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Chapter I

INTRODUCTION

Geologic Setting

The Appalachian Mountains of the eastern United States have
stimulated the interests of geologists for nearly 200 years. The
forests, waters, coal, oil, and mineral resources of thig region
provided the energy and raw materials that supported colonization
and fostered the industrialization and economic growth of the United
States. Some of the fundamental concepts of geology evolved from
the observations and imagination of some of the early geologists who
worked in the region, and the sparks of some of the great geologic:
controversies were struck there as weil.

Despite this rich legacy, however, many geologic problems
remain unsolved. Each new generation of geologists brings new tech-
niques, new ideas, and new definitions to what are essentially old
problems, and new solutions to some of these problems commonly raise
as many questions as they answer.

The Great Valley and Reading Prong are physiographic sections
of the middle Appalachians. The Reading Prong is a belt of prominent
ridges that extends 140 miles northeastward from Reading, Pennsylvania,
through northwestern New Jersey (Jersey Highlands) and southeastern

New York into western Connecticut (fig. 1). The Prong is bounded on
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the northwest throughout most of its length by the Great Valley, a
broad, flat valley that is known by a host of local names. The
ridges that constitute the Prong are composed largely of a variety

of Precambrian plutonic and high-grade metamorphic rocks. The Great
Valley and numerous major valleys within the belt of the Precambrian
rocks of the Prong are underlain by Cambrian and Ordovician carbonate
and pelitic rocks (fig. 1).

The geology of the Nazareth quadrangle, an area that comprises
parts of both the Reading Prong and Great Valley in eastern Pennsyl-
vania, is the subject of this dissertation. The general area has
been studied by five generations of geologists, partly because of
the variety and continuing interest of the geology, and partly
because of the value of its natural resources, which include lead,
zinc, and iron ores, commercial slate, limestones ideally suited to
the manufacture of portland cement, agricultural limestones and
dolomites, dimension stone, brick clay, sand, and gravel. However,
in spite of the wealth of previous work in the area, perhaps because
of it, there remain many unresolved conflicts and many important
questions.

This study focuses mainly on two aspects of the geology of
the Nazareth quadrangle: 1) the origin, depositional history, and
stratigraphic significance of the Cambrian and Ordovician sedimentary
rocks that underlie the Great Valley, and 2) the geologic structure
and tectonic history of these rocks and their structural relationship
to the Precambrian rocks of the Reading Prong. Its goal is to con-

tribute to the understanding of the nature and history of geologic



processes involved in the formation of the Appalachians in the
eastern Pennsylvania-western New Jersey area. Although the study
area is small compared to the geographic extend of even the middle
Appalachians (Roanoke, Virginia, to Hudson River, New York), the
rocks and structural features described herein extend far beyond

the boundaries of the study area and conclusions based on the inten-
sive study of such features therefore may have implications of

broader regional significance.

Statement of the Problems

Most geologic studies in the general area of this study have
concentrated on stratigraphic and structural aspects and have largely
ignored the sedimentary history of the lower Paleozoic rocks them-
selves. This is unfortunate because these rocks contain at least a
partial record of the beginnings and early geologic histo;y of the
Appalachians. Such history includes the heritage of the sediments,
i.e., the position, lithologic nature, relief, climate, and tectonic
character of the land area that supplied the sediments, the environ-
ment in which the sediments were deposited and the nature and kinds
of processes that operated within it, and the post-depositional
changes in the environment that led to alteration, lithification,
and development of the rocks as we see them today. Systematic changes
in rock properties éhat can be related to their source areas and
depositional environments can reveal much about the history and direc-

tion of sea-level changes and the development of the Appalachian



geosyncline, the deeply-subsiding elongate basin and sediment
receptacle that is the basic element in the Appalachian tectonic
framework.

The carbonate rocks pose some special problems because they
largely reflect chemical, mechanical, and biological factors in the
depositional basin. If they contain significant terrigenous debris,
they may reflect source area conditions as well,

The dolomitic rocks are of particular interest in this study
because they are typical examples of what for several decades has
been called "khe dolomite problem.'" The so-called "dolomite problem"
is actually composed of several problems, some of which are well on
the way to solution. Briefly summarized, part of the problem is that
dolomites of great thickness, great lateral extent, and high purity
occur throughout the geologic record, but none are forming on a com-
parable scale in modern carbonate depositional environments, and
until the report of modern dolomite deposition in South Australia
(Alderman and Skinner, 1957) none at all had been found in modern
environments. Moreover, pure well-ordered, stoichiometric dolomite
has not been synthesized under conditions that approach the temperé—
ture, pressure, and salinity of modern seas, in spite of the fact
that dolomite should be a stable carbonate phase in the marine
environment (Zen, 1960).

The scarceness of modern dolomite, its apparent stability in
the marine environment, and the lack of success in synthesizing the
pPure mineral raise another question about the origin of certain

dolemites that are comron in the geologic record., Clearly, many



‘mites originated by replacement of calcium carbonate sediments.
The petrographic evidence is overwhelming. These rocks are coarse
grained, commonly porous, contain fossils that unquestionably were
composed originally of calcite or aragonite, and contain relict
textures and structures that are typical of modern calcium carbonate
sediments. On the other hand, many dolomites exhibit no vestige of
a previous texture or structure, are uniformly very fine grained to
aphanocrystalline, are strongly laminated, and are unfossiliferous.
These dolomites have been considered by many to originate as primary
chemical precipitates. Some isotopic studies, in addition to the
inability to synthesize pure dolomite, suggest that such primary
precipitation does not occur, however. In the Nazareth quadrangle
1‘1 of the dolomite types described above are common.

The discovery of o0il in carbonate rocks, including dolomite,
and the discovery of modern dolomite forming in South Australia have
generated a wealth of research activity on the nature and origin of
these rocks. Dolomite now has been found forming in several locali-
ties in a variety of environments, and a much better interpretation
of ancient limestones and dolomites now is possible.

Thus, the question to which the study of the lower Paleozoic
sedimentary rocks in the Nazareth quadrangle is directed is this:
what do these rocks reveal about their heritage, the environment in
which the sediments were deposited, and the depositional processes
that formed them, and of what significance are they in the interpre-~
tation of the Cambrian and Ordovician history of the Appalachians?

