample 1
and 2 have very similar REE patterns (Fig. 41). However,
the overall abundances in 1 are much higher (LREE by a
factor of ~ 2; MREE and HREE by ~ 30%). REE and major
elements were also determined on a kaersutite mineral
separate from hornblendite sample 1 (Tables 1 and 3).
Because kaersutite is the major constituent of sample 1,
the REE abundances in the amphibole separate from this
sample could constrain the Kd's of the kaersutite REE
and parental REE compositions. REE abundances for the
kaersutite minerals separate (1 KAER), compared to that
of the whole rock, are higher for the HREE, equal for
the MREE, and substantially lower for the LREE (Fig. 41).
Calculations reveal that an additional 25% differentia-

tion of the sample 2 melt (Table 14) is needed to produce
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Table 14. sample #1 Quantitative Modelling.

a b c d #1 Sample
REE Normalized
La . 92.4 98.1 .1 81.9 74.1
Ce 77.3 80.4 68.3 73.1 80.0
Nd 59.7 60.0 84.6 74.8 81.5
Sm 39.5 38.8 72.2 58.8 62.7
Eu 33.4 32.6 53.2 45.0 42.0
Gd 24.7 24.0 51.4 40.4 42.9
Dy 18.6 18.4 34.9 28.3 29.2
Er 14.4 14.4 25.0 20.8 22.0
Yb 12.6 12.7 19.4 16.7 17.5
ppm
Rb 31.2 33.4 16.1 23.0 44.2
Sr 453 420 272 331 522
Ba 364 374 677 556 628
Ni 153 164 118 136 38
Co 98 106 48 71 54.8
Cr 75.1 77.3 104 93.5 20.8
Se 12.3 11.5 37.3 27 51
P 2556 2840 0.0 1136 528
Nb 314 34.1 14.1 2. 23.5
Ir 195 212 77.2 131 96.5
Wt.%

5102 47.1 46.9 41.3 43.5 42.8
A1203 12.9 12.0 16.0 14.4* 17.1
"Fe0" 13.0 13.6 14.2 14.0 11.9
Mg0 8.19 8.47 10.7 9.80 7.86
T'iO2 2.89 3.00 3.62 3.37 3.59
Cal 1.2 11.4 10.2 10.7 9.60
Na20 2.31 2.14 1.59 1.81 1.94
K20 1.76 1.82 2.00 1.93 1.86

a30% fractional crystallization (10% 0.7 amph.; 0.3 plag.; then 20%
0.5 plag.; 0.5 amph.) from sample #2 calculated composition a (Table ).

blo% fractional crystallization (0.50 plag.; 0.446 amph.; 0.004 sphene;

0.05 biotite) from composition a.

cCumulate (0.9 amph.; 0.05 plag.; 0.046 biotite; 0.004 sphene) crystal-
lized from composition a.

dCumulate plus 40% ligquid (b).

*
Starting composition must have ~ 18.0 wt. A1203.
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the appropriate REE characteristics of hornblendite
sample 1. Modelling (Table 14) indicates that sample

1 must be an amphibole-rich cumulate (90% kaersutite;

5% plagioclase; 4.7% biotite, and 0.3% sphene) in order
to explain its HREE abundances. Cumulate phases make
up approximately 60% of the rock with the remainder
trapped differentiated liquid. Sphene, which is a
minor constituent of this sample 1, must be a cumulate

( ~ 0.3%) phase of the LREE or values of this hornblend-
ite cannot be reproduced.

Elements that are not reasonably approximated by
this mathematical fractionation model contained in
Table 14 include Rb, Sr, and A1203, whose higher values
in sample 1 can only be explained by abundances that
are much greater than those of the original parental
melt, 40P. If the original cumulus pile contained
more plagioclase and biotite and hence, less amphibole,
this would increase the calculated values of Sr, Rb,
and A1203. However, it will alsc cause a greater dis-
crepancy for the REE, especially the HREE, making them
much too low. As a result of these calculations, the
Rb and A1203 abundances of the parental magma of this
hornblendite are estimated at approximately 45 ppm and

18 wt.%, respectively. One possibility for the apparent



172

modelling discrepancies is that the parental magma of
sample 1 was originally similar to the amphibole-pyroxenite
parent magma, 40P, but experienced a contamination event
which increased its Rb and A1203. The proximity of sam-
ple 1 to the country rock contact (Fig. 2) and the in-
clusion of several large pelitic and calc-silicate xeno-
liths within this portion of the hornblendite pluton,
represent permissive evidence for such a model.

87Sr/86

The higher Sr).l ratios of samples 1, 2, and

3 (Table 4) from this pluton, compared to those of the

amphibole-pyroxenite (40) may be a consequence of pelitic

assimilation (high 87Sr/86

87Sr/86

Sr).l ratio). However, the simi-
larity of Sr).l in the three samples from this
pluton requires that the assimilation and/or isotopic
equilibration process with an older crustal component
occurred prior to emplacement. It is also possible that
the hornblendite melt experienced a second stage of mixing
at the emplacement site. This second stage mixing may
have resulted from the addition of an aqueous fluid from
the pelitic country rock which contained the components
Rb, Ba, KZO and SiO2 and did not significantly change the
initial strontium value of the basic melt. However, this
fluid material needs to have a very high Rb/Sr ratio.

Such a high ratio could be obtained if Sr, which already

has a low abundance ( ~100 ppm) in the pelitic material,

had an even lower solubility than Rb in an aqueous fluid.
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Modelling of the kaersutite gabbro from pluton 1
(sample 4) reveals that it is an amphibole-plagioclase
(55:45) cumulate with approximately 40% differentiated
interstitial liquid (Table 15). The parent composition
used in the calculations (Table 15) is the same as that
for hornblendite sample 1, and as in sample 1, the pro-
posed parental melt composition for the gabbro (sample 4)
needs to have AlZO3 abundances of approximately 18 wt.%.
Such high alumina values cannot be produced from the
parental composition 40P by any reasonable fractionation
scheme because the liquidus phases of this liquid, kaer-
sutite and plagioclase, both have relatively high (14
and 27 wt.%) A1203 abundances. To obtain such a high
A1203 value, a phase such as pyroxene would have to be
a major fractionating phase.

For gabbroic sample 3, the most differentiated of
the rocks analyzed from pluton 1, modelling of the major
and trace element chemistries proved unsuccessful. The
chemical abundances of this quartz, K-feldspar bearing
gabbro could not be produced from the parental composi-
tion 40P by any fractionation method. Calculation schemes
tested varied the types and amount of fractionating

phases and Kd's, but failed to properly reproduce



Table 15, Sample #4 Quantitative Modelling.

a b c d #4 Sample
REE Normalized

La 92.4 100.1 30.7 58.5 61.8
Ce 77.3 82.6 35.8 54.5 59.6
Nd 59.7 62.3 41.3 49.7 59.0
Sm 39.5 40.4 35.5 37.5 43.6
Eu 33.4 33.8 31.0 32.1 32.9
Gd 24.7 24.8 26.0 25.5 28.4
Dy 18.6 18.9 18.0 18.4 18.8
Er 14.4 14.7 13.4 13.9 14.3
Yb 12.6 12.9 10.8 11.6 11.0
ppm
P 2556 2840 0.0 1136 655
wt.%
SiO2 47, 46.4 46.7 46.8
A1203 11.8 21.7 17.7* 19.4
"Fe0" 13.8 6.60 9.48 8.20
Mg0 8.45 6.44 7.24 7.56
T'iO2 3.03 1.83 2.31 2.76
Ca0 11.1 12.0 11.6 9.89
Na20 2.26 2.66 2.50 2.65
K20 1.86 0.94 1.31 1.81

o

54

Q, 0

Ccumulate plus 40% liquid (b).

*
Starting composition must have ~ 18.0 wt.% Alzo3.

SEE Sample #1 calculated composition a.

cumulate (0.55 amph.; 0.45 plag.) crystallized from composition a.

10% fractional crystallization (0.5 amph.; 0.5 plag.) from composition a.
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the high SiO2 (57 wt.%), A1203 (18.4 wt.%), NaZO (3.35
wt.%), KZO (3.58 wt.%), Rb (76 ppm), Sr (585 ppm),

Ba (1181 ppm) and LREE values of sample 3. The reason-
able success obtained in modelling the major and trace
element abundances of hornblendites 1 and 2 and gabbroic
sample 4 suggests that the late-stage differentiated
liquid of pluton 1, represented by sample 3, is chemi-
cally anomalous. Since the pelitic country rock (samples
35 and 45) is enriched in the same elements that are
anomalously high in sample 3, the addition of pelitic
material to gabbroic sample 3 may have occurred. The
high 87Sr/86Sr)i of sample 3 (0.70690) is only slightly
higher than the strontium initials of sample 1 (0.70668)
and 2 (0.70681) from the same pluton and indicates that
if interaction took place with the pelitic schist, the
magma could not have consumed much strontium ( <10%).
Thus, addition to the melt of an aqueous fluid rich in
silica and alkalis but low in Sr could increase the
abundances of the necessary elements in the melt but

still not significantly increase its 87Sr/86

Sr)i. Further
supporting this idea is data from a recent trace element
and oxygen isotopic study of a basic plutonic igneous

rock suite (Arth et al., 1978). Arth cliamed that,

prior to solidification, the magmas from SW Finland

underwent addition of water from the metamorphic country
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rock. His conclusion, that this process may also have
introduced Rb into the crystallized magma, can be ap-
plicable to the in alkalis and other elements in the
Cortlandt region kaersutite gabbros.

In summary, the basic rocks of pluton 1 of the
Cortlandt complex appear to be related to the amphibole-
pyroxenite parental composition by differentiation in-
volving kaersutite and plagioclase. The hornblendites,
as well as some of the gabbros, contain substantial
amounts of cumulus kaersutite and plagioclase and vari-
able amounts of interstitial melt. One hornblendite
sample lacks trapped interstitial melt.

The results of quantitative modelling of the dif-
ferentiation history of several samples from pluton 1,
plus Sr isotopic data on these samples, indicate that
contamination by older crustal rocks probably took place.

This event increased both the 87Sr/86

Sr).l and Alzo3
values of the original amphibole-pyroxenite parental
melt. A second stage mixing event is proposed, one
involving an aqueous fluid, which caused an enrichment
of Rb, Ba, LREE, KZO' Na2 , and SiO2 contents of the
late-stage differentiated gabbroic liquids but did not

affect the strontium isotopic systematics to any great

extent.
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PETROGENESIS OF THE DIORITE SUITE

The strontium isotopic values (Fig. 37), the
presence of garnet, and the corundum normative nature
of samples from the Cortlandt diorite pluton 2 indicate
that these rocks have experienced crustal contamination.
Quantitative modelling (Table 16) of one diorite sample
(7) from this pluton reveals that it is a kaersutite,
plagioclase, and opaque (56:38:6) adcumulate which
crystallized from a parental liquid similar in chemical
composition to the proposed parental melt (related to
40P by fractional crystallization) of hornblendite
sample 2 (pluton 1). These calculations indicate that
the diorite parental liquid of the amphibole-rich rock
(7) had a REE pattern with a stronger upward concavity
than did the parental magma of hornblendite sample 2.
Removal of apatite (~ 1.5%) from the parental melt
composition of hornblendite sample 2 produces a liquid
with the appropriate REE characteristics. The addition
of 6 wt.% opaques (ilmenite (4%) and iron sulfides (2%))
to the plagioclase, kaersutite cumulate pile increases
the FeO and TiO2 values and decreases silica to abun-
dances that coincide with those of diorite sample 7.
The estimated modal mineralogy of sample 7 (Appendix 1)

is very close to that proposed by this calculation scheme.



Table 16, Sample #7 Quantitative Modelling.

a b #7 Sample
REE Normalized

La 63.5 20.5 22.9
Ce 52.8 24,3 24.3
Nd 41.3 28.7 28.2
Sm 28.5 25.9 24,5
Eu 26.7 24,2 23.9
Gd 18.2 19.1 18.2
Dy 14.5 14.2 13.8
Er 11.6 10.9 10.9
Yb 10.6 9.18 8.95
ppm
Rb 25.7 6.0 3.6
Sr 551 782 731
Ba 356 310
Ni 133 60 31
Co 78.4 22 52
Cr 72.5 61 31
Sc 16.2 32.7 31
P 0.0 262
Nb 26.5 7.4 13
Ir 160 39 43
Wt.%
S1'02 46.7 41,2 40.8
A1203 15.1 20.5 20.6
“FeQ" 11.5 11.4 12.7
Mgl 7.79 6.66 6.22
Tioz 2.65 3.62 3.64
Cal 11.4 11.9 10.8
Na20 2.35 2.27 1.94
K20 1.46 0.61 0.63

aSample #2 calculated composition b with 1.5%

apatite removed.

bCumulate (0.56 amph.; 0.38 plag.; 0.04 Ilmenite;
0.02 Fe sulfides) crystallized from composition a.
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It should be noted that the relative percentages of
minerals fractionated (Tables 13 and 16) correspond
closely to the modal abundances observed.

As in hornblendite sample 2, the trace element
modelling indicates that an intercumulus liquid com-
ponent is lacking, making diorite sample 7, like sample
2, a rock that has experienced adcumulate mineral growth.
The phase chemistry of these two samples are very similar,
with each lacking zonation of amphibole crystals but
showing reverse zoning of plagioclase (Appendixes 3
and 2). The similarity of the major, trace, and phase
chemistries of hornblendite sample 2 and diorite sample
7 suggests that these two rock types, though from differ-
ent plutons, crystallized from magmas that were chemi-
cally similar.

Diorite sample 9 from pluton 2 has a parallel
REE pattern to that of sample 7 but has higher REE abun-
dances and is characterized by a negative, rather than
a positive, Eu anomaly (Fig. 42). Quantitative model-
1ing (Table 17) reveals that sample 9 is an amphibole
(53%), plagioclase (38%), biotite (4%), and opaque
(5% ) cumulate which crystallized from a liquid very
similar in major (A1203 ~ 18 wt.%) and trace element
abundances to the parental melt of diorite sample 7.
However, sample 9 differs from sample 7 in that it con-

tains approximately 307% trapped intercumulus liquid.



Table 17. Sample #9 Quantitative Modelling.
a b ¢ #9 Sample
REE Normalized

La 77.4 25.0 40.7 38.2
Ce 66.9 30.2 41.2 39.8
Nd 55.9 37.6 43.1 43.9
Sm 38.4 33.5 35.0 38.7
Eu 32.7 28.7 29.9 30.9
Gd 24.9 25.4 25.3 27.3
Dy 18.4 17.3 17.6 19.1
Er 14.1 12.8 13.2 14.4
Yb 12.0 10.1 10.7 10.9
ppm

Rb 25.3 9.3 14.1 16.1
Sr 543 764 698 720

Ba 351 460 427 458

P 1914 0.0 574 306
Wt.%

5102 46.7 43.6 44.5 43.9
A]ZO3 ~ 18,0 19.3 18.9 20.6
'Fe0" 11.5 11.4 11.5 12.3
Mg0 7.79 6.21 6.68 5.58
TiO2 2.65 3.36 3.15 3.49
Ca0 11.4 9.95 10.4 9.88
N320 2.35 2.75 2.63 2.86
KZO 1.46 1.22 1.29 1.11

4see Sample #2 calculated composition b.

bCumulat:e (0.53 amph.; 0.38 plag.; 0.03 ilmenite; 0.02 Fe-
sulfides; 0.04 biotite) crystallized from composition a.

