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ABSTRACT

_The Precambrian rocks of the New Jersey Highlands
in the Belvidere and Washington quadrangles, consist of
marble, amphibolite, quartzo-feldspathic gﬁeiss, and
syntectonic granite which developed during regional
metamorphism under granulite-facies conditions.

Field relationships, petrographic data, and bulk

chemical analyses support the view that the quartz-

potassium feldspar gneiss, quartz-epidote gneiss,
marble, and garnet-bioﬁite gneiss‘are of metasedimentary
origin. The quartz-potassium feldspar gneiss and
quartz-epidote gneiss were probably derived from arkosic
sediments which confained intercalated limestones. The
compositional layering in the metamorphic'rocks appears
to reflect original sedimentary bedding.

Chemical analyses indicate that the amphibolite-
was derived from sedimentary rocks?\ Chemical analyses
support the conclusion that the premetamorphic parent
of the oligoclase-quartz gneiss was probably an ash
flow or keratophyric tuff. B

Perthitic granite bodiés do not show either
intrusive contacts with the country rock or chilled

margins. Small bodies of granite are commonly enclosed

by gneiss and may have developed by partial fusion



(in situ anatexis) of'metasedimentary quartz-potassium
feldspar gneiss. Syenite bodies are interpreted as
feldspar-rich residues resulting from filter pressing
in areas of tight isoclinal folding during anatexis.
Sodium-rich granitic rocks apparently developed by
anatexis of oligoclase-quartz gneiss.

The magnetite deposits in the study area are massive
granulaf mixtures of magnetite and quartz with minor
pyrite. The classical hypothesis for the origin of
~ these deposits is that the unique and distinctive
pyroxenite associated with the gneiss-enclosed deposits
is a contact-metasomatlc skarn developed by fluids
emanating from alasklte 1ntrus1ons and that the ores
are, therefore, of pneumatolytic origin since they
are spatlally and genetically associated with these
pyroxene-rich skarns. HQwever, the occurrence of
magnetite concentrations in sharply bounded tabular-
shaped bodies, the absence of large igneous intrusions
wdigh could have been the source of residual iron-
bearing fluids, the absence of minerals which are ~
chafacteristie of contact-metasomatic skarns, and the
high Mg/Fe and relatively high Na content of the
clinopyroxene of the pyroxenite are not censistent with

the pneumatolyfic hypothesis. These observations,



however, are compatible with the hypothesis that the .
iron deposits are of metasedimentary origin. If the
latter is correct, then the original mineralogical
expression of the iron could have been siliceous
siderite layers in a sedimentary sequence of impure
carbonate rocks. During granulite-facies metamorphism,
magnetite would have developed by decarbonation of.
siderite, anad the pyroxenife could have developed by
dedolomitization of a siliceous dolomitic marl.

Granite pegmatite occurs along the footwall and
the hanging wall of the magnetite orebody at the
Washingtoh mine and separaﬁes the magnetite ore from
the adjoining quartz-potassium feldspar gneiss. This s
pegmatite was probably“nof, as earlier supposed, the
ore bringer. Rather, it was probably develéped by
interface melting of the quartz-potassium feldspar
gneiss during granulite;facies metamorphism where the
quartz-potassium feldspar gneiss waé in contact with
the ore, because the effect of iron is to lower markedly
the temperature of fusion of thé‘low—melting compositions

in the system quartz-orthoclase-albite.



INTRODUCTION .

The New Jersey Highlands in Warren County consist
of a series of northeast trending ridges underlain by
Precambrian rogks and of parallel valleys underlain by
Cambrian and Ordovician sedimentary rocks. Collectively,
this area is part of the Reading Prong which extends
‘from western Connecticut southwestward to the vicinity
of'Reading, Pennsylvania. Locally it is known as the
Hudson Highlands in New York, the Ramapo Mountains and
the Highlands in New Jersey, and the Reading and Durham
.Hills in Pennsyivania.

The origin and metamorphic history of the various
gneisses and the origin of the associated magnetite
deposits has long been a subject of study and'debate.‘
Recent iAVestigators have proposed that the gneisses of
fhe Highlands are the products of granulite-rank
regional metamorphism of sedimentary and volcanic rocks
which have been intruded by a series of‘syntectonic
granites (Sims, 1958; Drake, 1969, 1970; and Baker and
Buddingtdn, 1970). Recent hypotheses regarding the
genesis of the magnetite depdsifs are diverse and include
1) jntroduction of iron by residual fluids from
hornblende granite and alaskite to form contact-

metasomatic skarn. deposits (Sims, 1953, 1958); 2) release,

N



transport, and concentration of iron through
recrystallization and deformation of amphibolite during
regional metamorphism (Hagner and Collins, 1955;
Collins, 1969a, 1969b); and syngenetic concenfration

of iron by sedimentary processes prior to metamorphism

(Baker and Buddington, 1970).

OBJECTIVES OF THIS STUDY

Previous work in the New Jersey Highlands in
Warren County haé been only of a reconaissance nature
(Bayley, 1910, 1941; Bayley et al., 1914), and very
little detailed mapping has been done in the area of
this study. The magnetite deposits in Warren County
were described by Bayley (1910, 1941) but they have not
been studied in detail with an emphasis on petrology
and ore genesis.

The overall objectives of this study were to
develop new insight into the nature.of the premetamorphic
rocks which are now gneisses of granulite-rank, and .to
generate an hypothesis regarding the geﬁesis of the
magnetite deposits which is compatible with both field
and petrographic observations.

The specific objectives of this study were as
follows:

1) To carry out detailed field mapping of the
5



Precambrian rocks in the Belvidere and
Washington 7% minute quadranglés to provide
the areal distribution of mappable
petrologic units as well as structural
data. |

2) To»determine the nature and identity of the
progenitors of the various gneisses and
amphibolites using whole-rock major- and
minor-element analysés in conjunction with
field observations and petrography.

3) To develop a coherent hypothesis regarding
the genesis of the magnetite deposits using
field relationships, new who}e-rock major-
and minor-element analyses of rocks |
associated with the magnetite ores, and

modern petrogenetic theory.

PREVIOUS WORK

The New Jersey Highlands have been of economic
interest because of the occurrence of iron and zinc
deposits since the éarly 18th century. The first
description of Precambrian rocks in New Jersey was by
Pierce (1822), who mentioned the presence of granite and

schist. Rodgers (1836, 1840) gave more detailed



. descriptions of Highlands geology and of mining in
general. He found that the Precambrian rocks were
overlain by lower Pgleozoic rocks which were presumably
downfolded between Precambrian ridges. He considered
the magnetite deposits to be of igneous origin. Since
that time, most of the detailed geological work in.the
Precambrian terrain of‘New Jersey has been concentrated
in the northeastern part. Kitchell (1856) was the first
to conclude that the magnetite deposits of the Highlands
were sedimentary in origin based on their association
with metasedimentary rdcks. Nason (1889), against the
widespread view at the time, proposed that the Highland
rocks were not metamorphosed sedimentary rocks but were
of igneous drigin. | |

‘ The U.S. Geological Survey began reconaissance
studies in the New Jerse& Highlands in the mid-1890's.
Spencer (1908) proposed three new formation names in
addition to the Franklin limestone, namely, the Byram
gneiss in which potassium feldspar.was dominant, the
Losee gneiss containing dominant plagioclase, and the
Pochuck gneiss which includes the mafic rocks. .The
Byram and Losee gneisses were considered to be

me tamorpho sed igneous intrusions, whereas the Pochuck

gneiss and Franklin limestone were considered to be



metasedimentary. These names were subsequently used
by investigators such as Bayley et al. (1914), who
mapped inuthe area of this study, and by Lewis and
Kummel (1912) on the geological map of New Jersej.'

lMore recenf workers such as Sims and Leonard (1952),
Hotz' (1953, 1954), Sims (1953, 1958), and Buddington
(1966) abandoned the old formation names in favor of
more precise mineralogically based lithologic units.
They considered the magnetite deposits to be of igneous
origin because they did not resemble banded iron .
formations of the Lake Superior type (Buddington, 1966).

In the 1960's, geologists of the U.S. Geological
Survey carried out detailed mapping across the Reading‘
' Prong along the Delaware River (Davis et al., 1967;
Draké, 196?a; i967b,,1969, 1970, 1978; Drake and Epstein,
1967; Drake et al., 1961, 1967, 1969). |

Dodd (1965), Dallmeyer (1974a, 1974b),'and
Dallmeyer and Dodd (1971) have studied the tectonic and
metamorphic history of the rocks of the northeastern

part of the Reading Prong in New Jersey and New York.

GENERAL GEOLOGY OF THE AREA .
The Belvidere and Washington quadrangles contain

‘northeast trending ridges of Precambrian rocks



| separated by valleys underlain by Cambrian and
Ordovician limestohes and shales (Fig. 1). .

The rocks of the map area are covered in part by
the Wisconsin terminal mdraine. All the bedrock, however,
is deeply weathered and outcrops are sparce and restricted
to areas of high relief and artificial exposures such
as roadcuts or construction work. Consequently, it
was necessary to‘base.much of.the field mapping on the
statistical occurrence of float of the mappable units.

The Precambrian rocks contain gneisses of
metasedimentary and volcanic origin intruded by
syntectonic granites. The occurrence of'migmatites
Suggests that both partial melting of metasedimentary
rocks and intrusion of microperthite alaskite into
amphibolite took place.

Radiometric ages based on zircon (U-Pb) throughout
the N.J. and N.Y. Highlands indicate that the last péak
of regional métamorphism occurred 1060 million years
ago (Dallmeyer et al., 1975). qur/69Ar ages of 900 my
and 790 my on hornbleﬁde and biotite respectively
(Dallmeyer et al., 1975), represent cooling retention
ages after the peak of Grenville metamorphism. It has
been suggested by Dallmeyer and Sutter (1976) that low
40Ar/69Ar ages of 450 my for hornblende and 390 my for



Figure 1.

Location of the study area. Precambrian
rocks, stippled; Paleozoic rocks, unpatterned.
Modified from Drake (1969).

10



New Jersey .
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biotite are due to argon loss dufing Taconic brogenic
activity.

Mose and Hayes.(1974) reported Rb/Sr ages of about
1500 my for granites in the Reading Prong, which suggest
that granites are not synchronous with the main Grenville
event of about 1.0 by but were emplaced earlier.

Murray et al. (1977) reported whole-rock Rb/Sr ages of
1125 my for paragneiss in the Reading Prong of New York.
They determined, based on pyroxene geothermometry and
garnet-cordierite geobarometry, that temperatures of
A750-800 degrees C and pressures of .3-.5 GPa were reached.

Recently, Carvalho (1978) and Carvalho and Sclar
(1979) determined that the minimum temperature of
metamorphism at Sterling Hill, N.J. Based on géhnite-
franklinite exsolution intergrowths in the stratiform
zinc ores enclosed in the Franklin marble is 760 degrees
C.

The magnetite ores were probably deposited before
Grenvillian metamorphism inasmuch as they conform to the
local structure of the surrounding rocks. Theq_gre
commonly tabular bodies with a large strike diménsion
(Sims, 1958) and their long aXes are usually parallel
to the lineation of the surrounding rocks, thus

suggesting that they were deformed during regional

12



me tamorphism.

Recent structural studies along the Delaware River
by Drake‘(1969, 1970, 1978) have shown that the
Precambrian rocks of the Réading Prong are part of a
large nappe de recouvrement which has been thrust over
lower Paleozoic rocks and refolded and faulted during

Paleozoic orogenic events.

THE PRECAMBRIAN ROCKS

The rock names used in this study are based on the
mineralogical and textural properties of the rock units
and are those used by recent workers in the Reading
Prong. Even with this nomenclature, not all the rocks
which occur in the Highlands fit neatly into these
specific categories. Changes in lithology occur on a
scale of meters'br a few centimeters and must be
generalized in order to be accomodated to the map sqale

used in this study.

The Older Metasedimentary-Metavolcanic Series,
Althodgh the qﬁartzofeldspathic‘gneisses have

traditionally been considered intrusive, it is now

‘realized that paragneisses occur in greater abundance

than intrusive rocks. These are described below.

13



Amphibolite

The term amphibolite is used forvrécks which
consist predominantly of plagioclase (Anlz_uo) and
hornblende. Biotite,'chlorite and pyroxene may be
present in substantial amounts.

Amphibolite occurs within most of the méppable
rock units in the area including both the metasediments
and the plutonic rocks in masses too small to be mapped
and as lenses large enough to be mappable. A belt of
émphibolite has been mapped aldng the northwestern
edge of Scotts Mountain in the Belvidere quadrangle,
and smaller lenses are scattered throughout the study
area.

Amphibolite interlayered with oligoclase-quartz
gneiss occurs at the Oxford Stone Quarry, southeast
of Bridgeville in the BelQidere quadrangle. It also is
found as small isolated ellipsoidal masses within the
marble belt.

Amphibolite. is commonly intruded by microperthite
alaskite and pegmatitic alaskite at many places and
may be migﬁatitic. These migmatitic amphibolites,
however, are usually not developed on a scale
sufficient to permit mapping.

Amphibolite is typicélly grayish-green to jet

black. The grain size ranges from less than .1 mm to
ol

14



greater than 2 mm. The hornblende‘is commonly pleoéhroic'
green to yellow-green. Where biotite is present, it is
brown to reddish-brown. Clinopyroxene is uncommon in
most samples ahd orthopyroxene has not been found.
Accessory minerals include sphene, magnetite, quartz,
apatite, epidote, and calcite. The texture 1is
granoblastic, but locally the rock has been sheared and
recrystallized so that the texture is cataclastic. 1In
the Oxford Stone Quarry, sheared-out lenses of
optically oriented quartz grains up to 10 mm long and

1 mm thick occur in both the amphibolite and the
adjoining oligoclase-quartz gneiss. Where amphibolite
occurs near fold hinges, the grain size is typically
increased with no change in mineralogy or texture

which gives the rock the appeafance of diorite.

The dominant type of foliation is cfystallization
foliation due to the alignment of hornblende and
biotite. The sheared rocks are also foliated due to
the orientation of crushed hornblénde, biotite, and
locally, quartz lenses. Retrograde effects are revealed
by the partial replacement of clinopyroxene by hornblende,
and by the partial replacement of hornblende by biotite
and chlorite.