' approach to this question involves both field observations and



pe‘graphic studies, and the results are incorporated into the
systematic description of the stratigraphic units.

The second aspect of this study involves the structural rela-
tions in Nazareth quadrangle. Initially, the base of the Paleozoic
rock sequence in the Great Valley was in depositional contact with
the Precambrian rocks of the Reading Prong, and, to some extent, this
relation still holds. However, the relations have been greatly com-
plicated by subsequent tectonic events that deformed both groups of
rocks and brought Precambrian rocks into contact with, or even on top
.of, rocks much younger than those at the base of the Paleozoic
sequence.

The Paleozoic rocks have been deformed in at least one and
P aps as many as three (Taconic, Acadian, and Appalachian) orogenic
episodes. The effects of each deformation are superimposed upon the
structures that represent earlier events. The problem thus is both
geometrical and historical. What is the structure of the rocks of
the Great Valley? If more than one episode of deformation occurred,
what are the individual and cumulative effects of each, and when did
these episodes occur. By what processes did the structures originate
and of what significance are they to the understanding of the origin
and tectonic history of the Appalachians?

A related problem of continuing interest is the relation of
the Precambrian rocks of the Prong to those of the Great Valley.
Principally there are three poles of thought on the matter. The
oldest is that the Precambrian rocks, as seen today, are deeply-

l'ed upthrown blocks of high angle normal or vertical faults.




Another is that the Precambrian rocks are part of a far-traveled

overthrust plate that moved over the Paleozoic rocks on a very low
angle (sub-horizontal) thrust plane. Both views are based mainly on
reconnaiggance and small scale mapping. Recent detailed studies by
Avery A. Drake, Jr., of the United States Geological Survey, and his
coworkers, including the writer, suggest that the Precambrian and
Paleozoic rocks together are involved in one or more large recumbent
folds of regional extent. If this is true, the Paleozoic structural
and tectonic histories of these two groups of rocks are more
intimately related than is implied by the two earlier ideas. This
is a sweeping departure from earlier ideas and is of great signifi-
cance in the interpretation of the nature and magnitude of the forces
that shaped Appalachian structures, and to the economic geology of
Structurally and stratigraphically controlled rock and mineral
deposits. Detailed mapping in the Nazareth quadrangle, in conjunc-
tion with geophysical studies and mapping by personnel of the United
States Geological Survey and the Pennsylvania Geological Survey in
this and nearby areas, should contribute to a better understanding
of these regional structural relations and the tectonic forces and

Processes that were involved in their development.

Location

The Nazareth quadrangle occupies some 56 square miles between

latitudes 40°37'30" and 40°45' north, and longitudes 75°15' and

75°22'30" o ; . .
5722'30" west. The area is entirely within Northampton County in




eastern Pennsylvania between the cities of Easton and Bethlehem and

includes parts of both municipalities (fig. 2).

Physiography

The area is part of the Appalachian Highlands and includes
the Reading Prong section of the New England province, and the Great
Valley section, known locally as the Lehigh Valley, of the Ridge and
Valley province.

The topography ranges from flat or gently rolling in the
Great Valley to moderately hilly in the Reading Prong. The elevation
of the divides in the Great Valley is about 400 feet where the bed-
rock is limestone or dolomite, but as much as 700 feet where the bed-
rock is shale. Summit elevations along the Reading Prong in this
area range from 670 to 1016 feet. The maximum relief in the Nazareth
quadrangle, from the highest point on top of Gaffney Hill in the
southeasternmost part of the area to the lowest point along the
Lehigh River, is 826 feet.

Pleistocene glaciers, thought to be pre-Wisconsin in age
(Miller and others, 1939), covered most of the area north of the
Lehigh River. However, aside from the very flat topography developed
on patches of drift, there are no topographic forms in the area which
can be recognized as being intrinsically glacial., The principal

effect of glaciation was to subdue and to soften the profile of the

Preglacial topography.
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Previous Work

The area around Easton, Pennsylvania, in the Lehigh and
Delaware valleys, has received a wealth of attention from geologists
since the earliest days of geologic exploration in the United States.
This is due in part to the important mineral resources of the area,
principally iron ores, cement materials, and commercial slate, but
also to the fascinating diversity of geologic features and problems
in the area.

The first published maps and descriptions that include the
area are those of Maclure (1809) and Finch (1824). Both described
the "primitive" (Precambrian) crystalline rocks of the Reading Prong
and the "transition" (Paleozoic) limestones of the Great Valley.
Rogers (1858), directing the First Geological Survey of Pennsylvania,
described the major rock units and structures, and included details
on specific localities in the area.

The Second Geological Survey of Pennsylvania (Lesley and
others, 1883, 1892) produced the first large scale systematic maps
and descriptioﬁs of the area. The authors (Lesley and others, 1883)
divided Northampton County, including the area of this report, into
three geological regions which were termed the northern slate belt,
the middle limestone belt, and the southern "syenite" (gneiss) belt.
These regions plus the "Potsdam" sandstone (Cambrian) were also
their geologic map units. They described in detail all aspects of
the geology and geography of each region. The slate belt was thought

to rest unconformably on the limestone belt, though it was admitted
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that no positive evidence for such a relation existed. The struc-
tural complexity of the limestone belt was fully appreciated, if not
understood, as is evident from the statement of J. P. Lesley (in
Prime, 1875) that

. + . what seems so smooth and regular a surface con-

ceals one of the most contorted, twisted, fractured,

cleft, plicated, complicated, and even overturned set

of subsoil rocks in the world.

The belts of Precambrian gneisses were considered to be anticlinal
structures, asymmetrical‘and overturned to the northwest, which also
included the overlying limestones.

B. L. Miller (1925) divided the "limestone belt' of earlier
workers into three geologic map units. He separated the older, pre-
dominantly dolomitic rocks of the southern part of the belt from the
younger argillaceous limestone (cement rock) and pure limestone
(cement limestone) of the northern part of the belt. Precambrian
rock units included graphitic limestone and undifferentiated
gneisses. There was no further subdivision of the slate belt within
the area of the present study, but isolated patches of limestone
were mapped within the slates and shales a few miles to the west,

Miller (1925) included no structural cross sections in his
report, and his discussion dismissed the structure as being too com-
plex for satisfactory generalization. His map, however, suggests
fold structures which include the Precambrian rocks. No faults or
fold axes appear on the map, but the discussion indicates that

folding and faulting are complex.




