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PLEASE
DO NOT HAMMER

- OR SAMPLE INDISCRIMINATELY

ALL THE OUTCROPS VISITED DURING THIS CONFERENCE CONTINUE TO
BE SUBJECTS OF OBSERYATION AND RESEARCH BY STAFF AND STUDENTS OF
BUCKNELL UNIVERSITY AND BYVCOLLEAGUES AT OTHER INSTITUTIONS.
PLEASE AVOID RANDOM HAMMERING, COLLECT ONLY THOSE SAMPLES THAT
ARE DESTINED FOR RESEARCH OR FOR INSTITUTIONAL TEACHING
COLLECTIONS., MANY ROCKS ARE FRAGILE AND CAN ONLY BE SAMPLED
AFTER A PROCESS OF GLUEING TOGETHER ON THE OUTCROP; ATTEMPTS TO
COLLECT THESE WITHOUT THE APPROPRIATE PREPARATION WILL ONLY
DESTROY IRREPLACEABLE FEATURES. LEAVE THE ROCKS SO THAT
GEOLOGISTS, STUDENTS, AND OTHER VISITORS WILL CONTINUE TO BENEFIT
FROM THEM. WHO KNOWS HHiCH FEATURES AND WHICH VISITORS WILL
CONTRIBUTE TO THE NEXT SUCCESSIVE REFINEMENT AND MODIFICATION OF
OUR CONCEPTS.
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SILURIAN DEPOSITIONAL I-{ISTOE:SY;‘:AND ALLEGHANIAN
DEFORMATION IN THE PENNSYLVANIA VALLEY AND RIDGE

INTRODUCTION

The central Pennsylvania landscape is dominated by imposing linear ridges and
flanking fertile valleys stretching away to the horizon. That this dramatic Valley and
Ridge topography is the result of millions of years of differential erosion of a folded
Paleozoic stratigraphic succession has been appreciated since the middle of the last
century. Yet in the more than 100 years since that initial appreciation, detailed
conceptions of the depositional origins of the strata and of the nature and conditions of
their tectonic deformation have moved through successive modifications and refinements.

We have been participating in the development of some of these modified and
refined conceptions, and the objective of this 48th Annual Field Conference of
Pennsylvania Geologists is to demonstrate a number of them. For the Lower and Middle
Silurian stratigraphic units we shall show a pattern in the complex paleoenvironmental
picture that is related to Appalachian Basin configuration, source area tectonics, and sea-
level fluctuations. We shall also show a new appreciation for the role of shallow-marine
shelf processes in generating particular lithologies. In terms of the tectonic history, we
shall examine a variety of strain features through which the complexity of events known
as the Alleghany Orogeny may be better understood as a progression of overlapping stages
during which different strain mechanisms and geologic structures dominated. We shali
demonstrate the influence of rock types, primary sedimentary structures, position
(structural, stratigraphic, and geologic), and history in creating the differences in finite
strain in the region. -

These two emphases of this field conference - the Silurian depositional history
and the Alleghanian deformation - are wedded in the Valley and Ridge landscape through
which we will travel. Without these particular sedimentary and tectonic histories there
would not be the distribution and dispostions of the variety of lithologies through which
this region derives its physiographic character.
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SILURIAN DEPOSITIONAL HISTORY
by o
Edward Cotter
Preliminary Statement

There are three background factors that controlled the character of the Lower
and Middle Silurian stratigraphic succession in central Pennsylvania. First, during this
time there was a gradual return to tectonic tranquillity following the crisis of Late
Ordovician Taconic events. As a result, both the calibre and composition of accumulating
Appalachian Basin sediment changed, first from largely terrigenous sands to terrigenous
muds, and then to marine carbonates. The second factor was that sea level experienced a
series of fluctuations during this period. The consequent migration of depositional
environments and changes of depositional conditions (such as depth) imparted distinctive
physical and chemical features to the deposits. Third, even though the depositional
environments migrated and changed, in central Pennsylvania conditions persisted as
shallow-marine shelf dominated by storm processes.

These three factors are responsible for features at different scales or
magnitudes. The first deals with the compositional evolution of the entire Lower and
Middle Silurian stratigraphic succession. Through the second factor changes in lithology
resulted that permit subdivision of the succession into formations, members, and units.
And the third factor was responsible for features of individual beds or groups of beds. Our
scale of observation on this field trip will be at the level of beds and groups of beds, and
thus you might be more able to evaluate the interpretation of storm-dominated shelf
conditions. By examining several extensive sequences at various positions in the

~ succession you will see the major features on which interpretation of the other two

factors is based. However, because a more complete understanding of the first two
factors is difficult to achieve from a few outcrops, the first part of this guidebook

‘presents the regional picture into which those outcrops fit. Consideration will proceed in

two parts, with the Lower Silurian Tuscarora Formation treated first, followed by the
Middle Silurian units - Rose Hill, Keefer, and Mifflintown Formations.

Tuscarora Formation

Interpretations of the depositional origin of the Tuscarora go back to the early
part of this century, when Grabau (1913) proposed a fluvial origin, and Schuchert (1916)
countered with a shallow-marine interpretation. Subsequently, prevailing views
fluctuated between these two - the origin was either all fluvial or all marine. For a time
the marine origin received support (Woodward, 1941; Folk, 1960), but in the last two
decades the fluvial interpretation has become widely accepted, largely as the result of the
important contributions by Yeakel (1962) and Smith (1970). It is my contention that the
Tuscarora Formation is both marine and fluvial in origin, with eastern parts largely

fluvial, and western parts largely marine. The complex relationships between these parts

has been described by me earlier (Cotter, 1982, 1983) and they are summarized below,
GENERAL FRAMEWORK

The Tuscarora Formation is distributed through an extensive part of the
eastern Appalachian Basin as the uppermost coarse clastic unit of the Queenston (Taconic)
Clastic Wedge. It was defined by Darton and Taff (1896), the name being derived from
Tuscarora Mountain in south-central Pennsylvania. The name is presently applied to the

3
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Figure 3.  Lower and Middle Silurlan stratigraphic column - central Pennsylvania

Lower Silurian coarse clastic deposits in Pennsylvania, Maryland, West Virginia, and the
northern part of Virginia. Correlative rock units include the Clinch Sandstone in southern
parts of Virginia and in Tennessee, and the Medina Group in western New York and
contiguous Ontario (Berry and Boucot, 1970). As the Tuscarora is traced eastward from
central Pennsylvania to the Delaware Water Gap and then into New Jersey and New York, é
it becomes the lower part of the Shawangunk Congolmerate (Epstein and Epstein, 1972). L

Age diagnosis of the Tuscarora Formation is inexact and somewhat arbitrary, 5
principally because it lacks body fossils. Over most of the outcrop region the Tuscarora Q
rests conformably on the Juniata Formation, and in turn it is conformably overlain by the
Rose Hill Shale (Figs. 2 and 3). The Juniata is assigned a Late Ordovician (Ashgill) age

(Dennison, 1976), and the Rose Hill is Middle Silurian (late Llandovery) (Berry and Boucot,
1970, P. 2) (Fig. 3). On these bases the Tuscarora is conventionally assigned an age —~

ran%i)ng from the base of the Llandovery to the Llandovery C2-3 stage (Berry and Boucot,
1970).
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The Tuscarora in the central Pennsylvania outcrop belt is generally from
150 to 200 meters thick. The pattern, however, is somewhat erratic, and measured
thicknesses can be above or below these values (Yeakel, 1962, Fig. 4; Faill and Wells,
1974, Table 6). There is generally a somewhat thicker Tuscarora in the central part of the
Valley and Ridge outcrop belt, probably as a result of slightly greater subsidence there.

Not all of the exposed Tuscarora succession is sandstone, and not all of the
sandstone is quartz arenite. The Tuscarora can comprise 25 or 30% shale, particulary in
the northern part of the outcrop belt (see Stop VII, Mill Hall). The sandstones are both
quartz arenites and sublitharenites, with variable and locally significant minor quantities
of chert and other rock fragments, derived from the Taconic Highlands to the southeast,
and transported down the regional paleoslope to the northwest (Yeakel, 1962).

The Early Silurian paleolatitude for this part of North America was subtropical
at about 25 to 30 degrees south latitude (Ziegler and others, 1977, Fig. 2; Khain and
others, 1978; Seslavinsky, 1979). At this latitude, not only would there have been marked
seasonal variations in rainfall, but also the topography would influence the local climate.
One can sense the significance of this location by considering the variations in climate
across modern South America 25 to 30 degrees south of the equator - from the Atacama
Desert on the west, to the humid forests east of the Andes. Previous interpretations of
the Tuscarora paleoclimate generally agree with this postulated paleolatitude in
specifying that the region was warm, and with seasonal variations in rainfall (Swartz,
1957, p. 22 Folk, 1960, p. 25; Hunter, 1970; Epstein and Epstein, 1972).

The Taconic Highlands and the eastern part of the Appalachian Basin
experienced a slight tectonic "adjustment" just as Ordovician time was coming to a close.
Through much of the development of the Juniata Formation there was progressive
degradation of the source terrain and decreasing gradient on the marginal alluvial plain.
However, the conglomeratic Run Gap Member at the top of the Juniata demonstrates that
coarser debris was coming from a source terrain of somewhat different composition
(Tuttle, 1940; Swartz, 1957; Diecchio, 1980). At the same time there began a sourceward
(southeastward) shift in the fall line such that sediment at the base of the Tuscarora
Formation accumulated on an erosion surfaces in the proximal part of the basin east of
the Susquehanna (Swartz, 1957; Wood and others, 1969).

At the time of this Latest Ordovician-Earliest Silurian tectonically-generated
renewed sediment influx, there was a relatively rapid glacioeustatic rise of sea level
(among others, see Berry and Boucot, 1973; McKerrow; 1979; Brenchley, 1980; Leggett
and others, 1981). This rapid rise came at a time when seas were still at the generally
higher long-period stand that accompanied higher rates of oceanic rifting in the Lower to
Middle Paleozoic (first-order cycle of Vail and others, 1977; see Shanmugam and Moiola,
1982). Additional sea level fluctuations occurred later in the Silurian, and these are
shown in the reports of McKerrow (1979), Johnson (1980), Johnson and Campbell (1982),
Petryk (1981) and Cotter (1983). There is a good general agreement between these
changes and the sea level changes interpreted from the Lower and Middle Silurian
succession of central Pennsylvania (Fig. 3).

LITHOFACIES

My interpretation of the depositional history of the Tuscarora Formation in
central Pennsylvania is based on the identification and interpretation of five lithofacies in
the outcrop belt. A detailed outline of the characteristics of these lithofacies may be
found in Table 1. More extended descriptions and interpretations are in other reports
(Cotter, 1982; 1983). Some summary comments are immediately below. It might prove
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Table 1.

LITHOFACTES DEPOSTTICNAL ENVIRONMENT

GEOMETRY AND POSITICN

LITHOLOGY AND TEXTURE

.Lithofacies characteristics, Tuscarora Formation, central PA

SEDIMENTARY STRUCTURES

SEQUENCES

Eastern Braided, fluvial, organ—
cross- ized as medial~distal
laminated alluvial fan complex.
Basal, Beach system as regional
horizontally strandplain camplex.
laminated
o

Basal pink Estuarine

transition
Western Shelf sand camplexes;
croas- shoreface-connected sand
laminated ridges,
s L) B B L3

Eastern localities; thins
to west and northwest.

Overlies and, in places, in-
tercalated with horizon—
tally laminated litho-
facies.

Thin sheet at base of Tus-
carora; extends over most
of central PA to east of
Swatara Gap.

Associated with basal pink
transition in south~
central PA; overlain by
eastem or western cross—
laminated lithofacies.

- South-central to southwest—

lithofacies, except for
same situations of inter—
vening horizontally lam~
inated lithofacies * -

Thin and shest1ika.

laterally extensive sheet
above basal lithofacies
and below red Castanea
Menber; seaward of east-
ern cross-~laminated .
lithofacies the relationsa
with which are indeter-
minate.

Medium to thick zones of
sandstone and oocnglomer—
ate; suboxrdinate thin beds
and lenses of green to
gray shale.

Sandstone less mature, sub~
litheranite; medium to
coarse~grained, commonly
pebbly, some basal lags;
poorly sorted; not well

ded; intracl
oommon.,

All continuous sandstone up
to 29 m thick; no shale or
gravel as clasts or inter-
beds; light gray to white,

Supermature; >'98% quartz;
traces of chert and lith-
ic grains; some laminae
have concentrated heavies;
well sorted and rounded,
with bed~to-bed changes;
fine- or mediimgrained,
same inversely graded
laninae

More than 80% sandstone in
thin to medium, tabular
beds; intercalated with
thimner beds of red shale.

Fine- to medium-grained
quartz arenite; grains -
rounded and generally well-
sorted; some bed—to~bed

changes,
Red shale clasts in soma beds.

Proximal:

Thick units of medium- to
coarse-grained sandstone
in bads 15~75 cm thick;
coarser sand and fine
gravel along laminae and
as bed-top concentrations;
sorting moderate to poor,
better in individual lem-
inae; ocomposition mature,
quartz arenites; very few,
very thin shales.

Conglomarates mostly
structureless; some

Slight channeling; beds
have high wideth~thick~
nessg ratios.

Sandstones mostly trough
cross laminated; soma
planar at distal places;
current ripple lamina-
tion uncommon; few beds

on bed =oles
more comnon at distal
1localities.

largely horizontally (even
parallel) laminated;

Sandstone mostly planar and No systematic pattern.

trowh cross-laminated;
sane horizontal lamina-
tion; some upper bed sur-
faces have symnmetrical
ripples.

Cross laminae inclined
generally to MW; rxare
bipolar,

Little consistent order
at most places; some
fining-upward thin
sequences similar
to those of Smith
(1970, Fig. 17).

Continuously uniform,

Proximal: Proximal :

Broadly wavy, nonparallel Apart from beds that
bed top; apparent coarsen to
channelg are filling , no dis~
swales in top of undexr- carihle pattern.

lying beds. .
Cross lamination dominates;
both planar and trough;

transport dominantly uni-~

modally NW, also coast-

parallel; bipolar flow

rarely recorded.
Unoommon on

bed soles

shales.

.:;...N !
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Medial:
Thick wnits of medium-to

coarse-grained sandstone;
wnconmon granules; grains
subround to round, moderate-

ly to well~-sorted.

Thin intercalations of fine
sandstone and coarse silt-
stone; same few beds with

siltstone Intraclasts.

Quartz arenitic composition.

Distal :

Alternating tabular units
{ > 2 m thick) or medium-
grained sandstone; grains
romnd to subround; sort-
ing moderate to well; rare

coarse sand; and
Thinner tabular units

(<€ 1 m thick) of very fine
to fine-grained sandstone

and siltstone.

Concentrations of siltstone
intraclasts in some beds.