The ratio of plagioclase to the sum of the mafic

15



minerals is quite variable, as shown in Fig. 2. The
origin of an amphibolite cannot be determined by
petrography, but the fieldArelaﬁions suggest that there
are both sedimentary and voleanic progenitors in this

. area. This will be discussed later in this report.

Marble

Ilarble occurs in a triangular area about 4 km in
length and about 1.2 km in width; in the eastern part
of the Belvidere quadrangle. This is one of the

largest areas of marble in the western Reading Prong.

-

r
Many bodies of marble, too small to map, occur

interleaved with amphibolite and quartz-potassiuﬁ feldspar
gneiss.

Several marble quarries and abandoned magnetite
mines occur within the marble belt. Chemical analyses
obtained from the Oxford Stone Company coupled with
X-ray powder diffraction analysis sth that the marble
consists of almost pure calcite.

The marble belt is bounded.on the north by
amphibolite. Isolated blocks of amphibolite are found
within the marble,‘and appear to be boudins developed
by differential plastic flow during tectonism.

The marble consists of granoblastic grains of

16



Figure 2.

Plot of amphibolite modes. End members are
guartz, Q; sum of mafic minerals, M; and
plagioclase, P. Triangles are data from
Baker and Buddington (1970); squares are
data from Drake %1969): circles are new data
from this study.
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twinned calcite, and contains minor amounts of graphite.
The grain size ranges'from .03 mm along grain boundaries
with well develoﬁed mortar structure to greater than

8 mm in uncrushed grains. Foliation is poorly developed,
and, where visible, is defined by alignment of tiny
graphite grains. Locally, layers rich in magnetite
define a planar structure in the marble. On weathered
surfaces, the layering in the marble may be seen more

clearly.

Quartz-Epidote Gneiss

A belt of gneiss composed dominantly of quartz,
epidote and chlorite occurs on High Rock Mountain in
the Washington quadrangle. This rock is characterized
by a marked segregational layering of quartz and various
dark minerals. Feldspars are locally sparce but occur
in variable amounts throughout the area. Calcite,
sphene, apatite and tourmaline are found in variable
but minor amounts. A yeilow isotropic mineral was
pfesent in one thin section, and upon X-ray powdef
diffraction proved to be sphalerite. Its occurrence in
the quartz-epidote gneiss is minor.

On weathered surfaces, the rock sths a
characteristic layering on a scale of a few millimeters

which may be a relict sedimentary structure. It
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resembles migmatite found elsewhere in the study area,
but the variability of feldspar in the quartz-epidote
- gneiss is a distinctiyve feature.

Poikiloblastic calcite grains offen contéin
inclusions of chlorite and epidote. Calcite also occurs
as fine-grained aggregates with chlorite and epidote.
‘Epidote perhaps formed at the expense of potassium
feldspar, although no direct evidence was found.
Chlorite probably formed as an alteration product of a

mafic constituent such as pyroxene.

Pyroxenite¥*

Lens-shaped bodies up to 10 cm in width and up to
20 cm in le;gth of a massive gféen rock which consists
almost entirely of pyroxene occur»within the quartz-
epidote gneiss in High Rock Mountain in the Washington
quadrangle. Pyroxenite also occurs in a large 10 m
thick tabular body at least 50 m in length at the

Pequest mine .as well as on the dump at the Washington

mine.

* The term pyroxenite is used in this report as a purely
descriptive term for the coarse-grained massive
aggregates of diopsidic clinopyroxene which are commonly
associated with magnetite concentrations. No genetic
implications (e.g. igneous) are indicated. Earlier
workers referred to these rocks as "skarn" rocks with
the full genetic significance of that term.
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The rock consists almost exclusively of green
diopsidic clinopyroxene. Minor'amounts of magnetite
in the form of small (.1 mm) disseminated grains or "as
lens-shaped aggregates 10 mm wide and 50 mm long are
-locally present. |

The pyroxene grains are pleochroic from bluish-
green (X! Y) to pale-yellow (Z). Commonly, the grains
are color zoned, the rims being more strongly colored
than the cores. ZAC on a section parallel to (010) is
about 45 degrees. The optic sign is positive and the
optic axial angle (2V) is about 60 degrees.

The texture of thevrock is granoblastic. Some
Agrains are prismatic and show polysynthetic multiple _
twinning. All the grains are subhedral to anhedral,
and triple points are common.

The spatial association of pyroxenite bodies with
magnetite concentrations may be of genetic significance,

and is discussed more completely in a later section.

Quartz-Potassium Feldspar Gneiss

Bodies of microcline-bearing quartzo-feldspathic
gﬁeiss;are common on Scotts Mountain in the Belvidere
quadrangle. This unit contains layers and lensés of
amphibolite, some of which are mappable. |

The rock has a characteristic pinkvto pinkish-gray
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color. Layers of quartzite are found within the unit.
Small bodies of microperthite alaskite are interlayered
with the quartz-potassium feldspar gneiss both on a

map and hand-specimen scale.

The quartz-potassium feldspar gneiss consists of
variable amounts of'quartz and microcline, and
subordinate plagioclase (An8_16), biotite, and magnetite.
Accessory minerals include chlorite, apatite, zircon,
sphene and hornblende. The texture is granoblastic,
and foliation is poorly developed except where biotite,
chlorite, or hornblende are present. The grains size
ranges from .7 mm to 3.3 mm. Porphyroblasts of quartz
are the largest grains and are commonly elongated .
parallel to the foliation. Anhedral grains of microcline
are enclosed poikiloblastically in quartz.

Modes are given in Appendix A, Table 2. Fig. 3
shows modal data plotted on a QAP diagram. The broad
- range in composition is revealed both by the Q/A ratio
and fhe microcline to plagioclase ratio. Although
many of the data points fall in the field of alkali
granite and granite, chemical analyses (Table 3) show
marked differences'froﬁ granites. It appears, therefore,
that the quartz-potassium feldspar gneiss is probably

a metamorphosed arkosic sediment and is not a plutonic
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Figure 3. Plot of modes of quartz-potassium feldspar
gneiss. Triangles are data from Baker and
Buddington (1970); squares are data from
Drake (1969); closed circles are data from
this study. Q, quartz; A, alkali feldspar
including albite up to An5; and P, plagioclase.



N

/TN




granite ;s has been suggested by some earlier
investigators.

This rock may be distinguished from rocks of
similar composition and appearance by its finer grain
size, the presence of quartzite layers, and the virtual

absence of perthitic feldspar.

Oligoclase-Quartz Gneiss

This unit was termed the Losee Diorite gneiss,
but the name currently used for rocks consisting
principally of quartz and plagioclase.(Anlo_lq) is
oligoclase-quartz gneiss. The rock is light colored and
usually greeni;h—gray to grayish-green. It is abundan;
and underlies much of the map area. The rock is massive,
except where chlorite and hornblende are present in.
sufficient amounts to impart foliation and lineation,

respectively. Thin layers of amphibolite of limited

striké length which are generally less than 1 meter
thick, are found in -this unit. The grain size ranges
from .07 mm in sheared samples to 3 mm in crystalloblastic
samples. Porphyroblasts of strained quartz occur
sporadically.

Clinopyroxene is sparce but occurs locally, and,

in places, is altered to magnetite and chlorite. Pink
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garnet was found at one locality, and it appears to have
formed by interface reaction of magnetite with
plagioclase. Garnet-bearing oligoclase—quartz gneiss
was reported in the Franklin and Hamburg quadrangles by
Baker and Buddington (1970) who described a garnetiferous
layer 300 m thick. Modes of the oligoclase-quartz
gneiss are given in Appendix A, Table 3, which show

that the proportion of plagioclase is far in excess of
that of quartz. Fig. 4 shows the modal data graphically,
and illustrates the variability of quartz and the very
low content of microcline.

Locally the grain size of the oligoclase-quartz
gneiss increases and tgﬁ rock gradually grades into
albite-oligoclase gfanite and microantiperthite
alaskite. The latter apparently developed as a result
of metasomatic activity which resulted in antiperthitic
plagioclase with rims of albite. Apparently, both
sodic and potassic solutions were active (Drake, 1969).
Little evidence of anatexis was found in the area, but
previous workers such as Drake (1969) have found relict
folded ambhibolite layers in albite-oligoclase granite
which strongly suggests that the granite was.not

intruded but formed in place.
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Figure 4.

Plot of modes of oligoclase-quartz gneiss.
Triangles are data from Baker and Buddington
(1970); squares are data from Drake (1969);
closed circles are data from this study.

Q, quartz; A, alkalli feldspar including
albite up to An5; and P, plagioclase.
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Garnet-Biotite Schist

A tabular body of garnet-bearing biotite schist
10 m thick occurs in the Belvidere gquadrangle, about
«2 km south of Hazen, N.J. 'The rock contains coarse-
grained biotite and variable amounts of garnet,
microcline, and magnetite. The biotite is pleochroic
(pale-yellow to greenish-brown) and occurs as flakes
up to 15 mm in diameter. The cleavage is often bent.
The rock has an excellent foliation due to the alignment
of biotite. Garnet is not confiﬁed to layers, and occurs
as poikiloblasts enclosing microcline and biotite and aé
grains within poikiloblastic microcline. It appears,
based on petrographic observations, that garnet is
replacing biotite, as it cuts the foliation marked by
the biotite. The garnet is pink, and .it is probably
rich in iron.

Magnetite occurs in grains elongated parallel to
the foliation and in discrete grains. Layers of
magnetite ranging in thickness from 10 mm to 100 mm
~are present. During 1882-1890, the Kaiser mine produced
magnetite from an orebody 4 m thick in this rock
(Bayley, 1910, 1941). |

The garnet- -biotite schlst is interlayered with

amphlbollte, which, in turn, is interlayered W1th
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quartz-potassium feldspar gneiss and marble.

Plutonic Igneous Rocks

The igneous rocks of the study area include
microperthite alaskite, pegmatitic alaskite, hornblende
granite, biotite granite, syenite, albite-oligoclase
granite, and microantiperthite alaskite. The feldspars
of these rocks are dominantly perthitic, although
smaller amounts of non-perthitic feldspar may be present.
The feldspars of albite-oligoclase granite ‘and
microantiperthite alaskite, however, are dominantly
non-perthitic although lesser but variable amounts of

perthite are present.

Microperthite-Bearing Rocks

Granitic rocks having microperthite as the dominant
feldspar are the most abundant plutonic rocks. These
were termed Byram gneiss by early investigators.
Microperthite alaskite and hornblende granite are the

most common of the microperthite-bearing rocks.

Microperthite Alaskite
Belts of microperthite alaékite are found on

County House Mountain, Mount liohepinoke, Pohatcong
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Mountain, and lMusconetcong Mountain in the Washington
quadrangle. Smaller isolated lenses crop out in the
Belvidere quadrangle. Alaskite grades into hornblende
granite and hornblende syenite on County House Mountain
in the Washington quadréngle.

The unit is massive except where porphyroblasts
of quartz are in planar alignment or oriented grains
of disseminated hornblende impart a crude foliation.
Locally, thin oriented layers of quartz-potassium
feldspar gneiss, -hornblende granite, and amphibolite
give the rock a planar structure.

In the field, microperthite alaskite is gray to
pinkish-gray. It can be distinguished from quartz-
potassium feldspar gneiss: by its coarser grain size and
poorly developed foliation. The feldspars weather pale
brown due to iron-oxide stains resulting from the
oxidation of disseminated magnetite. Round quartsz
grains portrude from the weathered surface.

Some samples contain porphyroblasts of quartz and
perthitic feldspar in a matrix of microcline, plagioclase-
and quartz. String mesoperthites composed of thin
layers of potassium feldspar and plagioclase in
approximately equal amounts are common in alaskite.

Rocks containing string mesoperthites are usually

31



equigranular and have a granoblastic texture. The
grain size ranges from .2 mm to 4 mm with an average
of approximately 2 mm. In cataclastically deformed
samples, the feldspar is less perthitic in the
groundmass inasmuch as it has exsolved more completely
‘during cataclasis. Primary igneous textures are absent.
Myrmekitic intergrowths of quartz and plagioclase are
found in minor amounts in most samples.

Modes of alaskite are given in Appendix A, Table 4.
Fig. 5 shows the modal data plotted on a QAP diagram,
with A representing alkali feldspar including perthite.
The variable amounts of plagioclase may reflect different

degrees of unmixing from mesoperthite.

‘Hornblende Syenite

A small body of horfiblende-bearing syenite crops
out on tﬁe southwestern edge of Oxford Mountain about
1.5 km south of the town of Oxford, N.J. The rock is
characterized by its coarse grain size (up to 4 mm) and
the abundance of dark hornblende. Locally, the
hornblende is strongly lineated. The color of the
fresh rock is bluish-gray to dark-greenish-gray; on
weathered surfaces it is light brown,

The essential minerals are mesoperthite (4 mm }m

grain size) and hornblende. The feldspars are dominantly
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Figure 5.

Modes of microperthite alaskite. Triangles
are data from Baker and Buddington (1970);
squares are from Drake (1969); circles are
new data from this study. Q, quartz; A,
alkali feldspar including albite up to AnS:
and P, plagioclase.
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string perthites. Microcline patch perthites having blebs
of plagioclase enclosed in microcline occur along grain
boundaries and between large mesoperthites. These
grains are smaller than the mesoperthite and apparently
represent crushed and recrystallized matérial. Quartz
(.8 mm in grain size) is confined to areas between
feldspar grains but also is enclosed poikiloblasticaily
in mesoperthite. Quartz porphyroblasts are rare.
Hornblende is commonly altered to biotite and chlorite.
Apatite is a common accessory and occurs in grains up
to .2 mm in diameter.

Modal analyses of the hornblende syenite are given
in Appendix A, Table 5. The QAP plot in Fig. 6 shows
the syenitic character of these rocks compared to .
similar rocks found in the Franklin and Hamburg

quadrangles by Baker and Buddington (1970).

Hornblende Granite
Hornblende granite crops out along the northwestern
edge of County House lMountain in the Washington
quadrangle. It ié associated with hornbleqde syenite
and microperthite alaskite. |
In the field, hornblende granite closely resembles

hornblende syenite, the only difference being the quartz
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Figure 6.