In a later report Miller and others (1939) further subdivided

the various dolomitic rocks of the Great Valley and the gneisses of
the Reading Prong. The general structure of the region was shown to
consist of ridges of Precambrian crystalline rocks separated by
narrow, steep~sided valleys. The valleys normally are floored with
Paleozoic rocks that were down-faulted or down-folded, or both. The
map patterns are complex, especially where Precambrian rocks are in
contact with younger rocks. Faults, usually shown as very steep

and normal, or vertical, were used to explain most aberrant contacts.
Folds were recognized as generally asymmetrical to the northwest,
but overturning was thought to be only a local complexity. Minor
structures were ignored completely.

In 1957 the United States Geological Survey began a program
of systematic mapping in the Delaware Valley, mostly in New Jersey,
by Avery A. Drake, Jr., and others. Particular attention was given
to differentiating the complexly-structured gneisses and granitic
rocks of the Reading Prong, to refining the stratigraphy of the
Great Valley, and to the orientation and significance of the minor
Structures. These studies have shown that overturning, far from
being merely a local complexity as Miller (1939) thought, is in fact
a8 regional phenomenon. Moreover, evidence gathered thus far strongly =
Suggests a regional tectonic picture substantially different from
that proffered by previous workers. The present study is an out-

8rowth and extension of this Geological Survey program.
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Method of Study

The field work for this study was carried out during the
summers of 1963 and 1964, the fall of 1965, and the spring of 1966.
A total of about nine months was spent in mapping and related
activity.

Field data were plotted on United States Geological Survey
topographic map compilation sheets of the Nazareth quadrangle, and
subsequently on the published edition. Recent (April, 1962) aerial
photographs (approximate scale 1:20,000) were used for location of
data stations in the field. Photo locations were then transferred

. to the topographic base map. Where photos did not permit accurate
location, the Brunton compass was used for location by resection or
pace-and-compass methods.

Approximately 350 hand specimens were collected in the field,
and from these 125 thin sections were studied. 1In addition, studies
were made of about 100 hand specimens and thin sections of related
rocks outside of the Nazareth quadrangle. X-ray and chemical

analyses were obtained where desirable.

Terminology

The classification and nomenclature of sedimentary rocks are
by no means standard, as both are still somewhat in a state of
. development. Familiar terms commonly mean different things to dif-

ferent people, depending on what classification scheme is used.
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In this study the nomenclature applied to detrital sedimentary
rocks is essentially that of Krynine (1948), except that the term
wclaystone' is used for rocks in which at least half the grains are
less than 0.004 mm in size, and which lack bedding fissility. The
term shale commonly implies that a degree of lamination or bedding
fissility is present, but such need not be the case in all pelitic
rocks described in this study. The term shale will be applied only
to pelitic rocks that exhibit bedaing fissility.

Terminology for the thickness of stratification and parting
units in sedimentary rocks is that of Ingram (1954). Cross-
stratification is described according to the scheme of McKee and
Wier (1953), which is cited where their terminology is used.

By comparison with detrital rocks, the classification of
carbonate rocks is practically in the newborn stage. The recent
quantum jump in the research effort on these rocks has generated not
only more extensive knowledge and a deeper understanding of carbonate
depositional processes, but also a plethora of new classification
8chemes and new, largely unfamiliar terminology. Most systems
8trongly reflect the interest, experience, and purposes of the
authors, and most are largely untested outside the specific area in
which and for which they were devised. Dolomotic rocks pose addi-
tional problems because they commonly have two, perhaps more,
textural elements of different type and origin that must be con-
8idered. No single carbonate classification has won wide acceptance.
The classification adopted in this study is based on the

Pioneering system of R, C. Folk (1959), which was developed on rocks




. very similar to those in the area of this study, gnd which is
descriptive of a broad range of marine limestones. Usage in this
study differs slightly from that of Folk. Folk (1959) feels that

1 mm is a more meaningful boundary between the rudite and arenite
classes of allochem textures than the traditional 2 mm boundary
applied to terrigenous sediments. The 1 mm boundary is also con-
sidered a fundamental break in the size of calcite or dolomite
crystals composing the rock. However, Folk (1959) presents no evi-

dence to support these changes, and the traditional 2 mm boundary is

retained herein. The grain size scales and nomenclature used in this

study are presented in Table 1.

The treatment of dolomites is expanded somewhat in order to
describe these rocks more thoroughly than would be done under the
Folk system strictly applied. This simply means that the allo-
chemical texture (o0ids, intraclasts, etc.) will be specified as
to both size and type, rather than type only. The complete dolomite
rock name wili consist of a) grain size of dolomite crystals
(coarsely crystalline, etc.), b) size of allochems (medium, etc.)
and c) a modifier specifying the allochem type (oolitic, etc.) or a
main rock name that specifies the allochems, if they are intra-
clasts (dolarenite). Thus a dolomite composed of dolomite crystals
between 1 and 2 mm in size and more than 25 percent ooids between
0.25 mm in size, would be termed a "very coarsely crystalline
medium oGlitic dolomite."” A rock composed of dolomite crystals
between 0.125 and 0.25 mm in size and intraclasts (relics) to 2 ma

in size would be a "mediun crystalline very coarse dolarenite."
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Table 1. Size classification of textural and compositional elements of
limestones and dolomites
Orthozzemical Allochemical
Replacement Texture
mm mm
64 - Very coarse L 64
Extremely coarsely Calcirudite
crystalline Coarse (Dolorudite) 16
i Medium | 4
2 Fine 2
Very coarsely
1 crystalline Very coarse
Calcarenite -1
(Dolarenite)
< Coarsely Coarse ~0.5
crystalline
Medium
0.25 -0.25
§ medium Fine L 0.125
crystalline
0.062 Very fine 0.062
Coarse
1 Finely crystalline Calcilutite  [0.031
Medi Dololutite)
0.016 e ( L 0.016
Fine
i Very finely - 0.008
crystalline Very fine
0.004 0.004
Aphanocrystalline Sublutite
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Algal stromatolites are termed as such, rather than "biolithmite,"

but crystal size is specified. The terms dolorudite, dolarenite,

and dolutite are used where intraclasts constitute more than 25 per-

cent of the allochems, and allochems compose more than 10 percent of

the rock. Otherwise, where ooids or pellets constitute 25 percent ’
or more of the allochems, the rock is termed an "oolitic" or "pellet"

dolomite, as appropriate, with the size of the dominant allochem

specified according to the size scale in Table 1. This usage is

summarized in Table 2.