CCumulate plus 30% liguid (a).
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From the mineralogy of sample 9, this interstitial liquid
apparently crystallized biotite, orthopyroxene, apatite,
and quartz in addition to amphibole and plagioclase.

The interaction of this interstitial liquid with the
cumulus minerals (amphibole and plagioclase) has re-
sulted in the formation of weak normal zoning in kaer-
sutite and plagioclase crystals (Appendix 3). The RbD
(16.1 ppm) and Ba (458 ppm) abundances in this sample
imply that biotite is a minor cumulate phase. As in
diorite sample 7, addition of approximately 5 volume 7%
opaques [ilmenite (3%) and iron sulfides (2%)] is needed
to resolve the high FeO (12.3 wt.%) and TiO2 (3.49 wt.%)
values. Although diorite samples 9 and 7 can be reason-
ably modelled from a similar melt composition, the
initial strontium isotopic values of these samples
(#7-0.70607; #9-0.70810) are different. The Sr isotopes
suggest that the parental magma of sample 9 experienced
the addition of material with a much higher 87Sr/86Sr
ratio such as that possessed by the pelitic country

rock (sample 45). Contamination of the parental magma
of sample 9 by assimilation of pelitic material would
also increase the major (SiOZ, KZO’ NaZO) and trace
element (LREE, Rb, Ba) abundances of the parental melt.
Hence, sample 9 may contain much less than the 30% inter-

stitial liquid proposed by the calculation scheme in Table 17.
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Quantitative modelling of diorite sample 8, the
most differentiated diorite from pluton 2, proved to be
impossible by any reasonable fractionation scheme. Start-
ing with the same liquid composition that successfully
modelled diorites 7 and 9, removal of plagioclase, am-
phibole, biotite, apatite, and opaques in differing pro-
portions, plus varying Kd's, failed to replicate the REE
and other trace element abundances of diorite sample 8.
These calculation schemes were also unsuccessful in ob-
taining a match for the major elements of sample 8. The
presence of trace amounts of almandine garnet in this
diorite suggest that this mineral may have been a frac-
tionating phase in the late-stage dioritic magma. How-
ever, even the fractionation of a small amount of garnet
from many different calculated melt compositions did not
improve the overall trace element modelling significantly.
In addition, the textural relationships of sample 8 in-
dicate that this rock has undergone accumulation of
apatite (~ 1 volume %), amphibole (~ 10%), and ortho-
pyroxene (~ 5%). The high P,05 value (1.51 wt.%) of
sample 8, as well as the slight concave down curvature
of the LREE (Fig. 42) and negative Eu anomaly support
these textural observations. The high A1203, KZO’ NaZO,
Ba, LREE and Rb abundances of diorite sample 8, plus
the presence of garnet and its normative corundum

(Table 2), imply that this sample may have experienced
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introduction of a pelitic country rock component.
Strontium isotopic data supports a pelitic contamination
model for rocks of the diorite pluton. Diorite samples

8 (0.70823) and 9 (0.70810) have very high 87Sr/868r).l
and, with sample 7 (0.70607), define a potential mixing
line with a nearby pelitic crustal unit (Fig. 37). An
example of how chemical alteration of late-stage differ-
entiated melt by a partial melt from a pelitic schist
might happen is shown in Table 18. A sample of the
nearby pelitic country rock (45) was analyzed for major
and trace elements (Tables 1 and 3). Partial melting

of sample 45 under P-T conditions where garnet is a
residual phase (v 29 volume %), could have resulted in

a granodioritic type melt (Evans, 1964) that is enriched
in the LREE, Ba, and Rb. The residuum of the pelitic
schist after partial melting has the composite mineralogy
of emery (Evans, 1964). The major constituents of this
emery include almandine garnet, corundum, spinel, stauro-
lite, sillimanite, corderite, magnetite, biotite, muscovite,
sapphirine, and quartz. Of these minerals, only garnet
and biotite have Kd's of sufficient value to affect REE,
Rb, and Ba abundances of a partial melt produced from
the pelitic schist. The percentage of biotite in the
residuum determines the abundances of Rb and Ba, while

the high K 's for the HREE of garnet (Table 5) determine



Table 18.

Partial Melting of Pelitic Schist Sample #45,
a b c
REE Normalized
La 130 294 243
Ce 108 235 197
Nd 64.4 134 14
Sm 38.7 52.7 49.7
Eu 20.5 34.5 31.0
Gd 24.6 14.7 15.7
Dy 18.4 4.8 5.4
Er 18.0 3.7 .3
Yb 18.1 3.5 .0
ppm
Rb 176 294 265
Sr 104 255 205
Ba 1332 1753 1665

a . - . - o
Sample #45~-starting pelitic compositiorn.

b40% partial melting of a leaving a residue of
20% garnet; 10% quartz, 10% biotite, 20% opagues;
20% Al silicates; and 20% Fe-Mg silicates (e.g.,
staurolite, cordierite).

Cene . e .
5Ci partial meltinz of a with sare residue as t

Hybridization of Basic Melt with
Pelitic Partial Melt.

d e f
REE Normallized
La 115 243 153
Ce 92 197 123
Nd 65.3 114 79.8
Sm 4C.¢ 49,7 43.3
Eu 33.5 31.¢C 32.¢
Gd 24.2 15.7 21.7
o 1€.¢ 5.4% 14.9
Er 14.¢ 4.27 11.7
Yh 13.3 4.01 10.5
I3 I 265 10¢
Sr 500 205 412
Be ~ 20 16€% 82¢
Hupcthweoczl bas:
e 22 partial melt of pelitic schiste-composition
3 Boirod melz, 7o d plus 30% e
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the extent to which the partial melt is fractionated.

A simple calculation that shows the results of homogeneous
mixing between an anetectic melt produced from a pelitic
schist and a basic melt is shown in Table 18. These
calculations show that the addition to a basic magma of
partial melt produced by 40-50% partial melting of pelitic
material (Evans, 1964) can result in an enrichment of
LREE, Rb, and Ba abundances of the former basic liquid.
The amount of residual garnet determines the extent of
HREE depletion in the hybrid melt. The silica, potassium,
and sodium abundances of this hybrid liquid are also
significantly increased.

Thompson and Tracy (1979) have shown that the
optimum conditions for anatectic melt generation from
pelitic schists occur in a pressure range of 4-6 kb and
a temperature range of 640-720°C. Pressure and tempera-
ture estimates for emplacement for the Cortlandt plutons
(Caporuscio and Morse, 1978), plus their intrusion during,
at, or near the waning stages of a regional metamorphic
event would suggest that the pelitic country rocks were
probably under these optimum anatectic conditions.

Diorite sample 42 from Stony Point is character-
ized by a REE pattern (Fig. 42) that is highly frac-
tionated ((La/Yb)N v 66). Sample 42 also has very low

HREE abundances and a large positive Eu anomaly. The
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rock contains approximately 3.5 modal % almandine garnet
and, like diorite sample 8 from pluton 2, is corundum
normative (~ 3.5%). The presence of euhedral garnet
concentrated in small cumulate lenses distributed through-
out the Stony Point diorite pluton suggests that garnet
was a fractionating phase and is responsible for the

low HREE abundances of sample 42. The experimental

work of Green (1977) reveals that almandine garnet can
crystallize from a silica magma'at pressures of 5-7 kb.
This supports the conclusion that almandine garnet can
crystallize from a melt. Temperatures of 1000°C obtained
from biotite-garnet pairs (Ferry and Spear, 1978) in
sample 42 further support the idea that almandine garnet
in these rocks is not exotic. The Stony Point diorite
(42) is also enriched in A1203 (20.9 wt.%), KZO (2.97 wt.
%), and NaZO (5.20 wt.%), Ba (2641 ppm),‘Rb (69.4 ppm),
and Sr (1639 ppm). This diorite shows a remarkable
chemical and mineralogical similarity to the Archean

age syenodiorites of northeastern Minnesota studied by
Arth and Hanson (1975). However, sample 42 has much
lower HREE abundances than the alkalic syenadiorites

from Minnesota. Arth and Hanson proposed that these
high A1203, and alkali-rich rocks were produced by

partial melting from a near-silica-saturated eclogite
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derived from an olivine basalt. Crystallization of

garnet at Stony Point is probably responsible for the
lower HREE abundances in diorite sample 42. The high
A1203 and Sr and the large positive Eu anomaly suggest
that sample 42 may contain cumulate plagioclase ( ~20%).
While partial melting of eclogite may be responsible

for the chemical data of diorite sample 42, another
possibility is that this rock was contaminated with a
partial melt fraction that subsequently enriched its

SiOZ, NaZO, A1203, LREE, Rb, Ba, and Sr abundances.
However, garnet as a fractionating phase is still required
in this assimilation model. The low 87Sr/86Sr)i (0.70457)
is inconsistent with a model involving the assimilation

of high Rb/Sr ratio materials such as pelitic sample 45.
Sr isotope values of sample 42 require that the contaminant

have a 87Sr/86

Sr).l equal to or lower than that of sample 42.
In summary the diorites of the Cortlandt complex

(pluton 2) and the diorites of Stony Point are chemi-

cally and isotopically distinct. Some of the diorites

of pluton 2 are chemically and texturally very similar

to the hornblendites of pluton 1 and can be related to

40P through fractionation, adcumulate growth, and crystal

accumulation processes. Chemical and isotopic data indi-

cate that progressive contamination (bulk, partial melt,

aqueous fluid) may have been operative within this diorite
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pluton of the Cortlandt complex. Geochemical character-
istics of the diorite at Stony Point suggest that the
magma at this emplacement site experienced garnet frac-
tionation and is significantly different from the diorite
liquid of pluton 2. Major and trace element data suggest
that the Stony Point diorite may either represent a
partial melt produced from eclogite or have experienced
extensive contamination. If contamination is responsible
for unusual geochemistry of the Stony Point diorite, then
the assimilation process was such that it did not affect

the Sr isotopic systematics.
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PETROGENESIS OF THE NORITE SUITE

Trace element modelling indicates that the Cortlandt
ultramafic'rock types (cortlandtites, clinopyroxenites,
hornblendites) (pluton 2) and the less evolved diorites
(pluton 1) could be derived from 40P by fractional
crystallization processes. The differentiated diorites
(pluton 2) and kaersutite gabbros (pluton 1) also appear
to be related to 40P, in this case through crustal con-
tamination processes. However, 40P cannot be the parental
composition for the norites. The parental magma of the
norites must be enriched in SiOZ, A1203, KZO’ NaZO, ILREE,
Rb, Sr, and Ba and have considerably less Ca0 (~ 8 wt.%)
than 40P. Any reasonable fractionation scheme could not
generate the major and trace element abundances of a
potential norite parent from 40P. As was discussed in
both the kaersutite gabbro and the diorite petrogenesis
sections, it is believed that the basic magmas of these
plutons have undergone trace element enrichment as a
result of crustal contamination. The contamination of
a magma by bulk assimilation, partial melt, or aqueous
fluid may be sufficient to cause the hybrid magma to
appear chemically unique. Hence, it is believed that
40P and the norite parental composition may be genetically

related, but with the norite melt having been chemically
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modified by assimilation processes. Bulk assimilation
of aluminous metasediments has been proposed to be re-
sponsible for the production of norite gabbros (Bowen,
1928). The presence of many pelitic zenoliths in the
norite pluton, many of which have been changed to
emery, indicates that contamination and, therefore,
hybridization of a parental alkalic magma such as 40P
could have occurred.

In order to quantitatively evaluate the petrogenetic
relationships between rocks of pluton 5, norite sample
21 was selected to be geochemically representative of
the noritic liquid. From its textural features, norite
sample 21 does not appear to contain any cumulate phases.
Its fractionated REE pattern (Fig. 43) ((La/Yb)n & 14.5)
and high Rb (42.8 ppm), Sr (730 ppm), Ba (1165 ppm), and
Al,04 (18.4 wt.%) support this observation.

Calculations (Tables 19 and 20) reveal that norite
samples 20 and 22 can be derived from a liquid having
the composition of sample 21 by 20% fractionation of
plagioclase (~ 60%), clinopyroxene (10%), orthopyroxene
(10-20%), and amphibole (10-20%). Generation of norite
sample 22 requires more amphibole fractionation and less
orthopyroxene than that required for sample 20. The
failure of the fractionation modelling scheme to success-

fully calculate the Rb (40% low) and KZO (30% low) abundances
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Table 19. sampile #20 quantitative Modelling.
a b #20 Sample
REE Normalized

La 126 151 152

Ce 96.6 116 112

Nd 63.5 75.4 74.9
Sm 36.9 43.4 42.9
Eu 34.2 38.4 35.0
Gd 21.3 24.8 25.0
Dy 13.7 16.1 15.5
Er 10.0 11.7 12.0
Yb 8.65 10.2 10.5
ppm

Rb 42,8 52.5 49

Sr 730 646 720

Ba 1165 1369 1469

Ni 54 56 37

Co ) 30.9 35.9 34

Cr 45.4 45.4 84

Sc¢ 18 18.3 22

P 2226 2782 2357

Nb 15.3 19.1 19

Ir 118 144 136
wt.%

5102 53.5 53.4 53.5
A'|203 18.4 18.5 17.3
"Fel" 8.09 8.07 8.54
Mg0 4,22 3.71 4,83
TiOz 1.78 2.14 1.50
Cal 7.13 6.42 6.56
Na20 3.61 3.54 3.02
K20 2.3% 2.92 3.05
aSample #21 noritic parental composition.

b

20% fractional crystallization (0.60 plag.;
0.10 amph.; 0.20 opx.; 0.10 cpx.) from
composition a.
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Table 20. sample #22 Quantitative Modelling.

a b #22 Sample
REE Normalized
La 126 150 151
Ce 96.6 114.1 110
Nd 63.5 73.5 74.6
Sm 36.9 42.0 42.4
Eu 34.2 37.3 34.6
Gd 21.3 23.9 24.2
Dy 13.7 15.5 13.1
Er 10.0 11.4 11.3
Yb 8.65 9.9 9.8
ppm
Rb 42.8 52.3 80
Sr 730 639 697
Ba 1165 1326 1456
P 2226 2782 2575
Wt .%
5102 53.5 53.5 52.9
A1203 18.4 18.2 18.8
"FeQ" 8.09 8.28 8.31
Mg0 4,22 3.97 3.30
T1‘O2 1.78 2.14 1.80
Ca0 7.13 5.92 6.16
Na20 3.61 3.51 3.22
K20 2.39 2.78 3.72

aSample #21 noritic parental composition.

b20% fractional crystallization (0.60 plag.:
0.20 amph.; 0.10 opx.; 0.10 cpx.;) from
composition a.
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of sample 22 suggests that some of the biotite in this
norite may be cumulate ( 10%). Phase chemistry
(Appendix 6), mineralogy, and major and trace elements
indicate that the quartz-norite sample 23 is the most
differentiated of all the norite samples. Modelling
(Table 21) reveals that this sample can be derived from
a melt having the calculated composition of sample 20
through the removal of 30% crystalline phases (70%
plagioclase; 20% orthopyroxene; 5% clinopyroxene; and

5% amphibole). The high (~ 30%) calculated Ba value
(Table 21) suggests that biotite and K feldspar are

also fractionating (~ 15%) phases. The negative Eu
value of sample 23 can be produced by the calculated
model if the plagioclase Kd for Eu is increased by a
factor of three (0.5 to 1.5). The increased Kq for Eu,
with decreasing temperature and increasing sodium con-
tent, is in agreement with measured partition coefficients
in volcanic rocks (Philpotts and Schnetzler, 1970;
Schnetzler and Philpotts, 1970) and experimental systems
(Drake and Weill, 1975).