Medial:
Beds 15-40 cm thick have

S N B ) ! [

i

o ¥ _— . .y |

Medial:
No systematic pattem.

"~

wavy, nonparallel bed
tops; internally cross-
laminated; mostly NW
transport, some coast-
parallel or bipolar.

Bed tops uncommonly have

symuetrical ripples
abundant as
ter: horizontal
shafts; rare Skolithos.

Distal:

mmitslavehedslo-ﬂ ternating thicker,

30 om thick with planar
and minor trough cross
lamination.

Thinner units have common
symmetrical ripples in
thin beds.

coarser—grained units
and thimmer, finer-
grained commonly
rippled units.

Arthro) common on bed

soles overlying silt-

stone; same beds intern—

ally bioturbated.
North-central PA sequence

Most sandstone quartz

North-central PA sequences
have up to 30% gray shale

at Mill Hall has greater
variety of biogenic
structures in shale-rich
sequence.

Alternating tabular beds of  Red sandstone rostly bio- No consistent trends
maroon-red Skolithos- turbated, some scatter- in grain size, bed
burrowed wacke sandstone and ed remants of parallel thickness, or sed-
thinner beds of red shale. and ripple laminae; un- imentary structures.

Units several meters thick common interbeds of thin
of tan, cross-laminated rippled sandstone and
sublitharenite. shale.

- Toward top, common wunits of Symmetrical ripples and
drab, greenish shale. dessication marks less

Fed eardstone very fine- common,
to fine-grained, poorly Tan sandstone units have
to moderately sorted quartz internal scour surfaces
or lithic wacke with up to and cross lamination of
258 ab.l;gillaceow hematitic trough type showing NW
matrix.

Sheetlike unit at top of
Tuscarora; transitional
fram underlying western

{Castanea cross~laminated 1itho~-

Member) facies; more sharply

transitional into over-

lying Rose Hill Shale,

Skolithos- flats
Burrowed

transport.
Characteristic skolithos
very oommon;
to oblique shafts are
long or short, un-
branched, 1-3 cm. diam;
coarser sand fillings.
ILower part has Arthro-
% upper greenlsh
es contain Chon-
drites and uncommon
Monocraterion in inter-
bedded thin sand-
stones.



TUSCARORA FORMATION

'GENERALIZED PROXIMAL-DISTAL LITHOFACIES PROFILE

ROSE HILL FORMATION

NORTHWEST - APPROX. TUSCARORA THICKNESS 200 M SOUTHEAST -
D|3TAL APPROX. LATERAL DISTANCE 250 KM {PALINSPASTIC) PROXIMAL

Figure 4.  Tuscarora lithofacies profile

useful in considering these to refer to the lithofacies profile (Fig. %) and the diagrammatic
reconstruction of palecenvironments (Fig. 5).

An important influence on my reinterpretation of the Tuscarora was the
identification of the horizontally laminated lithofacies over most of the central
Pennsylvania outcrop belt. This thin basal unit Is a supermature quartz arenite (Smith and
Berkheiser, 1983), with characteristic horizontal lamination and symmetrical, wave -
generated ripples. It is not uncommon to find the vertical shafts of Skolithos (made by a
filter-feeder) associated with this lithofacies, but the Arthrophycus made by deposit-
feeders) that are typical of much of the rest of the Tuscarora are not present. This
lithofacies was deposited in the foreshore and shoreface zones of a moderate to high
energy beach system. There were some variations in the nature of this beach system
along the coast. At Mill Hall (Stop VII) there is evidence that the beach system was
sepearated from the adjacent coastal plain by a shallow lagoon (Fig. 5).

Another variaton in the nature of the coast can be seen in the presence of pink
transitional lithofacies at the base of the Tuscarora toward the southern border of
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CENTRAL PENNSYLVANIA TUSCARORA FORMATION
ENVIRONMENTS OF DEPOSITION

DURING BASAL TRANSGRESSION

Figure 5. Reconstruction of Tuscarora palecenvironments

Pennsylvania. This is the unit that was termed the "red Tuscarora" by the Folk (1960) in a
study just south of Pennsylvania. The pink sandstones are only slightly less mature than
the horizontally laminated lithofacies. Some beds are horizontally laminated and/or
symmetrically ripled, but most sandstones are cross laminated. Thin red shales are
interbedded with the sandstones. The unit thus has sandstone characteristics approaching
those of the Tuscarora but it continues to have the red shales typical of the underlying
Juniata. My judgement was that the most likely depositional setting was estuarine,
diagrammatically shown in Figure 5.

The base of the Tuscarora, then, is marked across all of central Pennsylvania
by thin units that were deposited in coastal environments. For such coastal deposits to
accumulate on the top of the fluvial deposits of the Juniata Formation (conglomeratic
Run Gap Member) there had to have been a relative rise of sea level. And above these
transgressive basal Tuscarora units one would expect to find shallow marine deposits.

That is just what happens. At most localities west of the Susquehanna River
the medial part of the Tuscarora consists of the western cross-laminated lithofacies
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(Fig. 4). Deposition of this unit occurred on a shallow marine shelf, largely as sand wave
complexes that migrated toward deeper water. Many parallels can be found with the
features of modern shelves that have been called "shoreface-connected sand ridges" (Swift
and Field, 1981). At Stop VII (Mill Hall), we shall examine this lithofacies at one of its
more distal exposures. The relative abundance of shale here permits easy recognition of

" the distinctive bed geometry of the sandstones - flat bases and broadly arched tops. We
shall also examine one of the few examples of bipolar (herringbone) transport found in the
Tuscarora, as well as a variety of biogenic structures, including Rusophycus,
Monocraterion, Diplocraterion, Skolithos, as well as the more common Artﬁroghzcus.

Laterally equivalent to this shelf lithofacies, proximal localities contain the
eastern cross-laminated lithofacies (Fig. 4). This coarse-grained, pebbly sublitharenite
has characteristics of braided river deposits. It conforms best to the Platte River braided
model of Miall (1978), which is not too surprising in view of the development of the Platte
River model by Norman Smith (1970) partly with reference to the Tuscarora. One
difference from Smith's work is that I believe the braided fluvial interpretation applies
only to the eastern cross-laminated lithofacies, not to the entire exposed Tuscarora. The
braided rivers flowed from the source terrain, through alluvial fan complexes, and then
across a coastal alluvial plain to the coast (Fig. 5). Seaward of that coast was the array
of sand wave complexes that developed the western cross-laminated lithofacies.

Capping the Tuscarora over much of central Pennsylvania is the red, Skolithos-

burrowed lithofacies. This is the Castanea Member that was defined by Swartz (1934)
from a locality very close to Stop VIII. This lithofacies is thickest (about 45 m) near this
northerly type locality, and it thins southward and eastward from there. It consists
largely of very fine grained sandstone that is rich in red, hematitic matrix, and that is
thoroughly penetrated by vertical shafts of Skolithos. Additional features are described
at Stop VII (Mill Hall). The lithofacies accumulated in coastal sand/mud flats through
which drainage channels flowed seaward. Minor fluctuations of sea level produced a
number of intercalations of green shales with Chondrites, and periodic exposure led to
development of desiccation cracks. This represents a general episode of progradation and
coastal exposure just before submergence under the Middle Silurian Rose Hill Sea.

DEPOSITIONAL HISTORY OF THE TUSCARORA

You will recall that in central Pennsylvania at the beginning of Silurian time
two significant geologic events were in progress. Sea level was rising rapidly following
the waning of Late Ordovician glaciers, and the rejuvenated Taconic Highlands were
contributing sediment of greater quantity and coarser size to the eastern margin of the
Appalachian Basin. The glacioeustatic rise of sea level was so rapid that, even at a time
of increased sedimentation, the shoreline migrated sourceward (southeastward) to a
~ position east of Swatara Gap.

My conception of the paleoenvironmental pattern that existed during this basal
Tuscarora transgression is shown in Figure 5. Sublitharenitic detritus coursed
northwestward down the regional paleoslope to the coast. A broad alluvial fan complex
and a distal coastal alluvial plain were constructed as linear braided belts shifted
laterally. At the coast were beaches (and estuaries toward the soutwest) on which wave
energy was sufficiently intense to remove less durable grains, leaving nearly all
monocrystalline quartz. Some localities show evidence of temporary minor progradations
of the shoreline, possibly associated with exceptionally large floods, but overall the basal
Tuscarora records the sourceward migration of the coast as sea level continued to rise.
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Seaward of this beach coastal zone, the shelf contained an array of parallel
sand wave complexes (Fig. 5) ("megarippled sand shoals"), analogous to present-day
features labelled shore-face-connected sand ridges. Sand (and some gravel) reached the
shelf as a result of partial truncation of the beach sediment prism as retrogradation
continued. Shoal morphologies were initially inherited from the shoreface, but in the
shelf hydraulic system they were modified and translated to preferred configurations and
orientations (Swift and Field, 1981; Figueiredo and others, 1982; Parker and others, 1982).
The shelf sand is quartz arenitic, largely because it was inherited from the beach system,
but also because the dynamic conditions of the shelf can increase compostional maturity
(Allen, 1980). Toward north-central Pennsylvania the sand wave complexes were
separated from each other by muddy intershoal areas. This is the situation to be
examined at Mill Hall (Stop VII), where the sandstone is somewhat more sublitharenitic.

What was the dominant process operating to move the sediment in these shelf
sand wave complexes? In the last few years it has become evident that there are few
unequivocal criteria for differentiating between tidal processes and storm processes in the
generation of stratigraphic successions (Johnson, 1978; Levell, 1980b). My bias is that
wind-driven, storm-generated currents operated in the Tuscarora shelf environment. This
is suggested (but not proven) by the largely unimodal paleoflow system recorded in the
cross stratification (Yeakel, 1962). Symmetrical ripples at distal localities indicate wave
action, and gravel lags at the tops of beds demonstrate a storm influence (Levell, 1980b).

There still remains the enigma of the absence of body fossils in deposits judged
to be of marine origin. Yet there are other well-documented examples of Phanerozoic
marine shelf deposits with essentially no body fossils (e.g., see de Raaf and others, 1977).
And there are more biogenic structures in the Tuscarora in Pennsylvania (Cotter, 1982,
1983; see Stop VII description in this guidebook) and in nearby states (Diecchio, 1973) than
heretofore recognized. I favor an explanation for the absence of Tuscarora body fossils
that involves the chemistry of the sea water, specifically, the possibility that the waters
were brackish and/or seasonally changeable (Cotter, 1983, p. 44).

This period of shelf sedimentation in central Pennsylvania went on for
something like 10 million years (McKerrow and others, 1980; accepting the assigned age
for the Tuscarora from Berry and Boucot, 1970). With only about 150 meters of sediment
in 10 million years, there must have been many episodes of reworking of the clastic
particles. Over much of the shelf little mud could accumulate, but toward north-central
Pennsylvania mud was deposited between sand shoals, either because of greater depth or
greater sheltering. '

The shelf conditions lasted until about Llandovery C5_3 time (age of top of
Tuscarora, Berry and Boucot, 1970). This corresponded with sea level fluctuations, first a
eustatic regression in C2_3 time, followed by a continent-wide transgression in Cg time
(McKerrow, 1979; Johnson, 1980; Johnson and Campbell, 1980). With the regression, a
coastal sand/mud flat complex prograded to the northwest. The shoreline this time was of
much lower energy than that of the beginning of Tuscarora time, possibly because of the
greater quantities of mud entering the depositional system from the lowered Taconic
Highlands. The muddy sands of these coastal flats were populated by incredible numbers
of vertical filter-feeding organisms (Skolithos). This terminal unit of the Tuscarora
became red because of the abundance of hematite (Folk, 1960). Possible factors in the
accumulation of hematite will be considered in the next section of this guidebook, where
the "Clinton" ores are discussed. '

Subaerial exposure of this low-energy coastal zone lasted only a short time.
The LlandoveryCy transgression reintroduced shelf conditions to central Pennsylvania.
This brought what we can call the Rose Hill sea, in which conditions were now compatible
with the existence of skeletonized life. The depositional history from this point will be
considered in the next section.
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Rose Hill, Keefer, and Mifflintown Formations

INTRODUCTION

There are two reasons why this contribution on the origin of the Middle
Silurian units appears to be longer and more complex than that on the Tuscarora. First,
my views on these units have not previously been published, so there are no other sources
to which one might refer for details. And second, the Middle Silurian succession contains
a greater variety of lithologies, many of which require additional discussion. To assist you
to see the simple pattern in all this apparent complexity, note that this is the order of
presentation.

GENERAL ORIENTATION - to the Middle Silurian succession in central
Pennsylvania and in contiguous parts of the Appalachian Basin.

LITHOLOGIES AND THEIR ORIGIN. It will take some space to go over the
principal lithologies. I will try to show that one can divide them into heterolithic
(thinly interbedded mudrock and sandstone or grainstone) and monolithie {(dominated
by one of these) associations. The major theme in the origin of the heterolithic
associations is that storms periodically lashed the Middle Silurian shelf. The
composition of the sediment slowly evolved, but the continuity of this
storm/interstorm pattern imprinted a recognizable similarity on the lithologies.
Monolithic associations developed in central Pennsylvania when fluctuations of sea
level changed the process dynamics in the shelf. When sea level was lowered
hematite/chamosite-rich sediments or quartz arenite formed, and at a time of
higher sea level, black shale blanketed the area.

SUMMARY AND CONCLUSIONS on the genesis of the Middle Silurian succession
attempts to pull together the ideas from the consideration of the separate
lithologies and to place them in the Appalachian Basin context reviewed in the first
part. .

GENERAL ORIENTATION

In.central Pennsylvania, the Middle Silurian is represented by the Rose Hill,
Keefer, and Mifflintown Formations (Figs. 2, 3, 6). Conformably above the Tuscarora,
these units typically occur at the margins of the broad valleys, where they commonly are
mantled by colluvium from the flanking Tuscarora ridge. Although a number of members
have been proposed with different degrees of formality, I have found it convenient to use
informal unit members (from 1 through 10) to simplify the presentation. Some of the
member names are used in passing in the text and on stratigraphic diagrams (Figs. 3, 6).

By Middle Silurian time, continued northward movement had brought the North
American plate closer to the evaporative latitudes of the Southern Hemisphere (Scotese
and others, 1979; Ziegler and others, 1979). However, clear signs of climatic aridity
would not appear in the strata until the Bloomsburg (see the incipient caliche at Stop I and
the vertisol-generated slickensided planes at Stop V) and the Wills Creek-Tonoloway
above that (see Tourek, 1970).