Table 2.
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Compositional classification of dolomites

Allochem relics

>10 percent

Allochem relics

<10 percent

Volumetric Allochem Composition
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Chapter II

PRECAMBRIAN ROCKS

Introduction =

A great variety of older Precambrian high-grade metasedimen-

tary, metavolcanic, and igneous rocks crop out in the Reading Prong
and New Jersey Highlands. An apparently younger sequence of lower-
grade metasedimentary and metavolcanic rocks occurs locally.

Early workers recognized the great diversity of lithologies
but for mapping purposes they lumped them into a few broad and rather
inclusive stratigraphic units. These comprise the Franklin Limestone

(Wolff and Brooks, 1898), and the Pochuck, Losee, and Byram Gneisses

(Spencer and others, 1908), all of which have been widely used g

throughout the Prong. 1In addition to these are the Pickering Gneiss

(Hiller, 1912) and the Moravian Heights Formation (Fraser, in Miller
and others, 1939), which have been applied locally, mainly in eastern
Pennsylvania. The Franklin Limestone includes mostly dolomitic
marble with associated graphitic schists; the Pochuck Gneiss includes
largely mafic gneisses in which hornblende, pyroxene, and biotite are
abundant; the Losee Gneiss comprises intermediate gneissic rocks in
which plagioclase feldspar is dominant; and the Byram Gneiss includes
8ranitic gneisses in which potassium feldspar is abundant. The

Pi i . , .
ickering Gneiss was introduced in order to formally recognize
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certain gneisses associated with the Franklin Limestone in Piedmont
rocks in Chester County, Pennsylvania. Bayley (1914, 1941) applied
the name to gneissic rocks believed to be of sedimentary origin that
are associated with the Franklin Limestone in the Reading Prong and
Jersey Highlands. The Moravian Heights Formation comprises certain
green, well jointed quartzo-feldspathic gneisses that characteristi-
cally contain streaks and layers of sericite or a serpentine-like
mineral.

The Byram, Pochuck, and Losee Gneisses were believed by most
to be of igneous origin (Spencer and others, 1908; Fraser, in Miller
and others, 1939), and were thought to have intruded the Franklin,
Pickering, and Moravian Heights, all of which were considered to be
metasedimentary.

Recent workers (Hotz, 1952; Sims and Leonard, 1952; Sims,
1958; Drake, 1967a, 1967b; Buckwalter, 1959, 1962, 1963) have aban-
doned the system and terminology outlined above because rocks that
are widely different in character and origin commonly fall within
the same unit. Instead they have adopted a more objective
mineralogic-lithologic approach that emphasizes the character and
mappability of indiQidual lithologies rather than presumed affini-
ties with regional or subregional inclusive términology. Such an
approach is adopted in this study. However, the treatment remains
at the essentially descriptive level because the area of Nazareth
quadrangle that is underlain by Precambrian rocks is rather limited,
as are outcrops within that area. Meaningful petrologic studies

“ould require coverage of several quadrangles, at least. With but
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gew exceptions detailed age relations between Precambrian rock units
are generally unknown. In general, however, there are three distinct
groups of rocks that make up the Precambrian terrame: an "older"
high-grade metamorphic sequence and a "younger' low-grade sequence,

both of which are metasedimentary or probably so, and intrusive rocks.

Older Precambrian Rocks

Amphibolite

Pods, lenses, and layers of amphibolite and pyroxene amphib-
olite occur sporadically in gneissic rocks of the older Precambrian
sequence in the Nazareth quadrangle, and are widely distributed

' throughout the Reading Prong and Jersey Highlands. The lithology is
more common than current mapping would suggest because many bodies
are unmappable at 1:24,000.

The amphibolites in the Nazareth quadrangle are dark gray,
greenish gray, and greenish black, medium to coarse grained equi-
Branular to inequigranular rocks with crystalloblastic textures.
Foliation typically is fair to good in the gneissic amphiboliteé,
but is fair to poor in the coarser grained massive units. Foliation
is zanifest by the subparallel arrangement of tabular feldspars and
hornblende or by alternations of feldspathic and mafic layers that
result in g gneissic texture.

The essential minerals include xenoblastic plagioclase
(ancesine), hornblende, and clinopyroxene, with lesser orthopyroxene.

CC”".‘O
<SZon . . . . . .
. aCcessories include sphene, apatite, magnetite, biotite, and




23

quartz. Plagioclase typically constitutes between 35 and 65 percent
of the rock. Hornblende ranges from 10 to about 50 percent, and
forms polygonal grains that are intergrown with plagioclase and
pyroxene. Clinopyroxene or orthopyroxene, or both, occur in quite
variable proportions in almost all amphibolites, but clinopyroxene
is the more common by far. The accessories collectively compose
about 5 percent of the rock. Quartz in elongate composite grains
with strongly undulose extinction was observed in one thin-section,
and it constituted 5 percent of the section. Such an occurrence
probably is related to amphibolite migmatite that has been mapped
elsewhere in the Reading Prong by Sims (1958), Drake (1967a, 1967b),

and others. A mode of a typical amphibolite appears in Table 3.

Quartzo-Feldspathic Gneisses

Gneisses described in this section characteristically are

quite varijable in composition. They typically occur together, how- i
éver, and seem to represent a genetic group. Three variations seem
to make up the bulk of this group. Minor occurrences of other types

In the area were not separately mapped.