Modes of syenite. Triangles are data from
Baker and Buddington (1970); closed circles
are data from this study. Q, quartz; A,
alkali feldspar including albite up to An5
and P, plagioclase.
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content. It differs from alaskite only in the amount
of mafic minerals present. This is a gray to bluish-
gray rock, is coarse grained (about 5 mm grain size),
and it has a good foliation as defined by the planar
orientation of hornblende.

The feldspars are typically perthitic and are
string mesoperthites. Some samples have little perthite
and contain instead single-phase microcline and albite-
oligoclase. Hornblende is commonly. altered to biotite
and chlorite. IModes are given in Appendix A, Table 6.

An outcrop of hornblende granite near the town of
Oxford on the Washington quadrangle is characterized by
its non-uniform grain size, structure, and composition.
The dip and strike of the foliation changes within
distances of a meter, and the amount and size of
hornblende grains varies markedly over the outcrop area

of about 100 square meters.

Biotite Granite
A small body of biotite granite crops out on Hount
liohepinoke and County House mountain in the Washington
quadrangle along the contact with microperthite alaskite
and hornblende granite.

This rock is composed of quartz, perthitic
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microcline, and plagioclase plus about 6 percent of
biotite. The feldspars occur as microcline patch
perthite, mesoperthite, and antiperthite. Quartz is
found as round grains between and ehclosed by the
feldspars. Hornblende is present in minor amounts,
and iskcommonly replaced by chlorite. Accessory
minerals include apatite, sphene and zircon.

Fig. 7 consists of modal data plotted on a QAP
diagram, which shows the variation in composition of
the biotite granite. Drake (1969) concluded, based on
field relationships, petrographic data and chemical
analyses, that the biotite granite formed by the
assimilation of biotite-quartz-plagioclase gneiss by
alaskite,.or by the additidn of potassium-rich fluids

to the biotite-quartz-plagioclase gneiss.

Alaskite Pegmatite
Locally, in masses too small to map,'peématites
with the composition of microperthite alaskite are found.
The rock is characterized by its pink color, in places
‘1t may be green due to-the presence of plagioclase,
epidote and chlorite. - Where pegmatite is in contact
with amphibolite, veinlets of granitic material were

intruded along the foliation. The amphibolite is clearly
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Figure 7. Modes of biotite granite. Squares are data
from Drake (1969); circle, from this study.
Q, quartz; A, alkali feldspar including
albite up to An5; and P, plagioclase.
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altered by emaﬂations from a pegmatite intrusion at
Oxford Church near Hazen, N.J. in the Belvidere
quadrangle. Hornblende was transformed to biotite and
quartz was introduced. Along. joints, large (20 mm)
grains of hornblende are found, presumably formed

as a result of the introduction of warm fluids from the
pegmatite.

Pegmatites are composed of variable amounts of
microcline and albite-oligoclase plus quartz. At most
places, feldspars are non-perthitic. Minor minerals
include pale green clinopyroxene, chlorite, and epidote.
The pyroxene is slightly‘pleochroic. and is probably
a diopsidic augite. Apatite, sphene and magnetite
constitute the accessory minerals. Sphene occurs in
euhedral grains up to 1.1 mm in length. Apatite is also
unusually coarse.

Although no primary igneous textures‘were observed,
it is clear, from field observation, that these rocks
are intrusive into the metasedimentary-metavolcanic |
sséuence. The teitures'of the pegmati?es are both
granoblastic and catéclastic. In the latter, granulated
quartz and feldspar grains‘form a relétively fine

groundmass containing porphyroclastic quartz, plagioclase

and microcline. I[lortar structures further attest to the
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presence of shearing stresses subsequent to intrusion.
Because of the large grain size of the pegmatite,
no modal analyses were made. It is clear, however,
that their composition is not uniform throughout the
samples observed, and does not necessarily fall oﬁ the
ternary minimum in the system quartz-orthoclase-albite.
This fact is important when discussing petrogenesis of

the igneous rocks in a later section.
Sodic Plutonic Rocks

Albite-0ligoclase Granite and Related Pegmatite

A few small lens-shaped bodies of albite-
oligoclase granite crop out on Scotts liountain in the
Belvidere quadrangle and liusconetcong Mountain in the
tlashington quadrang;e. These are surrounded by
" oligoclase~-quartz gneiss, and the contacts are
graégtional. It is not clear from field evidence whether
this granite is intrusive or anatectic. Drake (1969)
found evidence to support anatexis. |

The rock is recognized by its coarser grain size
as‘compared with that of the oligoclase-quartz gneiss.
It has, however, thé same mineralogy. |

A small lens of albite pegmatite was found on
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Mount No llore in the Belvidere quadrangle.' This is a
very coarse equivalent of albite-oligoclase granite,

and contains albite crystals as long as 15 mm.

Microantiperthite Alaskite

Small bodies of antiperthite-bearing alaskite are
found on Scotts iiountain in the Belvidere gquadrangle.
These lens-shaped intrusions are surrounded by oligoclase-
quartz gneiss.

“Antiperthitic alaskite is recognized in the field
by lenticulaf quartz grains which then have a brovnish
tint. The feldspars weather chalk white. Foliation
and especiélly lineation are well developed as shown by
the orientation of elongated rod-shaped aggregates of
quartz.

The essential minerals are quaftz,'microcline and
plagioclase (Anyg_4,). Some of the feldspars are
perthitic. Quartz occurs as poikilbblasts}which enclose
round grains of feldspar as well as quartz that has
a different optical orientation. Microcline, antiperthite,
mesoperthite, and microcline microperthite occur as
smaller grains which apparently represent crushed and
recrystallized material. Varietal minerals include

‘chlorite, biotite, and yellow-green slightly pleochroic
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clinopyroxene. Pyroxene commonly is altered to chlorite
and magnetite. Ilodes are given in Appendix A, Table 7.
These are compared with microantiperthite alaskites

from Drake (1969) in Fig. 8. "A" represents alkali

feldspar and includes microantiperthite.

PETROUGENESIS

The rocks found in the study area have been derived
from granulite-rank metamorphism of a series of
sedimentary and volcanic rocks. Plutonic rocks, derived
from sedimentary and volcanic rocks by anatexis occur

f

in the area of this study.

The Metasedimentary-lietavolcanic Sequence

| Quartz-potassium feldspar gneiss, quartz-epidote
gneiss, mafble, and amphibolite in the study area are
believed to be of sedimentary origin.-- Oligoclase-quartz
gneiss is believed to be volcanic in origin. These |
conclusions are consistent with those of recent
investigators such as Drake (1969), and Baker and

«Buddington (1970).

Amphibolite
As shown earlier, amphibolites of the Reading

Prong in general and those in the area of this study in

b5
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Figure 8. Modes of microantiperthite alaskite. Squares
T are data from Drake (1969); circles are data
from this study. Q, quartz; A, alkali
feldspar including albite up to An5; and
P, plagioclase.
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particular are variable in composition. Table 1 shows
a considerable variation in silica, lime, and magnesia.
These variations may be due to either 1) differences

in the unmetamorphosed parent rocks or 2) chemical
changes during subsequent metamorphﬂgm. In order for
géochemical studies to be meaningful, it is necessary
to assume that little if any material has been added or
removed prior to their metamorphism. Samples 3, 4 and 5 .
in Table 1 may have had material added inasmuch as they
are located close (within 10 m) to an intrusion of
pegmatitic alaskite. Sample 5 contains much more
silica and sample 4 contains much more normative
orthoclase than the average amphibolite which must
result from the addition of granitic material to the
amphibolite.

Baker and Buddington'(1970) observed anorthositic
and gabbroic layers_in amphibolite in the Dover
quadrangle, N.J. They also interpreted certain textures
as primary igneoué textures. Hague et al. (1956)
report pillow structures in amphibol;te in the Franklin-
Sterling area which suggest that basaltic flows were
the brecursor of these rocks.

Sims (1958), on the basis of their association

with obvious metasedimentary rocks, concluded that most
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Table 1. Chemical analyses and CIPW norms of Amphibolite
from the Reading Prong

~
~.
I’F

_1* 2% _3* : _5*%
510, 53.2 48 .4 51.3 56,8 68.3
A1203 14.4 16.7 12.3 15.3 11.6
Fe203 2.9 7.3 3.8 3.2 2.4
FeO 8.4 3.6 6.0 3.7 2.6
Mg0 5.6 6.6 7.6 4.8 2.9
Cal 7.7 8.8 13.0 L.8 4,3
Na,0 3.4 3.3 1.7 3.3 2.3
Kzo 1.6 1.8 2.6 5.0 2.8
on5 .27 .28 .25 .18 .09
Ti0, 1.5 1.0 A6 86 .35
MnoO 24 14 .25 16 10
H20+ 1.5 1.9 1.4 1.3 1.3
H, 0" .13 .13 .17 19 .20
co, .06 .07 Ll .28 .99
Sum 100.9 100.0 100.3 99.9 100.4
CIPYW norms
Q 1.94 —— ——— 2.78 32.62
Ne _— 5.11 .94 - -
Oor 9.46 10.63 15.36 29.56 16.53
~AD 28.79 18.41 12.64 27.90 19.46
An 19.28 25.46 18.25 12,19 13.08
Wo 7.07 6.71 18.56 3.66 1.03
En 13.94 16.43 18.92 11.96 7.22
Fs '10.99 5.22 7,25 3.0 - 2.40
Il 2.85 1.90 . 1.6 .67
lit L.,21 - 5.51 L.63 3.47
tlm -—- 7.30 - —_—— _—
Ap 059 -62 -56 . .L"O . 19
Cc 14 .16 1.00 .64 2.25
“.Ja-ter 1-63 2-03 1057 1-“’9 1.50
Sum  100.89  99.93  101.76 99.88  100.42
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Table 1. (continued) .
6** :Z*** 8*‘%**

510, 43.98 L. L0 L2.80
A1203 12.01 15.10 12.03
Fe203 6.60 3.35 6.56
FeO 12.20 9.75 13.25
Mgo 5.46 7.90 L.67
Ca0 11.99 9.30 11.76
Na,0 2.93 2.50 2.91
K,0 1.10 2.00 1.13
P205 .28 - .17
Ti0, 2.25 1.62 2.24
MnoO .05 .15 .05
H,0 1.33 2.37 1.33
co, ‘ .18 .33 .20
Sum 100. 36 99.77 100.10
CIPW norms
or 6.5 11.8 6.67
Ab 14.3 14.5 15.20
An 16.3 24.0 16.40
Ne 5.7 g. 5.11
Di 34.1 18.0 33.05
0l . 7.4 17.3 7.72
Mt 9.6 L.8 9.51
Il h.o3 3.1 L.26
Ap .7 - 40
Sum 98.9 97.1 98.32

'y

¥ New analyses for this report. *¥% From Bayley et al.
(1914). #*#% From Buckwalter (1962). #¥#% From Darton
et al. (1908). See Appendix B, Table 1 for sample
locations.
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amphibolites in the Dover district are metamorphosed
impure calcareous or magnesian sedimentary rocks;
however, he admitted that some may have had an igneous
origin.

Amphibolite of almost certain sedimentary origin
was found by van de Kamp (1971) in the Grenville Province
of Ontario. This rock is a conglomerate having an
amphibolite matrix which encloses pebbles of granite and
" gneiss, This amphibolite provides an unusual opportunity
for comparing the chemistry of amphibolites of sedimentary
and igneous parentages.

Rivalenti and Sighinolfi (1969) proposed that
graywackes may become amphibolites upon metamorphism.

It has since been shown by Van Alstine (1971), however, _

that graywackes are not likely progenitors of amphibolites.
\ In this study, three types of amphibolites were

found: 1) those interlayered with quartzo-feldspathic

gnéisses,.z) belts of massive amphibolite, and 3)

amphibolite interlayered with marble. No primary

featurgs such as igneous textures of structures were

found in any of the amphibolites. Amphibolites may be

derived throﬁgh regional metamorphism of at<leas£ four

different rock types: 1) basic volcanic fiows. 2) basic’

tuffs, 3) differentiated layered intrusions, and 4)
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impure carbonate sediments.

Inasmuch as no evidence of igneous layering was
found in the study area, the problem, then, is to
differeﬁtiate between amphibolites which are the products
of the metamorphism of basic flows, tuffs, or sediments
containing mixtures of carbonate and pelitic material.

.As seen in Fig. 9, most of the amphibolites in the
Reading Prong are slightly alkalic inéluding those
containing high silica. None of the samples analyzed
fall in the field of tholeiitic basalt.

Fig. 10 shows that Reading Prong amphibolites
generally follow the igneous trend. This in itself is
not conclusive, bécause mixtures of dolomitic and
pelitic sediments could also fall on the igneous trend.

To determine more closely the origin of the -
amphibolites from the study area, trace elements such
as Ba, Cr, and Ni were considered. Figs. 11 and 12
show Cr and Ni trends respectively. For'igneous rocks,
there is a positive correlation between Niggli mg and
Cr and Ni. A negative correlation would suggest a
sedimentary trend (Van Alstine, 1971). As shown in
Figs. 11vand 12, amphibolites from the study area show
a negative correlation of Cr and Ni with respect to

Niggli mg, and, in fact, fransect the igneous trend.
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Figure 9. Weight percent Si0O, against total alkali,
showing the slightiy alkalic nature of

amphibolite fgom the study area.
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Figure 10.

Niggli ¢ against Niggli mg for Reading

Prong amphibolites (dots). Arrow, which
indicates the igneous trend of the Karoo
dolerites, and areas of pelites and dolomites
are shown, from Leake (1964). Niggli values
for Reading Prong amphibolites and the
procedure used in calculating them are shown
in Appendix C.
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Figure 11. Niggli mg against Cr. Arrow indicates
igneous trend of amphibolites from Van
Alstine (1971).
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Figure 12. | Niggli mg against Ni. Arrow indicates
igneous trend of amphiboliites from Van
Alstine (1971).
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Ba is also an indicator of the sedimentary vs.
igneous origin of amphibolite. Van de Kamp (1968,

p. 1348, 1352-1353) shows that orthoamphibolites from
Ontario contain between 100.and 400 ppm Ba with an
average of 173 ppm, whereas paraamphibolites contain
between 100 and 1000 ppm Ba with an average of 355 ppm.
Paraamphibolites clearly have a broader range and a
greater average concentration of Ba, as would be
expected from sedimentary rocks. Amphibolites fr&m the
study area contain between 230 and 1000 ppm Ba with an
average of 562 ppm of Ba (see Table 2).