There was a change in the general pattern of the Appalachian Basin during the
. Middle Silurian. Until near the end of the Liandovery Epoch, the basin behaved in a
generally uniform manner, and the sedimentary record is relatively similar along much of
the basin's southeastern flank (Smosna and Patchen, 1978). However, a pattern emerged
during the Middle Silurian, a pattern that would persist into the Devonian Period
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Figure 6.  Middle Silurian column, with formations and members, and informal units
(Dennison and Head, 1975). An elongate basin axis ran northeast-southwest, much as the
keel-line of a rowboat (see comment by Dennison, 1983). Along this axis, slightly greater
differential subsidence (Smosna and Patechen, 1978) at a time of limited sediment input
kept the central part of the basin deeper than the margins. Then through the Wenlock,
some differential subsidence in the central part of the basin created more localized
subbasins among shallower platforms (Smosna and Patchen, 1978).

The greater depth along the Appalachian Basin axis means that through the
Middle Silurian there persisted the deposition of a lower-energy mud facies in which there
are few unconformities. On the other hand, the flanking basin margins, both northwest
and southeast of the deeper axial region, were sites of shallower, higher-energy
conditions, dominated principally by terrigenous clastic sands on the southeastern margin
and by marine carbonates on the northwestern flank (Fig. 8).
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The general paleoenvironmental pattern shows up in the composite lithofacies
profile (Fig. 7) constructed for the general region from central Pennsylvania to the
vicinity of Niagara Falls (transverse to the basin axis). In the center, mudrock dominates
the lithofacies. Into the axial part, sandstone-dominated wedges extend from the
southeast, and carbonate-dominated wedges extend from the northwest. The Middle

. Silurian history of this part of the Appalachian Basin, therefore, can be seen as a sequence
of axial expansions (when the muddy central facies spread over the shallower marginal
shelves) and contractions (when the marginal, higher~energy facies spread toward the
basin center). The most important factor controlling the sequence of expansions and
contractions was the pattern of sea-level fluctuations. We shall return to these issues in
summing up the Middle Silurian history after consideration of the origin of the variety of
lithologies to be seen on this field excursion.

The area of the field excursion is represented on that part of the lithofacies
profile (Fig. 7) just to the left of the vertical row of unit members. This is a transitional
part of the succession, between the sandstone-dominated southeastern margin and the
mudrock-dominated central zone. The column here consists of alternating units of
heterolithic and monolithic lithologic associations. The heterolithic associations are
largely made of basin-center mudrock in which there are numerous thin interbeds of
sandstone or grainstone derived from more marginal locations. These heterolithic
associations are the basis of designating informal units 1, 3, 5, 7, and 9 on the profile
(Fig. 7), on stratigraphic columns (Figs. 3, 6), and in the written part of this guidebook.
Monolithic units are dominated by one or the other lithology (mudrock or
sandstone/grainstone). Most of the monolithie units (2, 4, 8, and 10) represent deposits of
the southeastern basin margin; one monolithic unit (8) is characteristic of the basin
center.

LITHOLOGIES AND THEIR ORIGIN

Heterolithic Associations

"Heterolithic" is a trendy term for thinly interbedded mudrock and sandstone
(or coarse-grained limestone), with proportions that vary from mud-dominated
(10-50% ss.) to mixed (50-75% ss.) to sand—dominated (75-90% ss.) (Johnson, 1978, p. 233).

The Middle Silurian succession in the field-conference area has a high
proportion of mudrock. This forms what might be called the "background" lithology of the
heterolithic associations. It is nearly all fissile clay shale composed of mixtures of illite
and chlorite (Folk, 1960, 1962; Hunter, 1970). There is a progressive upward increase in
the degree of mudrock calcareousness that accompanies the increase in the number and
proportion of thin interbeds of coarse-grained limestone. Mudrock color, in the lower

three-fourths of the succession,is mostly pale grayish olive (10Y 5/2). A change to
medium and dark gray begins approximately at the base of Unit 6 (Figs. 6, I~1), within the
upper shaly member of the Rose Hill Formation. There is a return to pale green at the
top of the Middle Silurian, within Unit 10, the transition to the Bloomsburg Formation.
There are some thin bands of purplish-red mudrock, commonly bioturbated and generally
associated with the more sandstone-dominated parts of the succession (see Stop I).

Some individual biogenie structures can be recognized, most commonly at
interfaces between sandstone and overlying mudrock. Chondrites, of several different
sizes, is most common, but Planolites, Rusophyecus, and Bifungites are also present. Based
largely on collections from Danville (Stop 1), Garlock and Isaacson (1977) determined that
the biogenic structures are characteristic of Seilacher's shallow—marine Cruziana
ichnofacies. The preservation of biogenic structures is roughly related to the proportion
of sandstone interbeds in heterolithic associations.
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The mudrock contains few body fossils. Most commonly noted are ostracods
and Tentaculites, and at most localities one must look carefully even for these. Also
present in sparse quantity are trilobites, nautiloids, crinoid ossicles, and small, delicate
brachiopods and bivalves. Essentially all forms were epifaunal or nektonic. Sessile forms
had shapes adapted to a muddy substrate. You may be familiar with faunal lists from this
Middle Silurian succession, such as those by Swartz and Swartz (1931). What such lists do
not make clear is that most of the identified taxa came from coarser—grained sandstones
or limestones, introduced as storm beds into the depositional environment of the mudrock.

This depositional environment of the mudrock was placid. For prolonged
periods, possibly lasting thousands of years (see frequency of storm beds, below), little
agitation reached down to these muds from the hydrodynamically active surface waters.
Salinities at some times were normal marine (erinoids, brachiopods), but the presence of
large numbers of ostracods on bedding planes suggests that waters were at times brackish,
especially toward the end of the Middle Silurian (Units 9, 10). Typically, oxygen was in
limited supply, inhibiting the presence of both skeletonized and soft-bodied infauna. For
much of the later Llandovery (Units 1-5) conditions were mildly reducing (dysaerobie to
anaerobic - Byers, 1977), but they became even more anaerobic, culminating in Unit 8, in
the Wenlock.

A modern analogue for this environment that still has appeal was suggested by
Folk (1960, p. 41). He proposed that the environment might have been similar to the Gulf
of Paria (van Andel and Postma, 1954), where a marine shelf of low energy lies offshore
from a low coastal plain traversed by turbid, sluggish rivers. For central Pennsylvania,
this analogue is more appropriately applied only to the mud-dominated axial part of the
basin, not to the higher energy marginal platforms. The second component of the
coarser—grained lithologies is the coarser—grained beds. Up through Unit 6 (Rose Hill,
Keefer, lower Mifflintown Formations) (Figs. 3, 6, [-1), these are largely beds of
terrigenous clastic sandstone (although bioclastic skeletal grainstones are common in
Units 5 and 6). Within Unit 7, however, there is a transition to all limestone interbeds.
The sandstones are quartz-rich and generally cemented by hematite or chlorite.
Carbonates are grainstones, packstones, or wackestones, containing skeletal, pelletal, or
intraclastic grains. A general summary of the distribution of lithologies is presented by
Hunter (1970), and petrographic details are in the reports by Folk (1960, 1962).

There are two characteristics of these coarser—grained beds that can be used
to sort out meaningful categories: (1) bed geometry, and (2) the nature of the internal
lamination. Figure 9 contains a scheme showing how the coarser-grained beds at Danville
(Stop I) can be systematiecally organized. This diagram will serve as a reference for the
descriptive comments below, but the next paragraph is a brief introduection to the
diagram.

The first observation to note about bed geomety is that basal surfaces are
almost always flat. Differences in bed geometry, therefore, result from the character of
the upper surfaces. This leads to two major categories (A and B of Fig. 9), based on
whether the upper surface is symmetrically rippled, or whether it is broadly wavy and
hummocklike. Some beds have neither of these two characteristics, and are categorized
largely on the basis of whether they are cross-stratified (C of Fig. 9), or structureless (D
of Fig. 9). Two exceptional categories complete the diagram. Category E consists of
laterally discontinuous beds that fall under the term "gutter marks." And in category F
are those beds showing features of penecontemporaneous erosion and sculpting.

This next section of the guidebook is a consideration of the features and origin
of each of these categories.
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Figure 9.  Styles of coarser—grained beds, Middle Silurian, Danville

Category A. Symmetrically rippled surfaces. This is the most common variety of
coarser—grained beds. Aside from the ripples, the beds are flat-based and parallel-sided.

Thicknesses are typically between 1 and 20 em. Ripple patterns can be parallel and -
rectilinear, or they can be curvilinear (Figs. [-3, VIII-2). Interference patterns are
common (Figs. I-3,VIII-2). Ripple wavelengths are generally between 10 and 20 e¢m, but"

others can be as large as 50 em (Fig. VIII-2).

Even though symmetrical ripples form such prominent external features, the
internal structures seldom show ripple lamination, and even that is in the uppermost
fraction of the bed. Of the chief types of internal lamination, parallel (horizontal)
lamination is most common (Fig. 9, types Al, A6; Fig. [-3). In other beds, there are very
narrow acute angles between several internal sets of parallel laminae; the laminae of the
overlying set are parallel to the internal disecontinuity (Fig. 9, types A3, A5; Fig. I-3).
When traced laterally, these are seen to be parts of hummocky cross-stratified (HCS) beds
(defined by Harms and others, 1975; analysis by Dott and Bourgeois, 1982), and the
internal laminae have hummock dimensions similar to those of the broadly wavy upper
surfaces (see Category B). The beds with symmetrically rippled surfaces are more
commonly sandstone than carbonate grainstone, for most bioclastic limestones are too
coarse for development of the smaller-scale features. In some beds, there is a basal shell
lag, commonly in the form of broad, hummock-like lenses, overlain by parallel-laminated
sandstone, and capped by a symmetrically rippled surface (type A6 of Fig. 9).
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Category B. Hummocklike, wavy surfaces. Most typically, these are associated with
skeletal grainstones (bioclastie limestones). Basal surfaces are flat, and upper surfaces
are broadly wavy, with slight domes. There is such a distinet pinch—-and-swell character
to some beds that when the beds are thin, the "pinch" parts in the troughs are missing, and
the "swell" parts of the crests are isolated like "starved hummocks" (Fig. 9, type B2).

‘Internally, beds can be struectureless or have the parallel or hummocky lamination seen in

beds of Category A (see types in Category B of Fig. 9). As might be expected, the most
common internal structure is hummocky lamination.

Origin of Categories A and B - rippled and hummocklike surfaces.

These are storm beds. Ideas on the generation of such thin interbeds of sandstone within
mudrock have come into vogue in the last decade, possibly beginning with the influential
paper by Goldring and Bridges (1973) on "sublittoral sheet sands." Good summaries are
presented by Johnson (1978), Brenner (1980), Reineck and Singh (1980). A recurring idea
about the conditions of formation is the "storm-surge-ebb" concept (Hayes, 1967, as
modified by Morton, 1981). This involves the storm~wind-forced buildup of seawater in
the nearshore zone, leading to development of an intense, seaward-directed return flow
near the bottom. The coarser sediment is entrained in such currents from the shoreface
or from offshore bars. It then spreads as a density current out over the normally muddy
substrate of the lower-energy, deeper-water shelf.

We can judge better whether such storm-bed concepts apply to the Middle
Silurian succession if we consider an idealized, composite coarse-grained bed, based on
the section at Danville (Stop ) (Fig. 10). This idealized bed contains all the essential
elements of the major types of beds, with the features in the order in which they are
found in the beds. Above a flat base, a basal shell lag has wavy, lenticular form. The
next overlying laminae are broadly undulated, with sets above discontinuities having
laminae parallel to the discontinuity. There follows a set of horizontal (flat) laminae, and
finally a capping surface of symmetrical ripples.

Figure 10. Idealized composite storm bed,

Middle Silurian, Danville. Bed thickness
varies from 3 cm to 20 cm

This idealized composite bed (Fig. 10) is similar to the "idealized hummocky
sequence" proposed by Dott and Bourgeois (1982) (reproduced as Fig. 11) as a conceptual
model for the recognition and interpretation of such ancient storm deposits. A similar
sequence and conceptual framework have been presented by Hunter and Clifton (1982),
and this also is interpreted in the context of storms. There are presently a number of
other proposals for idealized storm beds, and some of these show horizontal lamination
below, rather than above the hummocky lamination (see Brenchley and others, 1979;
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Allen, 1981; Kreisa, 1981; and Mount, 1982). Because of the greater experience qf Dott
and Bourgeois {1982) and Hunter and Clifton (1982} with appropriate shallow—marine
deposits, their analysis is followed here.

: With the storm-generated transport of shells and sand to deeper water, a
sequence of bedforms is generated as the flow intensity wanes (Fig. 11). The initially
aggrading sediment (shells, if any, and sand) will have an undulatory surface of hummocks
and swales. The origin of this surface form still is poorly understood, but it involves
fallout of fine sand from suspension and lateral traction related to oscillatory flow at the
bed (Dott and Bourgeois, 1982, p. 675; Hunter and Clifton, 1982). If the flow intensity and
sediment aggradation were to cease abruptly at this stage, the bed surface would have the
broadly wavy, hummocklike form of the Middle Silurian beds in Category B (Fig. 9B).

IDEALIZED HUMMOCKY SEQUENCE

_UNBURROWED BURROWED o
. M MUDSTONE Mb
T'@"" Xcaoes LawiaE | X g
Figare 20. Maxiwum or
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® ods 1 well s change from § woh
- : rippled 1o flat bed for quartz 2 »
o {2LAG 2I0LES) sand in ceclllatcry wabir Sow s
— (sfter Cliftom, 1976, wnd g 2
Dingler, 1974). Wy have
) sddud inferved poshion of ; e
" Figure 3. The idealized hnmmocky sequence showing suggested Imcmmoeky stratification. g o ; - L 7\
notation for its component zones. Note distinction of bummocky 250 100 000 OIS Gurs  cos
beds from lmuina sets and i hierarchical order of surfaces (numbers) ] DIAMETER (a0

explsined in text. Burrowing may overprint the top or even the
entire sequence. (After Doit and Bourgeols, 1979, 1980.)

Figure 11, Hummacky cross stratification; terms, idealized sequence, and genesis.
From Dott and Bourgeois (1982)

On the other hand, sedimentation could continue while oscillatory flow
intensity decreased more gradually. The bed forms change to lower-amplitude hummocks,
and then to a flat surface. Sedimentation appears to flatten the depositional surface by
filling in the swales (Dott and Bourgeois, 1982, p. 667). With still further reduction of
oscillatory flow, bed forms enter the field of ripples (Dott and Bourgeois, 1982, Fig. 20;
reproduced here as Fig. 11). This is the situation demonstrated by the idealized composite
bed from the Middle Silurian of Danville (Fig. 10). Sand aggradation was nearly complete
as the field of symmetrical ripples was reached, and for most beds ripples are only a
surface molding of the underlying laminated sediment. Beds of Category A (Fig. 9) are
very similar in origin to the broadly wavy beds of Category B, differing principally in the
exact nature of the relation between the rate of aggradation and the rate of decrease of
flow intensity.