Potassium Feldspar Gneiss

Potassium feldspar gneiss is the most areally persistent of

th . .
€ qUartzo—fe%dspathlc gneigses in the Nazareth quadrangle. Rocks

assi . .
“gned to this unit occur at the western end of Chestnut Hill

syt .
utteast of the village of Seipsville, at Pine Top and Camel Hump,

T 3

it . . , -
Outliers of Precambrian rocks within the carbonate rocks of rhe




Table 3. Modes (volume percent) of typical Precambrian rocks
from the Nazareth quadrangle

1 2 3 4 5
Quartz - 44.5 52.2 41.6 39.9
K-feldspar - 47.2 22.8 0.5 --
Plagioclase 51.2 - 1.6 43,2 12.5
Microperthite - - -— - 45.8
Sillimanite - - 14.3 - -
Hornblende 26.7 - - - 1.8
Clinopyroxene 9.0 - - - -
Orthopyroxene 2.7 - - - -
Biotite 8.3 3.2 - 11.7 -
Sericite - 1.4 7.2 - -
Chlorite 0.5 - - 0.5 tr
Epidote 0.4 - - - -
Magnetite 0.5 1.6 0.9 1.3 tr ¢
Apetite 0.7 tr tr - tr i
Sphene - - -— - tr %
. Zircon - tr tr -— tr
. Garnet —_ 1.1 —-— 1.2 -
Pyrite - 1.0 1.0 tr —=
Total 100.0 100.0 100.0 100.0 100.0

Location of samples in Table 3 as follows:

1. Amphibolite. Collected from prominent knob on mountain side,
3,000 feet west of intersection of Apple Butter Road and Island
Park Road, southern border of quadrangle.

2. Potassium feldspar gneiss. Outcrop from 500 feet elevation,
southeast of Steel City.

3. Sillimanite gneiss. Sample from knob 750 feet north of Tumble
Creek Road, southeast corner of quadrangle.

Biotite—quartz—plagioclase gneiss. Collected from north-facing
slope, 1,750 feet north of Tumble Creek Road.

MicrOperthite alaskite. Collected from north facing slope, 750

feet south of Tumble Creek Road near its intersection with
Island Park Road.




Lehigh Valley, and in the main Precambrian mass south of the Lehigh
River. A typical outcrop is pictured in Figure 3.

Potassium feldspar gneiss is pinkish gray, light gray, and
light greenish gray, fine to medium grained, and has a poor to very
poor foliation. It is composed of xenoblastic quartz, microcline,

and microperthite, with lesser oligoclase and biotite. Accessories g

include magnetite, which is abundant locally, apatite, garnet,

zircon, hornblende and sphene. The texture is essentially grano-

I ey sy

blastic. Quartz, microcline, and microperthite occur in variable
proportions, but together they typically compose 85 to 90 percent of
the rock. Oligoclase and biotite rich phases are locally prominent
variants, but are not mappable as such. Biotite typically is

altered in varying degrees to chlorite, as is the sparse hornblende.
Zircons typically are very round, which may suggest a metasedimentary
origin for these rocks. In most areas rocks of this unit are perme-
ated by microperthitic alaskite. A mode of typical potassium

feldspar gneiss in the Nazareth quadrangle appears in Table 3.

Sillimanite Gneiss

Quartzo-feldspathic gneiss characterized by the presence of

Sillimanite occurs in the southeasternmost part of the Nazareth

Quadrangle, where it is associated with potassium feldspar gneiss.

Sillimanite gneiss is light greenish gray, light gray, and pinkish
8ray in color, fine to medium grained, and has a well-developed

foliaty . o . ; )
ation. The texture is gneissic and inequigranular, but has a




Figure 3.

Photographs showing outcrops of Precambrian rocks.
A, Potassium feldspar gneiss, intersection of Apple
Butter and Island Park roads. Note light color and
well-defined foliation. B, Hornblende-clino-
pyroxene gneiss, Gaffney Hill.
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strongly cataclastic fabric superimposed on it because the unit
occurs within a prominent shear zone.

Xenoblastic quartz, microcline, microperthite, and oligéclase
are the principal mineral constituents, with lesser sillimanite,
biotite, magnetite, zircon, and apatite.

Sillimanite occurs as oriented needles and felty bundles in
gneissic layers, and typically is altered in some degree to phyllo-
silicates, the specific nature of which is unknown. Oligoclase and
perthitic plagioclase are strongly sericitized, and magnetite is
altered in varying degrees to limonite. Quartz typically composes
about 50 percent of the rock, potassium feldspar from 20 to 35 per-
cent, and sillimanite from 10 to 25 percent. A mode of typical
sillimanite gneiss is given in Table 3.

The composition and texture of the sillimanite gneiss, and
its association with and similarity to potassium feldspar gneiss
suggest that it may be simply a more aluminous phase of that unit.
This gneiss is also typically permeated by veins, stringers, and

layers of microperthitic alaskite.

Biotite—Quartz—Plagioclase Gneiss

Associated with the aforementioned potassium feldspar gneiss
and sillimanite gneiss are small bodies of biotite-quartz-plagioclase
gneiss. Thisg gneiss is fine to medium grained and typically is light
gray to medium gray or pale yellowish brown. A gneissic foliation

s very well developed.
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Xenoblastic quartz and oligoclase are the principal mineral
constituents. Both compose 40 to 50 percent of the rock. Biotite
constitutes 5 to 10 percent of the rock and is conspicuous. Commonly
it shows some degree of chloritic alteration. Accessory minerals
include garnet, magnetite, and rare hornblende. The texture is
crystalloblastic and ranges from schistose in the biotite-rich layers
to granoblastic in the felsic layers. A mode of typical biotite-

quartz-plagioclase gneiss is given in Table 3.