While the norite samples 20, 22, and 23 seem to be
related to sample 21 by crystal fractionation involving
plagioclase, pyroxene, and amphibole, norite samples 18
and 19, on the basis of their more primitive phase chemistry

(Appendix 6) and lower trace element abundances (Table 3),



Table 21. Sample #23 Quantitative Modelling.

a b #23 Sample
REE Normalized

La 151 203 214

Ce 115 157 170

Nd 75.4 102 104

Sm 43.4 58.2 57.3
Eu 38.4 46.8 33.6
Gd 24.8 33.0 31.5
Dy 16.1 21.6 20.4
Er 11.7 15.7 15.9
Yb 10.2 13.7 14.2
ppm

Rb 52.5 75.0 117

Sr 646 433 659

Ba 1369 1801 1261

Ni 56 62 69

Co 35.9 46.3 26.7
Cr 45.4 52 16

Sc 18.3 21.3 16

P 2782 3974 2313

Nb 19.1 27.3 36

Ir 144 202 380
wWt.%

S'iO2 53. 52.7 54.5
A1203 18.5 18.0 17.6
"Fel" 8.07 8.22 8.14
Mgo 3.71 2.29 3.2
TiO2 2,14 2,99 1.6%
Ca0 6.42 5.82 5.57
Na20 3.54 3.17 3.18
KZO 2.92 3.97 3.69

aSample #20 calculated composition b.

b

30% fractional crystallization (0.70 plag.:;

0.20 opx.; 0.05 cpx.;

composition a.

0.05 amph.) from

194
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seem to have originated from a less differentiated melt
than that of sample 21. These less evolved compositions,
however, could not be used as starting parent composi-
tions for modelling fractionation due to their low in-
compatible element (Rb, Nb, and Zr)abundances, and tex-
tural features which suggest that these two noritic
samples 18 and 19 are cumulate rocks lacking appreciable
differentiated liquid. A parental melt composition for
samples 18 and 19 was estimated by the re-addition of
pyroxene (20%), plagioclase (45%), and amphibole (35%)
to that of sample 21 (Table 22). The mineral propor-
tions for this calculation scheme were estimated from
the modal mineralogies of samples 18 and 19. Because
apatite shows cumulate textural relationships in these
two samples, some apatite (1.8%) was also re-added

in order to create a less-differentiated parental com-
position (Table 22). From this resultant less-
differentiated composition, the major and trace element
chemistries of samples 18 and 19 were modelled. These
calculations (Table 22) indicate that kaersutite-bearing
norite sample 18 is an adcumulate consisting of 50%
amphibole, 20% plagioclase, 8.8% clinopyroxene, 13.5%
orthopyroxene, 1.7% apatite, and 6% opaques (4% ilmenite,

2> iron sulfides). These mineral proportions are nearly
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Table 22. Sample #18 Quantitative Modelling.

a b c #18 Sample
REE Normalized

La 115 118 60.6 75.0
Ce 88.3 89.8 62.1 72.6
Nd 58.2 56.9 56.8 63.7
Sm 34.0 32.3 38.9 41.1
Eu 32.3 31.3 32.4 30.0
Gd 19.7 18.3 25.1 24.8
Dy 12.6 11.9 14.5 14.2
Er 9.10 8.70 9.96 10.2
Yb 7.90 7.70 7.70 7.90
ppm

Rb nv 25 5.6 5.2
Sr 783 768 : 658 718

Ba 500 373 304

Ni 60 75 62 98

Co 33 45 18.9 76

Cr 70 70 101 183

Sc 16.5 17 38 31

P 2003 2123 3116 3273

Nb 13.8 12.4 0.33 13

Ir 106 98 31.2 62
Wt.%

5102 53.6 41.3 42.4
A1203 18.3 14.1 14.3
"Fe0" 8.19 14.5 14.6
Mg0 4.46 9.3 10.3
T1'02 1.61 2.99 2.99
Ca0 7.28 11.2 9.98
Na20 3.58 1.55 1.34
K20 2.18 0.90 0.63

4244 10% cumulate (0.60 plag.; 0.30 opx.; 0.10 cpx.) to
#21 noritic parental composition.

bAdd 10% cumulate (0.70 amph.; 0.282 plag.; 0.018 apatite)
to composition a.

Ccumulate (0.50 amph.; 0.20 plag.; 0.088 cpx.; 0.135 opx.;
0.017 apatite; 0,04 Fe sulfides; 0.02 ilmenite) crystal-
lized from composition b.
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identical to those of sample 18 and textural features
are also consistent with a cumulate origin for this
rock. The small percentage of cumulate apatite is
responsible for the unexpectedly high LREE abundances
in this sample which lacks interstitial liquid. The
presence of large euhedral apatite crystals enclosed
within euhedral orthopyroxene grains indicates that
apatite is, indeed, a cumulate mineral in this rock.
The low Rb (5.2 ppm) and Ba (304 ppm) abundances of
this kaersutite-norite 18 suggest that the parental
magma from which the amphibole and plagioclase crystal-
lized must have contained approximately 25 ppm Rb and
500 ppm Ba.

Modelling of norite sample 19 indicates that this
rock, like sample 18, appears to be an adcumulate con-
sisting of plagioclase (45%), orthopyroxene (25%),
clinopyroxene (3%), amphibole 85%), apatite (2.4%), and
opaques (5%) (Table 23). Sample 19 was modelled from
the same melt composition as that of the kaersutite-
norite 18 because of similar mineral chemistries (Ap-
pendix 6), suggesting that both these rocks crystal-
lized from the same magma with similar chemical abundances.
The quantitative modelling (Table 23) of norite sample 19,
from this proposed parental composition, successfully
replicates most of the major and trace element character-

istics of this rock. Again, as in sample 18, apatite
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Table 23. sample #19 Quantitative Modelling.

a b #19 Sample
REE Normalized

La 119.4 62.2 79.4
Ce 89.8 55.6 65.1
Nd 56.9 46.0 48.9
Sm 32.3 28.3 27.9
Eu 31.3 26.7 26.1
Gd 18.3 17.7 16.2
Dy 11.9 9.80 9.20
Er 8.70 6.51 6.60
Yb 7.70 4,73 5.50
ppm

Rb v 25 4.0 2.8
Sr 768 1135 914

Ba 500 288 249

Ni 75 7 27

Co 45 13.8 37

Cr 70 54.3 73

Sc 17 18.6 19

P 2123 4400 4102

Nb 12.4 1.3 15

Ir 98 9.3 33
Wt.%

S'iO2 44.9 46.0
A1203 17.2 17.2
"FeQ" 11.5 12.9
Mg0 7.66 7.33
T1'02 3.32

Cal 10.4 9.48
Na20 2.15 1.92
K20 0.59 0.33

aSee sample #18 calculation b.

bCumulate (0.45 plag.; 0.03 cpx.; 0.246 opx.;
0,20 amph.; 0.024 apatite; 0.05 Fe sulfides)
crystallized from composition a.
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a cumulus phase, is responsible for increasing the
overall REE abundances, especially the LREE. However,
in norite sample 19 plagioclase is the predominant
cumulate phase rather than amphibole as in sample 18.
The observed textures and the modal mineralogy of sample
19 are consistent with the calculated phase abundances
and the cumulate model calculated. As a consequence
of the large modal percentage ( ~ 45%) of plagioclase
in sample 19, the HREE abundances are approximately 50%
lower than those of norite sample 18. This large pro-
portion of plagioclase also accounts for the positive
Eu anomaly of sample 19 (Fig. 43), as well as the high
st content (914 ppm). The very low Rb (2.8 ppm) and
Ba (249 ppm) contents of this norite indicate that the
Rb and Ba values of the parental liquid for sample 19
were very similar to those proposed for sample (Rb

v 25 ppm; Ba & 500 ppm).

In summary, the more differentiated norites of
pluton 5 apparently are related to one another through
fractionation of plagioclase (65%), orthopyroxene,
clinopyroxene, and amphibole. Norite samples fram the
central portion of this body have textural and chemical
characteristics that are consistent with an adcumulate
origin. The similarity of 8781:/86Sr).l (Table 4) for both

early (sample 19) and later (samples 22, 23) formed
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norites within this pluton suggests that crustal con-
tamination,mixing, and homogenization occurred prior
to emplacement if the norite parent magma is geneti-
cally related to the alkalic basalt parent 40P. This
assimilation event is probably responsible for the
high A1,04 (~18 wt.%), and alkali (Rb, K, Ba) concen-

trations, as well as the high 87Sr/86

Sr).l of the norites
of pluton 5. Finally, Rb, Ba, and K data for the norites
indicate that mixing of an aqueous fluid (containing
Rb, Br, and K) with the differentiated noritic magma

may have occurred prior to solidification of the norite

body.
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PETROGENESIS OF THE GRANODIORITE SUITE

Granodiorite plutons are closely associated, both
temporally'and spatially, with the mafic rocks of the
Cortlandt and Rosetown complexes (Figs. 1 and 4). 1Ini-
tially, it was thought that the granodiorites might be
related to the Cortlandt region basic rocks by frac-
tional crystallization processes. However, trace ele-
ment abundances of three granodiorites (samples 24, 34,
51) indicate that these silica-rich compositions cannot
be related to any of the more basic rocks of the complex
solely by fractional crystallization. To illustrate,
granodiorite sample 51 from the Rosetown complex has
much lower REE (Fig. 49) Nb (1.4 ppm), Zr (92 ppm), and
P (0.03 wt.%) abundances than diorite sample 49 (Nb
53 ppm; Zr 199 ppm; P,05 0.69 wt.%) and amphibole-
pyroxenite sample 48 (Nb 23 ppm; Zr 138 ppm; PZOS 0.44
wt.%) from the same complex. The trace elements (REE,
Nb, Zr, P) should be concentrated in the more silicic
liquid if fractional crystallization was operative be-
tween these samples at this locality. The major and
trace element chemistry of a single sample from the
Peekskill granodibrite, sample 34, and a granodiorite
dike that crosscuts the norite pluton, sample 24,are

reported in Tables 1 and 3. The REE patterns (Fig. 44)
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of these two granodiorite samples are remarkably similar
to those of the Rosetown granodiorite (51). These REE
patterns indicate that the granodiorites are not related
by fractional crystallization to any basic rocks of the
Cortlandt region. The similarity of phase chemistry
(Appendix 7) and major (Table 1) and trace (Table 3)
element abundances of these granodiorite samples suggests
that these widely separated rocks were produced by the
same petrogenetic process.

The low REE and incompatible trace element abun-
dances of these granodiorite samples are unusual. In
general, granodioritic or granitic rocks have much
higher REE abundances (La & 100x chondrites and Yb
nv 10-20) than those of granodiorite samples 51, 24,
and 34. Table 24 shows the comparison of several of the
ma_jor (SiOz, A1203, NaZO, KZO) and trace element (Zr,
Nb, La) abundances of the Rosetown granodiorite with
the average composition of 33 East Greenland granites
(Wright et al., 1973). The East Greenland granitic
roéks have been selected for comparison because they
have trace element values that are typical of most
granodiorite-granite suites and also because Zr and Nb
data have been reported for these rocks. From Table 24
it can be seen that the La abundance of the average of
East Greenland granites is greater by an order of magni-

tude than that of the Rosetown granodiorite ( % 400%



Table 24. Comparison of selected major and trace
element abundances of Rosetown granodiorite and
an average East Greenland granite.

Rosetown Average East
Granodiorite Greenland Granite*

5102 71.7 71.8
A1203 15.5 14.5
Na20 5.24 3.68
K20 3.29 5.08
ppm

Rb 47 .4 190

Sr 605 150

Ba 1184 830

La 9.35 120

Ir 92 360

Nb 1.4 27

*Average of 33. Wright et al. (1973) as
reported in Atherton and Tarney (1979).
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chondrites vs ¥ 30x). Zr abundances in the Rosetown
granodiorite are lower by approximately a factor of
four, and Nb is lower by more than an order of magnitude
than those of the average East Greenland granite. In
addition to lower Zr and Nb abundances, the Rosetown
granodiorite is characterized by a higher Zr/Nb ratio.
The Rosetowﬁ?ﬁgorite has a Zr/Nb ratio of 66 while the
Zr/Nb ratio of the average East Greenland granites is
% 13. Comparison of the Zr/Nb ratios of all the
Cortlandt region samples is illustrated on Fig. 50.
The three granodiorites (24, 34, 51) have extremely
high Zr/Nb ratios compared to the other rocks of this
study (Fig. 50) reflecting their low Nb abundances.
With the exception of one pyroxenite sample (31), all
the rocks of the Cortlandt region plot near and above
the chondritic line on the La/Ce vs Zr/Nb plot; most
samples, including both cumulate and differentiated
rocks, have Zr/Nb ratios between 2 and 14. Most rock
types have rather restricted Zr/Nb ratios that vary
from approximately 6 (alkali basalts) to 16 (crustal
sediments). Appreciably higher ( ~37) Zr/Nb ratios
are found in ocean ridge basalts (Erlank and Kable,
1976). Due to the incompatible nature of both Zr and
Nb, partial melting of crustal rocks to produce a

granitic composition will result in a melt with a
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Zr/Nb ratio very similar to that of the parent ( N6 O
16). Ocean ridge basalts are not considered likely
parents for granodiorite because of their extremely
low potassium abundances. Crystal fractionation cannot
appreciably change this Zr/Nb ratio because of the in-
compatibility of both Zr and Nb in most melts. Thus,
it would seem that the high Zr/Nb values of the three
granodiorite samples (24, 34, 51) cannot be the result
of partial melting or differentiation processes.

In order to explain the origin of the Cortlandt
region granodiorites, a successful model should explain
the overall low incompatible element (REE, Zr, Nb) abun-
dances of the granodiorites and also the unusually high
Zzr/Nb ratios (58-73). Several models were tested in
order to reproduce the geochemical characteristics of
the Cortlandt area granodiorites. These include:

(1) partial melt of crustal rocks including basalts;
(2) a granitic cumulate; (3) a residue from an aqueous
fluid derived from silicate melts or rock; and (4)
liquid immiscibility.

Arth and Hanson (1972) and Barker et al. (1976)
have proposed that tonalites, trondhjemites, and grano-
diorites withclightly enriched REE patterns (Ce/Yb %
10) and low HREE abundances could be generated from a

parental basaltic source by partial melting having
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garnet as a residual phase. While partial melting of
eclogite may produce a liquid with a granitic composition
and REE, Rb, and Sr abundances similar to those of the
three Cortlandt region granodiorites, this model can
explain neither the low Zr and Nb abundances of samples
24, 34, and 51 nor their high Zr/Nb ratios. Since most
basalt compositions have Zr/Nb ratios of approximately
10 and Zr and Nb abundances of approximately 100 ppm
and 12 ppm, respectively (Atherton and Tarney, 1979;
Frey et al., 1978; Erlank and Kable, 1976), partial
melting of this basic material will produce a liquid of
granodiorite composition with Zr and Nb abundances much
higher than those of the three granodiorites, and with
a Zr/Nb ratio similar to that of the starting composi-
tion. Thus, the high Zr/Nb ratios of the three grano-
diorites, in addition to the low concentrations of
these elements in these three samples, eliminate an
origin by partial melting of eclogite.