The range in values of the ripple wavelength (Fig. VIiI-2) on these beds is
rather broad, even on beds close to each other in the section. This situation might result
from the mixing of orbital ripples and anorbital ripples in the same succession. Orbital
rippies form at lower intensities of oscillatory flow during which there is little, if any,
exchange of material between adjacent crests (Allen, 1981, p. 371). In such cases the
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wavelength of the ripples is related to the orbital diameter of the waves at the bottom
(Hunter and Clifton, 1982, p. 138), and the ripple spacing is a function of water depth. If
the oscillatory flow is more intense, the ripples can be anorbital (also called rolling-grain
ripples), for which the spacing is dependent on the sediment grain size (Hunter and
Clifton, 1982). For many Middle Silurian storm beds, there is a general correlation
between ripple spacing and grain size (see sequences at Danville, Stop I, and Castanea,
Stop VIII). This suggests that these ripples are anorbital, and thus they are dependent on
grain size. Further comments about analysis of conditions in which these ripples formed
are presented in material dealing with Stop VIII.

Hunter and Clifton (1982, p. 141) present three kinds of evidence by which a
bed may be identified as of storm origin. The ripple-topped and wavy-topped beds
(Categories A and B of Fig. 9) of the Middle Silurian succession in central Pennsylvania fit
all three diagnostic criteria. These are storm beds. Are the other categories of
coarser-grained beds also storm beds? ‘

Category D. Composite and massive beds. These have the gross features consistent with

a storm bed origin, but they lack internal structures and rippled surfaces. Such beds
nearly always are composed of skeletal grainstone, and, therefore, the sequence of
internal structures and surface structures appropriate to finer grain sizes (Figs. 11A, 11B)
from Dott and Bourgeois (1982) would not form. An important note is that the fauna of
these beds is different in composition and type from the fauna in the interbedded
mudrock. The coarse, skeletal grainstones have heavier, more robust forms more adapted
to higher-energy conditions (shallower water) than the delicate forms found in the
mudrock (deeper water).

Category E. Channelforms — Gutters. Laterally discontinuous, channelforms within the
succession are the principal exception to the dominance of beds with flat bases and wavy
or rippled tops. These have flat tops and concave-upward bases, up to a maximum of a
few tens of centimeters thick. These are composed of the same sandstone (Units 1-6) and
shell fragments or intraclasts (Units 5-9) as the storm beds in the part of the section in
which they are found (Figs. [-1, I-4). In those made of sandstone, horizontal laminae fill
the channel (Fig. 1-4).

These are the same as features that have been called "gutter marks"
(Whitaker, 1973; Greensmith and others, 1980). Their origin involves scouring of the
muddy substrate by the storm-generated flow. Normally, the mud is too cohesive to be
scoured (leading to the flat bases seen on most storm beds), but where the scour is begun,
a relatively deep, narrow channel is incised parallel to the direction of flow. Scouring was
done early in the storm-related event, and as flow intensity waned, the gutter was filled
by the sediment entrained by the flow earlier (shallower water) (Greensmith and others,
1980; Kreisa, 1981). Those with intraclasts (Fig. I-1, Units 7 and 8) are similar to those
reported from subtidal marine carbonates in the Devonian of Poland (Kazmierczak and
Goldring, 1978).

Category F. Terminated and sculpted. Many of the storm beds show abrupt thickness
changes and even complete terminations against the enclosing fissile shale (Figs. I-1, I-4).
When these abruptly terminated margins can be examined, they show delicately fluted
erosional forms. The bed was partly eroded and sculpted while still unconsolidated, before
deposition of the overlying mudrock. This soft-sediment erosion is likely to have been
done when a later storm-generated current that was underloaded re-entrained part of the
deposit of an earlier storm. A similar interpretation for similar features in Cambrian
storm deposits of Newfoundland has been offered by Hiscott {(1982).

21




Comments about storm beds in the heterolithiec associations. Thus, starting with the more
common types of beds (rippled and wavy surfaces) and including the less common varieties
(gutters, sculpted, massive) it can be shown that most the coarse—grained beds can be
explained most readily as the products of storms. The basic types of beds and their
contained structures change little through the succession, even though the composition of
those beds changed from terrigenous sand to marine skeletal fragments. The
storm-related processes remained the same as the composition of the shallow—marine
sediment those processes worked on evolved from siliciclastic to bioclastic.

How frequent were the storms that generated these Middle Silurian storm beds
in the Appalachian Basin? One approach to this would be to count the total number of
storm beds and then divide by the number of elapsed years for that part of the succession.
I have chosen not to do this because of the many questionable assumptions and potential
sources of error. However, there is an important, consistent message coming from the
handful of investigations in which this has been done. They indicate that the events
generating shallow-—marine storm beds were relatively rare and infrequent, with estimated
frequencies ranging between 1000 and 15,000 years (Goldring and Langenstrassen, 1979;
Brenchley and others, 1979; Hamblin and Walker, 1980; Kreisa, 1981; Mount, 1982). |
believe a similar frequency would apply to the Middle Silurian succession under
consideration here. Most of the time (thousands of years) the region received a blanket of
very slowly accumulating mud, but every few thousand years there was "terror" as an
exceptional storm caused coarse-grained material (sand, shells, oolites, clasts) to flood
across the muddy sea floor.

Category C. Cross-stratified beds. These beds are the only ones in the coarse-grained
component of the heterolithic associations that do not have the features of storm beds.
Two compositions predominate. Close to monolithic units of hematitic sandstone (Units 2
and 4), they are made of similar hematitic sandstone and are interbedded with fissile
grayish-olive shale. Within Unit 6, they are made of skeletal grainstone. In fact, the
boundaries of Unit 6 are defined so as to include cross—stratified beds within it. These
beds are typically 25 to 50 em thick, and largely parallel-sided, although upper surfaces
may be irregularly wavy. The cross stratification is commonly planar, with cross laminae
extending through the entire bed. Some beds show eompound stratification and/or
late-stage reactivation surfaces (Fig. 9C). One mode usually dominates the paleoflow
pattern, and that direction tends to be parallel to the ancient shoreline (about NE-SW),
although other directions can be found. Bipolar transport is also commonly noted.

The cross stratification demonstrates that these beds formed as persistent
traction currents moved bed-load material into bedforms shaped as two-dimensional bars
or megaripples. These currents could be coast-parallel, and at times they reversed
direction. We shall discuss subsequently the origin of the monolithie units (Units 2, 4, 6)
with which these cross-stratified beds are associated, and we shall note that they
represent deposition on higher—energy, megarippled sand, shell, or oolite shoals. These
cross—stratified beds within the adjacent heterolithie units form at the transitional
margins of these shoals. As such, they record the migration of a megaripple over the
adjacent off-shoal mud bottom. [n the paleoenvironmental summary diagram of Figure 8
the appropriate depositional environment has been labelled as "fringing shell banks."

Monolithic Associations

There are three lithologies that form more than 90% of a significant part of
the Middle Silurian suecession: hematitic sandstone, quartz arenite, and black shale. A
description and interpretion are presented for each of these below. A separate section
following these will consider some ideas on the origin of the iron mineralization in these,
the "Clinton ores."
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Hematitic sandstone occurs monolithically in units thick enough in most places to warrant

member status (Cabin Hill, Unit 2; Center, Unit 4). Regionally, these units thin and
become finer-grained basinward (Fig. 7). The grayish-maroon, quartz-rich sandstone has
immature texture, with subangular grains and poor sorting. Grain size ranges from coarse
to fine, and quartz granules can be scattered throughout (as in Unit 4 at Stop I, Danville).
The "matrix" is earthy hematite, whose complex origin is in a later section. Interbedded
with the thin to medium, commonly lenticular, beds of sandstone are very thin,
discontinuous beds of red (rarely grayish-olive) mudrock. This is the same mudrock as
that seen as intraclasts in the sandstone at bed boundaries and lining foreset laminae.

The sedimentary structures of the sandstone are cross stratification (mostly
planar tangential) and symmetrical ripples, with the proportions of these varying from
locality to locality. Flaser structures are found in places. Regional analysis of these
structures by Hunter (1970, p. 110) showed that transport was mainly to the west and
northwest (seaward). Some monolithic sandstone units have no apparent vertical trends,
but others show a "thinning-upward" pattern in which, above a sharp base, there is gradual
decrease in the thickness and proportion of sandstone beds until a transition is complete
into the overlying heterolithic association, Within some monolithic zones some beds have
the flat bases, parallel lamination, and rippled tops much like the storm beds described
above. A small amount of biogenic activity is recorded, but body fossils are rare. Hunter
(1970, p. 110) reports some possible Lingula.

These hematitic sandstones were formed in the setting of shallow-marine,
megarippled and rippled sand shoals (Fig. 8) a somewhat lower-energy equivalent of those
suggested for part of the Tuscarora Formation. There were prolonged periods of
moderate to high energy, when currents cause the seaward migration of megaripples.
Periods of slack water (possibly seasonal) allowed mud to settle out. Storm events ripped
up mud as intraclasts, and caused the generation of storm beds, both on the shoals
themselves and from the shoals to deeper water. There is little evidence of the tidal
conditions indicated for the contemporary shoreline at Schuylkill Gap (Smith, 1968; Smith
and Saunders, 1970). These megarippled and rippled sand shoals were located between
that low-lying tidal-flat-fringed coastal plain and the deeper-water, muddy axial facies
of the Appalachian Basin (Hunter, 1970, Figs. 7, 8) (Fig. 3).

Quartz arenite, the second of the monolithic lithologies, is specifically associated with
the Keefer Formation (Figs. 6, 7, I-1; Units 6B, 6D). Although of relatively uniform
character over a broad region, the Keefer nevertheless has a number of proximal (SE) to
distal (NW) trends that assist in assessing the origin of the unit and its quartz arenite.
The following is a list of those proximal-distal trends based on my own observations and
those of Folk (1960), Luttrell (1968), and Hunter (1970).

-The monolithic sandstone gives way to more heterolithic associations, with
interbedded bioturbated mudrock and skeletal limestones.

-Sandstone composition changes from greater than 99% quartz to large admixtures
of carbonate and clay.

-Sandstone texture changes from well-sorted, well-rounded, and finer-grained to
only moderately sorted and very fine grained.

-The silica cement of proximal sandstones becomes carbonate cement, including
ankerite, distally. )

-In proximal parts fossils are rare, and generally only Skolithos burrows are found,
whereas distally there are increasing abundances and diversities of body
fossils, particularly brachiopods and crinoids.

~Sedimentary structures change from medium-scale cross lamination to large
proportions of symmetrical ripples with a variety of wavelengths.
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-Sediment transport at proximal locations was dominantly seaward, but it was
polymodal at distal places.

The features of the Keefer Formation, including these trends, indicate that its
origin was in a shallow-marine setting, with depositional conditions largely shoreface at
proximal locations, trending to shallow shelf distally. The quartz arenite was deposited as
megarippled and rippled sand shoals in the lower shoreface and/or the inner shelf (Fig. 8).
The distal, and possibly also the lateral, fringes of these shoals contained such a diversity
and abundance of fauna that they could be called fringing shell banks (Fig. 8). An
interpretation such as this has previously been applied to the Keefer in central
Pennsylvania by Luttrell (1968) and Faill and Wells (1974). And similar features, trends,
and interpretations have been reported for the contemporaneous Herkimer Formation in
New York (Zenger, 1971; Osgood and Drennen, 1975).

There is no evidence that any part of the Keefer depositional system ever
acted as a barrier beach, separating a dysaerobic Rose Hill Sea from an anaerobic
Rochester lagoon, as suggested by Folk (1960, 1962). In addition to the fact that the Rose
Hill and Rochester were not contemporaries (Berry and Boucot, 1970}, the Rochester
lithofacies was seaward (NW) of contemporaneous Keefer lithofacies (Hunter, 1970,

Figs. 2, 4, 9; Smosna and Patchen, 1978). A seaward progradation was needed to spread
the higher—energy, nearer-shore quartz arenite over such a broad region, a seaward
progradation possibly related to a brief eustatic lowering of sea level (Dennison and Head,
1975). What appears likely is that the Rochester lithofacies began as a westward, deeper-
water equivalent to the Keefer, possibly situated in an axially located subbasin northwest
of the Keefer shelf (Smosna and Patchen, 1978). After the progradation distributed the
Keefer quartz arenite widely, subsequent sea-level rise (Dennison and Head, 1975) spread
the Rochester lithofacies radially from the basin axis over the marginal quartz arenite
(see monolithic black shale, below).

Black shale, is very abundant in the Mifflintown Formation, but most of it is in
heterolithic association with thin interbeds of terrigenous sandstone or marine carbonates.
However, the middle part of the Mifflintown contains a relatively thick zone of

monolithic black shale (Figs. 6, 7, I-1; Unit 8). This is entirely fissile black shale,
containing no biogenic structures, but with much finely disseminated pyrite. This
represents a long period of slow, low—energy deposition during which the water was totally
anaerobic (Byers, 1977), and there were no storm beds. The previous section has stated
how these anaerobic conditions spread from the relatively isolated axial subbasins out
over the marginal higher-energy shelves (in other words, the Rochester lithofacies spread
southeastward over the Keefer sand shoals). This monolithic black shale represents the
acme of the transgressive event. Much of central Pennsylvania was covered by anoxic
waters, and storm beds were restricted because the marginal sources of coarse sediment
were too distant, or because that coarse sediment was trapped in coastal estuaries as sea
level rose. It was just this sort of transgression that Hallam and Bradshaw (1979) linked
with the development of black, bituminous shales in the Jurassic of Europe.

The black Middle Silurian shale of central Pennsylvania (Units 7, 8, 9, with the
acme in Unit 8) is part of a worldwide black-shale-depositing event (Berry and Wilde,
1978, p. 270). Therefore, its widespread development in the Appalachian Basin (Colton,
1970; Hunter, 1970; Smosna and Patchen, 1978) should be considered in a context greater
than that of local or regional topographic differences alone. An attractive hypothesis is
that this Middle Silurian black shale resulted from an "oceanic anoxie event" (Berry and
Wilde, 1978). The basic elements of such events have been presented by Fischer and
Arthur (1977), Heckel (1977), and Arthur (1979). At times of little world-wide glaciation,
not only would the sea stand higher, but the oceans would be poorly mixed, and the top of
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the anoxic layer (oxygen-minimum zone) could rise and extend well into the epeiric seas
of continental interiors. These concepts have been used by Leggett and others (1981) to
explain the widespread development of black shale at regularly spaced intervals in the
Early Paleozoic of the British Isles.

No matter how attractive this hypothesis, a degree of caution is advised
before you accept it straightaway. There appear to be conflicting signals about whether
there was a world-wide sea-level rise at the time of origin of the Mifflintown Formation
{middle and upper Wenlock, Fig. 3). A rise of sea level at that time is certainly suggested
for the Appalachian Basin (Dennision and Head, 1975, p. 1097). However, both Leggett
and others (1981) and Lenz (1982) show that in the middle of the Wenlock there was a
general fall in sea level after an early Wenlock rise. The results shown by McKerrow
(1979) for the Wenlock of North America are not very conclusive. Therefore, the
assertion of Berry and Wilde (1978) of a world-wide sea-level rise in the middle of the
Silurian as an expilanation of the origin of the Rochester—type black shale of Unit 8 and
related units ought to be treated cautiously until the picuture is less murky.