Metamorphic Grade of the Older Precambrian Rocks

The gneissic rocks of the older Precambrian sequence are
metamorphésed to the alamandine-amphibolite or granulite facies of
regional metamorphism. The key mineral assemblages are quartz-
sillimanite-alamandine-microcline (-plagioclase-biotite) of the
quartzo-feldspathic gneisses, and hornblende-plagioclase (-diopside-
hypersthene-quartz) of the amphibolites. The mineral assemblage of
the quartzo-feldspathic gneisses is typical of originally pelitic and
quartzo-feldspathic sediments in both of the above metamorphic facies
(Turner and Verhoogen, 1960), but it does not permit a clear dis-
tinction between these facies. The assemblage present in the
amphibolites, however, clearly belongs to the hornblende-granulite
Subfacies of the granulite facies, thus the entire body of older
Precambrian rocks in the Nazareth quadrangle probably was meta-
morphosed under conditions commensurate with the granulite facies.
The microperthitic and microantiperthitic feldspars that occur in

the alaskites that have so thoroughly '"soaked'" these rocks are




consistent with the conditions of metamorphism represented by the

above facies as well.

Retrogressive metamorphism of the older sequence is repre-
gented by alteration of plagioclase and sillimanite to sericite and
other phyllosilicates, and the alteration of hornblende and clino-

pyroxene to biotite, chlorite, or epidote.

Origin of the Older Precambrian Rocks

There is little firm evidence concerning the origin of these
older rocks. All of the textures are crystalloblastic and no
original fabrics are preserved. However, some inferences may be
made from the mineralogy and associations of the rocks themselves.

One clue as to the ultimate origin of these rocks is the
presence of marble (some dolomitic) interbedded and folded with
these and similar gneissic rocks in several areas of the Reading
Prong (Drake, 1967a,b; Epstein and others, 1967) and Jersey High-
lands (Spencer and others, 1908; Hotz, 1952; Hague and others, 1956).
There is no evidence at this time that all of the reported occur-
fénces represent a single marble horizon, or that they represent
Several different horizons. Two distinct and separate layers are
known to occur in the Franklin Furnace area of New Jersey (Hague and
others, 1956), however. 1In any case, the marbles and associated
gneissic rocks occur together in linear outcrop belts that can be
traced along strike for miles. The gneisses are very heterogeneous
within apg between map units, and Drake (oral communication, 1970)

na o - . . :
@s found what he believes to be feldspathic quartzites interlayer.d
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with the gneisses. Such field relations suggest, to the writer at
least, that the older sequence is metasedimentary in origin. The
metamorphic mineral assemblage of the quartzo-feldspathic gneisses
is consistent with this view. That assemblage, as previously noted,
is typical of pelitic and quartzo-feldspathic sediments that have
undergone metamorphism to the almandine-amphibolite and granulite
facies. 1In terms of bulk composition the interbedded amphibolites
could represent basic rocks, perhaps lavas, or perhaps metamorphosed
siliceous dolomites. Relic carbonate has been described from some
amphibolites in the Jersey Highlands by Hotz (1952), Sims (1958),
and Drake (1970), among others. This is a complex and problematical
lithology, but it seems likely that at least some was derived from

dolomite.

Younger Precambrian Metasedimentary Rocks

Distribution and Character

A body of apparently younger, less metamorphosed Precambrian
rocks occurs in the Nazareth quadrangle along Bushkill Creek south '
of Bushkill (pl. 1). Similar rocks were mapped by Drake (1967a) in

Chestnut Hill in the Easton quadrangle, and have been recognized

elsewhere in the Reading Prong and Jersey Highlands (Spencer and
Otners, 1908; Bayley, 1914), particularly on the northern side of
these Precambrian masses. Rocks of this type in the Nazareth

Quacrangle occupy too small an area to allow mapping of individual

lithologies at a scale of 1:24,000.




Included in this unit in the Nazareth quadrangle are arkose,
arkosic conglomerate, quartzite, marble and serpentinized marble, and
alaskitic pegmatite. Elsewhere in the Prong the above lithologies
are associated with schistose rocks composed of talc, chlorite,
gericite, quartz, and feldspar, hard purple slates, and metarhyolite.

Arkose is pale red purple with detrital quartz and feldspars :
of medium sand size. The feldspars include microcline, microperthite,
and strongly sericitized plagioclase. Chlorite and rare metamorphic
rock fragments are also present. Most detrital grains are sub-
angular to subround. In the arkose conglomerate, which is espe-
cially prominent at this locality, subangular to round clastic ‘
pebbles of vein quartz are abundant, but otherwise the mineral com-
position is similar to that of the arkose. Some of these conglom-
erates contain appreciable (and conspicuous) disseminated pyrite.

Some quartz-rich rocks are associated with the arkosic rocks, and

these typically are vitreous, dark gray, highly fractured, and

severely iron-stained. Soée of these rocks contain up to 35 percent

hematite, Many grain boundaries are strongly sutured and locally

the original sedimentary fabric is completely destroyed. Blocks of

altered (tremolite-diopside-talc) dolomitic marble, serpentine, and

small exposures of a coarse alaskitic pegmatite occur in the Bushkill :
Creek locality, but their relation to the clastic rocks is not clear

because of alluvial and glacial cover., This association with the

me‘:aSEdJ'.mer‘xtary clastic rocks is not unusual, however, Perhaps the

Pegrnatite contributed to the alteration of the marble by contact

metamorphism,




33

Metamorphic Grade and Origin

The clastic rocks that compose this younger Precambrian
sequence in the Nazareth quadrangle very clearly represent a lower

metamorphic grade than do rocks of the older sequence. Metamorphic

NN TR L

minerals in the arkose and arkosic conglomerate include sericite and
chlorite, which are characteristic of the quartz-albite-muscovite-

chlorite subfacies of the greenschist facies (Turner and Verhoogen,

1960).

The age and relation of these metasedimentary rocks to each
other or to the higher grade gneisses, previously described, is
largely unknown because of poor exposure. Their lower metamorphic
grade and location along one border (the northern) of these Pre-

.' cambrian masses suggest that they represent a younger sedimentary
sequence that bears a consistent structural or stratigraphic rela-

tionship, ostensibly superjacent, to the older rock sequence.

Intrusive Rocks

Hornblende-Clinopyroxene Gneiss

The most widespread unit in the Precambrian terrane of the
Nazareth quadrangle is a body of hornblende-clinopyroxene gneiss.
It underlies Gaffney Hill and most of the southeast corner of the
quadrangle, and parts of this body also occur in the adjacent
Riegelsville and Easton quadrangles (Drake, 1967a, 1967b), and the

he1lertowr1 quadranéle. There are only a few outcrops, however, and
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most mapping must be done on the basis of float. A typical outcrop
ig pictured in Figure 3.