La/Ce ratios are alé@ useful in differehtiating
ortho- from paraamphibolites. Van de Kamp (1968) found
that La/Ce is usually greafer than 0.4 for sedimentary
rocks and less than 0.4 for basic igneous rocks. The
ratio of La to Ce in two amphibolites from the‘study area
are both greater than 0.4 as shown in Table 2. The trace
element data thus strongly indicate that the émphibolites
in the study area are of sedimentary origin.

Field evidence, especially at the Oxford Stone
Quarry, show that the amphibolite at this locality is
interlayered with oligoclase-quartz gneiss which is
probably a metamorphosed volcanogenic rock. The parent

rocks for the amphibolites were probably mixtures of
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Table 2. Ilinor -element analyses of Amphibolite from the
study area,. ppm¥*

Ba 400 230 690 990 500
\'s 160 180 260 150 68
Cr 140 93 9.5 21 40
Ni 64 81 12 26 12
Cu 20 L,b 11 12 3.5
Zn 130 140 530 100 . 90
Sr 300 710 360 220 280
Y 53 23 22 9 37
Ce n.d n.d. n.d. 150 98
La 29 25 33 83 53
Zr . 230 73 57 140 52
Nb 7.5 L.h 5.1 11 6.2
o 11 11 9.5 9.4 7.8
Ga 23 19 16 25 19
Nd n.d. n.d. n.d. 110 n.d.
Co 18 34 17 16 8.6
La/Ce --- —_——— - .53 .54

*¥ Emission spectrographic analyses by L. Mei, U.S.
Geological Survey. The error limits on each number are
plus 50% and minus 33%. ' '

1’1. dl"‘ no-t detected-

Sample locations given in Appendix B, Table 1.
0
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pelitic and carbonate material.

The Sodium-Rich Rocks

The sodium-rich rocks include oligoclase-quartz
gneiss, albite-oligoclase granite and albite pegmatite.
Oligoclase-quartz gneiss is by far the most areally
abundant of these rocks and underlies a large part of
the map area. These rocks are unique in that they !
typically have high NaZO/KZO weight ratios, ranging
from 2.9 to 5.6.

Field relations strongly suggest that albite-
oligoclase granite and pegmatite are rheomorphic
products of the oligoclase-quartz gneiss and were not
intruded from an unknown magma source at depth
(Drake, 1969). The problem, then, is to determine the
parentage of the oligoclase-quartz gneiss.

Sims (1958) reported the presence of biotite-
bearing Oligoclaée-quartz gneiss in the Dover district.
This rock has essentially the same ﬁulk chemical and
mineralégical composition as the oligoclase-quartz gneiss
found in the area of this study and along the Delaware )
River. Sims (1958) suggested that the progenitor bf
this rock was a graywacke. Drake (1969), however, '

pointed out that the Na20/K20 ratios of most graywackes
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are too low to account fof the high sodium content in-
the oligoclase-quartz gneiss.

Baker and Buddington (1970) showed, on the basis
of field studies, that the weight of evidence for either
a magmatic or a sedimentary origin for this unit is about
the same. On a small scale;_the oligoclase-quartz
gneiss has discordant contact relationships with the
surrounding.rogks, but on a large scale it is concordant.
Hague et al. (1956) considered this unit to be a
phacolithic intrusion of dioritic magma.

Hague et al. (1956) and Baker and Buddington (1970)
pointed out the occurrence of garnet in a belt of the
oligoclase-quartz gnihss in the Franklin area whiéh
would be consistent with a sedimentary origin. However,
no compositional layering which might reflect sedimentary
layering was found. Baker and Buddington (1970) concluded
that th? oligoclase-quartz gneiss was of unéertain origin.

T;§3geochemical characteristics of the oligoclase-
quartz gneiss may be indicative of its origin. Sodium-
rich sedimentary rocks'are relatively rare but are not
unknown. Excellent examples are the Triassic Lockatong
Argi%lite of New Jersey.and eastern Pennsylvania éhd'
the Eocene Green River Formation of Wyoming, Utah, and
folorado. These formations’ are lacustrine deposits.

The Lockatong Formation has a NaZO/KZO ratio similar
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to that of the oligoclase-quartz gneiss, but the 8102
content is much less in the Lockatong. Correspondingly,
the Green River Formation contains more sodium than
potassium (Milton and Eugster, 1959).

~Pig. 13 shows the chemical trends of the Lockatong
Argillites as compared to the trends of albite granites
(Kinkel et al., 1956; Coleman and Peterman, 1975; and
Brown et al., 1979), keratophyres (Gilluly, 1935;
Bartrum, 1929, 1936; Battey, 1955; Albers, 1959;
Dickinson, 1962; and Brown et al., 1979), and sodic

Oz;éneisses of the Reading Prong (Drake, 1969; Bayley,
1941; Baker and Buddington, 1970; and Sims, 1958).
There is a clear separation between the Lockatong rocks
and the plutonic sodic_igneous rocks. The oligoclase-
quartz gneiss and related rocks from the Highlands of
New Jersey clearly follow the igneous trend and overlap
the keratophyre field and the albite granite field, and
only part of the Lockatong field;

Keratophyres and albite granites are associated
‘with ophiolites on Fidalgo'Island, Washington'(Brown
et al., 1979).. Here, albite granite dikeS»intrud;
gabbro and keratophyric tuffs and bfeccias. The breccias
contain clasts of pelagic argillite and turbidite.

They concluded that the sodic magma was not a
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Figure 13.

Plot of Niggli c against Niggli al-alk.
Dots are keratophyres, squares are albite
granites and plagiogranites, triangles are
Lockatong Argillites, open circles are
albite-oligoclase granites from the Reading
Prong, crosses are oligoclase-quartz gneisses
from the Reading Prong. Niggli c, al, and
alk represent lime, alumina, and alkali
contents of these rocks respectively. See
Appendlx C for Niggli values and the method
used in calculating them.
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differentiation product of the gabbroic magma on the
basis of the volume ratio of gabbro to albite granife
dikes. Instead, this magma was intruded into the'
gabbro and subsequently reacted with sea water so that
K was exchanged with Na. The sodic rocks, they
concluded, were thus formed on the sea floor. | ‘?
Carmichael et al. (1974) also state that keratophyres |
and related sodium-rich rocks are commonly related to
spilites, and, therefore, probably formed on the sea
floor. ,

It is not clear if the oligoclase-qﬁartz gneiss 1is
in any way related to ophiolites iﬁaémuch as contacts
commonly are covered and the structure of the area is
very complex\due to the high rank df metamorphism and
successive deformations. It may be related to
ophiolites, but it is also possible that the high
- sodium content may be due to metasomatigm of ordinary
calc-alkalic rhyolites; éndeéites, and dacites (Gilluly,
1933; Carmichael et al., 1974). However, no evidence
for sodium mefasomaﬁism in the oligoélése-quartz gneiss
has been forthcoming from studies in the Reading Prong.
The sodic oligoclasé-quartz éneiss thus remains somewhét
enigmatic in terms of its origin, but the chemical |
evidence stfongly indicates that it is of volcanogenic

e
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parentage.

Quartz-Potassium Feidspar Gneiss and Associated

Quartz-f£pidote Gneiss

This unit is rich in quartz and, in places, contains
garnet, sillimanite, epidote, and calcite. The
.mineralogy, therefore, indicates that it is a |
metasedimentary rock. Table 3 gives two chemical
analyses of quartz-potassium feldspar gneiss which show
both the high silica content and the variable Na,0/K,0
ratio.

The likely progenitor‘for this rock is an arkosic
sandstone and not a pelitic sediment. Pelites typically
are poorer in silica and higher in alumina (Shaw, 1956;
Pettijohn and Bastron, 1959; Nanz, 1953; and White, 1959).
Arkoses, on the other hand, contain silica and alumina
concentrations similar to, that of the quartz-potassium
feldspar gneiss (Petfijohn, 1963).

The quartz-epidote gneiss is spatially related to
the quarté-potassium feldspar gneiss, and although no
chemicgl analyses are available, they both contain
mgder?te to large amounts of quartz. Epidoie is
probably ah alteration product of potassium feldspar,

which may be preéent in moderate amounts. Diopsidic
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Table 3. Chemical analyses and CIPWW norms of Quartz
Potassium-Feldspar Gneiss from Hew Jersey.

_1x 2
SiO2 68.0 71.0
A1,0, 14,5 . 13.0
FeZO3 3.8 3.0
FeO 2.1 1.3
gC .91 .32
Ca0l 1.4 .07
Na,0 b.7 .95
K,0 3.5 9.3
H20+ A2 .74
HZO— .15 ( .04
TiO2 72 «33
7

P205 .22 4 .06 .
I\’Ino -OL,' 103
€O, 01 -
Sum . 100.5 | 100.1

CIPW norms
Qz 23.52 29.3
An 5.54 -
Ab 39.75 8.4
or 20.71 55.6
cd .95 1.0
En . "2.27 -
Fs —— .8
It - L.68 3.2
Ap ' .50 - -
Il 1.37 .6
Hm .58 "-8 )
Ce _—— -—— :
Sum §§T§7} —5577

¥ New analysis for this report. Sample taken .25km

S45%W from Oxford Church, Belvidere quadrangle. Rapid
Rock analysis by K. Coates and H. Smith, U.S. Geological-
Survey. -

#% From Drake (1969).
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pyroxene in the quartz-epidote gneiss probably

represents limy layers in the original sediment.

The Plutonic Igneous Series

The Granitic and Syenitic Rocks

Hornblende granite and microperthite alaskite are
considered to be magmatic for the following reasons:
1) variations in chemical and mineralogical composition
are constrained within narrow limits; 2) the feldspars
are dominaltly perthitic; 3) zircon and sphene are
commonly elongated and”subhedfal to euhedral; and 4)
general field relationships. |

Baker and Buddington (1970) were able to find
additional evidence for the intrusive nature of these
rocks north of the Wisconsin terminal moraine where
contacts are visible. Xenoliths of paragneiss enclosed
in grénite were found by Baker and Buddingfon (1970)

and by Drake (1969), and cross-cutting (intrusive)

‘relationships were found by Sims (1958) and Hotz (1952).

Such evidence is lacking in the area of this study.

Fig. 14 is a‘ternary plot of the CIPW norms of

- the varieties of plutonic igneous‘rocﬁ% in the New

Jersey Highlands. It shows that microperthite alaskite

"and hornblende granite do not fall on the ternary
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Figure 14.

Ternary plot of CIPW norms of plutonic
rocks from New Jersey. Triangles are
microperthite alaskites; squares are
hornblende granites; circles are sodic
rocks; crosses are syenitic rocks. Point
m is the ternary eutectic at .3 GPa water
vapor pressure at 670 degrees C, from
Tuttle and Bowen (1958). Dotted outline
is the field of 571 analyzed granites from
Tuttle and Bowen (1958).

72

~N



Si0,

K AISizO .
30s NaAlSizOg

73



minimum for a .3 GPa water saturated melt, and do not
necessarily fall in the field of analyzed granitic
rocks. All of the analyzed alaskites and hornblende
granites d8, however, fall inside the 740 degrees C
contour for water saturated melt. It has been shown by
Carvalho (1978) that peak metamorphic temperatures in
the Highlands were at least 760 degrees C, which would
permit melting of all analyzed alaskites and hornblende
granites in a water saturated environment. The presence
of hydrous minerals in granitic igneous rocks from the
Highlands indicates that some water was present, although
it is not known if saturated melts ‘existed.

The variability in composition of the granitic
igneous rocks in\khe Highlands, it is concluded, reflects
the variability in composition of the metasedimentary
gneisses which were subsequently melted.

The presence of microperthite in alaskité.
hornblende granite, and syenite, the chemical evidence
cited above, plus the‘épatial association of these rocks
with quarfz-potassium feldspar gneiss, léads fo the
conclusion that the granitic rocks are partial melt
products of thé metasedimentary sequence ‘and are not the
products of alkali metasomatism as has been suggested by

Baker and Buddington (1970).
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Pegmatites, which are clearly intrusive, probably
represent late fluids from alaskitic magma.

Young (1978) proposed that quartz syenite magmas
in the Reading Prong were generated by partial melting
of paragneiss at déep levels. He also concluded that
the most syenitic rocks were generated by partial
melting of anorthositic rocks at depth. There is no
evidence for such a history in this area. There is a
possibility, however, that the hornblende syenite is a
refractory residue from the partial melting of
paragneiss, the representing upon“crystallizétion the

- alaskite and the hornblende granite.

As shown in the geologic map of the Washington
quadrangle (Plate 2), the hornblende syenite is located
in the hinge of an antiform. Although no textural
evidence was found, granitic liquids could have been |
squeezed out of the rock during Grenville tectonism -
thus leaving the syenitic residue behind; Subsequent
movement and recrystallization would have destroyed
any textural evidence of anatexis. :

Migmatitic'hornblende granite occurs near the

-hornblende syenite body, and this may represent an
intermediate stage in the pgrtial melting which

. ultimately gave rise to a hornblende granite magma and
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a syenitic residue. Ilore work is needed to fully

understand this problem.

The Sodic Plutonic Rocks
lilcroantiperthite alaskite and albite-oligoclase
wgranite are related spatially to oligoclase-quartz gneiss,

and are probably mobilized portions of this gneiss
(Drake, 1969).

Carl and Van Diver (1975) concluded that alaskites
in the northwest Adirondacks are volcanic in origin
based on Na,0-K

2 2
Robinson and Leake (1975), however, have shown that

0-Cal0 and AFM ternary diagrams.

igneous and sedimentary trends are identical on AFM
diagraﬁs along the A-F join. It is therefore impbssible
to distinguish chemical trends of sedimentary and
igneous rocks unless data points fall along the F-IM
join as well.