IRON MINERALIZATION OF THE CLINTON ORES

The sedimentary history of the iron mineralization in both the "block ore" and
the "fossil ore" (see paper in this guidebook by Inners and Williams, 1983) is related both
to the depositional conditions on the marginal shelf sand (and shell) shoals, and to more .
regional conditions associated with the broader Appalachian Basin. After a brief -
description of the nature of this mineralization in both the hematitic sandstone ("block
ore") and the skeletal grainstone ("fossil ore"), the connection with the local depositional
conditions and the regional basin conditions will be made.

-Hematite can be quite abundant in the hematitic sandstones of Units 2 and 4
(Cabin Hill and Center Members) and in the individual hematitic sandstones interbedded in
heterolithic associations of Units 3, 5, and 6. Amounts commonly comprise 10%, and in
places can be more than 20%, of the total rock (Hunter, 1970, p. 111; Faill and Wells,
1974, p. 30; Inners, 1981, p. 131). At first glance the hematite appears to be featureless
matrix, but Hunter (1970) has given the evidence and reasoning for the initial aceretion of
iron compounds as oolitic coatings on the sand grains, and the subsequent remobilization
and reprecipitation of the iron oxide.

. The skeletal grainstones that have undergone iron mineralization are hoth the
storm beds (Categories B1, B2, D of Fig. 9) and the cross-stratified beds from the fringing
shell banks of marginal shoals (Fig. 9, Categories C1, C2; Fig. 8). There are two different
forms of iron minerals in these grainstones. The first might be called primary in that the
iron minerals (hematite and/or chamosite) occur as concentrie oolitic coatings on shell-
fragment nuclei (chiefly crinoid ossicles and brachiopod fragments, but also including
gastropods, bryozoans, and other forms) (Fig. [~5A, B, C). The primary iron also fills the
pores of crinoids and the chambers of gastropods, and it oceurs in the shape of fecal
peliets. Variations in the distribution of hematite versus chamosite can be quite complex,
and the two minerals are interrelated at a variety of scales. As shown in the photos of
Figure [-3, the same bed can have hematite coatings in-one part, chamosite coatings in
another, and even alternating delicate laminae of chamosite and hematite in a third part.
[n addition to these primary forms, hematite can be secondary, occurring as metallic
acicular clusters transecting primary features, such as shell fragments (Fig. [-5D).

A significant summary of the nature and origin of Phanerozoic oolitic
ironstone has recently been presented by Van Houten and Bhattacharyya (1982), and
further concepts of the generation of "ferriferous ooids" have come from Bhattacharyya
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and Kakimoto (1982). If we add to these the ideas on the relation of oolitie ironstones to
sea-level fluctuations by Hallam and Bradshaw (1979), we have the essential elements for
a satisifactory interpretation of the iron mineralization of the Clinton ores. Although the
next several paragraphs have few citations, the works mentioned in this paragraph are the
basis of the following ideas.

As Middle Silurian time progressed, terrigenous detritus was reaching the
Appalachian Basin in diminishing amounts. The transition to sheif carbonates was
imminent. With the Taconic Highlands topography reduced, and the subtropical latitude
providing for intense weathering at least seasonally (Folk, 1960, p. 56; Hunter, 1970,

p. 116), what reached the sea was probably largely elay minerals (kaolinite?) and hydrated
iron oxides. Stretching seaward from the nearshore zone was a complex of megarippled
sand shoals and, at times and places, fringing shell banks (Fig. 8). There was sufficient
energy on these marginal shoals and banks to agitate sand grains and shell fragments as
the bedforms migrated generally seaward. In the moderately agitated, normal salinity,
aerobic setting, suspended particulate matter (both hydrated iron oxides and clay
minerals) could mechanically accrete to grains (sand, shells, fecal pellets) generating
concentric rims that could vary in specific composition. The exact proportion of clays to
iron oxides suspended in sea water (and consequently accreted to host grains) could vary
seasonally or on a longer—-term, climatically related basis.

Hematite and chamosite developed from the accreted rims of suspended
particulate matter. Hematite formed from the hydrated iron oxides, and chamosite
formed from the kaolinitic clays. Metallie, acicular hematite formed by remobilization
and reprecipitation of these iron minerals, or their precursors, in later diagenesis.

The cross-stratified sandstones and skeletal grainstones represent deposits
directly associated with the megarippled shoals. At the times of Units 2 (Cabin Hill) and
4 (Center), detrital sand grains formed the host nuclei. At the time of Unit 6, the sites of
fringing shell banks had the appropriate combination of agitation and suspended sediment
concentration and composition to lead to the acecretion of the oolitic coatings on skeletal
fragments. ' .

Storm beds, both sandstone and skeletal grainstone, were eroded
penecontemporaneously from the marginal shoals and transported to the deeper-water,
anaerobic conditions more typical of the central mud facies. The iron-rich oolitic
coatings that had been generated in the agitated, shallower environment of the marginal
shoals were already on the host grains (either sand or shells) when they were flushed to
deeper water. One cannot determine if the transformation of the hydrated iron oxides
and kaolinite to hematite and chamosite were complete at this time, but it is possible that
the transformations could take place in the deeper-water setting.

Why did the Clinton iron mineralization take place at this time in the
Appalachian Basin? During the Middle Silurian, the input of the terrigenous clastics to
the basin had lessened, and the appropriate conditions of composition/concentration of
suspended particulate matter and the proper degree of agitation could come together. If
too great a concentration of clays reached the sea, they would flocculate into larger
particles and settle as cohesive mud. The climate had to be appropriate to the production
of the hydrated iron oxides and kaolinite. And the proper degree of agitation was
necessary to form well-developed oolitic coatings, but not to break the oolitic rims.

The three major periods of iron mineralization in the Middle Silurian of central
Pennsylvania are associated with three monolithic zones: Unit 2 (Cabin Hill)~hematitic
sandstone; Unit 4 (Center)-hematitic sandstone; Unit 6 (uppermost Rose Hill and
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Keefer)-hematitic and chamositic skeletal grainstones (Figs. 6, 7, I-1). In this general
period of little influx of particulate matter to the basin, each of these three zones
represents a time of lowered sea level, when the agitated marginal shoals expanded their
extent considerably toward the basin center (Figs. 7, 8). More,the marginal shelf had the
appropriate degree of physical agitation. The suspended particulate matter (hydrated iron
oxides and kaolinite) would accrete onto host nueclei (and some would bypass the shoals
completely). Those parts of the shelf where we now find the Clinton ore had at that time
the appropriate mix of suspended particulate matter and degree of agitation. When sea
level rose following each of these periods, there was insufficient agitation in the deeper
water, and sedimentation returned to the slow accumulation of muds (from clays that
bypassed the shoals that were now farther to the southeast), interrupted every few
thousand years or so by the torrential influx of a storm bed, carrying sediment that had
been in temporary residence on the marginal shoals and fringing shell banks.

GENESIS OF THE MIDDLE SILURIAN SUCCESSION

Deposition of the Middle Silurian stratigraphic succession in central
Pennsylvania (Rose Hill, Keefer, and Mifflintown Formations) took place entirely within
the context of a shallow marine shelf. The shallower, proximal margin of this shelf
comprised megarippled sand shoals (sandwave complexes), the fringes of which at times
contained shell banks (Fig. 8). These marginal shoals and banks commonly had the
appropriate conditions of agitation and iron oxide/clay abundance that led to formation of
oolitic hematite and chamosite. Closer to the axis of the Appalachian Basin, the distal
shelf was normally low-energy and anaerobic to dysaerobic and mud blanketed the bottom
(Fig. 8). Into this muddy region, storm—generated currents flushed coarser sediment (sand,
shells, clasts) at infrequent intervals from the marginal shoals. Sediment that had been
oolitically coated with iron minerals when on the marginal shoals was also flushed in to
the distal muddy environment. Storm beds and the background mudrock both evolved in
composition from siliciciastic to carbonate as the terrigenous sediment from the Taconic
Highlands diminished. The great similarity in character of the siliciclastie storm beds in
the lower and middle part of the succession and the carbonate storm beds in the middle
and upper part indicates that the hydraulic climate of the shelf persisted unchanged,
probably as a storm-surge ebb-dominated variety.

In the region of this field conference, the Middle Silurian succession is
organized into alternating units of heterolithic (thinly interbedded mudrock and coarser
sediment) associations (Units 1, 3, 5, 7, and 9) and units of monolithic {dominated by
mudrock or by coarser sediment) associations (Units 2, 4, 6, 8) (Fig. 6). The basin-wide
facies geometry (Fig. 7) shows a mudrock—-dominated axial facies into which
sandstone-dominated wedges extend from the southeast, and carbonate-dominated wedges
contemporaneously extend from the northwest. These opposed wedges dominated by
sandstone and carbonate represent deposits of shallow-water marginal shoals (sand and
shells on the southeast, and shells and oolites on the northwest) (Fig. 8). With a lowering
of sea level, the marginal shoals coalesced and expanded toward the basin axis,
contracting the area of the central mud facies (Figs. 7, 8). Subsequent sea-level rise
returned the deeper, lower—energy, mud-dominated conditions over each of the marginal
areas. These sea-level changes are shown at the right-hand edge of the stratigraphie
column of Figure 3.

The first two of these axially directed wedges in the central Pennsylvania
Middle Silurian (Fig. 7) are seen in the monolithie Cabin Hill and Center hematitic
sandstone member (Units 2 and 4), thinning distally into the heterolithie shaly Rose Hill
Formation (Units 1, 3, 5). A more complex pattern emerged with the third such Middle
Silurian regression couplet (Keefer; Unit 6). Facies patterns then were more complicated
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because the sea-level changes took place at a time of increased basin disruption and
differential subsidence, and at a time of increased abundance of fringing shell banks. Iron
mineralization at this time was less related to the high-energy sand shoals (now quartz
arenites) themselves, and more connected with the fringing shell banks. The sea-level rise
that followed caused the extension of anoxic mud conditions farther sourceward than
earlier rises, and introduced monolithie pyritic black shale (Unit 8) over much of
Pennsylvania.

A long period of quiescence of the Taconic Highlands ended toward the end of
Middle Silurian time, and a low-energy, muddy shoreline prograded northwestward. This
was probably accompanied by another period of lowered sea level (Dennison and Head,
1975) (Fig. 3). The resulting Bloomsburg Formation has features consistent with the
increased aridity shown by the accumulation of halite in the Appalachian Basin sea west
of the shoreline (Rickard, 1969).
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ASPECTS OF ALLEGHANIAN DEFORMATION
by
Richard P. Nickelsen
Introduetion

The structural part of this field econference could deal with a number of timely
aspects of the Alleghany Orogeny in central Pennsylvania: fold geometry and fold
mechanies, thrust-fault tectonics, deseription of finite strain and its origins, the sequence
of structural stages, strain mechanisms, and environmental conditions during the
Alleghany Orogeny. We will limit the scope because of time, suitability of outcrops of
certain features, and our current level of interest and understanding, to 2 major topics:
the sequence of stages of the Alleghany Orogeny, and the descrlptlon of finite strain and -
its origins. These topies impinge on many of the others. A minor topic to be discussed in
two other introductory sections by Levine and by Nickelsen and mentioned at several
field-trip stops is the growing evidence about environmental conditions (primarily
temperature) that may have existed during the Alleghany Orogeny.

Sequence of Structural Stages of the Alleghany Orogeny

Underlying other structural considerations is the relative sequence of
structural stages that has been established at the Bear Valley Strip Mine and extended to
the rest of the Valley and Ridge Provinee in Pennsylvania (Faill and Nickelsen, 1973;
Nickelsen, 1979). Others have recognized a similar sequence farther south (Perry, 1978;
Burger, Perry, and Wheeler, 1979). The overlapping sequence of different structures was
established and corroborated by many observations of structural overprinting, but is also
indicated by the spatial distribution of different structures (Means, 1976). Early
structures in the sequence occur alone farthest northwest and are successively
overprinted by later structures as one proceeds southeast (Nickelsen, 1980). A few places
such as the Bear Valley Strip Mine have almost all stages of the presently known sequence
superimposed and are important museums of structural relationships and mechanisms for
future restudy, evaluation, and debate. What is equally important about Bear Valley is its
stratigraphic position near the top of the sedimentary prism that was deformed by the
Alleghany Orogeny. It can't be claimed that the Bear Valley structural sequence and
mechanisms, which are identical with those down to the Cambrian within the geographic
area of the Pennsylvania salient, are Taconian or Acadian features. The Alleghany
Orogeny apparently deformed, for the first time, a thick pile of Paleozoic sediments in a
miogeocline that had already achleved temperatures and pressures sufficient for
coalification and sedimentary compaction. This fact is perhaps significant in the creation
of the particular array of structures in overlapping sequential stages that we call the
Alleghany Orogeny.

Stage I, Alleghany Orogeny. The seven stages of the Alleghany Orogeny listed in
Figure III-9 and illustrated in Figure I1I-10 include Stage I, joints in coal, which have no
known connection with the Alleghany Orogeny and were overprinted by Stage II joints in
coal and joints in shale and sandstone that are of Alleghanian age. Stage I joints in coal
arc across the northern Appalachian Plateau trending NE, E-W and NW (Nickelsen and
Hough, 1967) and can be found with NE strikes in the Anthracite Region. They are
obscure due to overprinting by all later stages.
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Stage II, Alleghany Orogeny. Stage II joints of several regional sets (A,B,C,D,E, of
Nickelsen and Hough, gQB?i are also best observed in the Appalachian Plateau (Parker,
1942; Engelder and Geiser, 1980) but can be identified at most Valley and Ridge Province
exposures by careful measurement and rotation of data. Intersecting Stage I extensional
joint sets are not conjugate but rather make up a cumulative pattern (Nickelsen, 1974)
requiring different orientations of the least strain axis at different times during Stage II.
For example, Engelder and Geiser (1980) have proven the different relative ages of two
acutely intersecting Stage II joints of the Appalachian Plateau in New York State. Our
field trip will demonstrate the creation of a cumulative joint pattern at Stop VI that is
interpreted to include fractures of Stages II, IV, and VI. Joints at this stop include

Stage II and IV syntectonie, quartz-filled hydraulie joints related to fluid pressure (Secor,
1960) and different, Stage VI, extensional joints due to late tectonic buckling or relaxation
during unloading (Price, 1966). The same differences in joint characteristies are
illustrated by the Stage II and Stage VI joints at the Bear Valley Strip Mine, Stop II.