The rock seems to be quite variable in composition. Most is
greenish gray, dark greenish gray, and greenish black, fine to medium
grained, with a fairly well-developed gneissic foliation. The folia-
tion results from planar concentrations of quartz and feldspars and
mafic minerals. The texture is crystalloblastic and mostly equi-
granular, but some quartz and feldspar occurs poikiloblastically in
larger grains of hornblende.

Quartz occurs in sutured xenoblastic grains with an abundance
of vacuoles, and composes from 10 to 30 percent of the rock.
Plagioclase is xenoblastic and is mostly extensively sericitized
andesine. It composes between 30 and 40 percent of the rock. Horn-
blende is a pale green variety that is only slightly pleochroic from
pale yellowish green go green. It constitutes about 50 percent of
the rock. Up to 20 percent clinopyroxene may accompany the horn-
blende locally. Accessory minerals include magnetite- and sphene
which commonly form at the-expense of the mafic minerals and garnet.
A gneissic rock composed essentially of hornblende, clinopyroxene
and epidote is locally prominent within this unit.

This gneiss appears to be folded and metamorphosed with the
older Precambrian rock sequence. It is intruded by veins and thin
layers of microperthite alaskite that affect the older complex also.
The alaskite thus post-dates the intrusive activity represented by

tais hornblende-clinopyroxene gneiss.
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Clinopyroxene—-Quartz-Garnet Granofels

A distinctive body of clinopyroxene-~quartz-garnet granofels
gurrounds much of the above-mentioned body of hornblende-clinopyroxene
gneiss in the southeastern corner of the Nazareth quadrangle (pl. 1).
The surrounding envelope of garnet granofels also occupies parts of
the Riegelsville, Hellertown, and Easton quadrangles where they join
the Nazareth quadrangle.

This rock is light brownish gray to dark greenish gray, fine
to medium grained, and equigranular to inequigranular. Foliation is
poor to nonexistent and, where present, is expressed as planar
concentrations of quartz or pyroxene.

All mineral constituents in the granofels are quite variable
in abundance. Some hand specimens are almost entirely garnet,
whereas others may contain almost none. Fresh and weathered surfaces
have the appearance of a garnet clotted gneiss.

Garnet is the most conspicuous constituent of this unit. It
is reddish-brown and occurs as single small crystals or as irregularly
distributed clots that range up to 6 inches in size. Its distribution
is so variable that it is difficult to say precisely how much of the
unit it composes. It is roughly estimated to constitute from 20 to
40 percent of the rock. Clinopyroxene occurs as stubby xenoblastic
crystals that are in various degrees of alteration to magnetite and
chlorite. Some is virtually unaltered, however. It makes up a
highly variable proportion of the rock, estimated to range from 35

to 60 percent, Quaftz composes from 25 to 50 percent of the granofels

‘ and occurs as irregularly shaped grains of fine to medium size. The
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: . quartz grains contain numerous inclusions of xenoblastic to idio-

blastic garnet that is similar in petrographic expression to other
garnet present in the rock. Small amounts (5 to 10 percent) of
strongly sericitized plagioclase are present, as are trace amounts
of sphene and epidote.

The texture and composition of this granofels, and its spatial
relation to the hornblende-clinopyroxene gneiss suggest that this
body is an alteration zone of some sort, associated with the horn-
blende-clinopyroxene gneiss. It seems reasonable to suppose that the
hornblende-clinopyroxene gneiss is a small metamorphosed intermediate
to basic intrusion and that the pyroxene-garnet-quartz granofels is
the metamorphosed hornfelsic alteration zone associated with that

intrusion.

Microperthite Alaskite

A small lenticular body of microperthite alaskite occurs in
the middle of the northern slope of Gaffney Hill, in the southeastern
corner of the Nazareth quadrangle (pl. 1), and material of this com-
position permeates most of the oléer gneissic rocks in the area. It
also has cut the hornblende-clinopyroxene gneiss that is itself
believed to be intrusive. Small bodies of similar shape and compo-
sition apparently are common throughout the Reading Prong and Jersey
Highlands (Hotz, 1953; Sims, 1958; Drake, 1967a, 1967b; Drake and
others, 1967), and Drake (oral communication, 1970) reports that
this type of granite becomes increasingly abundant in the Prong

s +
Outhwestward from the Delaware River.
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. The microperthite alaskite is very light gray, pinkish gray,
| and very pale orange to light brownish gray in color. It is charac-
terized by an almost complete lack of mafic minerals, and is composed
essentially of quartz and feldspar.

Microperthite is the principal mineral constituent and con-
stitutes 35 to 55 percent of the alaskite. Quartz composes about
30 to 35 percent of the unit, and oligoclase makes up 15 to 25 per-

cent of it. Microantiperthite is abundant locally, instead of

microperthite, and alaskites of such composition have been mapped
; separately elsewhere in the Reading Prong by P. K. Sims (1958) and
by A. A. Drake, Jr. (1967a, 1967b). The plagioclase feldspars are
moderately to strongly altered to sericite. Hormblende, rare
‘ clinopyroxene, and biotite occur locally in variable quantities that
do not total more than 5 percent, and trace amounts of zircon,
apatite, and magnetite also occur in the alaskite. A mode of the
typical alaskite in the Nazaretﬁ quadrangle is presented in Table 3.
The texture of the alaskite is vériable and has both igneous

and metamorphic affinities. In some specimens the texture 1is

hypidiomorphic granular to pegmatitic and seems clearly to be of

igneous origin. Where mafic minerals, especially hornblende, are

Wore abundant, the alaskite has a poor to fair foliationm.
The shape, composition, texture, and lithologic setting of

this alaskite suggest that it is a syntectonic phacolithic intrusion

into the metasedimentary or metavolcanic quartzo-feldspathic gneisses
an , . :
d the hornblende—cllnopyroxene gneiss, hence is younger than these

ro . . . s
. cks. It seems likely that, on a regional scale, this alaskitic
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material is related in some way to larger microperthite- and
microantiperthite-bearing granite plutons that intrude the same or
gimilar quartzo-feldspathic gneisses like at numerous localities

throughout the Reading Prong and New Jersey Highlands.