Origin of these granodiorites through crystal ac-
cumulation from a typical granitic liquid was eliminated
as a viable model for two reasons. First, the chilled
granodiorite dike (sample 24) has major and trace
element chemistry similar to the two plutonic granodior-
ites (samples 51 and 34); and second, the low HREE

abundances of these three granodiorites suggests that
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these samples would contain approximately 80% cumulate
crystals. To effectively separate feldspar and quartz
from a silica-rich melt, filter pressing is necessary
due to the small density differences of the crystals
and melt. There is no textural evidence in the coarse-
grained granodiorites of any occurrence of filter
pressing.

The distribution coefficient data of Flynn and
Burnham (1978) and Wendlandt and Harrison (1978) for
water-rich fluids originating either from a silicate
melt or crustal rocks indicate that an aqueous fluid
could have subparallel and significantly lower REE abun-
dances than the parent. Productions of such liquids
occur at pressures of 4-5 kb and at temperatures of 800-
1000°C. Higher temperatures and pressures cause the
aqueous fluid, because of higher Kd's, to be more en-
riched in REE than the parent. While an aqueous fluid
could produce a composition with the ma jor and REE
abundances of the Cortlandt region granodiorites, the
Zr-Nb data and the size of the granodioritic bodies
indicate that these rocks did not originate by such a
process. In order to explain the high Zr/Nb ratios of
the three granodiorite samples, an aqueous fluid origin-
ating from a silicate melt or crustal rocks would have

to preferentially incorporate Zr over Nb. The lack of



Zr and Nb partitioning data between fluid and silicate
melt rock prevents adequate assessment of the Zr and
Nb data. However, one study of an aqueous-rich
pegmatite (Mikuszewski et al., 1976) reveals that Nb
(Kdit 10) is preferentially enriched in the pegmatite.
This suggests the possibility that Nb is more strongly
partitioned into the HZO-rich fluid than Zr. Hence,
the aqueous fluid may have a lower Zr/Nb ratio rather
than a higher ratio. The large size of the Peekskill
(+v6.5 sq. km) and the Rosetown (K:1.5 sq. km) grano-
diorite plutons seems to make production from an
aqueous fluid unlikely.

Recent studies of both lunar and terrestrial ig-
neous rocks have shown that immiscibility is a petro-
genetic process (Roedder and Weiblen, 1970, 1971, 1972;
De, 1974; Philpotts, 1971, 1972, 1976, 1977; Eby, 1979;

Cawthorn et al., 1979). Furthermore, there has been ex-

perimental confirmation of silicate liquid immiscibility
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in Skaergaard melts (McBirney and Nakamura, 1974; McBirney,

1975). Immiscibility in silicate melts has been shown
to produce a basic iron-rich liquid and a high silica-
rich liquid (Rutherford et al., 1974; Watson, 1976;
Naslund, 1976; Ryerson and Hess, 1978). Recent two-

liquid partition experiments for basaltic starting com-

positions indicate that the high-iron liquid is enriched



in high field strength cations (REE, P, Ba, Sr, Cr, Zr,
and Mg) compared to the coexisting SiO,-rich liquid
(Watson, 1976; Ryerson and Hess, 1978; Dickinson et al.,
1980; DRanckwerth and Ryerson, 1980). The three Cortlandt
region granodiorites (24, 34, 51) are characterized by
low abundances of the high field strength cations. To
test for a possible immiscibility relationship, grano-
diorite 51 was compared to diorite sample 49. These
rock types were selected because their gradiational
contact in the field suggests a possible genetic re-
lationship. Table 25 shows the two-liquid partition
coefficient data (DB/A) of Watson (1976) and Ryerson
and Hess (1978) and the distribution of these same
elements between the Rosetown diorite 49 and grano-
diorite 51. The two-liquid partition coefficient is
defined:

concentration in Basic (Fe-rich 1liquid)

DB/A = Concentration in Acidic (SiOz-rich liquid)

The distribution of elements between the Rosetown

diorite and granodiorite are in eXcellent agreement with
the experimental two-liquid partitioning model, especially
for the REE, P, and Zr. While there is no experimental
two-liquid partition data available for Nb, Watson

(1976) has data for Ta, an element that is similar in

size and charge to Nb. Watson's DB/A for Ta is
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Table 25. Summary of Two-Liquid Partitioning

bata (Dpyqie/ncidic -
a b c d
Elemenﬁ
K 0.45 0.21 0.67 0.79
Fe 2.18 4.02 8.20 8.6
Si 0.75 0.61 0.74 0.73
Mn 2.93 5.0 7 14
Ba 1.50 | 0.81
Sr 1.54 | 1.99
Mg 2.15 6.0 9.9 17.3
Cr 3.76 6.6
Ir 2.36 2.2
10.84 24.0 22

12.3
Ti 3.08 3.90 12.4 10.5
Rb v 0.97
La 3.91 10 4.5 3.5
Ce 4.9 4.2
Nd 5.6 4.7
Sm 4.42 ~10 5.8 4.7
Eu 4.9 4.0
Gd 5.8 4.7
Dy ~10 6.0 5.1
Er 5.4 4.9
Yb ~10 4.4 4.5
Lu 4,18

aExperimental data of Watson (1976).

bExperimental data of Ryerson and Hess (1978).

c
DB/A samples 49/51.

d
DB/A samples 50/51.
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approximately 4.3 higher by approximately a factor of

2 than his value for Zr (~ 2.4). Hence, if Nb is dis-
tributed similarly to Ta during immiscibility, Nb will
have a much greater affinity for basic (iron-rich)
liquid than Zr. Because of these partitioning value
differences between Zr and Nb, immiscibility can change
the Zr/Nb ratios of the two end-member liquids. The
silica-rich liquid should have low Zr and Nb abundances
and a high Zr/Nb ratio. The Rosetown granodiorite and
the other two granodiorite samples are characterized by
low Zr (92 ppm) and Nb (1.4 ppm) abundances plus high
Zr/Nb ratios (58-73). The Rosetown diorite, compared to
the granodiorite, has high Zr (199 ppm) and Nb (53 ppm)
abundances and a low Zr/Nb ratio (3.75). 2Zr and Nb data
for both the granodiorite and diorite are consistent with
an immiscibility model.

Immiscibility can also account for the REE distri-
bution differences between these two Rosetown rock types.
Two-1liquid partitioning data (Table 25) shows that im-
miscibility of a basic parent produces two liquids with
different overall REE abundances. The REE patterns of
the two end-member liquids are subparallel, but the
silica-rich liquid has REE abundances much lower than
those of the iron-rich liquid. The actual REE abundance

of either liquid depends upon the two-liquid partition
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coefficient and the fraction of each melt formed. The
silica-rich liquid, ﬁhen it is an infinitesimal fraction
of the parent, has REE abundances approximately 1/D(B/A)
those of the melt prior to melt separation. Larger
fractions of silica-rich melt cause the REE abundances

to approach those of the total melt. Two-liquid parti-
tioning data for Sr (Table 25) suggests that when the
parent melt has a significant Eu2+ component, the granitic
melt has a positive Eu anomaly relative to the basic end-
member liquid. Figure 51 from Hanson (1980) shows the
calculated normalized REE patterns for immiscible alka-
line liquids with a D(B/A) of 5 for all the trivalent

REE and with Eu equal to 3.5. The parent melt in this
calculation is split in a proportion of 3:1 (basic:acidic).
From Fig. 51 it can be seen that the REE distributions
produced by this immiscibility calculation are remark-
ably similar to those of the Rosetown diorite sample 49
and granodiorite sample 51.

Major element compositions of the Rosetown diorite
and granodiorite have been plotted on the pseudoternary
phase diagram (Fig. 52) $i0,-Na,0 * K,0 f Al1,05-TiO,

* Fe203 + FeO f MnO f MgO f Ca0 + PZOS (Greig, 1972;
Weiblen and Roedder, 1973; McBirney, 1975). This Greig

diagram (Roedder, 1978) is well suited to the plotting
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of rocks exhibiting immiscibility. It groups together
those elements that tend to be associated during magma
splitting. Diorite sample 49 and granodiorite sample

51 plot wifhin the immiscibility field of terrestrial
volcanic samples that have demonstrafable immiscibility
(Roedder, 1978). This lends further support to the two-
liquid hypothesis but does not confirm it. Phase chemi-
cal, isotopic, and textural data of the diorite and
granodiorite are compatible with immiscibility. Bowen
(1928) demonstrated that, in immiscible systems, any
crystalline phase that is common between the two end-
member liquids should have the same chemical composi-
tion. Phase chemistries of plagioclase and biotite in
the granodiorite (An5_28; Fe# 0.57-0.61) and diorite
(An15_30; Fe# 0.61-0.64) overlap. A similarity of iso-
topic values for these two samples would also strengthen
an immiscibility model of origin. Unfortunately, Sr
isotopic data has been collected only for granodiorite

sample 51. However, the 87Sr/86

Sr).1 of sample 51
(0.70505) is very similar to that of the Rosetown
amphibole-pyroxenite sample 48 (0.70479) indicating
that the diorite (49) might also be similar.

The presence of ocelli in the diorite and/or

granodiorite would lend further support to the immisci-

bility hypothesis. However, as indicated by Roedder
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(1978), if the process is truly effective and large
scale, the best field evidence for immiscibility, ocelli,
is probably eliminated. Any large mass of magma under-
going immiscibility under plutonic conditions will
generally have sufficient time for the two conjugate
liquids to cleanly separate from each other.

Basic inclusions ranging from less than 1 mm to
several centimeters occur near the granodiorite-diorite
contact (Fig. 53). These inclusions have been inter-
preted as diorite cognate xenoliths incorporated by the
intruding granodiorite magma (Ratcliffe, unpublished
data). This may be a correct int erpretation. However,
these fine-grained diorite inclusions may also represent
basic ocelli trapped in the silica-rich liquid. Many
of the smaller diorite inclusions are spherical; thus,
they could be immiscible globules. However, many of
the larger inclusions have distorted angular shapes
consistent with a xenolithic model. A textural feature
of these larger inclusions is the presence of inward
pointing cusps around their margins (Fig. 53). Such
textural features have been noted in immiscible globules
(Cawthorn et al., 1979; Hess, personal communication)
that have formed from liquids which contained significant
amounts of crystals. In these cases, the points (peaks)

of the cusps point towards the silica-rich liquid. This



Fig. 53. Photograph of diorite (dark area) in
clusions in granodiorite. Large inclusion and
granodiorite sample are both crosscut by granitic

dike. Scale in lower left corner is 1.1 cm in
length.
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is also true of the Rosetown diorite inclusion (Fig. 53).

One large angular diorite inclusion (sample 50)
was separated from the granodiorite and analyzed for
major and REE abundances (Tables 1 and 3). This diorite
inclusion has REE abundances similar to those of sample 49,
but sample 50 is less fractionated. Sample 50 might then
represent the composition of the basic (iron-rich) immis-
cible liquid immediately after separation but before it
underwent fractionation to form diorite sample 49,

The distribution of major and trace elements be-
tween diorite sample 49 and granodiorite sample 50
(Table 25) are consistent with a relationship through
silicate 1liquid immiscibility. However, a xXenolith
origin for the basic inclusions is not eliminated.

It should be noted that both alkalis (Roedder,
1978; Vissor and Koster Van Gross, 1979) and increased
pressure (Watson and Naslund, 1977) enhance silicate
liquid immiscibility. At Rosetown, the probabl@ parent
was an alkali basalt similar in composition to the
amphibole-pyroxenite 40P. The presence of both end-
member liquids at Rosetown suggests that the immisci-
bility event happened very near to the original depth
of the emplacement site. Large differences in specific

gravities between the basic- and silica-rich magma
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would tend to cause these two melt fractions to be
widely separated. The lack of a basic conjugate
liquid associated with the Peekskill granodiorite may
be the result of such density differences. The end-
member basic melt at this locality, because of its
higher specific gravity, could not rise to the same
elevation as the silica-rich fraction (Peekskill
granodiorite).

In summary, the three Cortlandt region grano-
diorite samples are characterized by low incompatible
trace element abundances and unusually high Zr/Nb
ratios. To explain the geochemistry of the grano-
diorites, models such as partial melting of eclogite,
crystal accumulation and aqueous fluids were examined.
These three models wore able to explain some, but
not all, of the trace element data, most especially
the Zr/Nb ratios of these samples. A fourth model,
silicate liquid immiscibility was able to explain all
the chemical characteristics of the granodiorite samples.
At Rosetown, the granodiorite and diorite rock types
are believed to be related to such an immiscibility
process. Phase chemistry, textural features, and Sr
isotopes of the Rosetown diorite and granodiorite are

consistent with an immiscibility hypothesis.
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PETROGENESIS OF THE SALT HILL EMERY AND
QUARTZ-FELDSPATHIC ROCKS

Emery from the Salt Hill emery mine, located within
the eastern clinopyroxenite pluton six of the Cortlandt
complex, is characterized by low silica (29.2 wt.%), low
alkalis (Na2 v 1.11 wt.%;s KZO‘% 1.13 wt.%), high alumina
(30.4 wt.%), and high ferric iron (18.6 wt.%) (Table 1,
sample 37). As a consequence, the emery is quartz (4.6%),
corundum (2.02%), and hematite (8.1%) normative (Table 2).
This emery is a product of the reactions between an origi-
nal pelitic schist country rock inclusion and the parent
magma of the cumulate clinopyroxenite. Because the major
and REE element abundances of most pelitic material is
very similar (Haskin et al., 1968; Nance and Taylor,
1976), the REE abundances of sample 45 (Table 3), a near-
by pelitic schist, are believed to reasonably approxi-
mate those of the pristine pelitic xenolith. Comparison
of the REE patterns (Fig. 46) of sample 45 to those of
the Salt Hill emery (sample 37) eliminate the possibility
that the emery was formed through a partial melting
process. Partial melting of a pelitic parent, similar
to sample 45, would have caused a strong depletion of
the LREE in the residual emery. This is not observed
in sample 37 (Fig. 46). Instead, the REE patterns of

both the schist and emery are parallel in the LREE and



223

MREE. However, the HREE are depleted in the emery
relative to the pelitic schist. Lowering of the HREE
abundances of the emery is unexpected since the emery
contains a substantial amount (~ 20%) of almandine
garnet, a phase that, if present during emery formation,
would be expected to retain the HREE. Thus, it would
seem that the process that caused the formation of

emery from pelitic country rock was able to remove

SiOZ, NaZO, KZO’ and HREE, while leaving alumina, iron,
titania, and LREE and MREE. Since a partial melting
process is excluded, the best explanation for the
production of the Salt Hill emery would be a metasomatic
process involving HZO-rich fluids. Such an aqueous solu-
tion, originating either from the pelitic schist or sur-
rounding magma, passed through the xenolith, transporting
Si, K, Na, and HREE away from the pelitic schist.