Stage IlI, Alleghany Orogeny. The Bear Valley Strip Mine is the best place to view
overprinting and overlapping relationships between Stage II joints and Stage Il rock
cleavage. Some Stage II joints are perpendicular to rock cleavage and the same age as the
cleavage, while others of the joint array are intersected by cleavage at angles less than
90°. In places, these have been offset by pressure solution and ean be proven to be
pre-cleavage in age.

Stage IV, Alleghany Orogeny. Cleavage at Bear Valley has been dragged against Stage IV
wrench faults and cut by the gash veins that commonly form along these faults. Small
thrust faults have tip lines consisting of strongly cleaved rock that rides on the brow of
the fault and is dragged against the fault. The relations of Stage III cleavage to Stage IV
thrusting is particularly well demonstrated by the cleavage halos, strain gradients, and
drag of cleavage against thrust faults at Stop IV. Small-scale examples of the relation of
cleavage to wedge and wrench faults in a low-strain environment are at Stop VI,
Cleavage is either rotated or created anew during simple shear against faults, but the
most dramatic examples of rotational deformation are on fold limbs such as Stop 1.

As shown schematically in Figure III-9, the time of cleavage formation
overlaps Stage II jointing but continues through Stage IV faulting into Stage V folding and
beyond. Evidence of pure shear in certain beds at Station H, Stop I, may manifest
Stage VI inhomogeneous bulk flattening and layer-parallel extension.

Stage V, Alleghany OrggenF. Stage V folding has rotated previous structures as
demonstrated at Stops I, III, VII, and VIII. The best evidence of rotation is provided by
pre-folding Stage IV wrench faults which can be described by two structural elements - a
slickensided fault plane perpendicular to bedding end slickenlines (Fleuty, 1975) parallel to
the bedding-fault intersection. During Stage V folding these slickenlines are bent with
bedding as is demonstrated throughout Bear Valley (Stop II) and at Stop VII. When

Stage IV and V overlap, curving slickenlines such as at Station G, Stop III, are formed, but
they are relatively rare. Slickenlines on wrench-fault surfaces throughout the region most
commonly parallel fault-bedding intersections, whatever the bedding dip angle, thus
proving that most wrench faulting precedes Stage V folding. Acute bisectors of conjugate
wrench faults commonly trend obliquely to the strike of strata or fold hinges as shown at
Stop III, Station A, and Stop VI and VIII, This suggests a change in orientation of the
principal stress axis between wrench faulting and folding (Figure II-TB). The evidence for
relative timing of wedge (thrust) faults is less certain. They seem to be slightly later than
associated wrench faults as at Stop II and Stop VI and prior to Stage V folding as at

Stop III (Figure II-7). Generally, wrench faults and wedge faults are placed together in
Stage IV, preceding Stage V folding but perhaps continuing into the period of folding.
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Finally, some wedge faults seem to form as a consequence of folding as demonstrated at
Stop VII in stratigraphic Unit C.

Stage VI, Alleghany Orogeny. Late in the history of the Alleghany Orogeny all rocks were
subjected to flatterning and vertical extension, predominantly by brittle mechanisms.
Where beds had been rotated to dips of greater than 450 by Stage V, this resulted in layer-
parallel extension. At Bear Valley, Stop III, this flattening and extension is primarily
manifested in local fault "grabens" on the north limb of the Whaleback Anticline

(Figure III-3, Stations B and F) but may also form faults like the Bear Valley fault under
the North Anticline. To explain higher coal ranks at the surface in coels of the center of
western Middle Field Synelinorium, Levine (see accompanying article) invokes significant
uplift of the center of the basin along such high-angle reverse faults. Where bedding had
remained nearly horizontal as at Stop V the late extension appears as quartz-filled
extension joints in sandstone dikes and fiber-filled wedge faults.

Stage VII, Alleghany Orogeny. The evidence for Stage VII is graphically shown in

Figure III-10 but will not be seen at any stop on the field trip. Late wrench faults that
are restricted to major gaps on lineaments have horizontel slickenlines cutting the
fault-bedding intersection at angles approaching 90°. These wrench faults cut all
previous structures including the extensional faults of Stage VI. In some gaps there is
evidence of wrench faulting initiated during Stage IV, prior to folding, that has remained
continuously active until Stage VII. This wrench faulting has segmented the fold belt into
blocks, deforming independently, that may reflect pre-existing sedimentation patterns,
basement fractures, or major changes in trend. The lineaments paralleling these long
active wrench faults have been identified by Kowalik and Gold (1975) as likely spots for
mineralization.

In summary, the stages of the Alleghany Orogeny that are now widely
recognized and will be demonstrated on the field trip include Pre-Alleghany joints
(Stage I) of uncertain basinal origin and Stage II joints related to the gradual increase of
horizontal stress difference that lead to the orogeny. Before major folding, layer-parallel
shortening was accomplished by formation of Stage IIl spaced cleavage and Stage IV
conjugate wrench and wedge faulting. Stage V folding was followed by Stage VI layer-
parallel extension or general flattening and vertical extension by wedging, extension
faulting, high-angle reverse faulting, and inhomogeneous bulk flattening in ductile beds.
Stage VII wrench faulting is found in a few places cutting all previous structures.

This structural sequence has served as a framework for identifying the time of
origin of potentially economically important structural features (eg., the fracture porosity
of Stop VI) and as a help in separating the strain increments of the heterogeneous, finite
strain pattern in the region (see below). We hope that continuing study of the mechanisms
and environmental paramenters associated with the various stages will lead us to a better
understanding of how rocks deform.

Description of Finite Strain and its Origins

The history of work on the finite strains of this region has included two phases:
first, deseription and tracing of highly deformed horizons, and second, analysis to discover
why some horizons are penetratively deformed while others are apparently not. We are
currently interested in what characteristies of rock composition and facies change,
sedimentary textures, sedimentary structures, position (stratigraphie, structural, or
geographic), tectonic heredity, or environmental conditions (T, Py, P,) may be most
important in controlling the structures we see at a particular outerop. Though our current
concern is to find, map, and interpret the strain disharmonies and their abrupt (strain
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discontinuities) or gradual (strain gradients) contacts with penetratively unstrained rocks,
we first need to deseribe the finite strains that have been observed.

An imperfect picture of the two-dimensional finite strain in the Pennsylvania
portion of the Appalachian Foreland has emerged since the first report of deformed fossils
on the Plateau (Nickelsen, 1966). Strain markers, oriented parallel to bedding, that have
been used by various authors are inarticulate and articulate brachiopods, erinoid ossicles,
mud-crack polygons, partially dissolved calcareous fossils, stigmaria (plant roots),
insoluble residues, trains of parasitic folds, and crenulation cleavages. Such a variety of
strain markers of different validity, located in different rock types and stratigraphic
horizons, has yielded some real or apparent discrepancies in the strains recorded in the
region. These generally minor strain discrepancies have been overprinted in certain
geographic and structural positions by large strains of uncertain origin that have created
local strain disharmonies such as we will see on the field trip at Stop I, IV and V.
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Figure 12  Map of finite strain data in field conferénce region
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Crinoids. The least complicated two-dimensional strain picture is provided by erinoid
ossicles lying on bedding planes of shales and sandstones, particularly the Reedsville Shale
(Upper Ordovician), the Keefer Sandstone (Lower Silurian) and the Trimmers Rock-Lock
Haven Formation (Upper Devonian). Crinoids have been deformed into ellipses with a
width to length ratio (W : L) of approximately .8 (range is .63 to .97). The short dimension
(W) is oriented NW -~ SE perpendicular to the strike of fold axes and rock cleavage, and
the long dimension (L) is oriented NE -SW or E~-W approximately parallel to the strike of
fold axes and rock cleavage. Mean W : L ratios of distorted crinoids from the Keefer
Sandstone on the Berwick Anticlinorium south of Lewisburg (Vernon, 1974), from localities
of Trimmers Rock Sandstone on the Shade Mountain Anticlinorium near STOP II (Vaskov,
1974), and from the Muncy-Hughesville area on the Nittany Anticlinorium in the Lock
Haven Formation (Ricei, 1970) have been plotted on Figure 12. The W : L ratios are very
similar to ratios of .95 to .80 reported by Engelder and Engelder* (1977) and Engelder
(1979) in the Upper Devonian rocks of the Appalachian Plateau of New York State, 200 km
northwest of the south border of the field-trip area. The penetrative strain recorded in
crinoids over this 200 km section is essentially constant and occurred during layer-parallel
shortening before folding (Engelder, 1979). We know this because deformed crinoids were
rotated by folding without receiving aditional deformation (Faill and Nickelsen, 1973;
Faill, 1979, p. 53) and because the deformed Appalachian Plateau crinoids in unfolded
rocks are an excellent example of the northwestern spatial equivalent of prefolding,

- Stage I strains in the Valley and Ridge Province. This is a regional example of Sherwin

and Chapple's (1968) obsevation that layer-parallel shortening occurs during the early
stages of the formation of buckle folds.

The strain recorded in the erinoids is partitioned between volume-constant
calcite twinning and pressure-solution volume loss (Groshong, 1972, 1975; Engelder, 1979,
fig. 3). Using Groshong's Caleite Twin Strain Gauge (1972) both of them found layer-
parallel shortening of 1 - 5% due to calcite twinning plus larger pressure-solution strains
sufficient to explain shape change in crinoids or strains calculated for theoretical models
of folding. Figure 13 shows a local example of strain partitioning in erinoid ossicles on
bedding planes in the Keefer Sandstone. The observed W : L ratio in these examples
ranges from .73 to .86, implying layer-paralel shortening of 27 to 14%. When effects of
diffusion (pressure solution and overgrowth) are removed graphically, W : L ratios become
.91 to .98 implying layer-parallel shortening by twinning of 9 to 2%. Thus, during tectonic
strain the L axis of erinoid columns remained constant in length while twinning thickened
ossicles perpendicular to bedding, and volume loss by pressure solution reduced W. W:L
ratios of .8 to .9 represent 10 to 20% layer-parallel shortening, similar to the 10-15%
suggested for the Appalachian Plateau by Engelder and Engelder (1977) and Engelder
(1977). Lingulas of the Appalachian Plateau were deformed by volume-constant flow that
resulted in crinkles oriented NE. Jointing in a few specimens resulted in extension of up
to 4.4% parallel to crinkle axes but the deformation was largely plane strain, NW-oriented
negative elongation of 7-10.5%. If the rare jointing of Lingula shells is ignored, layer-
parallel shortening up to 15% is present, in agreement with Engelder's estimate.

In summary, volume-constant strain and volume loss by pressure solution
caused penetrative layer-parallel shortening of 10 to 20% over a 200 km section of the
Valley and Ridge and Appalachian Plateau without appreciable extension in the NE strike
direction. Crinoid specimens with mean axial ratios less than .8, and therefore more
layer-parallel shortening, must be explained as extension in L by jointing as occurred in
some Lingulas, by caleite overgrowths parallel to L, or by more pressure solution volume

- loss in the W direction (Fig. 13).

*Engelder actually reported L : W ratios of 1.05 to 1.26
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Figure 13 Examples of strain partitioning in crinoid ossicles

W : L Width : Length ratio ; upper left is ratio measured;
lower right - pressure solution strain has been subtracted

Crenulation Cleavages. This "background” of 10 - 20% layer-parallel shortening has been
detected as a crenulation cleavage recording 6% LPS In the Wills Creek Shales of the
Lackawanna Synelinorium near Lewisburg by Pringle (1980). Superimposed Stage Il smali-
scale folding and pressure solution may cause additional layer-parallel shortening in the
shales, mudstones, and limestones of the Wills Creek to reach total amounts of 14 - 36%,
somewhat higher than recorded by crinoids. Lower strains in erinoids may result from
strain inhomogeneities between matrix and stiff crinoid ossicles.

Mud-Crack Polygons. Mud-crack polygons at a few localities (Fig. 12) of the same region
in the Bloomsburg Formation, Wills Creek Formation and Keyser Limestone have yielded
W : L ratios of approximately .5, as exemplified by STOP V, Station C. Other outcrops of
the same stratigraphic units in adjacent areas show little or no distortion of mud-erack
polygons (STOP I). Mud-crack polygons may be better strain markers because they are
large and similar in composition to the enclosing rock, but can't be used to map regional
strain because of their rarity and apparent inconsistency in recording strain, Where seen
together mud cracks may either record the same strain as reduction spots (STOP V) or fail
to record strains which are locally present in reduction spots (STOP 1),
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Reduction Spots. When reduction spots were discovered in the region in 1973 (Faill and
Nickelsen, 1973) they seemed to offer the perfect solution to mapping local and reg_'lonal
strains. They are large, three-dimensional markers, mechanically similar to enclosing
rock, available in the strueturally interesting Bloomsburg Formation, and of proven
usefulness as strain markers in other regions (Wood, 1973; Wood and Oertfal, 1980;
Graham, 1878). Our study of one locality (STOP V) has been very rewarding and we have
learned much about Bloomsburg deformation from a regional study still being pursued.
The quality of exposure has precluded Rf/¢ analysis of the effect of initial shape upon the
deformed reduction spots (Dunnet and Siddens, 1971) and made it diffieult to assess the
role of rock type and leoal structural disturbances upon the strain regorded by reduction
spots. Thus, our preliminary results plotted on Figure 12 should be viewed with caution.
On Figure 12 the ellipses drawn represent the orientation and ratio of the y : z section of
the reduction spots (or, rarely, the x : 2 section) where x >y > z. y (or rarely l‘) is
oriented NE parallel to strike and has been taken arbitrarily as 1 because this dimension
has been relatively constant during tectonic strain. The ratio of the short axis (z) and
vertical axis (x) are plotted respectively below and inside the ellipse for each station.

The generalized pattern that can be seen on on Figure 12 is reduction spots

deformed into oblate ellipsoids flattened in bedding by sedimentary compaction in the
northern, low-strain area paralleling the Alleghany Front between Lock Haven and Muney.

To the south the deformed shape of reduction spots changes to either oblate ellipsoids
flattened in the cleavage or prolate ellipsoids elongated parallel to the strike or to the dip
of cleavage. This transition in shape results from superposition of a vertically elongated
prolate deformation ellipsoid upon the pre-existing oblate ellipsoid that had resulted from
sedimentary compaction. Graham (1978) has described such a transition in the Alpes
Maritimes. We are fortunate to see the compaction strain in the north before the
Bloomsburg disappears beneath the Appalachian Plateau but it would be desirable to find
exposures to demonstrate the transition from compaction to deformation strains in the

18 kilometer gap between Muncy and Watsontown.

The inferred sequence of shape changes in ellipsoidal reduction spots is shown
in Figure 14. Figure 14-1 represents sedimentary compaction with ratios of the axis of
compaction to the long axis of .6 to .8. Ellipsoids similar to Figure 14-2, with the x axis
parallel to the NE strike of cleavage, are rare in the region but appear west of
Watsontown and on the north limb of the Berwick Anticlinorium near the Field
Conference Motel. Figures 14-3 and 14-4 represent the reduction-spot shapes in the
vieinity of Watsontown (STOP V), deformed by pure shear to some of the largest reduction
spot strains recorded in the region. Elongation parallel to the dip of cleavage (x direction)
is slight but mimicked by brittle extension and shear fractures.