Metamorphic History of the Precambrian Rocks

Isotopic data on metamorphic events in the Reading Prong are
rather sparse., The significance of the few studies that have been
attempted is diminished by a lack of detailed mapping and poor corre-
lation of lithologic units between study areas, by application of
analytical results to the inclusive mega-units of early workers
(Byram and Losee gneisses, etc.) and by the very complexity of the
geology itself in relation to the scant analytical data. Almost no
data are available for the Pennsylvania segment of the Reading Prong-
Jersey Highlands Precambrian terrane, and the data in New Jersey are
mostly auxiliary to studies directed mainly at the New York City and
Manhattan Prong areas. There are, nevertheless, some reasonably
consistent metamorphic and igneous events that are of broad regional
significance.

Two distinct Precambrian metamorphic or heating events are
Suggested by available isotopic studies. A number of potassium-argon
(K-Ar) and rubidium-strontium (Rb-Sr) determinations on biotites from
gneissic rocks in the Jersey Highlands indicate a metamorphic or
reheating event at about 835 + 35 million years (m.y.) ago (Long and

Kulp, 1962). This apparent age is consistent with similar
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. determinations on biotites from the Storm King Granite and Canada

I
"

Hill Gneiss (Tilton and others, 1960; Long and Kulp, 1962), both of
which occur -at Bear Mountain, New York, and both of which are part
of the Highlands extension into New York State. Three uranium-lead
(U-Pb) determinations on uraninite in marble (Franklin Limestone?)
along the Delaware River, near Phillipsburg, New Jersey, give
apparent ages that range from 825 to 915 m.y., and monazite in Losee

Gneigs at Chester, New Jersey, is reported to yield a U-Pb age of

720 m.y. (Long, Cobb, and Kulp, 1959). Thus, the event at about
835 m.y. seems well-established throughout the New Jersey-New York
Highlands. This event also is confirmed in the Reading Prong of
Pennsylvania by a biotite K~Ar apparent age of 820 m.y. (Long and

‘ Kulp, 1962), from gneiss near Wernersville, at the southwestern
extremity of the Prong.

A distinctly older event at about 1150 m.y. ago is indicated
by concordant U-Pb apparent ages of zircon from the Canada Hill
Gneiss at Bear Mountain, New York. The concordant ages include
1140 m.y., 1150 m.y., 1170 m.y., and 1030 m.y., determined respec-

Pb206/U238, Pb207/U235, Pb207/Pb206, and Pb208/Th232

tively from
(Tilton and others, 1960). The Canada Hill Gneiss is the host rock
to the Storm King Granite (Lowe, 1950), and its relationship and

Correlation with gneissic rocks southwestward in the New Jersey-

Pennsylvania parts of the chain are not clear. However, brief

Petrographic descriptions (Lowe, 1950; Long and Kulp, 1962) suggest
that the Canada Hill Gneiss may be equivalent to what has been

‘ Mapped as Losee gneiss by Hague and others (1956), as




oligoclase-quartz-biotite gneiss by Sims (1958), and as oligoclase

quartz gneiss by Drake (1967a,b), all of which seem to be essentially

equivalent units in the older Precambrian sequence. The description

of Sims' (1958) oligoclase-quartz-~biotite gneiss especially is sug-

gestive of the Canada Hill Gneiss. It should be noted that the K-Ar

apparent age of biotite in the Canada Hill Gneiss, as previously
mentioned, belongs to the 835 m.y. event.

Thus metamorphic or reheating events at about 1150 and

835 m.y. ago seem well established. The event 1150 m.y. ago repre-

sents the original metamorphism or crystallization of rocks in the

New Jersey-New York Highlands, and presumably in the Reading Prong.

A discrete period of reheating and metamorphism occurred about

. 835 m.y. ago. It is not clear whether the biotites on which the
835 m.y. event is based actually crystallized in that event or
whether they first crystallized 1150 m.y. ago and were subsequently
altered by heating to reflect the 835 m.y. event.

In terms of Precambrian rocks in the Nazareth quadrangle,

the older sequence, comprising the amphibolites and quartzo-
feldspathic gneisses, apparently first recrystallized about 1150 m.y.
3g0. Subsequently these rocks were intruded by material now repre-
Sented by hornblende-clinopyroxene gneiss which formed an alteration
Zone now represented by the clinopyroxene-quartz-garnet granofels.
Whether this intrusion dates from the 835 m.y. event is uncertain.
All of these rocks later were intruded, permeated, or cut by micro-
Perthitic granitic rocks, presumably during the 835 m.y. event. At

. hat time the isotopic composition of biotites in older rocks was
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altered to reflect this event, new biotites may have formed, and
uraninite and monazite were formed or recrystallized in some rocks.
The sedimentary and volcanic rocks of the younger sequence evidently
post-date the 835 m.y. event because they have undergone only
incipient low-grade metamorphism, despite their close association
with granulite facies rocks. Also, the texture and many of the
detrital minerals in the younger sequence would readily have been
altered under the metamorphic conditions represented by the 835 m.y.

event.




Chapter III

STRATIGRAPHY AND PETROLOGY OF PALEOZIC AND CENEZOIC ROCKS

Cambrian System

Hardyston Quartzite

Introduction

The Hardyston Quartzite is about 100 feet thick and forms the
base of the Paleozoic section in eastern Pennsylvania and western
New Jersey, where it rests unconformably on Precambrian crystalline
rocks of the Reading Prong. It has, of course, been recognized and
mapped since the beginning of geologic work in the area, but all the
early work and much of that done more recently was concerned with
problems of stratigraphic definition and mapping and the resultant
Structural and tectonic implications. Little attention has been
given to the Hardyston as a unit of sedimentation that records
important aspects of its history not normally revealed simply by
mapping. Most of the following data were obtained from exposures in
the Nazareth quadrangle, Pennsylvania (fig. 4), and the quadrangles
immediately east and south (Easton, Bloomsbury, Hellertown, and

Rie8elsville), but important localities in other quadrangles als<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>