Since the many quartz-feldspathic veins and dikes
present at Salt Hill (Fig. 29) might represent products
of this metasomatic process, one of these dikes (sample
36) was analyzed for major and trace elements (Tables
1 and 3). This quartz-feldspathic dike consists essen-
tially of silica (90.5%) with minor amounts of quartz.
feldspar, almandine garnet, and chlorite. The REE
pattern (Fig. 46) for this sample 36 is quite unusual

in that it is concave upward in its LREE and MREE
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abundances, and then flattens in the HREE abundances.

If the quartz-feldspathic dike (36) represents aqueous
fluid produced from the pelitic schist at a temperature
between 800 and 1000°Cc, and a pressure of approximately

4 kb, the aqueous fluid experimental data (Wendlandt

and Harrisén, 1978; Flynn and Burnham, 1978) indicates
that the REE concentrations of the HZO-rich fluid should
be much lower than that of the parent rock. Hence, using
the experimental data of Wendlandt and Harrison (1978)
and Flynn and Burnham (1978), REE abundances for an
aqueous fluid eminating from a pelitic schist such as
sample 45 were estimated to be subparallel to the pelite
and contain approximately 10% of the REE abundances of
the parent pelitic schist. The REE abundances of sample
36 can be modelled (Table 26) from this calculated
aqueous fluid if garnet crystallized from the HZO—rich
solution and was a cumulate phase. Sample 36 does contain
approximately 5 modal % almandine garnet. Since the
mineral-fluid partition coefficients of garnet are much
higher than those of garnet-silicate melt (Cullers et al.,
1973; Flynn and Burnham, 1978), the Kd“s of garnet used
to model sample 36 were increased by a factor of 2.5

over those listed in Table 5. Calculations (Table 26)
reveal that accumulation of ~ 5% garnet and 98% aqueous

fluid results in a composition that has a concave upward,



Table 26. Sample #36 Quantitative Modelling.

a b c #36 Sample
REE Normalized

La 16.0 0.45 15.6 15.5

Ce 9.4 0.88 9.34 8.54
Nd 5.8 1.32 5.89 5.29
Sm 3.8 6.65 4,87 5.21
Eu 4.2 3.75 4.87 5.40
Gd 2.4 26.2 5.42 6.98
Dy 1.9 71.5 8.60 8.68
Er 1.5 92.5 8.36 8.22
Yb 1.4 100 8.33 7.98

a . . ,
Estimated REE compositions of an aqueous fluid
from pelitic sample #45.

bEstimated mineral-fluid Kd's for garnet used in
modelling calculations.

c . .
5% cumulate garnet crystallized from composition
a plus 95% of a.

dSample #36 present REE values.
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dipper-shaped, REE pattern very similar to that of

sample 36. Since it appears that the quartz-felds-
pathic dike (36) may indeed be the product of an

aqueous fluid produced from the pelitic xenolith, the
process that produced this fluid-rock may also be re-
sponsible for the formation of the emery. Re-circulation
of this aqueous fluid through the xenolith after it has
precipitated garnet, could be responsible for the de-
pleted HREE abundances of the Salt Hill emery compared

to those of the original pelitic schist.
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TECTONIC SETTING

This investigation has primarily emphasized the
chemical and petrogenetic affinities of the Cortlandt
alkalic suite, but the nature of the tectonic environ-
ment at the time of emplacement of the Cortlandt plutons
presents a problem. In general, alkali basalts and re-
lated rock types (kimberlites, carbonatites and highly
potassic rocks) are associated with the initiation of
continental rifts, two examples being the East African
rift system and the Rhine graben. This relationship of
mantle derived alkalic magmas to extensional tectonic
features, contrasts with Ratcliffe's (1968, unpublished
data) conclusion that the Cortlandt suite was generated
and extruded late in the Taconic cycle of southeastern
New York. Plate convergence during the Taconic indi-
cates a compressional tectonic framework along the
margin of the North American continent. The prevalent
interpretation (R. Stanley and N. Ratcliffe, personal
communication) is that the Taconic orogeny represents
the convergence of the North American craton with an
island arc overlying an eastward dipping subduction
zone. The volcanic arc apparently developed 200 kilo-
meters to the east of the present location of the

Cortlandt plutons. Geochemical data of the Cortlandt
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suite reveals that with the possible exception of the
Stony Point diorite (eclogite parent), all the Cortlandt
magmas were not partial melts of an oceanic crustal slab.
Rather a better source for the primary alkali basalt
would have been an undepleted mantle peridotite. This
alkalic parental magma was emplaced into the crust

where it underwent differentiation, crustal contamin-
ation, and liquid immiscibility.

A modern convergent tectonic setting where alkali
basalts are being extruded is in the Lake Van region of
Turkey, which lies in the convergence zone of the
Anatolian-Iranian mass (Eurasian plate) and the Arabian
plate. At this locality contemporaneous calc-alkaline
and alkaline volcanism co-exist (Innocenti et al., 1976
and 1980). These calc-alkaline rocks are believed to
be derived from magmas generated during the subduction
process, while the alkaline volcanics are believed to
be mantle derived (Innocenti et al., 1976, 1980). These
alkaline volcanics, which are located above a former
Benioff zone, are related to tensional tectonic stresses
that affected the Lake Van region immediately after
continental collision (Innocenti et al., 1976). The
waning of calc-alkaline magmatism and the onset of

alkaline volcanism in the Lake Van area, marks the end
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of oceanic crustal subduction and the introduction of
new mantle related magmatic-tectonic processes.
Although the Lake Van and Cortlandt geotectonic
settings are not identical, both are characterized by
alkaline magmatism, basaltic compositions rarely found
associated with convergent plate areas. Emplacement
of these mantle-derived alkali melts at these two lo-
calities may be a consequence of unusual tectonic con-
ditions that initiated partial melting of the mantle

and/or provided the necessary conduits to the surface.
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SUMMARY

The parental magma of the Cortlandt region plutons
is similar in major and trace element composition to
several primary alkali basalts Ql)*. These basic 1lig-
uids and the Cortlandt parental magma seem to be partial
melts of mantle peridotite having garnet as a residual
phase (Z)' The Cortlandt alkali basalt parent, which
is similar in chemical composition to the present-day
amphibole-pyroxenite, underwent fractionation in two
steps. The first minerals fractionated were olivine,
clinopyroxene, orthopyroxene (3). These were later
followed by kaersutite, plagioclase, and biotite Qi)
which formed gabbroic (g) and dioritic liquids {é). The
different rock types found within the various plutons of
the three complexes are the end products of these differ-
entiation events. The presence of many diverse rock
types in such close proximity is indicative of the com-
plexity of the magmatic plumbing system during the time
of emplacement.

Many of the rock types in these plutons were suc-
cessfully modelled from the parental composition, show-

ing the extent of the differentiation and crystal

*The proposed evolution of the Cortlandt, Stony Point,
and Rosetown complexes is summarized in Fig. 54. Numbers
in parentheses in this section of the text refer only to
corresponding numbers in Fig. 54.
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accumulation processes. These calculated models suggest
that many of the cortlandtite (3), clinopyroxenite (11)
hornblendite (7), and diorite (9) samples contain small
amounts of trapped interstitial liquid and that a few
samples may be two-phase adcumulates lacking intercumulus
melt (7, 9, 14). The gquantitative modelling calculations
suggest also that many of the differentiated rocks have
major and trace element abundances too high to be ex-
plained by any fractionation scheme. Hence, this enrich-
ment of the major (SiOZ, KZO, NaZO) and trace (Rb, Ba,
LREE) elements of the differentiating magma is the re-
sult of mixing with an aqueous fluid, which originated
from the pelitic country rock (10).

Strontium isotopes indicate that this proposed
country rock component contained only small amounts of

Sr since the 87Sr/86

Sr).l of these plutons, with the ex-
ception of pluton 2, are very similar. Sr isotopic data,
however, do indicate that the norite, diorite, and
gabbroic magmas of the Cortlandt complex apparently
underwent crustal contamination before emplacement,
probably at an intermediate level Qﬁ). This first stage
mixing event is believed to be responsible for higher

87Sr/86Sr).l ratios of these bodies compared to the

parental amphibole-pyroxenite. However, because of the
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success in relating the earlier formed rocks of the
diorite and gabbro plutons to the parental composition,

it is believed that this first stage mixing event, while
changing the isotopic systematics, did not appreciably
change the major and trace element chemistries of these
magmas before emplacement. Yet, the inability to directly
relate the norites to the parental composition suggests
that the parental magma of the norites had its chemistry
significantly altered by this first-stage mixing event (lg).
Bulk assimilation and/or partial melts from aluminous-
rich crustal rocks modified not only the Sr isotopes of
the norite liquids but also the original major (SiOZ,
A1203, NaZO, KZO, Ca0) and trace (REE, Rb, Sr, Ba) ele-
ment compositions of the norites, thereby creating a
hybrid magma (12). Cumulate and differentiated composi-
tions within the norite pluton were determined by quan-
titative modelling of a norite composition (lﬁ).

The trace element abundances of the granodiorite
plutons of the Cortlandt region suggest that these silica-
rich plutons formed as a result of liquid immiscibility
from a basic alkali magma (15). The granodiorite plutons
are related to the same source and have unusual trace
element characteristics (lé). At Rosetown, the basic end

member liquid (17) of the immiscibility process was also
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emplaced.
At Stony Point, the diorite is either related
to the parental 1liquid by fractional crystallization
of pyroxene and olivine at depth (18, 19) or by a partial

melt of eclogite (20).
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Appondix 2 selected Amphibole Analyses from Hornblendites-Kaersutite Gabbros of the Cortlandt
Compiex (Pluton 1).
‘sample £ 1 1 2 2
Core Rim g"::;le Core Rim
Si02 41.4 43.8 43.8 40.6 4.3 40.9 41.0
M?O3 15.3 12.3 12.8 14.3 14 14.5 14.2
Fel 13.9 14.2 14.4 14.9 12.7 12.4 12.5
Mgl n.2 1.6 11.6 na 11.6 1.5 11.8
Mn0 0.20 0.18 0.27 0.26 0.07 0.02 0.07
T‘iOz 1.89 1.20 1.08 3,94 4.22 4.14 4.36
CY‘203 0.00 0.03 0.03 0.04 0.00 0.00 0.00
Cal 12.0 11.4 11.9 10.9 11.0 11.4 11.2
Nazo 1.48 1.42 1.62 1.40 2.00 1.9 2.14
KZO 1.30 1.09 0.76 1.72 1.56 1.65 1.51
z 98.5 97.2 98.3 99.3 98.6 98.5 98.7
Fel 1.4 12.0 12.1 11.5 1.5 11.9 1.4
Fe203 2.85 2.41 2.57 3.77 1.30 0.60 1.2
Structural formulae on the basis of 23 oxygens

Sq 6.053 6.469 6.405 5.938 6.044 6.010 5.997
mt 1.947 _ 1.531 _1.595 _ 2.062 1.956 1,990 _2.003
T tet 8.000 8.000 8.000 8.000 8.000 8.000 8.000
arVi 0.685  0.619  0.610  0.401 0.481  0.518  0.447
Fez* 1.39 1.486 1.479 1.409 1.409 1.460 1.397
Fea+ 0.314 0.268 0.283 0.414 0.143 0.066 0.133
Mg 2.432 2.544 2.534 2.423 2.534 2.516 2.572
Mn 0.025 0.022 0.033 0.322 0.009 0.002 0.009
Ti 0.208 0.133 0.119 0.433 0.464 0.457 0.480
Cr 0.000 0.004 0.003 0.005 0.000 0.000 0.000
T oct(M1-3) 5.059 5.076 5.061 5.117 5.040 5.019 5.038
X oct 0.059 0.076 0.061 0.117 0.040 0.019 0.038
Ca 1.874 1.805 1.869 1.713 1.730 1.801 1.749
Na (M4) 0.067 0.119 0.071 0.170 0.230 0.180 0.213
(M4 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Na 0.352 0.288 0.388 0.227 0.341 0.364 0.394
K 0.243 0.206 0.142 0.321 0.291 0.309 0.282
(k) 0.595 0.494 0.530 0.548 0.632 0.673 0.676
Ca 32.9 30.9 31.8 30.9 30.5 3.2 30.6
Mg 42.7 43.6 43.1 43.7 44.7 43.5 45.0
Fe 24.4 25.5 25.1 25.4 24.8 25.3 24.4
QUAT 2.6 23.4 20.3 0.0 2.2 0.5 0.0
QTHERS 97.4 76.4 79.7 100 97.8 99.5 100
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Appendix 2(cont.) setected Amphibole Analyses from Hornblendites-Kaersutite Gabbros of the Cortlandt
Complex {Pluton 1).

Sampte # 5 5 4 3 3
Core Rim Core Rim
S!'O2 41.4 40.9 41.3 42.4 43.6 421 41.5 41.0
A7203 13.5 14.8 14.3 14.3 12.6 13.6 12.4 13.2
Fe0 14.0 14,7 15.3 12.0 12.0 11.6 19.9 20.0
Mgl 11.4 10.6 10.3 1.7 120 11.8 7.9 7.81
Mn0 0.1 0.04 0.07 0.06 0.05 0.06 0.20 0.15
TiO2 5.40 2.7 3.24 3.32 3.29 3.44 2.55 2.25
Cl"zC)3 0.00 0.00 0.00 0.00 0.02 0.02 0.01 0.01
Ca0 10.9 11.0 11.2 n.6 1.5 1.2 10.9 1.3
NaZO 1.47 1.65 1.87 1.39 1.49 1.48 1.27 0.83
KZO 1.23 1.36 1.47 1.62 1.51 1.48 1.96 2.00
T 99.3 97.8 99.1 98.3 98.2 96.8 98.6 98.6
FeQ 11.5 12.1 13.6 1.4 11.6 10.8 17.8 17.4
Fe203 2.69 2.88 1.90 0.61 0.47 0.88 2.30 2.87
Structural formulae on the basis of 23 oxygens

Si 6.016 6.054 6.066 6.183 6.367 6.226 6.263 6.185
MIV 1.984 1.946 1.934 1.817 1.633 1.774 1.737 1.815
I tet 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000
A1IV 0.321 0.636 0.548 0.645 0.533 0.590 0.468 0.833
F62+ 1.407 1.499 1.671 1.398 1.415 1.342 2.249 2.191
Fe3* 0.294 0.320 0.210 0.067 0.052 0.099 0.261 0,325
Mg 2.463 2.329 2.263 2.537 2.645 2.605 1.78C 1.785
Mn 0.014 0.005 0.009 0.007 0.006 0.007 0.026 0.019
Ti 0.590 0.301 0.358 0.365 0.361 0.383 0.289 0.255
Cr 0.000 0.000 0.000 0.000 0.002 0.002 0.001 0.001
£ oct(M1-3) 5.083 5.090 5.059 5.019 5.014 5.028 5.074 5.079
X oct 0.083 0.090 0. 059 0.018 0.014 0.028 0.074 0.07%
Ca 1.690 1.738 1.766 1.821 1.795 1.779 1.765 1.830
Na(M4) 0.227 0.172 0.175 0.160 0.191 0.193 0,161 0.091
£(Mg) 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Na 0.187 0.301 0.358 0.234 0.231 0.232 0.211 0.152
K 0.228 0.257 0.276 0.302 0.281 0.279 0.377 0.385
I{A) 0.415 0.558 0.634 0.536 0.512 0.511 0.588 0.537
Ca 30.4 31.2 31.0 31.6 30.6 30 30.5 3n.7
Mg 44.4 41.9 39.7 44,1 45,2 45.5 30.7 30.4
Fe 25.2 26.9 29.3 24.3 24.2 23.4 38.8 37.¢
QUAD 0.8 2.7 3.3 9.2 18.3 1.3 13.2 8.2
OTHERS 99.2 97.3 96.7 90.8 81.7 88.7 86.8 90.8
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Appendix 2(cont +) Selected Pyroxene Analyses from Hornblendites
Kaersutite Gabbros (Pluton 1).