With respect to this area, f%gld felations show
that alaskite and albite-oligoclase granite are spatially
and perhaps genetically related to oligociase-quartz
gneiss which is probably volcanic on origin. Thus the
microantiperthite alaskite and albite-oligoclase granite

may have been derived from rocks of volcanic origin.
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METAMORPHISM

Rocks of the study area are of high metamorphic
rank as shown by the presence of migmatites and
anatectic granites. IMineral assemblages in
quartzo-feldspathic gneiss include quartz-migrocline-
sillimanite-almandine and that of amphibolites include
plagioclase-hornblende-augite. These assemblages are
characteristic of the sillimanite-almandine subfacies
of the almandine amphibolite facies, and the hornblende
granulite subfacies of the granulite facies (Fyfe et al.,
1958; and Turner, 1968). In some amphibolite thin
sections, hornblende clearly replaces clinopyroxene.
The presence of clinopyroxene thus indicates that locally
at least, metamorphic conditions were those of the
pyroxene granulite facies. The presence of perthitic
feldspar, even in some of the metasedimentary rocks,
is compatible with hornblende granulite facies
me tamorphism.

Evidence for retrograde metamorphism to the
greenschist facies is widespread, but is more apparent
in some rocks than others. The quartz-epidote gneiss
occurs over a large area (see Plate 2) and contains
epidote-rich layérs.

" Biotite replaces hornblende in some aﬁphibolites,

which may indicate mesodiaphthoretic effects.
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Epidote is also found locally along joints and
shear zones, and is clearly not related to the main

Grenville metamorphic event.

STRUCTURAL GEOLOGY

The Precambrian rocks in the study area constitute
part of four main structural units, namely, Scotts
Mountain, Upper Pohatcong Mountain, Oxford Mountain-
County House liountain, anq Musconetcong Mountain. The
general strike of crystallization foliation is to the

L

northeast, and dips are steep to the northwest and

southeast (Fig. 15). Locally there are variations in
the strike due to subsequent periods of folding. The
general northeast trend is due to tight isoclinal
folding. Paleozoic structures have been superimposed
on the Precambrian rocks, but were developed by brittle

- failure rather than plastic deformation.

Foliation

The Precambrian rocks have a foliation marked
by the alignment of quartz and platy minerals such as
hornblende and biotite, and by concentration of minerals
into lenses and stréaks. llost workers in the Reading

Prong believe that foliation is mimetic after layering
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Figure 15. Zqual area contour diagram of 100 poles to
foliation planes in the study area. The
general trend is to the northeast, and dips
are steep. liinor northwest trends are

present which suggest multiple tectonic
events.
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in the premetamorphic rock, whether volcanogenic or
sedimentary or both. Drake (1969) has found that
foliation and compositional layering are not always
sub-parallel, and that foliation is mimetic after
cleavage. Foliation then transects the layering, and

is seen in outcrop to be axial planar to tight isoclinal
folds._

‘Foliation in the granitic rocks is parallel to that
in the gneisses, and was probably formed during
syntectonic emplacement. Commonly no structures are
visible in the granites, and, where foliation is

present, it is usually near a contact with gneiss.

Lineation

Lineation is well marked in rocks that contain
abundant hornblende and biotite. In other rocks, quartz
imparts a lineation by its occurrence in streaks and
rod-shaped grains. Lineation is most commonly found
in amphibolite, but is also weakly developed in some
of the quartzo:feldspathic gneisses where prismatic
minerals are locally abundant.

A stereographic plot of twenty six measurements of
lineations (Fig. 16) in the rocks of this area shows a

scatter of directions, but three strong maxima are
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Figure 16. Contour diagram of equal area projection of
26 lineations from the study area. Three
strong trends are present.
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present. Drake (1969) found in the rocks of the
Delaware Valley a statistical maximum for measured
lineations which plunges gently to the northeast.

The present study has also shown this, plus two
additional maxima plunging northwest, one steeﬁly and
the other gently. Because lineation cannot be observed
at most outcrops, it is difficult to recognize specific
phases of folding, although it is obvious that the rocks

have a complex tectonic history.

Joints

The Precamﬁfian rocks contain well developed
joint sets. Fig. 17 shows that most joints strike
northwest and northeast and are steeply dipping. These
are cross joints inasmuch as they are perpendicular to
the general strike of the foliation. Longitudinal
joints pérallel to lineation are present but are far
less common than cross joints. In places, joints are
slickensided and filled with pegmatite and quartz veins.
The geometrical relationéhips of joints to foliation
were formed during the tectonic events which préduced the
foliation (Drake, 1969). Cross joints may be tensional
fractures produced during uplift and nappe emplacement

during lower Paleozoic time.
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Figure 17.

;

Contour diagram of equal area projection of
76 poles -to joints. Cross joints, which
transect foliation, are far more common

than longitudinal joints which are parallel
“to foliation.
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Folding

Folding is very difficult to recognize in the field.
The lack of a known strétigrappic sequence of lithologic
units in the study area along with the paucity of
exposures has made detailed structural analysis
impossible.

Minor folds having wavelengths of a few meters and
micro folds having wavelengths of tens of millimeters
are visible in a few outcrops, especially in fine-
grained amphibolite. At least three and probably four
phases of folding may be observed in one especially
good outcrop at Oxford Church near Hazen, N.J. in the
Belvidere quadrangle. NMost measured fold axes plunge
toward the northeast parallel to foliation, although
a minor fold axis was observed to plunge southeast.

On a map scale, folds such as that associated with
.the hornblende éyenite body near Oxford N.J. are
revealed. A strongly developedviineation with a poorly
developed foliation is visible at one outcrop which
suggest a fold hinge. On é map view, this structure
appears to be an antiform pluﬁgingheast.

Another fold in amphibolite occurs southwest of
Oxford. A core of Very coarse-grained amphibolite is

flanked by fine-grained amphibolite. ' The structure
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appears to be a southwest plunging synform which is

overturned to the northwest.

Faults

In these high-grade crystalline rocks, faults are
extremely difficult to locate because of poor exposures
and the absence of stratigraphic markers. Faults are
recognized in Precambrian rocks principally where fhey
are in contact with Paleozoic rocks.

Locally, slickensides and ductile shear zones are
recognized in the Precambrian rocks, but they are
nearly impossible to trace for any greét distance. These
are probably related to Paleozoic deformation.

" Drake (1969) found a fault along I-78 in the
Bloomsbury N.J. quadrangle which cuts only Precambrian
rocks and is filled with a lamprophyre dike of
Precambrian age. He also found a flat thrust fault
cutting Precambrian rocks at the same location.

‘A zone of biastomylonite about 10 m thick was
found in the area of this study in Hazen; N}J., ih the
‘Belvidere quadrangle. It is charaéterized in the field
by its aphanitic appearance, and its pale-pink to white
color. It is spatially associated with a small magnetite

deposit and its genetic significance with respect to
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iron mineralization is discussed in a subsequent.5ection.

The entire sequence of Precambrian rocks has been
involved in three major Paleozoic tectonic events.

Drake (1969, 1970, 1978) concluded that the Precambrian
rocks constitute a series of nappes de recouvrement

which were thrust to the northwest along the liusconetcong
fault. Evidence for this is found in the configuration
of the lower Paleozoic rocks, from outcrops which show
Precambrian rocks thrusf over Paleozoic rocks, and from
geophysical evidence.

Brock et al. (1976), however, disputed the refolded
nappe idea of Drake (1969). They concluded that the
Precambrian rocks in northwestern New Jersey were thrust
over Paleozoic rocks and not emplaced as cores of nappes.
Similar structural patterns from ridge to ridge and
significant differences ?Ftween Precambrian and

w7

Paleozoic structures weréifited as evidence for this
view. /

It should be noted, however, that plastic
“deformation did not occur in the Precambrian rocks
during Paleozoic tectbnism. It is not surprising, then,
that the structural patterns are different.

Similar structural features between Precambrian

ridges do not by themselves refute the refolded nappe
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idea. The Precambrian rocks may have been emplaced as-
a block in the core of the nappe and later eroded to

their present configuration (Drake, 1969, 1970, 1978).

MAGNETITE DEPOSITS
History and Production

The Oxford Iron district, which is located in the
center of the study area, has been an impdrtant
contributor to the total iron produced from the
Precambrian Highlands of New Jersey.

‘The first mines supplied ore to the Oxford Furnace
which began operations in 1743 and closed in 1925. Iron
produced there was used for military equipment during
the American Revolution. The eafly mines were émall,
and produced ore intermittently. '

The Washington mine, located 1.7 km south of -
Oxford, N.J., was the largest single mine in the Oxfard
district and the proguétién.of ore began in 1854. A
magnetic dip needle survey by Scranton (1879) sho&ed that
the orebody extended for about 1300 m, and had an average
thickness of 5 m.A There was no surface expression of the
orebody. |

The 6re contained about 2.75 percent sulfur bécause,
of pyrite and had to be roasted in air prior to shipment

to the smelter (Bayley, 1910). The Washington mine was
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worked long after all the others in the district had
closed. It operated until 1965 when it closed, not
for lack of ore, but because the costs of underground

mining were too great (McInerney, oral commun., 1978).

Geology of the Magnétite Deposits

Magnetite concentrations are found in at least
two rock types in the study area, namenly, 1) marble
and 2) pyroxene-bearing quartz-epidote gneiss. Bayley
(1941)‘reported that the ore in gneiss often pinches
and swells, and that the thickness of such orebodies is
quite variable. In marble, however, the orebodies are
typically relatively uniform in thickness and éontinuous
along strike.

Although no mines in the study area are currently
operating, an abandoned pit which was the Pequest mine,
in the Washington quadrangle .6 km east of Pequest, N.J.
was examined; The ore-in the Pequest mine was encloSed
in a pjroxene—rich rock (here termed pyroxenite) composed.
almost entirely of green diépsidio pyroxenégwhich, in
turn, is associated with quartz-epidote gneiss. Green
pyroxenite was also found on. the dump pile of the
Washington mine. Its bulk chemical analysis (Table 4)

showed no similarities to pyroxenites of igneous
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derivation.

liines in the Marble Belt
The Ahles liine
The ruins of the Ahles mine were located in this
study along with the dump pile from the mine. The Ahles
mine is located in the east central part of the
Belvidere quadrangle (see Plate 1). It is now impossible
to observe the ore and host rocks in place. Bayley
(1910) described the ore as:
a mixture of soft brown limonite
containing nodules of pyrolusite and
crystals of magnetite, and often
enclosing boulders of limestone, in
which the limestone is partially
replaced by limonite. There are also
present in the ore great masses of
chert or cherty limonite. Many of the
large lumps of this material on the
dump are gashed and jointed, and the
surfaces are coated with cherty quartz.
The ore contained up to 11 percent MnO, (Bayley, 1910).
The mine was located at the contact of marble and
quartz-potassium feldspar gneiss. The calcitic marble
of the footwall contained colorless clinopyroxene and
biotite, and, in places, oligoclase, microcline, and
hornblende.

: Y
Other mines that were worked in the marble belt are

no longer visible. However, it should be noted that they

all produced iron ore containing very low concentrations
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of titanium, phosphorus, and sulfur, and relatively

high concentrations of manganese (Bayley, 1910, 1941).

Mines in Gneiss
The Kaiser Mine
The shaft of the Kaiser mine, in the Belvidere
quadrangle (see Fig. 18); is visible today although the
mine was closed in 1891. The ore consisted of
concentrations of magnetite in the form of layers
parallel to the foliation‘of the host rock which is a
garnet-biotite schist of variable composition (see
description above). Pale-green clinopyroxene is present
locally in the schist and, in places, may be associated
with magnetite; The schist is bounded on the north by
medium-grained amphibolite; the southern contact with
marble is not exposed.
There is no surface expression of the schist, but
~ by following the position of the shaft along strike it
was found that the garnet-biotite schist is near the
contact of ;;phibolite with a 10 m thick zone of
_blastomyloniﬁe. The foliation in the blastomylonite is
parallél tQAthé crystallization foliation in the’
uéurrounding less-sheared rocks (Fig. 19). The

blastomylonite is bomposed of quartz, oligoclase, and
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Figure 18. Detailed geologic map of the Hazen NJ area,

' showing the locations of the Kaiser and
Barton mines. am - amphibolite, mr - marble,
gne - quartz-epidote gneiss, gnk - quartz-
potassium feldspar gneiss, gma -
microantiperthite alaskite, gno - oligoclase-

quartz gneiss. Contacts dashed where
inferred.
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Figure 19.

Generalized cross-section of the Kaiser
mine area. gnk - quartz-potassium feldspar
gneiss, am - amphibolite, gbs - garnet-
biotite schist, mr - marble. Orebody is in
gbs. Contact dashed where inferred, as the
exgct position of gbs is not known.
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"antiperthitic plagioclase and was originally
microantoperthite alaskite. Less sheared alaskite
occurs farther away from the mylonite zone. In hand-
specimen, the myionite is aphanitic. In thin section,
quartz appears as round grains often completely enclosed
by poikiloblastic plagioclase. Porphyroblasts of
antiperthite occur as well as discrete grain; of
plagioclase and miérocline which apparently exsolved
completely as a result of cataclasis and recrystallization.
Fig. 20 shows that the garnet aggregates cut the
foliation of the biotite-magnetite rock and therefore
represent post-tectonic crystallization. The magnetite.
grains, however, are aligned with the foliation wﬁich
suggests that they'aré pre-tectonic. Magnetite grains
‘aré embayed where they are in contact with garnet,
suggesting that they were replaced by the garnet.
Magnetite grains not associated with garnet appear
relatively unattacked, and occur as equidimensional
grains. Magnetite enclosed in biotite is typically
euhedral. It appears that the garnet is a product of
the poét—kinematic prograde reaction of biotite and
magnetite. |
The magnetite occurs as discrete grains disseminated
throughout a matrix of oriented biotite. In addition, it
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Figure 20. Sketch of polished slab of magnetite-bearing
garnet biotite schist.  Black, magnetite;
diagonal pattern, garnet; dashed pattern,
biotite. DNote that the garnet cuts the
foliation.

99



100



is also concentrated in layers about 30 mm thick. The
magnetite-bearing zone was about 4 m tﬂick, but a
thickness of only 1.5 m of this zone was considered to
be good ore (Bayley, 1910).
The magnetite itself ié\optically homogeneous.
Oxidation lamellae of ilmenite are found in minor

amounts, as are tiny oriented platlets of non-opaque

SPinels.

The Barton lline

The Barton mine southwest of the Kaiser mine
(Fig. 18), was operated between- 1873 and 18??. Bayley
(1910) described the ore as interlayered seams of
hornblende, biotite, and magnetite.