The most deformed reduction spots of the region at STOP I on the south limb
of the Berwick Antielinorium owe their shape to concentrated simple shear in one part of
the Bloomsburg section, perhaps related to rock type or to structural position
(Figure 14-5). A few other exposures along the south limb of the Berwick Antielinorium
corroborate that this is an environment of high strain through simple shear which is unique
in the region. There is a strong contrast between the cleavage-bedding angles and
orientations of the reduction-spot ellipsoids on the south and the north limbs of the
Berwick Anticlinorium (Figure I-6). Thus in this region the strain path may have been 1
to 2 to 5 on Figure 14 because 3 may never have been attained before simple shear was
activated on the fold limb.

An unexpected observation was the lack of tectonic strain at the two
southernmost Bloomsburg localities on the Shade Mountain Anticlinorium west of
Selinsgrove. Crinoid W : L ratios of .82 and .85 are present to the east of these outecrops
in the Trimmers Rock Formation and at many localities, reduction-spot strain exceeds
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Figure 14 Evolution of the reduction spot deformation ellipsoid

1.-sedimentary compaction in bedding
2.-tectonic strain to produce a prolate ellipsoid, x axis parallel to strike
3.-more tectonic strain to produce an oblate ellipsoid flattened in cleavage,

X =
4.-tec'fon3!c elongation vertically in cleavage plane to produce a prolate R
ellipsoid, x axis down dip of cleavage plane J
S.-superimposed simple shear to produce prolate ellipsoid with extreme
flattening in x y plane and elongation in x : lj

crinoid strain. A similar discrepancy between strains recorded by two different strain
markers in the same region is in the Muncy - Williamsport area. Here Faill (1979, fig. 13,
Table 1) has measured crinoid distortion in the Reedsville Shale and Trimmers Rock -Lock
Haven Formations occurring either below or above the Bloomsburg Formation in the
stratigraphic column. The Bloomsburg Formation reduction spots record only compaction.
Intuitively, we would expeet more deformation in suitable beds in the Bloomsburg
Formation, but here, this is not the case.
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Strain Disharmonies

From what has preceded, it is already evident that marked differences in
finite strain oceur and demand explanation. Some strain disharmonies, referred to as
disturbed zones, have been identified as fault (detachment?) zones (Pohr_l and Purdy, 1982)
and others are too enigmatic to classify, The following features or attributes may cause a
rock to appear more deformed than surrounding rock, creating an apparent or real strain
disharmony.

Rock Composition or Texture
Sedimentary Struetures
Stratigraphic Position
Structural Position

Tectonic Heredity
Environmental Conditions

This discussion is keyed to features that will be seen on the field trip.

Rock Composition or Texture - STOP I - Station H - The green shale at this station shows
higher strain, and deformation by pure shear in a simple shear environment, perhaps
because it is different rock from its surroundings. STOP II ~-Two different styles of
deformation and groups of structures are present, related solely to roek type.
Argillaceous sandstone is broadly folded and cleaved along close-spaced planes of
extensive pressure solution. Quartz arenite in the same environment displays spaced
pressure-solution cleavage, conjugate, orthogonal pressure-solution slip surfaces, and
wedging that is beginning to develop into small-scale, flat-ramp-flat thrusts, and fault
complexes. The quartz arenite may seem to be more deformed? STOP III and IV - The
contrast between surrounding rocks and the concretions produces sharp discontinuities in
strain, marked by slickensided surfaces and cleavage halos. Could these be small-scale
models of how clastic wedges may influence adjacent basinal facies during layer-parallel
shortening? The first cleavage to form in true clay shales (i.e., phyllosilicates with fabrie
parallel to bedding) is a primary crenulation cleavage (Fig. IlI-11A), whereas mudstones,
sandy mudstones, sandstones, and argillaceous limestones deform by dissolution or
combinations of mechanisms (Fig. M-11B,C; Fig. IV-9; Fig. 11-1.)

Sedimentary Structures - Striking examples are at STOP V, Watsontown, where diffusion
and pressure solution have been greatly influenced by perpendicular-to-bedding structures
such as burrows and sandstone dikes. Is the high strain at Watsontown a result of
sedimentary structures, or perhaps structural position at the tip line of a blind thrust
or....? Saucer-shaped slickensided surfaces that formed during wetting and drying of
muds or soils and have persisted through 50% layer—parallel shortening and cleavage
formation are important boundaries between packets of shale being deformed
independently. Do SSS surfaces enhance cleavage formation by facilitating pressure
solution or grain-boundary sliding? Are fiber-filled wedge faults present only because the
SSS surfaces were available in approximately correct shear orientations when the Stage VI
vertical extension began? Preferred orientation of phyllosilicates parallel to cleavage in
some Bloomsburg Formation rock types may be relict soil structures enhanced by pressure
solution. Fractures along cleavage planes reveal blocky soil (?) structures or peds (?) with
clay-film coatings. If these speculations are valid, this may be another process for
initiating foliation. .

Stratigraphic Position - Relative stratigraphic position, considered in conjunction with
rock composition and sedimentary structures, plays a major role in establishing the basic
conditions for the development of thrust systems. The thin cleavage duplex at STOP IV is
a detachment horizon because of its position between stiffer units of limestone and
sandstone and because of its compositon and texture. This carbon-rich shale with clay
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content influenced by the Tioga ash bed may have been overpressured. It is typical of
shales at a number of Appalachian localities that have served as detachment horizons.

Structural Position - The most highly strained reduction spots of the region at STOP I are
deformed in simple shear on one limb of an anticlinorium. Does the south limb of the
Berwick Anticlinorium show higher shear strains because of unequal kinking on the two
limbs of the structure or is STOP I merely the zone where a ramp on a major thrust
system is passing through the Lower Silurian section?

At STOP IV a thin and a thick cleavage duplex cut up-section in the direction
of transport through either shales of the Marcellus Formation or argillaceous sandstones
of the Mahantango Formation. The "channels" of high strain (>30% LPS) that pass through
the section as cleavage duplexes may have originated at the Tioga ash bed or large-scale
equivalents of the cleavage halos, but, once initiated, now cut up through the Mareellus
Formation into the Mahantango Formation (Figure IV-4). Thus, in this case, a strain
disharmony (the cleavage duplex with sharp fault boundaries at top and bottom) can be
unequivocally related to a thrust zone passing through the section. At STOP VI the

- position of the zone of fracture porosity is apparently unrelated to the most obvious large

struetural feature, the South White Deer Anticline. The structural feature that may be
important in establishing the position of the fracture porosity is apparently a transversely
oriented zone of extensional jointing and/or wrench faulting.

Tectonic Heredity - The concept of tectonic heredity and its influence on later structures
is usually applied to basement~cover relations and the effect of structures of a previous
tectonic cyele upon those that develop during a later tectonic eycle in cover rocks. If one
accepts the multistage model for development of the Alleghany Orogeny, the effect of
earlier stages (incremental or infinitesimal strains) upon the finite strain must be ’
considered. Fractures formed in earlier stages are possibly important in directing
pressure-solution slip as at STOP 1I or may effect the frequency and the orientation of
conjugate wrench-fault systems as at STOP I, STOP III and, particularly, STOP VI.
Marshak et. al. (1982) and Geiser and Sansone (1981) have explored the possible influence
of earlier fractures upon later jointing, pressure-solution cleavage or wrench faults,

Environmental Conditions - Insufficient data is available on ambient environmental
parameters during Alleghanian deformation to assess the role of changing environmental
conditions during the history of structural development of an outcrop. Another section of
the guidebook will describe our present information and sources of information on this
issue.

Thrust Systems

Though no discussion of the major thrust tectonies of the field trip area was
promised, some clarification of terminology for STOP IV is essential. The general
configuration of thrust systems in foreland thrust belts such as the Pennsylvania Valley
and Ridge and Appalachian Plateau is now understood to consist of thrust faults that cut
up-section in the direction of transport following a staircase trajectory consisting of
ramps through stiff rocks (limestone, sandstone) and flats in more ductile rocks (shales,
salts) (Butler, 1982). Above the basal thrust an imbricate zone or schuppen may develop,
consisting of many smaller thrusts fanning upward from the basal thrust (Boyer and
Elliott, 1982, fig. 12). It is now well documented that an imbricate zone or schuppen zone
that fans upward from a basal thrust may converge at a roof thrust at the top of the zone.
This creates an intensely deformed imbricate zone between two major thrusts - a sole or
floor thrust and a roof thrust - which has been called a duplex (Dahistrom, 1970, p. 352;
Boyer and Elliott, 1982, p. 1199, fig. 12). It is important to note that the duplex is a zone
of intense deformation sandwiched between underlying and overlying little-deformed
rocks, The duplex may cut up-section following the sole thrust but generally is thought to
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stay within one part of the section bounded by sole and roof flats at decollement or
detachment horizons in ductile rocks. Several models for propagation of duplexes exist
but the sequence illustrated in Boyer and Elliott (1982, fig. 19) and copied for use in this
guidebook as Figure IV-12 is widely aceepted. Propagation proceeds from back to front in
the thrust belt by sucecessive extensions of the sole thrust and ramp thrusts to the
stratigraphic horizon of the roof thrust. We propose that the zones of intense cleavage in
the Marcellus Formation at STOP IV are cleavage duplexes, formed as shown in

Figure IV-13, bounded at top and bottom by roof and floor thrusts, and displaying marked
disharmony in strain with respect to overlying and underlying roeks.
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CLINTON IRON-ORE MINES OF THE
DANVILLE-BLOOMSBURG AREA, PENNSYLVANIA:
THEIR GEOLOGY, HISTORY, AND PRESENT-DAY

ENVIRONMENTAL EFFECTS

by

Jon D. Inners, Pennsylvania Geological Survey, and
John H. Williams, U.S. Geological Survey

Introduction

The mining of sedimentary iron ore from the Middle Silurian Clinton beds was
one of the major extractive industries in the central Appalchian region during the middle
years of the nineteenth century. In Pennsylvania, the ore region extended from Bedford
County, northeastward through the Valley and Ridge Province to Columbia County, an
arcuate distance of about 125 miles. The large-scale mining of these ores, together with
the ready availability of limestone for flux and anthracite for fuel, permitted the central
and northeastern Pennsylvania iron industry to be self-sufficient for several decades
(Wright and others, 1968). A rapid decline set in during the closing quarter of the century,
however, and by 1900 the Clinton ore industry in Pennsylvania was dead.

This report presents an overview of some of the geologiecal, historical,
technological, and environmental aspects of the iron industry in the northeastern
Pennsylvania, Clinton ore region near Danville and Bloomsburg, Montour and Columbia
Counties.

Geology

The two main Clinton ores mined in the Dannville-Bloomsburg area were the
"fossil ore” in the upper member of the Rose Hill Formation and the "block ore" in the
Centre Member of the same formation (Figurel5). A third—-"the lower block ore"--was
prospected at several localities between Danville and Bloomsburg, but it apparently was
mined only on a small scale. The ore beds occur on the flanks and crest of the prominent
elongate ridge formed by the several en echelon folds of the Berwick antielinorium
(Figure 16). Both the fossil ore and block ore were mined on the sides of Mahoning Creek .
gap at Danville. Only the fossil ore was extensxvely mined between Danville and
Bloomsburg.

The fossil ore consists of thin to medium beds of reddish-brown, highly
ferruginous bioskeletal limestone that lie 10 to 33 feet below the Keefer sandstone. Iron
occurs as hematite coatings and partial replacements of fragmental fossils, particularly
crinoids, brachiopods, and bryozoans. The ore is highly variable. In the Danville mines, it
typically consisted of two and sometimes three beds within a four-foot-thick interval.
The middle bed, or "buncombe™--15 to 20 inches thick, was the main ore body
(Stoek, 1892). In mines near Bloomsburg, the fossil ore most often consisted of two beds--
an upper "big bed,"” 10 to 12 inches thick, and a lower "little bed," 2 to 4 inches thick,
separated by 2 to 3 feet of barren rock (White, 1883). Good exposures of this ore horizon
can be seen in the long road cut along U.S. Route 11 about 2 miles west of Danville and in
an old quarry along an abandoned railroad grade on the south side of Fishing Creek,

1.3 miles north of Bloomsburg.

The fossil ore oceurs in two varieties. Most valuable to the nineteenth century
miners was the "soft ore," a spongy, thoroughly weathered, near-surface deposit formed
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Figure 15 Typical stratigraphic section of Clinton iron-ore bearing
beds in the Danville-Bloomsburg area.

by the removal of calcium carbonate from the orxgmal, hard hematitic limestone, or "hard
ore." The latter typically contained 20 to 40 percent ferric oxide, whereas the soft ore
was commonly enriched to 60 to 70 percent ferric oxide. As mining progressed along the
strike and down the dip of beds, the hard and soft types of fossil ore were found to be
extremely variable in occurrence, the soft ore at some places changing gradually and at
other places abruptly into hard ore. Generally the top rock of the hard ore was solid, but
that of the soft ore was cracked and broken (Stoek, 1892). The variable nature of the
ores, largely caused by the nonhomogeneous distribution of bedrock fractures along which
the weathering process occurred, must have confused as well as frustrated the early
miners. Along the flanks of the anticlinal ridge, the transition between the soft and hard
ores usually occurred 90 to 120 feet down dip from the outcrop (Rogers, 1858), about

50 feet below land surface. Particularly large quantities of soft ore were developed by
surficial weathering on the noses of gently-plunging anticlines in the vicinity of
quomgburg (Rogers, 1858; Figure 16).

The block ore occurs in the lower part of the Centre Member ("iron
sandstone") in the Danville area and consists of 18 to 24 inches of highly ferruginous
sandstone. The ore is typically about 50 percent ferric oxide (Stoek, 1892). Although the
block ore was a valuable horizon at Danville, it apparently thins and becomes inseparable
from the main mass of the "iron sandstone" to the east. The block ore is exposed along
Pa. Route 54 near the Danville Borough line.
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Historical Development

The initial discovery of iron ore in the Danville-Bloomsburg area took place
about 1822 somewhere west of Hemlock Creek in Columbia County. Drift mining was
initiated soon after samples were assayed and the ore was transported across the North
Branch of the Susquehanna River to charcoal furnaces near Catawissa. Additional
discoveries followed, and in 1837 Eli Trego of Danville put into full-blast the first
charcoal furnace build specifically to smelt locally mined ore (Diehl, 1969). The fate of
the local charcoal furnaces was sealed, however, when technological innovations,
especially introduction of the hot air blast (Binder, 1974), made possible the use of
anthracite for smelting iron.