Sample # 3 3
Core Rim
i, 49.9 49.6 49.4
A1,0, 1.61 1.66 1.51
Fe0 33.2 32.5 32.6
Mg0 14.3 14.2 14.3
MnO 0.76 0.82 0.75
Ti0, 0.15 0.07 0.06
cr,0, 0.00 0.00 0.00
Ca0 0.82 1.01 1.24
Na,0 0.00 0.00 0.00
> 100.8 99.9 99.9
Fe0 32.5 31.8 31.4
Fe,0; 0.82 0.74 1.40
Structural formulae on the basis of 6 oxygens
si 1.947 1.949 1.943
mlV 0.053 0.051 0.057
T tet 2.000 2.000 2.000
ar'l 0.021 0.025 0.012
Fe3* 0.024 0.022 0.041
cr 0.000 0.000 0.000
Ti 0.004 0.002 0.002
Mg 0.833 0.835 0.836
Fe2* 1.088 1.046 1.031
Mn 0.025 0.027 0.025
Ca 0.034 0.043 0.052
Na 0.000 0.000 0.000
L oct 1.999 2.000 1.999
Ca 1.78 2.21 2.72
Mg 43.3 43.4 43.6
Fe 55.0 54.4 53.7
QUAD 94.7 94.9 94.2
OTHER 5.3 5.1 5.8
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Appendix 3

Selected Amphibole Analyses from Diorites of the Cortlandt, Stony Point, and Rosetown Complexes.

266

Sample # 7 7 10 10 9 9
Core Rim Core Rim Core Rim
si0, 4.0 40.9 40.7 41.9 4.6 40.8 40.7 4.9 a8
A1,0, 14.8 15.1 14.8 14.7 14.7 14.5 14.2 13.9 12.1
Fe0 14.4 4.4 14.0 13.3 18.2 14.4 15.5 15.5 14.6
Mg0 1.6 n.2 1.6 12.2 1.3 1.0 10.7 1.2 1.3
Mn0 0.19 0.20 0.20 0.15 0.19 0.14 0.18 0.19 0.14
Ti0, 2.90 2.84 2.96 1.95 2.61 3.18 3.18 2.55 5.73
Cry0; 0.04 0.06 0.05 0.03 0.09 0.02 0.07 0.06 0.07
Ca0 10.4 .6 n.2 n.2 na n.z 10.2 10.8 10.6
Na,0 2.42 2.25 2.40 1.65 1.89 1.95 1.58 1.54 1.43
K0 0.86 0.91 0.90 1.39 1.29 1.39 1,54 1.34 1.44
s 98.6 99.5 98.8 98.4 95.0 98.5 97.7 98.9 99.2
FeO 10.3 12.1 n.2 10.0 1.5 12.1 1.4 1.5 12.2
Fe,0, 4.64 2.53 3.01 3.69 2.98 2.55 4.60 4.46 2.68
Structural formulae on the basis of 23 oxygens
s4 5.977  5.960  5.956 6.096  6.066  6.001 6.010  6.309  6.102
ml 2.029 _ 2.080 _2.086 1.906 _1.934 _ 1.999 1,990 _ 1.891 _ 1.898
T tet 8.000  8.000  8.000 8.000  8.000  8.000 8.000  8.000  8.000
avl 0.511  0.548  0.508 0.613  0.59  0.51 0.486  0.49%8  0.18)
Fel* 1.251  1.470  1.376 1,219 1.402  1.490 1.403  1.402  1.493
5 0.509  0.277  0.331 0.404  0.327  0.282 0.512  0.489  0.295
Mg 2.527  2.481  2.522 2.643  2.486  2.425 2.360  2.438  2.460
Mr 0.024  0.025  0.025 0.0  0.024  D.018 0.022  0.024  0.017
T3 0.317  0.311  0.325 0.214  0.286  0.352 0.353  0.280  0.629
cr 0.005 _ 0.007 _ D.006 0.004 _0.010 _ 0.002 0.008 _ 0.007 _ 0.00€
I oct(M1-3) 5.144  5.079  5.094 5115 5.093  5.080 5.144  5.138  5.083
X oct 0.184  0.07%  0.0%4 0.115  0.093  0.080 0.146  0.138  0.083
Ca 1.618  1.813  1.757 1.752 1.738 1761 1.622  1.687  1.657
Na (M4) 0.238 _ 0.108 _ 0.149 0,133 _0.173 _ 0.159 0.234 _ 0.175 _ 0.260
$(M8) 2.000  2.000  2.000 2.000  2.000  2.000 2.000  2.000  2.000
Na 0.446  0.527  0.531 0.333  0.362  0.398 0.220  0.261  0.146
K 0.160 _ 0.169 _ 0.168 0.258 _ 0.240 __ 0.261 0.290 _ 0.250 _ 0.268
1(A) 0.606  0.69%  0.699 0.591  0.602  0.659 0.510  0.511  0.414
Ca 30.0 3.7 3.1 3.2 3.1 3.0 30.1 30.5 29.5
Mg 46.8 42.6 4.6 471 43.8 42.7 43.8 44.1 43.8
Fe 23.2 25.7 24.3 2.7 25.1 26.3 26.1 25.4 26.6
QuAD 0.0 0.0 0.0 4.8 3.3 0.0 0.5 5.4 5.1
OTHERS 100 100 100 95.2 9.7 100 99.5 94.6 94.9
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Appendix 3(cont. geiected Amphibole Analyses from Diorites of the Cortlandt, Stony Point, and Rosetown Complexes.

Sample # 7 7 10 10 9 9
Core Rim Core Rim Core Rim
SiO2 41.0 40.9 40.7 41.9 41.6 40.8 40.7 41.9 41.8
A1203 14.8 15.1 14.8 14.7 14.7 14.5 14.2 13.9 120
Fel 14.4 14.4 14.0 13.3 14.2 14.4 15.5 15.5 14.6
Mg0 11.6 1.2 11.6 12.2 1.3 1.0 10.7 1.2 1.3
Mn0 0.19 0.20 0.20 0.15 0.19 0.14 0.18 0.18 0.14
'1'1'02 2.90 2.84 2.96 1.95 2.61 3.18 3.18 2.55 5.73
Cr203 0.04 0.06 0.05 0.03 0.09 0.02 0.07 0.06 0.07
Ca0 10.4 11.6 n.2 n.2 n.1 1.2 10.2 10.8 10.6
Na20 2.42 2.25 2.40 1.65 1.89 1.95 1.58 1.54 1.43
K20 0.86 0.91 0.90 1.39 1.29 1.39 1.54 1.34 1.44
pa 98.6 99.5 98.8 98.4 99.0 98.5 97.7 98.9 99.2
Fel 10.3 12.1 n.2 10.0 1n.5 121 11.4 1.5 12.2
Fe203 4.64 2.53 3.01 3.69 2.98 2.55 4.60 4.46 2.68
Structural formulae on the basis of 23 oxygens

Si 5.971 5.960 5.954 6.096 6.066 6.001 6.010 6.109 6.102
MW 2.029 2.040 2.046 1.904 1.934 1.999 1.990 1.891 1.89€
I tet 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000
M\” 0.5M 0.548 0.509 0.613 0.598 0.511 0.486 0.498 0.181
Fez# 1.257 1.470 1.376 1.219 1.402 1.480 1.403 1.402 1.493
Fe3+ 0.508 0.277 0.331 0.404 0.327 0.282 0.512 0.489 0.295
Mg 2.527 2.441 2.522 2.643 2.446 2.425 2.360 2.438 2.4€0
Mri 0.024 0.025 0.025 0.018 0.024 0.018 0.022 0.024 0.017
Ti 0.317 0.3 0.325 0.214 0.286 0.352 0.353 0.280 0.629
Cr 0.005 0.007 0.006 0.004 0.010 0.002 0.008 0.007 0.008
I oct(M1-3) 5.144 5.079 5.094 5.115 5.093 5.080 5.144 5.138 5.083
X oct 0.144 0.079 0.0%4 0.115 0.093 0.080 0.144 0.138 0.083
Ca 1.618 1.813 1.757 1.752 1.734 1.761 1.622 1.687 1.657
Na (M4) 0.238 0.108 0.149 0.133 0.173 0.159 0.234 0.175 0.260
I{M4) 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Na 0.446 0.527 0.531 0.333 0.362 0.398 0.220 0.26% 0.146
K 0.160 0.169 0.168 0.258 0.240 0.261 0.290 0.250 0.268
z(R) 0.606 0.696 0.699 0.591 0.602 0.659 0.510 0.511 0.414
Ca 30.0 3N.7 3.3 31.2 3.3 31.0 30 30.5 29.5
Mg 46.8 42.6 44.6 47 43.8 42.7 43.8 441 43.8
Fe 23.2 25.7 24.3 21.7 25.1 26.3 26.1 25.4 26.6
QUAD 0.0 0.0 0.0 4.8 3.3 0.0 0.5 5.4 5.1
OTHERS 100 100 100 95.2 96.7 100 99’.5 94.6 94.8




Appendix 3(cont.)

Selected Amphibole Analyses from Diorit

es of the Cortlandt, Stony Point,

and Rosetown Complexes.
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Sample # 8 8 8 49 49 50 50
Core Rim
SiO2 46.1 43.9 43.4 4.0 41.6 39.9 47.7 44.0
MZO3 12 14.6 13.8 12.2 10.7 11.6 6.13 8.66
Fel 17.2 17.2 174 18.3 22.2 17.0 17.0 18.8
Mgl 13.5 10.9 1.5 8.97 6.99 9.08 1.7 9.98
MnO 0.40 0.34 0.33 0.23 0.36 0.22 0.44 0.54
'l”iO:Z 0.41 0.70 1.70 3.36 2.68 4.75 0.7 1.0
(:1r'203 0.05 0.08 0.06 0.00 0.02 0.04 0.49 0.03
Ca0 6.66 8.99 8.80 10.8 11.3 n.3 11.4 11.9
N520 0.69 1.18 1.16 2.3 1.94 2.18 1.09 1.50
K20 0.18 0.30 0.46 1.08 1.25 1,12 0.75 1.07
I 97.3 98.3 97.7 98.3 99.0 97.2 87.5 97.5%
Fel 13.8 12.7 11.9 16.6 - 20.9 16.8 14.8 16.2
Fe203 3.77 4.98 5.83 1.93 1.42 0.26 2.47 2.82
Structural formulae on the basis of 23 oxygens

Si 6.694 6.369 6.328 6.172 6.348 6.094 7.086 6.666
A'lw 1.306 1.631 1.672 1.828 1.652 1,906 0,904 1,334
I tet 8.000 8.000 8.000 8.000 8.000 8.000 8.00C 8.000
MVI 0.765 0.871 0.699 0.336 0.269 0.189 0.170 0.212
Fe2+ 1.676 1.544 1.448 2.086 2.668 2.142 1.83% 2.0565
Fe3+ 0.412 0.543 0.640 0.218 0.163 0.030 0.276 0.322
Mg 2.915 2.353 2.506 2.012 1.588 2.068 2.601 2.25%
Mn 0.049 0.042 0.041 0.028 0.046 0.02¢ 0.055 0.065
Ti 0.045 0.076 0.121 0.380 0.308 0.546 0.079 0.115
Cr 0.006 0.009 0.007 0.000 0.002 0.005 0.058 0.004
£ oct(M1-3) 5.868 5.438 5.462 5.061 5.045 5.008 5.078 5.036
X oct 0.868 0.438 0.462 0.061 0.045 0.008 0.078 0.036
Ca 1.035 1.397 1.37% 1.745 1.846 1.854 1.814 1.92%
Na(M2) 0.097 0.165 0.163 0.194 0.109 0.138 0.108 0.03¢
T(M4) 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Na 0.097 0.167 0.165 0.498 0.465 0.508 0.206 0.401
K 0.033 0.056 0.086 0.207 0.243 0.218 0.142 0.207
z(A) 0.130 0.223 0.251 0.705 0.708 0.726 0.348 0.602
Ca 18.4 26.4 25.8 29.9 30.3 30.6 29.0 30.8
Mg 51.8 44.4 47.0 34.4 26.0 341 41.6 36.2
Fe 29.8 29.2 27.2 35.7 43.7 35.3 29.4 33.0
QUAD 33.7 18.4 16.4 8.6 17.4 4.7 54.8 33.3
OTHERS 65.3 81.6 83.6 91.4 82.6 95.3 45.2 66.7




Appendix 3(cont.)

Selected Pyroxene Analyses from Diorites of the
Cortlandt, Stony Point and Rosetown Complexes.

- Sample # 10 10 9
si0, 51.2 50.7 51.2 50.6
A1,0, 3.93 4.68 4.09 6.94
FeO 22.9 22.5 24.8 21.0
Mg0 21.8 22.0 20.3 18.6
MnO 0.46 0.43 0.62 0.71
Ti0, 0.15 0.15 0.16 0.19
tr,0, 0.11 0.01 0.09 0.06
Ca0 0.59 1.12 1.29 0.39
Na,0 0.00 0.00 0.00 0.39
L 101.2 1015 102.5 98.9
Fe0 21.2 19.7 22.9 21.0
Fe,0; 1.89 3.04 2.06 0.0
Structural formulae on the basis of 6 oxygens

si 1.883  1.853 1.877 1.890
mltY 0.117 _ 0.147 0.123 0.110
T tet 2.000  2.000 2.000 2.000
aVl 0.053  0.055 0.054 0.19
Fed* 0.052  0.084 0.057 0.000
Cr 0.003  0.000 0.003 0.002
T4 0.004  0.004 0.004 0.005
Mg 1.196  1.19 1.108 1.038
Felt 0.653  0.604 0.704 0.656
Mn 0.014  0.013 0.019 0.022
Ca 0.023  0.044 0.057 0.016
Na 0.000 _ 0.000 0.000 0.028
£ oct 1.999  2.000 2.000 1.963
Ca 1.2 2.4 2.7 0.9
Mg 63.9 64.9 59.5 60.7
Fe 34.9 32.7 37.8 38.4
QUAD 88.3 85.3 87.7 79.7
OTHERS 1.7 14.7 12.3 20.3
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Appendix 3(cont.) Selected Garnet Analyses from Stony Point Diorite.