Several pits are still visible and some magnetite-
rich rock may be found on the dumps. The hdgt rock is
the quartz-epidote gneiss containing magnetite-rich
layers parallel to the compositional layering of the
gneiss. Dark-green pyroxene-rich layers are associated
with the magnetite. Reddish-browﬁ garnets were observed

in the gneiss near the magnetite layers.

“k
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The Pequest liine

The Pequest mine was located on liount iiohepinoke
in the Washington quédrangle, and was worked from 1869
to 1880. It was an open-pit operation which is still
accessible today. Although the orebody was virtually
mined out, the pit reflects its shape and size.

The.north Wall of the pit is composed of coarse
‘grained (2.7 mm) pyroxenite that contains minor amounts
of calcite and magnetite. The texture is granoblastic
with many triple point grain boundaries. Along the
contact of the orebody with the pyroxenite are large
hornblende crystals, up to 100 mm in length. The
magnetite is also very coarse-grained; grains up to
30 mm in diameter may be found.

Fig. 21 shows a generalizéd cross-section of the
mihe as observed from the pit. The country rock
surrounding the deposit is quartz-epidote gneiss which

underlies much of iount Mohepinoke (see Plate 2).

The Washington Mine
The Washington mine was an underground operation
So that, at preéént,,acceés to the orebody and host rock
is limited to diamond-drill cores and the waste dumps.

Bayley (1910, 1941) described the wall rock as a
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Figure 21. Cross-section of the east wall of the Pequest
mine. gne - quartz-epidote gneiss, px -
pyroxenite. ‘

J
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hornblende-bearing pegmatite. In the dump pile, many
rock types are present, including alaskite pegmatite,
green pyroxenite, amphibolite, quartz-potassium feldspar
fneiss, and biotite schist having biotite crystals up
to 40 mm in diameter. Green pleochroic diopsidic
clinopyroxene occurs in the alaskite pegmatite and is
commonly altered to chlorite. IHIagnetite grains are found
in the pegmatite along grain boundaries between quartz
and feldspar, and as discrete grains.

The pyroxenite is essentially monomineralic and is
composed of diopsidic clinopyroxene containing minor
but variable amounts of magnetite. The chemiéal
analysis of a sample of pyroxenite, which contained
very little visible magnetite in thin section, is given ]
in Tables 4 and 5. The composition of the clinopyroxene,
deduced from the whole-rock chemical,aﬂalysis is
CAT56.6Di75.2Hd13.4Ac4'8, and, when plotted on the
pyroxene quadrilateral (Fig. 22), falls in the field of
calcic salits. The green color and marked pleochroism
of the‘byroxene is probabl’y due to the acmite content.

Amphibolite containing abundant disseminated
magpetite is also present on the dump pile. Hornblende
ané,colorless clinopyroxene are the mafic silicates in

this rock. As shown by outcrops .7 km west of the mine,
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Table 3 ~inor elewent analysis of pyroxenite from
the lJashington mine, ppm*.

3a 12

v 65

Cr 2.7

i 18 (T

Zn 230

Sr 26

Y 21

La 32

Zr L2

Ga 6.1

Co 20 .

* Umigsion spectrographic analysis by L. Kei, U.S.
Geological Survey. The error limits are plus 50% and

ninus 3375,

o other elements were detected.
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Figure 22.

Plot of the composition of the clinopyroxene
of the pyroxenite from the Washington mine
on the pyroxene quadrilateral.
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amphibolite overlies quartz-potassium feldspar gneiss
(Fig. 23). Amphibolite iﬁ the dump is texturally and
- mineralogically equivalent to the amphibolite which
crops out west of the mine. The amphibolite has been
interpreted as part bf a northeast plunging overturned
synform.

The tabular magnetite orebody was reportedly about
4 m thick; the thickness varying with depth. The ore
was composed of magnetite, quartz, microcline, oligoclase,
and minor pyrite. The average iron content was about
58 percent and the average sulfur content was about
2.75 percent.

A diamond-drill core through the orebody and the
adjoining country rock obtained from the Alan Wood
Steel Company was examined in this study. The ore
intersection is about 4 m thick and the hanging wall
and footwall are alaskite pegmatite. The alaskite
pegmatite is composed of coarse-grained microcline aﬁd
quértz_which also occurs as stringers and léyers in the
magnetite orebody. The pegmatite ranges in thickness
from 5 to 100 mm and grades into biotite-plagioclase-~
'quartz gneiss on the footwall contact, which} in turn,
grades into quartz-potassium feldspar gﬁeiss. A cross-

section of the mine generalized from this drill core is
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Ceneralized cross-section of the ljashington
mine, reconsiructed from a dizmond-drill

core. gnk - quartz-potassium feldspar gneiss,
enb - biotite-plagioclase-quartz gneiss,

peg - alaskite pegmatite, am - amphibolite.
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showﬁ in Fig. 23.

A rock sample which includes a contact between
pyroxenite and tourmaline-bearing pegmatite was found
on the dump and this suggests that pyroxenite may occur
as discéntinuous lenses contiguous with the pegmatite.

No pyroxenite was observed in the drill core.

ORIGIN OF THE MAGNETITE DEPOSITS

Sims (1953, 1958) and Sims and Leonard (1952)
found that many magnetite deposits in the Highlands of
New Jersey are associated with dark-green pyroxenite
and pyfoxene-bearing gneiss. They interpreted these
rocks to be skarns formed by contact metasomatism whichv
was a consequence of the intrusion of granitic magma
into carboné%e rocks. Sims (1958) found that the
diopsidic ékarns did not contain mineable magnetite
bodies but that the salite or ferrosalite skarns always
contained relatively high concentrations of magnetite.

Skarn rocks, as described by Lindgren (1933), are
contact-metasomatic bodies which develop as the result
of the intrusion of siliceous magma into carbonate-rich
host rocks. Skarns are characterized by andradite,
ﬁedenbergite, wollastoniteh<scapolite, axinite, adularia,

albite, calcite, fluorite, specularite, magnetite,
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chalcocite, molybdenite, and various other heavy metal
sulfides (Lindgren, 1933). It should be noted that
hedenbergite is the characteristic pyroxene of skarns
and not diopside, salite, or ferrosalite.

Both Sims (1958) and Baker and Buddington (1970)
concluded that the magnetite deposits of the New Jersey
Highlands are of contact metasomatic (pneumatolytic)
origin. Although this interpretation is not unreasonable,
neither is it based on unequivocal evidence. Sims
(1958) argued for a pneumatolytic origin for the Dover
magnetite ores because the ore was found in a variety
of host rocks. He reasoned that sedimentary irohw. -
formations would more likely be confined to a common
host rock of fairly constant composition. He concluded
that salite- or ferrosalite-bearing skarns contain
magnetite deposits because they were more susceptible to
‘metasomatic replacement whereas diopsidic skarns were
relétively refractory. The iron-rich fluids were
presumed to be solutions which emanated from intrusive
alaskitic magma upon crystallization. This, it was
argued, would'explain the proximity of alaskite bodies
to ore deposits.

Skarns are characteristically enclosed in and
derived from sedimenfafy carbonate rocks. Consequently,

“the pyroxene-rich rocks of the Highlands were considered
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to be derived through metasomatic reacfions of iron-
and silica-ﬁearing_solutions with marble. i{owever,
there is little detalled chemical or mineralogical
similarity between these pyroxene-rich rocks and
deposits of undisputed pyrometasomatic origin which are
unme tamorphosed and associated with the relatively
young intrusions in the Rocky lountains of the western
United States. Therefore, alternative views on the‘//
origin of the pyroxene-fich rocks in the Precambriaﬁ

of New Jersey must be considered. In the area of this
study, the ubiquitous association of pyroxenite and
calcite-bearing pyroxenite with carbonate-bearing rocks
both 'on a macro and micro scale suggests a genetic
relationship. Siliceous dolomitic sediment (marl)
would, upon regional metamorphism be trapgkormed to
diopsidic pyroxene and calcite through ;imple
dedolomitization reactions. The conceﬁtration of
sodium in the pyroxene suggests.that the primary sediment
was a lacustrine deposit in an intermontane basin and
thus relatively sodium-rich like the Lockatong Formation
of the Triassic of New Jersey and Pennsylvania or the
Eocene Green River Formation of Wyoming and Colorado.
The magnetite deposits may thus be viewed as iron-rich

sedimentary deposits.
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If the magnetite deposits were derived from iron-
rich sediments intercalated with impure carbonate
sediments, the next major question is the mineralogical
occurrence of the sedimentary iron. The massive
nagnetite-quartz aggregates and minor amounts of pyf)te
which constitute the ore suggest the possibility tHat
the primary iron-rich sediment was composed of fing-
grained cherty siderite with disseminated pyrite which
dﬁring regional metamorphism decarbonated to magnetite.
It has been shown by French (1971) that decarbonation
of siderite occurs at about 450 degrees C, far below
-the peak metamorphic temperature reached in the
Highlands. Siderite and pyrite are stable under similar
conditions of pH and Eh (Garrels and Christ, 1965;
Berner, 1971), aﬁd, under near neutral pH and low Eh,
may coexisf. The sulfide activity levels must have been

less than 10710

M or precipitation of pyrite to the
exclusion of siderite would have occurred (Garrels and
Christ, 1965). Thus, the magnetite deposit at the
Washingfon mihe and other so-called "“skarn" deposits of
the Highlands might have had such a sedimentary origin.
Thé occurrence of granitic pegmatite in contact

with and interlayered with the magnetite orebody at the
Washington mine suggested to Bayley (1941) that the ore
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was of pneumatolytic-igneous origin. rHowever, 1t

should be noted‘that iron can reduce markedly the melting
point of granitic magma. The minimum melting point
(eutectic) in the dry system albite-quartz is about

1060 degrees C, but, with the addition of only abouf

2 weight percent Fe0 to a mixture of 34 mole percent
quartz and 66 mole percent albite, the ternary minimum
drops to about 980 degrees C (Bowen and Schairer, 1938);
In the system orthoclase-quartz-fayalite, the addition
of only about 3 weight pereent‘g§§a1ite to a mixture of
LO weight percept quartz and 60 wei%ht percent potassium
feldsﬁar results in a lowering of the melting point
.(dry) from 990 to the ternary minimum which is a much
lower but unspecified temperature (Roedder, 1951, 1978).
Carmichael and HMacKenzie (1963) have shown that similar
lowering of the minimum melting point of granitic |

composition results from the addition of Fe Thus

j 293
the effect of iron in lowering the minimum melting
temperéture of rocks might be operative in the
development of granitic magma wherever the magnetite ore
was in contact with the quartz-potassium feldspar gneiss
whose bulk composition was near the ternary minimum.

At the Washington mine, therefore, the granitic pegmatite

may not have been the ore bringer but may have been the
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product of interface melting wherever the pre-existing
magnetite deposit was in contact with quartz-potassium
feldspar gneiss. Such a mégma would, of course, be |
mobile and show intrusiye relations against the
magnetite body. Pegmatite is absent at the Pequest
magnetite deposit which suggests that the surrounding
metasedimentary quartz-epidote gneiss‘did not have the
necéssary bulk composition, where it was in contact with
the iron-rich layer, to result in melting at the -
prevailing temperature even in the presence of iron.
The occurrence of pegmatite at the Ahles mine appears
.to be due to local melting at the contact between the
magnetite deposit and quartz-potassium feldspar gneiss.
In summary, the magnetite deposit at the Washington
mine 1is interpreted\ﬁs an iron-rich sediment probably
composed originally of siderite, chert, and minor pyrite
which was subsequently transformed during regional
metamorphism into pyrite-bearing magnetite-quartz rock.
The associated pyroxenite, which is now composed of Na-
bearing diopsidic clinopyroxene, is interpreted as a
me tamorphosed siliceous dolomitic marl. The |
premetamorphic sedimeﬁts may thus have been siliceous
siderite mud ihtercalated with siliceous dolomite which

upon regional metamorphism yielded beds of magnetite-
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quartz rock enclosed in silicated calcitic marble through
decarbonation and dedolomitization reactions,
respectively. The magnetite ores in the marbles are
relatively high in manganese as compared with the
‘mdgnetite ores in quaftz-potassium feldspar gneiss and
quartz-epidote gneiss and this lithologic control may
also reflect‘differing coﬁditions of chemical
sedimentation during deposition of the sedimentary
precursors of these rocks. Locally, melting occurred
.during regional metamorphism where;metasedimentary
quartz-potassium feldspar gneiss of appropriate bulk

composition was in contact with the magnetite layer.
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Table 1. Modes of Amphibolites

_1 _2_ 3 L 2
Quartz 1.5 - -—- 3.3 8.6
Plagioclase 58.2 46.5 42.2 30.2 36.3
Hornblende .9 35.6 41,2 59.9 45.1
Biotite 30.2 -——- tr. 5.2 5.9
Magnetite .7 A4 5.8 1.2 2.1
Apatite tr. .3 tr.. .2 tr.
Sphene 5.3 1.0~ 3.3 tr. tr.
Clinopyroxene 2.9 15.2 7.5 -—- -
Epidote tr. ——— —_——— --- tr.
Chlorite 3 --- -—— —-—- 2.0

Sum 100.0 100.0 100.0 100.0 100.0

1. Biotite amphibolite from railroad cut near Pequest,
Washington quadrangle.

2-4. Scotts Mountain, Belvidere quadrangle.

5. 'Oxford Stone Quarry, Belvidepe quadranglé.
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Table 2. Modes of Quartz Potassium Feldspar Gneiss
from Scotts Mountain, Belvidere quadrangle.

Quartz
Microcline
Plagioclase
Biotite
Clinopyroxene
Hornblende
Magnetite
Chlorite .
Apatite
Sphene
Zircon

Sum

43.8 39.3 35.2
43.0 31.3 h7.4
10.6 25.3 5.0
—— .3 8.0
.2 - -—-
_——— 2.5 ———
2.3 .7 L.y
tr. .6 tr.
tr. tr. tr.
tr. tr. ———
.1 tr. -——
100.0 100.0 100.0
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Lo.0 36.2
47.6 47.6
10.9 13.7
1.5 .
—_—— 1.
tr.
tr. .
tr. tr.

100.0 100.0
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Table 4. Modes of Microperthite Alaskite.
)

~ 4 2 3 b

—
Quartz 33.1 ‘ 42,3 32.2 © 18.6 32.0
Microperthite 38.0  21.8 43.9 65.3 59.4
Microcline . .5 17.1 9.7 4.2 .9
Plagioclase 22.4 16.6 11.2 3. 2.0
Hornblende .6 1 1.4 - -
Chlorite .5 1.8 1.6 . 5.2 3.6
Biotite 4.7 —— —_— —_— —_
Magnetite o1 ¥ tr. 1.2 .5
Apatite 1 2 tr. tr. .5
Zircon - tr. tr. tr. tr.
Sphéne ' -— -—- , —— ———
Calcite ——— = tr. _—— _— _—
Myrmekite tr. -——- ——— tr. -

" ClinopyFoxene - _——— _— _——— .2
100.0

Sum ~ 100.0  100.0  100.0  100.0

1. Scotts Mdunfain, Belvidere quadrangle.
2-l. Nount Mohepinoke, Washington quadrangle.
5. Pohatcong Mountain, Washington quadrang}e.

135



Table 5. Ilodes of Hornblende Syenite from Uxford
liountain, Washington quadrangle.

i 2. 3

Quartz 5.6 8.8 3.3
Microperthite 54.9 76.9 73.9
Hornblende 13.7 "1.9 7.8
Chlorite 8.2 7.1 8.9
Plagioclase 3.7 3.5 3.4
Microcline 1.4 .7 .3
Biotite .9 6 .1
lMlagnetite 1.6 .5 2.3
Apatite tr. tr. tr.
Sphene tr. tr. tr.
Zircon ' tr. tr. tr.
Sum 100.0 100.0 100.0

136



Table 6. HModes of Hornblende Granite.

1 2
Quartz 27.2 30.2
Mesoperthite tr. 31.7
Plagioclase 32.2 -19.9
Microcline 22.6 12.1
Biotite 6.4 _—
Chlorite 1.7 2.4

- Hornblende 9.4 3.0
Apatite ‘3 .1
Magnetite . 2 .6
Myrmeki te tr. ——
Clinopyroxene  tr. -—-
Sphene : - tr. tr.
Zircon tr. tr.

Sum - 100.0 100.0

1. Mount No More, Belvidere quadrangle.

2. Mount Mohepinoke, Washington quadrangle.
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Table 7. lodes of Microantiperthite Alaskite from
Scotts Mountain, Belvidere quadrangle.

a2
Quartz 40.1 29.6
Antiperthite 4.4 21.5
Plagioclase  27.5 26.4
Microcline 3.7 9.5
Clinopyroxene 1.9 | 11.5
Magnetite 1.5 tr.
Chlorite .5 .8
Biotite ' i -
Apatite tr. .1
Sphene - r. 6
Sum ’ 100.0,, 100.0

I~ .
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Appendix B

Sample Locations ‘
for ,f;\ 5

Chemically analyzed éamples
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Table 1. Location of Amphibolite Samples.

Black amphibolite from Oxford Stone Quarry, 1.4 km
S20E from Bridgeville, N.J., Belvidere quadrangle.
New analysis for this study by K. Coates and H.
Smith, U.S. Geological Survey.

‘Grayish-green fine-grained amphibolite from
Lommasons Glen, N.J., Belvidere quadrangle. New
- analysis for this study by K. Coates and H. Smith,

U.S. Geological Survey.

Fine-grained gray amphibolite .7 km S 40E from
Lommasons Glen, N.J., Belvidere quadrangle. Sample
taken 4 meters from pegmatite contact. New analysis
for this study by Z.A. Hamlin, U.S. Geological
survey.

Fine-grained gray amphibolite from same location
as 3, but taken 1 meter from pegmatite contact.
New analysis for this study by Z.A. Hamlin, U.S.
Geological Survey. -

Fine-grained amphibolite with granitic layers;
from same location as 3, but sample was taken at
pegmatite contact. New analysis for this study by
Z.A., Hamlin, U.S. Geolo %cal Survey.

Amphibolite from northwest N.J., Raritan Folio,
(Bayley et al., 1914)

Amphibolite from the Readlng quadrangle, Pennsylvanla,
(Buckwalter, 1962).°

Pochuck Gabbro Gneiss, Greenwood Lake quadrangle,
N.J., (Dartpn et al., 1908). , ..

<
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Table 2.

Chemical Analyses and CIPW norms of Plutonic
rocks from the Study Area. |

Sio0
A1203
Fe203
FeO
Mgl
CaC
Na,0
K,O
H,O*
H, O~
TiO
,P205
MnGC
CO

Sum

An’
Ab
Or
Mt
Il
Ap

Cd °
Hm

. Wo

En

Fs

H,0 .

Sum

1 2 3 25;
72.8 4.0 74,2 71.3
15.0 12.7 13.6 13.3
1.5 1.2 .32 1.5
. 04 .20 . 04 1.6
.33 .63 . 06 . 56
1.7 1.7 .19 ~ 1.0
.9 .6 2.8 .36
2.5 b.7 7.2 5.5
.96 .70 40 .58
.19 .10 .11 .16
'09 012 R .01 031
.05 .04 .02 .08
.03 oL .02 .05
.02 .02 .02 .01
100.1 98.8 99.0 99.6
CIPW norms (/, '/j‘>
30.60 36.146 29.92  (26.26
8.43 8.04 .81 3.87 .
41.48 22.03 23.71 . 30.47
14:75 - 27.78 42.53 32.51
“e- . .30 .12 2.18
.09 .23 .02 .59
.12 .09 .03 .19 .
.01 .05 .02 .02
1-114'? .39 .91 ‘—_—_
1'50 '99 02L" -
-— - < ema .22
.82 . 1.57 W15 1.40
- - -——  1.19
1.15 .80 .51 7L

100.09 98.73  98.97 99.64



Table 2 (continued).

2 _56

510, 61.8 73.2
A1203 15.7 12.2
Fe203 1.4 .7
FeO 3.5 «3
MgO - .38 .18
Ca0 4.9 1.9
Na,0 5.1 L.1
Kzo 5.3 L,1
H20+ 26 28
H, 0" 20 11
Ti0, .68 .32
P,0; 12 .03
MnO . .16 .03
co, .08 .07
Sum 99.5 99.5
~ CIPW riorms

Q 3.35 ' 30.64
An 4,28 7 2.78
Ab 43.16 - 34,72
Or : 31.34 - 24,22
Mt 2.04 2.46
Il 1.29 ) .61
Ap ) : . 25 ) . 06
Ce *° 21 17
cd _— . -—
Hm -—- -—-
wo 8.08 2.57
En 94 b3
Fs Lb.14 L6
H,0 46 .39

Sum 99. 54 99.53
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Table 2 (continued)

1.

Alaskite pegmatite from Lommasons Glen, N.J.,
Belvidere quadrangle. New analysis for this study
by Z.A. Hamlin, U.S. Geological Survey.

Alaskite pegmatite from same location as 1. New
analysis for this study by Z.A. Hamlln, U.S.
Geological Survey

Alaskite pegmatite from Oxford Church, near Hazen,
N.J., Belvidere quadrangle. New analysis for this
study by Z.A. Hamlin, U.S. Geolegical Survey.

 *Microperthite alaskite from U.S. 46," .8 km southwest

of Townsbury, N.J., Washington quadrangle. New
analysis for this study by Z.A. Hamlin, U S.
Geological Survey.

Quartz syenite from south end of Vﬁg Nest Tunnel,
1.5 km southeast of Oxford, N.J., shington
quadrgngle. New analysis for this study by K. Coates
and H. Smith, U.S. Geological Survey.

Microperthite alaskite from Stewarts Gap. Washington

quadrangle. New analysis for this study by K. Coates
and H. Smith, U.S. Geological Survey. ‘
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Table 3. Iliinor element analyses of plutonic rocks
from the study area, ppm¥.

1 2 3 b 2 6
Ba 330 1300 120 1500 1000 650
v 9.3 32 1.9 17 2.1 2.5
Cr 2.8 8.5 1.8 3.5 3 1.5
"Ni 31 6.5 1.5 2.4 2.6. n.d.
Cu 20 5.7 n.d. 23 30 24
Zn n.d. 19 n.d. 14 74 16
Sr 450 580 25 120 ®»330 110
Y 22 29 4.0 86 82 76
Ce 120 70 n.d. 250 200 300
La 67 52 n.d. 140 110 170
Zr 17 30 . 9.6 190 1200 660
Nb 7 2.9 n.d. 28 16 18
Pb n.d. 8.5 33 n.d. n.d. n.d. .
‘Ga 15 18 15 28 29 22
Nd  n.d. n.d. n.d. 150 86 190
Co 8.3 1.3 n.d. 4.1 3.3 2.3
La/Ce .56 7L - .56 .55 .57

*¥ Emission spectrographic analyses by L. Vei, U.S.
Geological Survey.” The error limits on each number
are plus 50% and minus 33%. -

n.d.- not detected.

sample locations given in table 3.
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Appendix C
Niggli Values



Procedure for calculating Niggli values (from Johansen,
1931, p. 103).

Weight percentages of oxides are converted into
molecular numbers. The molecular number of Fe203 is
multiplied by 2 and added to that of FeO. The sum of
A1203, (Fe, Mn)O + Mg0, Ca0, and K

recalculated to 100, and is represented by al (for

2O + NaZO is

A1203), fm (for (Fe, Mn, lg)0), ¢ (for Cal0) and alk
({for Na, K)2 0). Values for k are calculated by the
ratio of K,0 to the sum of the alkalis in alk. Values
for mg are calculafed*by the_ratio of Mg0 to the sumvof
FeO, MnO, and MgO in fm.. Values for si, ti and p are
obtained by reduéing their moiecular numbers in the

same proportions as above.

)
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Niggli values for Reading Prong amphibolites

-1

si 12{.09 115.04 116.86 170.39 283.90
al . 86 23.38 16.51 27.04 28.41
fm 45,76  43.87 ~ L, 23 38.37 34.86
c 21.26 22.41 31.73 15.43 20.04
alk 11.12 10.33 7.53 019.16 16.69
P .29 .28 24 .23 .16
k .24 .26 .50 .« 50 AL
mg 47 .53 .58 56 .52
oxrt 21.85 62.15 33.90 41.19 L2,78
al-alk 10.74 13.05 8.98 7.88 11.72

, 6 7 8
si 93.95 100.59 92.54
al 15.11 19.71 15.32
fm L9,.88 50.02 L9,77
alk 7.56 8.19 7.66
ti 3.61 2.70, 3.64
p 025 } -OO 016
k - .20 <34 .20
mg '35 . -52 .. 030
oxrt 30.46 21.77 28.62 S

al-alk 7.55  11.52 7.66
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- Niggli values for sodium-rich rocks from the Readlng

Prong
A 2 2 L —_
si L16.83 L478.14 316.70 288.19 292.98
al Li.47 49.41 L9 .29 L40.30 L0.77
fm - 8.76 1.89 5.87 21.06 18.51
.C 15.44 L4.82 3.61 6.95 13.36
alk 34 33 43,87 L41.23 ©31.69 27.36
ti -7 .83 7k 2,46 2.27 1.6
P .16 .08" 14 .0 .29
k 12 L, 11 .13 15 - 29
mg .41 .00 24 .60 40
oxrt 44.72 53.79 65.66 12.50 - 17.64
al-alk 7.1 5454 8.06 8.61 "13.41
_6 7

si 309.78 349.23

al - 42.38 39.21

fm 14.20 13.96

c 18.79 17.57

alk 24,63 29.26

9] : .36 .27

k .19 .11

mg 27 .50

oxrt 27.72 25.23

al-=alk 17.75 9.95

1. Alblte ollgoclase granite from Drake (1969)

2. Albite granlte from Bayley (1941).

Albite-oligoclase granite from Sims (1958).

Biotite-quartz-oligoclase gneiss from Sims (1958).

5. -Hypersthene-quartz-oligoclase gneiss from Baker and
Buddington (1970) ' '

6..‘011goclase-quartz gneiss from Drake (1969).

7. Oligoclase-quartz gneiss from Drake (1969).

Ew

148 - - e



VITA

Robert L. Kastelic Jr. was borrn on September 7,
1955 in Zanesville, Ohio. His parents are Robert and
Carolyn Kastelic. 1In September, 19%3 he entered the
University of Dayton in Dayton; Ohio, where he was
awarded thé»Bachelor of Science degree in Geology in
July of 1977. Since September of 1977, he has
undertaken graduate studies in the Department of
Geological Sciences at Lehigh University where he has
been a graduate research aésistant and a graduate
teaching assistant. |

During 1977 and 1978, he was a graduate research
assistant on a project sponsored by_the'National
Aéronautics}and‘Space Administration through tﬁe Lunar
Sample Ahélysis Prdgram. r ) o

As of August 20, 1979, Mr. Kastelic will assume
the position of Exploraé??n Geologist for Gold Fields
Mining Corparation. | ’ ‘ \
Mrs Kasfelic isJan aséociate member of Sigma Xi.

L3

His publications aré as follows:

Sclar, C.B., Bauer, J.F., and Kastelic, R.L., 1978,
Subsolidus shock-induced reduction of Fe*2 on the
Lunar Surface: An experimental assessment; Lunar
and Planetary Sci. IX, p. 1307-1309.

149

Y



<

Sclar, C.B., Bauer, J.F., and Kastelic, R.L., 1979,
Subsolidus shock-induced reduction of Fe*2 on the
l.oon: Evidence from experimentally shocked
Ulvospinel; Lunar and Planetary Sci. X, p.1090-
1092,

‘Sclar, C.B., and Kastelic, R.L., 1979, Iron in
Anorthitet Synthesis and characterization of the
A CaAIZSiZO8 - CaFeSi308 series; EOS, Trans. Amer.
Geophys. Union, 60, L21.

Sclar, C.B., and Kastelic, R.L., 1979, Iron in
Anorthites An experimental study; Lunar and
Planetary Sci. X, p. 1087-1089.

150



-
':.
‘,.
l t
|
1
{
v
4

OB L 4 aweepamt C:
.