Sample # 42 42 42
Core Rim Core Rim
S'iO2 37.6 37.4 37.4 37.7 37.9
A1203 20.7 20.9 21.2 21.0 20.9
Fel 32.5 33.3 33.0 33.2 32.2
Mg0 3.44 2.74 3.2 3.38 3.77
Mn0 2.24 2.92 2.74 2.41 2.1
TiO2 0.07 0.09 0.07 0.06 0.07
Cr‘ZO3 0.04 0.05 0.03 0.08 0.08
Cal 3.82 3.50 3.03 3.30 3.51
Na20 0.00 0.00 0.00 0.00 0.00
K20 0.00 0.00 0.00 0.00 0.00
T 100.5 100.9 100.7 101.1 100.6
Structural formulae on the basis of 12 oxygens

Si 3.000 2.989 2.987 2.995 3.010
Al 0.000 0.011 0.013 0.005 0.000
I tet 3.000 3.000 3.000 3.000 3.010
Al 1.952 1.959 1.979 1.960 1.956
Cr 0.003 0.003 0.002 0.005 0.005
Ti 0.004 0.006 0.004 0.004 0.004
L oct 1.959 1.968 1.985 1.969 1.965
Mg 0.410 0.326 0.381 0.401 0.446
Fe 2.173 2.227 2.202 2.205 2.142
Mn 0.152 0.198 0.185 0.162 0.142
Ca 0.326 0.300 0.259 0.280 0.299
T VIII 3.061 3.051 3.127 3.048 3.029
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Appendix ¢4 Selected Pyroxene Analyses from C1inopyroxenites of the Cortl

andt Complex {(Plutons 3 and 6).
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Sample # N 1 n 12 12 12 12 12
Core Rim Core Rim

51‘02 52.5 52.6 52.9 50.8 50.7 52.0 53.7 52.2 53.7 49.1 51.4
A1203 3.07 3.06 2.37 3.44 4,55 3.66 2.44 2.19 1.96 4,52 4,93
Fel 14.5 15.0 14.8 7.53 6.51 7.65 16.1 20.3 18.8 8.54 6.71
Mgl 27.2 27.5 28.1 15.9 14.6 16.2 26.4 24.0 25.5 14.4 14.2
Mn0 0.13 0.20 0.15 0.08 0.05 0.09 0.18 0.32 0.26 0.12 0.0¢
T\'O2 0.17 0.15 0.09 0.58 0.82 0.7 0.19 0.15 0.15 0.96 0.94
Cr203 0.00 0.00 0.00 0.02 0.05 0.17 0.08 0.07 0.02 0.14 0.18
Ca0 1.28 0.74 0.51 20.0 21.4 20.4 1.33 0.64 0.44 21.6 22.7
Na20 0.00 0.00 0.00 0.24 0.37 0.24 0.00 0.00 0.00 0.43 0.48
b 98.9 99.3 98.9 98.6 99.0 101.2 100.4 99.9 100.9 99.8 101.5
Fed 12.6 12.9 12.5 6.06 6.10 6.54 15.4 18.6 18.1 an 5.73
re203 2.15 2.40 2.62 1.64 0.46 1.23 0.76 1.84 0.81 4.92 1.08
Si 1.901 1.898 1.911 1.894 1.884 1.891 1.932 1.922 1.943 1.819 1.868
MIV 0.099 0.102 0.089 0.106 0.116 0.109 0.068 0.078 0.057 0.181 0.132
T tet 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.00C
M” 0.032 0.028 0.002 0.045 0.083 0.048 0.035 0.017 0.026 0.017 0.07¢
Fe3+ 0.059 0.065 0.071 0.046 0.013 0.034 0.021 0.051 0.022 0.137 0.03C
Cr 0.000 0.000 0.000 0.007 0.001 0.005 0.002 0.002 0.001 0.004 0.002
Ti 0.005 0.004 0.002 0.016 0.023 0.019 0.005 0.004 0.004 0.027 0.02¢
Mg 1.470 1.479 1.512 0.884 0.808 0.879 1.418 1.317 1.376 0.795 0.767
Fe2+ 0.381 0.389 0.377 0.189 0.190 0.199 0.463 0.574 0.546 0.128 0.174
Mn 0.004 0.006 0.005 0.003 0.002 0.003 0.005 0.010 0.008 0.004 0.002
Ca 0.050 0.029 0.020 0.800 0.854 0.796 0.051 0.025 0.017 0.858 0.883
Na 0.000 0.000 0.000 0.017 0.027 0.017 0.000 0.000 0.000 0.031 0.034
L oct 2.001 2.000 1.999 2.001 2.000 2.000 2.000 2.000 2.000 2.001 2.00C
Ca 2.6 1.5 1.0 42.7 46.1 42.5 2.6 1.3 0.9 48.2 48 .4
Mg 77.3 78.0 79.2 47.2 43.6 46.9 73.4 68.7 70.9 44.6 42.0
Fe 20.0 20.5 19.8 10.1 10.2 10.6 24.0 30.0 28.2 7.2 9.6
QAD 90.1 89.8 91.1 89.2 88.0 89.1 93,2 92.2 94,3 81.5 8€.0
OTHER 9.9 10.2 8.9 10.8 12.0 10.9 6.8 7.8 5.7 18.5 14.0
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Appendix 4 (cont)

Selected Amphibole Analyses from Clinopyroxenites of the Cortlandt Complex {(Plutons 3 and 6).

Sample # - 1 12 12 3 32 32 33 33
SiOZ 42.4 41.6 42.9 43.4 41.7 41.6 41.8 41.5 411
A1203 1.9 13.2 12.8 12.8 13.7 13.2 13 13.6 13.8
Fe0 11.3 10.1 10.7 10.6 11.0 .n 7.98 7.79 8.14
Mg0 13.2 14 13.4 13.6 13.3 15.4 14.9 15.3 14.8
MnO 0.00 0.00 0.00 0.01 0.10 0.07 0.09 0.03 0.09
Ti02 3.14 3.25 3.49 3.43 2.20 2.97 N 3.04 3.42
(31'203 0.06 0.08 0.0% 0.13 0.2 0.90 1.02 0.91 1.03
Ca0 11.4 9.74 11.6 11.9 n.z 1n.s 1.8 1.7 11.8
NaZO 1.66 2.19 1.59 1.70 2.00 2.33 2.08 2.50 2.15
KZO 1.52 1.08 1.34 1.11 0.00 1.53 1.61 0.61 1.23
T 96.6 95.3 98.0 98.7 95.4 97.6 97.4 96.9 97.5
FeQ 6.94 5.92 9.50 9.58 7.33 6.49 6.97 5.87 6.60
F9203 1.48 4.64 1.29 1.10 4.03 1.36 1.2 2.14 1.7
Structural formulae on the basis of 23 oxygens

Si 6.283 6.130 6.239 6.267 6.158 6.052 6.0930 6.041 5.97%
A'IIV 1.7117 1.870 1.761 1.733 1.842 1.948 1.9070 1.959 2.021
I tet 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000
A1\',I 0.367 0.424 0.439 0.440 0.545 0.326 0.350 0.36% 0.345
Fe2+ 1.232 0.730 1.155 1.156 0.905 0.790 0.851 0.714 0.804
Fe3+ 0.165 0.516 0.141 0.120 0.447 0.149 0.123 0.234 0.187
Mg 2.925 3.106 2.913 2.930 2.924 3.3 3.241 3.309 3.213
Mn 0.000 0.000 0.000 0.001 0.013 0.009 0.011 0.004 0.01
T4 0.350 0.361 0.382 0.372 0.244 0.325 0.34% 0.333 0.374
Cr 0.007 0.009 0.010 0.015 0.025 0.104 0.118 0.105 0.135
I oct 5.046 5.146 5.040 5.034 5.103 5.084 5.035 5.068 5.053
X oct 0.046 0.146 0.040 0.034 0.103 0.044 0.035 0.068 0.053
Ca 1.809 1.539 1.815 1.833 1.780 1.847 1.837 1.818 1.840
Na (M4 ) 0.145 0.315 0.145 0.133 0.117 0.109 0.128 0.114 0.107
I{Ma) 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Na 0.333 0.312 0.304 0.343 0.455 0.546 0.461 0.589 0.507
K 0.288 0.203 0.249 0.204 0.000 0.284 0.300 0.113 0.22¢
z(A) 0.621 0.515 0.553 0.547 0.455 0.830 0.761 0.702 0.72¢
Ca 30.3 28.6 30.9 31.0 3.7 30.9 31.0 313 31.4
Mg 49.0 57.8 49.5 49.5 52.1 55.9 54.7 56.7 54.9
Fe 20.7 13.6 19.6 19.5 16.1 13.2 14.3 12.2 13.7
QUAD 14.2 6.5 11.9 13.3 7.9 2.6 4.7 2.0 0.C
OTHER 85.8 93.5 . 88.1 86.7 92.1 97.4 95.3 98.0 100.0
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Appendix 4(cont .) Selected Olivine Analyses from Clinopyroxenites

of the Cortlandt Complex (Plutons 3 and 6).

Sample # N n 32 32 33 33
SiO2 38.4 38.0 39.0 38.9 38.7 38.6
A1203 0.00 0.00 0.04

Fe0 23.7 23.5 19.8 19.9 19.4 19.5
Mg0 38.9 39.2 41.2 41.0 41.9 41.8
MnO 0.16 0.17 0.16

Cr203 0.00 0.00 0.07

Cal 0.02 0.00 0.01 0.02 0.00 0.01
Na20 0.00 0.00 0.00

z 101.1 101.0 99.9 99.8 100.4 99.8
St 0.992 0.986 1.000 1.00} 0.99 0.991
A 0.000 0.000 0.001

Fe 0.512 0.510 0.425 0.428 0.416 0.419
Mg 1.499 1.515 1.575 1.570 1.596 1.598
Mn 0.004 0.004 0.003

Cr 0.000 0.000 0.001

Ca 0.001 0.000 0.000 0.001 0.000 0.000
Na 0.000 0.000 0.000

z 3.008 3.014 3.000 2.999 3.008 3.009
Fo 74.5 74.8 78.8 78.6 79.3 79.2
Fa 25.5 25.2 21.2 21.4 20.7 20.8
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Appendix 4(cont.) Spinel Analysis from Clinopyroxenite Sample #32.

Sample # 32
SiO2 1.29
A]ZO3 4,34
Fel 70.0
Mg0 1.57
MnO 0.48
TiO2 2.39
Cr203 16.3
Ca0 0.32
Na20 0.00
K20 0.00
I 96.7

Selected Biotite Analyses from Clinopyroxenites
of the Cortiandt Complex (Plutons 3 and 6).

Sample # 32 32 32
SiO2 37.9 37.0 37.5
A1203 15.8 15.7 15.9
Fel 6.37 7.11 6.72
Mg0 20.6 19.3 19.8
MnO 0.03 0.00 0.02
T1'02 3.76 4.58 4.07
Cr203 0.66 0.72 0.69
Ca0 0.02 0.00 0.00
Na20 0.38 0.45 0.40
K20 9.56 9,22 9.35
) 95.2 94.0 94.4



Appendix 4(cont)selected Feldspar Analyses from Clinopyroxenites
- of the Cortlandt Complex (Plutons 3 and 6).

Sample # 12 12 31
S1’02 54.3 49.4 44.9
A1203 29.9 32.6 34.0
Fel 0.00 .19 0.18
Ca0 11.8 15.4 18.2
NaZO 4.7 2.91 0.74
K20 0.13 .04 0.00
I 100.8 100.4 98.0
Si 2.430 2.246 2.109
Al 1.576 1.748 1.882
Fe 0.000 0.007 0.007
Ca 0.567 0.749 0.917
Na 0.409 0.257 0.067
K 0.007 0.002 0.000
4.990 5.009 4,983
Or 0.7 0.2 0.0
Ab 41.6 25.5 6.8
An 57.7 74.3 93.2
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Appendix 5 selected Amphibole Analyses from Cortlandtites and Amphibole-Pyroxenites of the
Cortlandt, Stony Point and Rosetown Complexes.

Sample # 14 14 14 16 16 16 17 17
S'iO2 42 42.2 42.4 45.4 41.2 43.1 43.3 42.2
Iﬂzo3 13.6 13.5 13.8 10.7 13.2 12.2 13.3 13.0
Fel 8.85 9.19 8.72 8.06 10.0 9.29 7.27 7.47
Mg0 15.3 15.1 14.8 17.0 14.4 15.6 15.8 15.8
MnO 0.06 0.05 0.03 0.00 0.00 0.00 0.00 0.00
T'iO2 2.26 2.57 2.1 0.98 2.97 1.95 2.45 2.99
Cr203 0.26 0.28 0.24 0.04 0.13 0.07 0.54 0.39
Ca0 11.6 11.5 12.1 11.9 1.0 1.8 12.0 12.0
Na20 1.98 2.07 2.07 1.91 2.29 2.08 2.49 1.91
K20 1.38 1.20 1.28 0.33 1.03 0.85 0.07 1.4
T 97.3 97.7 98.1 96.4 96.2 96.8 97.2 97.1
Fe0 5.92 6.51 7.55 4,15 7.12 6.18 5.74 5.95
re203 3.26 2.98 1.30 4.35 3.23 3.45 1.70 1.69
Structural formulae on the basis of 23 oxygens

Si 6.102 6.105 6.135 6.533 6.070 6.265 6.227 6.129
A1W 1.898 1.895 1.865 1.467 1.930 1.735 1.773 1.871
I tet 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000
AlVI 0.430 0.415 0.477 0.356 0.368 0.35% 0.475 0.354
Fez‘ 0.718 0.787 0.913 0.499 0.877 0.752 0.691 0.723
Fe3+ 0.356 0.325 0.141 0.471 0.350 0.37¢ 0.184 0.18%
Mg 3.306 3.247 3.183 3.637 3.153 3.370 3.376 3.419
Mn 0.007 0.006 0.004 0.000 0.000 0.000 0.000 0.000
Ti 0.247 0.280 0.295 0.106 0.329 0.213 0.265 0.327
Cr 0.030 0.032 0.027 0.005 0.015 0.008 0.061 0.045
I oct 5.094 5.092 5.040 5.074 5.102 5.076 5.053 5.053
X oct 0.094 0.092 0.040 0.074 0.102 0.076 0.053 0.053
Ca 1.799 1.799 1.867 1.841 1.739 1.834 1.855 1.865
Na(M4) 0.107 0.119 0.093 0.085 0.159 0.090 0.092 0.082
£{M4) 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Na 0.450 0.461 0.487 0.448 0.495 0.497 0.602 0.45¢
K 0.248 0.221 0.236 0.061 0.194 0.158 0.013 0.261
z(A) 0.698 0.682 0.723 0.509 0.689 0.655 0.615 0.717
Ca 30.9 30.7 31.3 30.8 301 30.8 31.3 31
Mg 56.8 55.8 53.4 60.9 54.7 56.6 57.0 56.9
Fe 12.3 13.5 15.3 8.3 15.2 12.6 n.7 12.0
QUAD 5.1 5.3 6.7 26.7 3.5 13.3 1n.4 6.4
OTHER 94.9 94.7 93.3 73.3 96.5 86.7 88.6 93.6
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Appendix 5(cont.)