-
CLrie TR
MO, T

~A S Lo
— -‘!l.
Fari,
Aty
i TN

| e -
; 3
i ¥ M
» X H
NS {

.
CR SE BY U S GEISL M Bumyg v

4 IR LEBCIING TOPOC Al APy aag o

¥
i

x
‘. LT M P Sekell ™K alwe
? TR OF weq1t

PRy T

[ 2,

1

W
b7 , .

b2 ]

| p < ' ]
75 \ L .
. % :
A E }..Y. h{ :
< LN T S
AR
LR N SR
3 F g Ty :
3'_. 4 ,ﬁ.,{“
R RPN B .
¥,oo00 0000 ¢
?,;, o f;n Lo
14y 2/ N
-'"?: Y N s
vpYEs s




D A o e

N

re

Y Tay

. .

- - - -
N . @ 2

R "

<. .

LETINDONT
ERLE LIV

R A 7

E o,
- IR L 2 o SN S, Sty

LECMA 20N hfll-ﬁft!»d

.-y TR et ey e RIS W W S LR e B TN
. - - Baraei £ Rt Y CRWP X SO Sy -y S”Q»

e Rl NEEE S SRV S

TR TSR mas e ag s

R
LR 7 S R A TS e,

Logoor; X R ) w“.v

AOVHEING 4.4

SR N

_ 22. v .
JF 219188y 8)no7 11agoy
Ag
. AISY3r man
FNONVHAVND NOLONIHSY, S1Hvd 40 dvw 01901030




~

FLATZ O

nrcmm.moa:o__m_.._.__;__m__ Parts of the
Belvidere Quadrangle, New Jefsey - .

- -~
4.
. ;
A i
. . . . A
LGl ' ’ : o 2000°
1600 4 1000
w4kl “pSEALEVEL
000" 1000
2000" 2000
Il
/
'
AN
R ’ \\/
B~ /
8 B
2800 2000’
. o
vt A S e -~ ' il e a8’
ot L, A 'gne 90O S Al - =T Ve o, TS A
= -‘...4_;;/._.,..,__._’,___,._—p_ M_1 —J __—,a¢ 4\\\\\\\, .
RN e _,..____ ! ! ! ol ' — ) : ! \ \\\ ’
. \\ R T i A 1oty AN
o Ty ot L tevi \\ vl ‘7 :\
cond . $CONETCGNG says : ! ‘. o L ona
, . - L
Jeee H M ’
-~ n - +o00
~
.



~7
CROSS-SECTIONS THROUGH PARTS OF THE
 WASHINGTON QUADRANGLE, NEW JERSEY
A : ' ' ' L ' \ ' , , (> e’
100 . . ; I«_ K / i, s . o -‘T;k \ [ \\
“ T , 9a. g’ s g, ; . T B N T S L gy guo), 98 b0’
o X PR N /i - A sv/—/_ ’ : omb o : ‘. Y o
! “SrA Fvbed s } / : . / / // /,/‘/’/ // / Vi // ) i //// /A/ . \ \S\\{ .‘“ e
et ' ' . a7 /// / //, /\ N \ i . P.Al v L 000’
. — B i SN | w 1 2000’
2{.‘4// ‘ ’ ) \) |
. _ '
a
[}
=~
B ‘ : . . u,:l . ,/ l// 4 ‘\\\ . .. 3 - B'
1000' . . .-. . « b ' // 1/ I . \ r 100
P -, . oy ‘o / -
11 i Pc ‘ e . " Ct ., -,:\ - ] a‘\ - \\s"' » \'. -.\ ga:. ank ‘ . ga \ Pei b 1000
/Ml"- —~ as .. ‘v'\‘k\\um\,(\\\\\g \ Qs ] g ‘ T v
. AR =N . £’ . "
‘F‘\_/ ' Pal - - Y ‘\\.\\ WUAVIANN Pal : . ' .
, . . Aoy v N . ) . . . ) . 3. . 1000
Y L Pl : o . ' < o ' ' ' N~ , -
a0’ e - - - — : L - . l'm‘
. . . v PR ‘ . ‘ . . . . . . X -. . - . e /’;‘:‘§¥
: , ' o . ' . . ’
1«) i B . . . . . ." . . O ' R ! : . . ' . ‘~ ) .
’ \ | - | -
Y



u
. (sam3de
ac7e #F1 30 A3 TTA POUTQEOD 8q Ley)
STENNEd EYERTT

" ~dYp- 30 20135037 Furacwg

1¥30dep 3330w
£

IT'\.LI.O\I
099783 puw eryrren
torTroed {ITRTLI805 ¢ dy; cov ST
POITTOL;
9,1-.30 exwyd TIT® 30 dr: Lum ayjayg
. POUTTou:

fas
- b

4
“gX901 UWIIQWOaLr uy
tievT0l OTigwIONIED ;O dYp puy IYTILE

PRUTTOUT

fon.

“BX00I WBTIqTRIAI{ UT
141103 UCTIUSTTTUIRAIO puw Supzoley
TruoTiTeodwos o 4Tp pum syyrig

pauTTOuUr

. : A

TEOTYIe) -

8p3q jo d1p puw a¥TI3g
POUTTIU]

——
s

| BEHAIVEL YYd

-pe3ud0T ATeivaizcadds IauM PILSTG
‘afunid pus sqeTl jo dYp jo WOTIOLITP
PUX 8OWIIMS TeIXw JO 8J®IY 'UTMoTy

‘TI0juk3 POUINIISAQ

puB 2JWZIN: TE(Y® O 20wl PUTmOUH

BIOITIUY TH 203w

o

A

VY e——
R i

cpe3mo0l ATIWLIXcxide sIaym policEq

*a2u3u00 10 APY8 sroo uo Jmq idYP
Te 011 08ITT T TTIB9IMmS ‘DPIUITIIIANO
’ *L.IWIUDT 10 @LTC BI0O UL

IleUp
uioarmee -odde Suossaucosn ayr o
Jqa7 TRTF 0347 TINIYS xr Jo somiue:
B SE b
aTIw. Ui0d3e v
1orIn3Ias) TAUTTOUT
- A A A

~hy e

*asu1d Joddn uo’ ¢y
‘PN Lresvorrxcadde axeun payseq

dyp vupeogs ‘3Tney jsrayy

rs

L I N e i T VP I

_ 3o®ITOD

‘S319NVYavND zohém

© AR T RO TSt

NVIHENYD 1y

-

-s¥e STTTAMD 30 soyymad -

" sxo0z !uﬂlooumgg

-

\ - .

: *93Tr0q T
- peudeImod Arqeqoxd sy 31 mmn-uo.nnn
ST3tSme pam ‘ewsTootierd ‘spusyquion

. 30 pesodmod 3001 M-guTuTsesi-RINP .
—03-L215-XTeD POUTEII-08IR05-03-CITPON

‘Puncl 8IB 8114 3

pus ‘epuslquioy ‘edemerid 3o -W«N-B

. a%mmy ‘£1Tvo07 °33IWmb pue ayyqry jo

{Te8awy pesodzos I00X LeI-UsTusesd-yue7y

‘poutes? sexvo) °8iyivEded e3iqre .‘wad
P *s3Iend pus eswTICIYTO
-931qTe 3O ATITNUTIOD pesodsoo o3 Tmad
PEossTIT UsTuaesd 3uFTT ‘peuTeal esawoo

~03}-CRIpe; “IITIRII SFRTOFTTO-01IqTe ‘cud
*punoy LTTw00T &I% 831TivePed 81TqTe puw

T‘syyuer: eFTTo0FTIO-01TqTE ‘e3TToqidTe |
30 s1aiet .nﬂ&l%l.tg AYTe20T ‘pue
‘ousxorid ‘3738 ‘81730Tq Xoutm mTM
s3ienk pu: eseTO0RTTO0 Jo Lrutws pesodmod
ssTou? OTINTOUSIY TBeF-quTied 03
&.0i-qurusesd 1qFTT ‘peuTEII-smreco-TNTpe=

01-eUT] ‘"eeTIUP S3Tend-9PuTIONT[O ‘oud

9ITURID gww 007 TT0
$37qTe Pe1eTex pue seTend 21rwnb-egeTo0fTI0

22

¢ ous

[ 3

"931Toqyqdue uy 9 T¥8eTe a3yqredozoyc .

;0 uﬁo.r.u..i, SOSUST y31a x00X POXTN
o3¥1umiTy o

o

' *£1TBo0T pUNOJ are s3teu’®
A 23Ienb-a82 1002770 3o sxalel *pimoy ay
© 93Tudesd peimuTwassIp £rouv¥s Lx083530% pu=n
‘TelsUIT JUBUTUOP SYT 8Y 83FOTBD °aiTiawme

0 8JafeY pue sesusT pwe ‘e3TTOqTRdTE .
JC 581p03 PIIBTOST SutuTeiuod Yoox fsx® .

_=UsynTy 03 fe1’ pauter?-asIeod 03~mMmIpay{
’ arqre;l N

H

*LITEOCT PUNCS axe ajTuaxosdd

UaeIs 10 gesusr -93TILRen puw Tedgpreg

Tnyggesod e sucTIBLIUISLOD TEO0T uilm
& Un 5 !

lgend Dututeauco B

© O fgeustexll usaas fosopTdd

Te™MY MBI fUC Uoos® Supiwurs;ym

$31EY noTvaoy ,..oqg.Qludw.vmu owu\vﬁm
sg7owr #10pTda-2Z1und

Ly

aub

- . : . N . \ \
.—o

. . *punoy axe gsyIezimnl
=-a8eTo0JTT0 pue 917zixenb oyuyedsprey
30 Sa:usT pue slaleyl TeooT ‘ioured
pPUB ‘93Tioudeu ‘937303q JO S3UMOCTE
JOUTE UITE SUTTI0IOTR pue zixenb Jo
3 sodmod 8T ITum 8y °UolIeTT0l
Iv8 03 Jood Y3TM sgTIud fp12 03 Aead
~qeyxutd o3 uid pauyeif-mmypem 03-auTd

8stouwd Jedspra) mysgeiod-siTend

yvb

. *auexoxAd puw ‘©3130%q
‘3pUSTQUIOY JO S3UNOTR o.npdﬁud%.
q3TA 91TTOoqYqdme X0B{q 03 Lex

~Y8TU3SL? JTEP PIUTLII-IMFPOT 03-3UTS

- ejyToaudoy

we

F..;Oﬁﬂs
8Je 8)00X JUTMOTTOF 8y3 JO SUOTIET2I 83y

© BYOQE OINYIIOAYIST (MO) MR XY ISENICEEYISN

*g3xend Joutw yIFm ‘epusTquUIoy

217q3zedorsatr Jo ATuTem SuTistouod xo0l®peuTex?
93IM0D 03 uNTpam ‘LI uETRIBIT 0% NI wIr(:

N L ]

A )

#31Tuefs epusTquroH

usb .

‘uorjeuefdx 3

N - 6L6T

A1 "dl8isey sino Haqoy

_ R
A3SY3r MIN

i

)

=N

N

40 SNOILI3S aNV dVW 91901039

HY IHANY D

NVIDIAOQHO

CHVYNHILYND

R TmI? prossTen® fuxd 1T 03

-

*8294vT STOSOWITIS.Ie SUpEREIRO °
s e

806U9T . FUTUTEIUCD *@3FTOTOP
03 377TT puw suO3s

Sﬁo.«n peistocsse pom sy Tmsd o!lunﬂ.no..a

iedeprey wareweiod pow
adoxdTR ;o EaTpoq -
207 “epusTqUrIOY

Paw ‘eewT209TTO ‘yyrwnd ‘sy oz

_ 30 LTUTNE pesodcos ‘sstery sypoesd

‘ pouTex®

SSIN0O 0} ENIPOX “o3TUvwld spusqrIOY ‘w®

[ 284 F-J :

Rsdd

. XD3Q saqisea pox oy *3oesexd Lyruowmods

. ST S3.wnb ITROTILNT - *opyTRiIadTite

ATIoETTOOD 8T IedEpTe; oW jwgy oy ¥ woIy
SIOJIT “ITANTT ¢ JNIsdTInmoroTE ‘vud

! *ssTeu? edspres

- __wnteseiod pom #3ITOQTREEE Jo SeTPOq

sTqeddpwun TROOT SUTEIMO  *sewTOOTFYO

P ‘syrend ‘syyqizedorame jo Lr3som

posodeod ‘serend a3Tmmad pum ey T2

. DI08STATR Loy I1gPTT ‘peurax? ssIwoo
O3 ERIPOR ‘e TXBETE ’gﬁ@.ﬂl ‘.?®

‘aYIXwRTY

SX008 £N0EROT
£3TmI0zUOOUN

8)00X 9T0800T8 ISMOT POIRTIUBISFITpuUp

[L2]

!
4 *oTSoNIw U83J0
. ‘3172378nb FUTIIYIVIA-UNOIQ ‘Lexg

93733.78TY) uo}SApIey]

[ o]

°*uOEEOd I8 8833700

REEESS SOX R

P2 2L IT P OUTDIL -unTo0u €3 -0UY

°3TTOTOC UmMOYEBTIY
_ N ~
| S—

231723Tenboyzao Jo |

toyiemrog Jotdg

20

) 93878 PUOLBAWTO

ButIeiisom UMOIQ-USTMOTTOL

03 fprS-mntpen ‘fexS-xrep
‘Poppeq UTWL *XIQWOF TTIAQENg ‘qug

uotienIod FIngeuTirey

LIS
<

afe TreauooetTr 3o eTTeom
| PUnoI? puw ‘TrT3 ‘Teanx® ‘pues

83780dap TeTORT? PO3IRTIULINII TP

Bo
/

Trizeyrz 3uerd pa-. 2029
»fnfm& PUT ‘rorea sur; ‘3TTe w?ﬁo

T3 Toodag auﬂln
r——my

[

VM ONY 3¥30IA739 3HL 70 S1uVd

N

UBIWED) jolin

¥
[ NINE) A0 a0 Y

III‘IIQ‘“EO 10AM07

UREDIADDIQ DIPPIY

GUDI0ISII g

Periolon.puD

EERISIEYT N




	Lehigh University
	Lehigh Preserve
	1-1-1979

	Precambrian geology and magnetite deposits of the New Jersey Highlands in Warren County, New Jersey.
	Robert L. Kastelic
	Recommended Citation


	tmp.1451580486.pdf.k4emF