Selected Amphibole Analyses from Cortlandtites and Amphibole-Pyroxenites

and Rosetown Complexes.

of the Cortlandt, Stony Point

281

Samplie ¥ [} L) 15 15 40 40 48
Core Rim Core Rim Core Rim
Si02 4.5 40.8 4.9 39.8 38.4 40.3 39.8 39.7 39.8 401
A1203 13.7 13.9 13.4 16.5 17.8 16.2 13.0 14.2 14.6 1.9
Fel 9.52 9.2% 8.95 10.6 10.7 9.82 1.3 12.6 12.8 1.6
Mg0 14.4 14.7 15.3 12.8 n.s 13.0 12.5 1.6 n.e 12.%
L {4 0.13 0.09 0.08 0.09 0.10 o.n 0.14 0.13 0.17 0.08
TiOz 3.39 3.49 1.97 2.24 2.63 2.0 6,23 4.04 4.53 4.64
crzo3 0.10 0.03 0.08 0.05 0.06 0.06 0.05 0.04 0.04 0.02
Ca0 11.0 10.9 10.6 1.5 12.0 11.9 1.0 10.8 10.6 na
NaZO 3.01 2.99 3.32 1.89 1.79 1.88 2.52 2.64 2.63 2.27
KZO 1.05 0.98 1.06 2.44 2,33 2.47 1.01 1.00 1.00 1.15
T 97.8 87.1 96.5 97.9 97.6 97.8 97.6 96.7 97.7 95.3
Fe0 7.66 6.82 5.89 8.81 9.70 $.00 10.4 10.9 10.7 10.7
Fe203 2.06 2.74 3.40 1.93 1.08 0.90 1.00 1.92 2.35 0.92
Structural formulae on the basis of 23 oxygens
Si 6.033 5.966 6.134 5.843 5.682 5.916 5.889 5.925 5.875 6.077
A‘.W 1.967 2.034 1.866 2.157 2.318 2.084 2.1 2.075 2.12% 1.922
M 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.00C
M” 0.382 0.358 0.437 0.695 0.781 0.727 0.152 0.428 0.418 0.207
Fez‘ 0.933 0.833 0.720 1.082 1.200 1.107 1.288 1.358 1.321 1.360
Fea‘ 0.226 0.302 0.375 0.214 0.120 0.099 0.112 0.275 0.261 0.105
Mg 3.125 3.194 3.337 2.806 2.621 2.852 2.764 2.588 2.545 2.817
M 0.01¢ 0.011 0.010 0.011 0.013 0.014 0.017 0.C16 0.021 0.01¢
T 0.371 0.383 0.217 0.247 0.293 0.222 0.693 0.452 0.502 0.529
Cr g.0n 0.004 0.01C 0.006 0.007 0.007 0.006 0.005 0.00% 0.002
o ooct 5.064 5.085 5.106 5.061 5.033 5.028 5.032 5.061 5.074 5.03C
X oct 0.064 0.085 0.106 0.061 0.035 0.028 0.032 0.061 0.074 0.03C
Ca 1.717 1.702 1.658 1.816 1.902 1.876 1.740 1.721 1.672 1.801
Na (M4) 0.219 0.213 0.236 0.123 0.063 0.096 0.228 0.218 0.254 0.16%
L(Ma) 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.00C
Na 0.630 0.634 0.649 0.415 0.451 0.439 0.494 0.547 0.498 0.498
K 0.195 0.183 0,188 0,457 0,440 0,463 0.181 0.191 0,190 0.222
(A} 0.82% 0.817 0.847 0.872 0.891 0.902 0.685 0.738 0.689 0.72¢
Ca 29.7 29.7 29.0 31.8 33.2 32.1 30.0 30.4 30.2 301
Mg 54.1 58.7 58.4 43.2 45.8 48.9 47.7 45.7 46.0 47.1
Fe 16.2 14.6 12.6 19.0 1.0 18.0 22.2 23.9 23.8 22.8
QUAD 1.7 0.0 6.7 0.0 0.0 0.0 0.0 0.0 0.0 3.8
OTHER 98.3 100 93.3 100 100 100 100 100 100 96.2
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Appendix 6 Selected Amphibole Analyses from Norites of the Cortlandt Complex (Pluton 5).

Sample # 19 19 18 18 22 22
Core Rim

510, 39.4 39.8 40.7 40,3 39.8 44,2 43.1
A0, 14.2 14.7 12.9 13.4 13.2 1.8 1.3
FeO 14,2 13.7 13.8 13.7 14,2 18.0 17.1
Mg0 10.2 10.7 1.4 11.0 1.0 9,71 8,23
Mn0 0.15 0.12 0.13 0.15 0.12 0.47 0.38
Ti0, 3.7 3.17 5.18 5.07 5.62 0.64 1.17
Cry04 0.12 0.13 0.14 .01 0.08 0.01 0.01
a0 1.4 1.5 10.9 11.4 11.5 1.1 1.3
Na,0 1.57 1.28 2.20 2.07 2N 1.09 1.05
K,0 1.84 2.26 1.46 1.44 1.69 1.12 1.46
z 96.8 97.3 98.8 98.6 99.3 98.2 95.0
Fe0 13.3 12.3 12.5 13.1 13.7 14.5 17.0
Fe,0, 1.02 1.53 1.40 0.66 0.53 3.88 0.13
Si 5.953 5.955 5.996 5.969 5.892 6.546 6.660
mtY 2.047 2.045 2.004 2.031 2.108 1.454 1.340
T tet 8.000 8.000 8.000 8.000 8.000 8.000 8.000
mYl 0.482 0.549 0.242 0.298 0.194 0.607 0.714
Fe?* 1.679 1.542 1.546 1.618 1.693 1.797 2.194
Fe3* 0.116 0.172 0.155 0.073 0.059 0.432 0.015
Mg 2.30 2.398 2.494 2.437 2.422 2.142 1.895
Mn 0.019 0.015 0.016 0.019 0.015 0.059 0.050
Ti 0.422 0.357 0.574 0.564 0.625 0.071 0.136
Cr 0.014 0.015 0.016 0.013 0.009 0.001 0.001
T oct 5.033 5.048 5.043 5.022 5.017 5.109 5.005
X oct 0.033 0.048 0.043 0.022 0.017 0.109 0.005
Ca 1.855 1.846 1.725 1.806 1.819 1.764 1.864
Na(M4) 0.112 0.106 0.232 0.172 0.164 0.127 0.13
z(M4) 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Na 0.348 0.266 0.397 0.421 0.441 0.186 0.184
K 0.355 0.432 0.275 0.272 0.319 0.212 0.288
Z(A) 0.703 0.698 0.672 0.693 0.760 0.398 0.472
Ca 31.8 31.9 29.9 30.8 30.7 30.9 31.3
Mg 39.4 4.4 43.3 41.6 40.8 37.6 31.8
Fe 28.8 26.7 26.8 27.6 28.5 N5 36.9
QUAD 0.0 0.0 0.0 0.0 0.0 27.3 33.0
OTHER 100 100 100 100 100 72.7 67.0




appendix 6(cont.)

Selected Amphibole Analyses from Norites of the Cortlandt Complex (Pluton 5).

Sample # 27 27 28 28 28 28 23 23
Core Rim
SiO2 40.9 40.1 39.5 2.1 53.0 43.3 44.9 42 1 a1.8
A‘|203 13.6 14.3 13.8 3.05 2.96 13.2 1.5 10.0 10.2
fe0 140 13.9 14.5 19.8 19.8 16.1 15.5 19.3 19.0
MgQ 11.2 10.8 10.9 17.3 174 10.6 1.8 9.60 9.47
Mn0 0.17 0.19 0.19 0.88 0.82 0.25 0.26 0.21 0.23
Tioz 4.17 3.87 4.54 0N 0.1 0.65 0.35 1.92 2.06
Cv-zo3 0.1 0.10 0.15 0.00 0.02 0.00 0.03 0.09 0.08
Ca0 1.0 1.3 10.8 2.63 3.09 1. 10.9 1.2 10.7
Nazo 2.15 1.89 2.20 0.19 0.23 0.46 1.60 1.48 1.44
KZD 1.46 1.83 1.36 0.04 0.04 0.00 0.17 1.85 1.96
L 99.0 98.3 98.0 96.2 97.2 97.2 96.7 97.8 97.9
FeQ 12.6 12.8 12.3 19.0 19.4 10.6 1.6 16.6 16.2
Fe203 1.68 1.23 2.45 0.95 0.47 6.20 4.35 2.99 3.10
St 6.011 5.954 5.880 7.667 7.N19 6.430 6.623 6.399 §.393
A'l” 1.989 2.046 2.120 0.333 0.281 1.570 1.377 1.601 1.607
T tet 8.000 8.000 8.000 8.000 8.000 8,000 8.000 8,000 8.000
A]VI 0.370 0.462 0.305 0.196 0.227 0.732 0.621 0.197 0.236
Fe24L 1.553 1.593 1.525 2.336 2.364 1.310 1.433 2.109 2.974
Fe3+ 0.186 0.138 0.274 0.105 0.051 0.692 0.483 0.342 0.356
Mg 2.449 2.378 2.424 3.800 3.1 2.336 2.518 2.175 2.158
Mn 0.021 0.024 0.024 0.110 0.101 0.031 0.033 0.027 0.030
Ti 0.461 0.432 0.508 0.012 0.012 0.072 0.039 0.220 0.237
Cr 0.013 0.012 0.018 0.000 0.002 0.000 0.003 0.01 0.M90
z oct 5.053 5.039 5.078 6.559 6.468 5.173 5.130 5.081 5.101
X oct 0.053 0.039 0.078 1.559 1.468 0.173 0.130 0.081 0.101
Ca 1.753 1.801 1.730 0.414 0.483 1.760 1.722 1.829 1.760
Na(M4) 0.194 0.160 0.192 0.027 0.049 0.067 0.148 0.090 0.139
z(M4) 2.000 2.000 2.000 1 2.000 2.000 2.000 2,000 2.000 2.000
Na 0.419 0.384 0.443 0.027 0.016 0.065 0.310 0.346 0.288
K 0.274 0.347 0.258 0.008 0.007 0.000 0.032 0.359 0.382
Z(A) 0.693 0.73) 0.701 0.035 0.023 0.065 0.342 0.705 0.670
Ca 30.5 3.2 30.5 6.3 7.4 32.6 30.4 29.9 29.4
Mg 42.5 41.2 42.7 58.0 56.6 43.2 44 .4 35.6 36.0
Fe 27.0 27.6 26.9 35.7 36.0 24,2 25.2 345 34.6
QUAD 0.6 0.0 0.0 83.4 85.9 21.5 n.2 20.0 19.6
OTHER 99.4 100 100 16.6 141 78.5 68.8 80.0 80.4
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Appendix 7(cont.) Selected Mica Analyses from Granodiorites.

Sample # 24 51 51 51 24 34 34
Biotite Biotite Biotite Muscovite Muscovite Biotite Biotite
§i0, 35.9 35.6 35.8 44.0 45.8 36.7 35.1
A1203 16.2 14.4 15.2 35.9 29.5 16.2 15.7
Fe0 18.9 21.2 22.5 1.50 4.65 19.2 22.1
Mg0 10.2 9.00 8.13 0.00 1.13 8.22 7.15
MnO 0.37 0.26 0.21 0.00 0.01 0.73 0.94
Tioz 1.85 2.57 2.86 0.00 0.67 1.95 2.52
Cr203 0.00 0.0 0.00 0.00 0.00 0.00 0.00
Ca0 0.01 0.08 0.01 0.00 0.00 0.03 0.01
Na20 0.00 0.00 0.00 0.06 0.06 0.00 0.00
K20 9.45 8.96 9.25 9.64 9.72 8.01 8.98
by 92.9 92.1 93.9 91.1 91.6 91.0 92.5




Appendix 8 Selected Amphibole Analyses from Stony Point Dike Rocks.

Sample # 43 43 44 44
Core Rim

$i0, 43.7 42.8 8.2 40.6 40.4
A1,0, 9.93 11.0 12.2 12.1 12.%
Fe0 13.8 14.8 11.4 12.1 13.4
Mg0 1.7 10.6 12.8 1.7 10.7
MnO 0.08 0.09 0.01 0.02 0.00
Ti0, 0.89 1.45 1.76 1.49 1.66
Cr.0, 0.03 0.01 0.00 0.00 0.00
Ca0 11.4 11.2 9.88 11.3 11.6
Na,0 1.30 1.39 1.4 1.30 1.65
K0 0.49 1.06 1.66 1.07 1.32
z 93.3 94.3 92.4 91.7 93.2
Fe0 12.0 13.5 7.69  10.2 13.0
Fe,04 2.08 1.39 4.14 2.13 0.54
Si 6.702  6.567 6.322  6.336  6.292
mlY 1.298  1.433 1.678  1.664 _ 1.708
I tet 8.000  8.000 8.000 8.000  8.000
aVl 0.499  0.560 0.531  0.568  0.584
rel* 1,537 1.734 0.986  1.333  1.689
Fe3t 0.240  0.161 0.478  0.251  0.063
Mg 2.665 2.4 2.936 2.719  2.488
Mn 0.010  0.012 0.001 0.003  0.000
Ti 0.103 0.167 0.203 0.175  0.195
Cr 0.004  0.00 0.000 0.000 _ 0.000
£ oct(M1-3) 5.058  5.046 5.135 5.049  5.019
X oct 0.058  0.046 0.135  0.049  0.019
Ca . 1.875  1.832 1.624  1.895  1.937
Na(M4) 0.067 0.122 0.241 0.056 0.044
T (M4) 2.000 2.000 2.000 2.000 2.000
Na 0.320 0.291 0.179  0.338  0.455
K 0.096  0.207 0.325 0.213 _ 0.262
z (A) 0.416  0.498 0.504 0.551 0.717
Ca 30.9 30.7 29.3 31.9 31.7
Mg 43.9 40.3 52.9 45.7 40.7
Fe 25.3 29.0 17.8 22.4 27.6
QUAD 35.1 28.4 16.1 16.8 14.6
OTHER 64.9 71.6 83.9 83.2 85.4
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Appendlx 9(Cont ’) Spinel Analyses from Salt Hill Emery Sample #37,

S'iO2
A1203
Fe0
Mg0
Mn0
T1‘02
Cr203
Cal
NaZO
KZO

z

0.36 0.10 0.04
62.3 64.2 63.9
16.6 17.6 17.5
16.4 15.1 16.2

0.74 0.85 0.82

0.03 0.00 0.00

0.08 0.06 0.06

0.02 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00
96.5 98.0 98.5
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Appendi
X 9(C°nt -) Selected Feldspar Analyses from Salt Hill

Emery (#37) and Quartz-Feldspathic Dike (#36).

36 36 36 37
SiOz 48.4 56.8 60.8 50.2
MZO3 33.4 27.6 25.4 32.3
Fe0 0.04 0.00 0.04 0.00
Cal 16.1 9.18 6.90 141
NaZO 2.20 6.32 7.89 3.3
KZO 0.00 0.01 0.0 0.01
b 100.1 99.9 101 99.8
Si 2.210 2.547 2.679 2.283
Al 1.797 1.460 1.319 1.734
Fe 0.002 0.000 0.001 0.000
Ca 0.787 0.441 0.326 0.686
Na 0.195 0.549 0.674 0.292
K 0.000 0.001 0.001 0.00

4,989 4,998 4,999 4,996
Or 0.0 0.1 0.1 0.1
Ab 19.9 55.4 67.3 29.8
An 80.1 44.5 32.6 70.1