After the charcoal furnaces were abandoned and the process of smelting by
anthracite was instituted on a large scale, the North Branch iron industry developed apace
(Beers and Co., 1915). These halcyon days began in the early 1840's with the building of
large iron works in Danville and Bloomsburg and lasted into the 1870's.

Danville was clearly the most important of the two North Branch iron mining
towns. In 1840, the Montour Iron Company works was constructed south of what is now
U.S. Route 11 at the present site of the Danville Senior High School (Figures 16 and 17).
The "twin furnaces" of these works, among the first in the United States to use anthracite
as fuel, became the nucleus of what was to become known locally as "the Big Mill." The
first iron T-rail was manufactured at the rolling mill here in 1845. Although its ownership
and name changed several times, the Montour iron works prospered for the next three
decades and Danville became a "company town." In 1870, the works produced 36,000 tons
of rails and consumed 80,000 tons of iron ore (half of which was mined on company
property nearby), 20,000 tons of limestone, and 125,000 tons of anthracite (Diehl, 1969).

Numerous other furnaces were built in the Danville area during the heyday of
the iron industry. Among the most important of these were the Grove Brother's Columbia
furnace (1839-1840), the Chulasky furnace (1846), and the National iron works (1871},
later to become the Glendower Iron works (1877) (Figure 16; Brower, 1881). In 1881, the

——

Figure 17  Montour Iron Company works at Danville, circa 1855. Lithograph by James

. Queen. Reproduced from O'Connor and Yeager (1980), with the permission
of the authors and Salina Press, Syracuse, New York.

Figure 18 Limestone and slag piles of the old Irondale works (Bloomsburg Iron
: Company) in Fishing Creek gap, town of Bloomsburg. Centre Member of
Rose Hill Formation caps gently curved ridge crest to west of waste piles.

Figure 19  Photomicrograph of thin section of fine-grained, ferruginous sandstone of
Centre Member (plane-polarized light). Specimen collected from abandoned
dimension stone quarry on northwest side of Fishing Creek gap, Hemlock
Township, (Q= quartz; H= hematite).

Figure 20  An adit of the Irondale mine, located on the south side of L.R. 19027, about
_ 100 feet west of the bridge over Hemlock Creek, 1,5 miles northwest of
Bloomsburg.
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Reading Railroad acquired many local furnaces and consolidated them into the Montour
Iron and Steel works, or "the Big Mill" (Diehl, 1969). At full capacity, this mill employed
more that 1100 workers.

Although not as dominant in the Clinton iron industry as its neighbor,
Bloomsburg could also boast of several large iron works (Figure 16). The first big
anthracite furnace in the town, that of the Bloomsburg Iron Company (originally the
Bloomsburg Railroad and Iron Company) was "blown-in" in 1844 at Irondale in the gap of
Fishing Creek north of Bloomsburg. In 1854, McKelvey, Neal and Company (after 1873,
William Neal and Sons) put into full-blast Bloom furnace, the second large works in the
Bloomsburg area. The Bloom furnace was located along the Pennsylvania Canal, North
Branch Division, in the southeastern part of Bloomsburg (near the present airport). The
site of the Irondale works is today marked only by heaps of slag and limestone on the flat,
glacial cutwash terrace east of Fishing Creek (Figure 18) and by the row of "company
houses" (formerly Morgantown) on the west side of Iron street a few hundred yards away.
Modern construction has apparently obliterated all evidence of the Bloom furnace (Inners,
1981). oo

Production of one ton of pig iron in the anthracite furnaces of the Danville-
Bloomsburg area typically required 3 tons of iron ore, 2 tons of coal, and 1.6 tons of
limestone (Beers, 1915). The Montour Iron works obtained ore locally from drift mines in
the gap of Mahoning Creek at Danville and from slope mines on the north side of the
anticlinal ridge about 2 miles to the northeast. Most of the ore for the Bloomsburg [ron
Company works came from mines west of Fishing Creek, particularly on the north side of
the anticlinal ridge. The Bloom furnace was supplied mainly from McKelvey and Neal
holdings on Turkey Hill. Much of the coal came from the Northern Anthracite field, the
Montour Iron Company using coal from its own mines near Kingston. The limestone for
flux was obtained from many local quarries in the Upper Silurian to Lower Devonian
Tonoloway-Keyser carbonate sequence that outerops parallel to the ore beds but farther
out on the flanks of the anticlinal ridge. Three of the largest intact examples of these old
fluxstone quarries are located (1) 2000 feet northeast of Pa. Route 54, 0.6 mile north-
northeast of Mausdale, Montour County (Montour Iron Company); (2) on the west bank of
Fishing Creek, just south of Pa. Route 42, 1.1 miles northeast of Buckhorn, Columbia
County (Bloomsburg Iron Company); and (3) on the north side of old U.S. Route 11 on the
Montour-Columbia County line (Grove Brothers) (Figure 16). (Until quite recently, the
Lycoming Silica Sand Company used the latter quarry as a source of crushed stone.)
Numerous quarries along U.S. Route 11 east of Bloomsburg probably supplied limestone to
the Bloom Furnace.

As a result of the success of the iron furnaces, many ancillary iron
manufacturing companies were established in the Danville-Bloomsburg area. In addition
to the "T-rails," on which much of the prosperity of Danville was based, manufactured
iron products included nails, stoves, plow shares, railroad and mine cars, car wheels, and
cannons and mortars used in the Mexican and Civil Wars.

After 1880, the local iron industry entered a steady decline brought about by
the discovery of much larger and richer ore deposits in the Great Lakes region, by the
increasing use of coke as blast furnace fuel, and by rapid advances in steel-manufacturing
technology which lowered the price of steel to the point that recovery of the lower grade
Clinton ores was not longer profitable (Lesley, 1892; Mensch, 1977). In 1886, the
Glendower Iron works was closed down by a strike and never reopened. By 1830, all
mining of the Danville-Bloomsburg iron ores had ceased (Stoek, 1892), and the remaining
furnaces were supplied solely by imported ore. The Bloom furnace was abandoned in 1892,
and its competitor at Irondale in 1893. The "Big Mill" at Danville produced steel rails
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until 1935, at which time it was completely shut down. Three years later the plant was
dismantled. ‘

Prospects for renewed mining of the Clinton hematite ores of the Danville-
Bloomsburg area depend to a large extent on improvements in the technology of iron-ore
beneficiation. As early as 1847, Rogers (1858) foresaw that the most valuable ore of the
area, the soft fossil ore, would be exhausted within about 25 years. Surely enough, by the
mid-1870's most of the ore being mined was of the hard fossil-ore and block-ore varieties.
All of these thin ore zones are today of historical interest only. The most likely target
for future commercial development is the low-grade "iron sandstone" of the Centre
Member. Point counts of two thin sections from visually iron-rich beds at this horizon
suggest a hematite content of 28 to 38 percent, of an elemental iron content of
approximately 20 to 26 percent (Figure 19). Since the lower economic limit for iron ores
is now about 25 percent iron (Wright and others, 1968), such ore is clearly subeconomic to
very marginally economie. With improvements in the technology of iron-ore
beneficiation, however, and under the proper economic and environmental conditions,
many millions of tons of low-grade iron ore could be recovered by surface mining methods
from the 35 to 40 feet of highly ferruginous sandstone in the Centre Member.

Mines and Mining Methods

The mining of iron ore in the Danville-Bloomsburg area was done by open-~pit
workings, shallow underground mines, and deep drifts and slopes (Figure 16). The fossil-
ore outcrop along both sides of the Berwick anticlinal ridge between Danville and
Bloomsburg was exploited for the removal of soft fossil ore by open-pit and shallow
underground workings. Good examples of open-pit mines, including shallow surface
depression and spoil piles, are still evident 0.5 mile north of Ridgeville, Montour County,
and on the north side of the antielinal ridge between Fishing and Hemlock Creeks in
Columbia County. Large quantities of soft ore were mined by shallow underground drifts
on the noses of gently plunging anticlines northwest and northeast of Bloomsburg. A good
example of a shallow underground drift can be seen at the site of the old Irondale mine of
the Bloomsburg Iron Company on the west side of Hemlock Creek, 1.5 miles northwest of
Bloomsburg (Figure 20).

Deep mining of iron ore oceurred in the gap of Mahoning Creek at Danville, on
the north side of the anticlinal ridge between Danville and Bloomsburg, and on the south
side of the ridge east of Danville. The most extensive and only well-documented deep
mines were owned by the Montour Iron Company. The company mined the block and fossil
ores at Danville by driving a series of drifts into the hillsides on both sides of Mahoning
Creek gap (Figure 16). The first mining was done in the block ore on the west side of the
creek. In 1853, drift A was driven into the fossil ore. This mine eventually reached a
depth of nearly 500 feet, but it was finally abandoned because of "the constantly
increasing cost of pumping, the difficulty of ventilation, and the large amount of ore
above water level owned by the company" (Stoek, 1892). On the east side of Mahoning
Creek, about 2,500 yards of gangways, the Water Level and Welsh Hill drifts, were driven
into the fossil ore (Figures 16 and 21). Five drifts, Monkey, B, C, D, and E, were driven .
higher up on the hillside into the block ore. An air shaft was sunk at the top of the ridge
to provide ventilation. By 1889, when mining ceased at Danville, most of the ore had been
worked out between the gangways of these drifts (Stoek, 1892). The cemented mine
opening that can be seen in the roadcut along Pa. Route 54 at the Danville Borough line is
possibly drift E.

The fossil ore was also mined by the Montour Iron Company at the Pursel and
Frosty Valley slopes on the north side of the anticlinal ridge northeast of Danville
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Figure 21  Simplified mine maps of some Montour Iron Company workings. (Slightly
modified from Stoek, 1892).

(Figure 16). Both of these workings were started about 1860. The Frosty Valley slope was
sunk along the dip of the ore bed, (40 degrees north-northwest) for a length of 400 feet,
reaching a maximum depth of about 200 feet below land surface (Figure 21). Three-
fourths of a mile away, the Pursel slope was sunk 600 feet upon a northwest dip of 30
degrees, attaining a depth of about 250 feet below land surface. Gangways were driven
east and west 75 feet apart in the Frosty Valley workings and 90 feet apart in the Pursel g
slope. The top two gangways of the Frosty Valley slope were driven to connect with the &
Pursel gangways to the west. The water intercepted by the Pursel slope was pumped from
‘a sump at the bottom of the mine to the uppermost gangway, which had been driven to the
surface and was used as a drainage adit. The amount of water to be lifted through the
Pursel and Frosty Valley slopes was greatly increased when the Grove slope, located

0.75 mile to the east, was abandoned in 1882. When the Frosty Valley and Pursel slopes
ceased operation in 1889, the upper two levels had been worked out and the remaining
lower levels only partly worked (Stoek, 1892). Large piles of waste rock, now overgrown
with vegetation, can be seen near the site of the old Pursel slope.

The long-wall method was used in the underground mines of the Montour Iron
Company. Gangways were dug 7 to 10 feet wide and 5.5 to 7 feet high, or just high
enough for a man or mule to pass through. The gangways on the soft ore were timbered, x
but in the hard ore and block ore, this was not usually necessary. The area between the .}
gangways was worked out by a series of breasts. The hard ore and block ore had to be
blasted, while the soft ore could be seraped out. The breasts were 2 to 5 feet high
depending on the characteristies of the ore. Waste rock was carefully piled, or stowed, at
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spaced intervals to support the roof and protect chutes which the ore was thrown down to
the gangway below. To minimize the amount of water that needed to be pumped from a
mine, the face of each gangway should have been kept in advance of higher gangways.
However, as seen in Figure 21, this was not done because it necessitated the outlay of a
large amount of capital before any return could be realized (Stoek, 1892). By mining as

they did, the miners created an up-dip, high-permeability drain which greatly aggravated

their flooding problems.

The average rate of advance for gangways was 15 feet per month for those
open on one side to stowing and 7 feet for those driven into solid rock. One ton per day
for a miner and his laborer was considered average output for a shift of 10 hours
(Stoek, 1892).

Present-Day Environmental Effects

The abandoned iron-ore workings pose several potential problems and a
possible opportunity for present-day developers and residents of the Danville-Bloomsburg
area. Potential problems include foundation instability, ground-water contamination,
collapsed water wells, and dewatered aquifers (Figure 22). On the other hand,
considerable benefit could be derived if the flooded iron workings were tapped as a water-
supply source. ‘
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Although no serious foundation problems related to the old mines have been
reported, the probability of structural damage to buildings caused by subsidence above
abandoned mines increases as residential development proceeds along the anticlinal ridge
between Danville and Bloomsburg. Construction in such areas is safe only after
underground mines have been located and backfilled. Most of the minor subsidence
problems that have been reported involve small sinkhole-like collapses in open fields
brought about by heavy rains or the weight of farm machinery. Several small roadway
construction projects also encountered mine voids that had to be backfilled.

Underground mines can act as zones of conduit flow for septic effluent and
other contaminated surface waters, thereby increasing the potential for ground-water
contamination in a mined area. In addition, open-pit workings and mine breakthroughs are
commonly used as local waste-disposal sites (Williams, 1980).

Wells that penetrate the deep mines should be cased through the mined void in
order to prevent well-bore collapse. The added expense of casing through the mine
generally makes cost of a well excessive. Five domestic wells are believed to have
encountered slope workings at depths of 70 to 160 feet below land surface (Figure 16).
One of the wells penetrated the underground workings of the Frosty Valley slope at a
depth of 160 feet. The driller reported that the drill stem dropped about 8 feet. Loss of
air circulation made drilling difficult, and the hole was stopped at 180 feet, with no water
encountered. The mine void was not cased off, and the well collapsed at 160 feet. A
decision was made to drill a new well up dip of the previous site in order to minimize the
amount of casing that would be needed if the mine was penetrated again. The new well
was subsequently drilled 90 feet up dip. A void was hit at a depth of 110 feet *; it was
cased off and drilling was continued. Water-bearing calcareous sandstone was
encountered at 235 feet and drilling was stopped at 250 feet. The well required 120 feet
of casing instead of the normal 50 feet of casing typically required in the area.

Abandoned iron-ore mines can act as effective ground-water drains that
dewater the overlying aquifer. Evidence for this capability is given by the fact that
keeping the underground iron workings dry was constant problem for the nineteenth-
century miners. Drainage adits, in some cases combined with pumps, were used.to
dewater the mines. Small streams still originate at two such adits, one located near
Geisinger Medical Center east of Danville, and the other at the old Irondale mine
northwest of Bloomsburg.

Due to the presence of unfractured shale, perched-water zones may be
encountered above deep mines. If a well is drilled through a perched zone and is then
extended down into a mine void, it can serve as a short circuit past the perching shales
and dewater the zone (Figure 22). Such conditions were possibly encountered during the
drilling of a well on the south flank of the anticlinal ridge about one mile east of Danville.

On the positive side, good supplies of water may be obtained if test drilling
can locate saturated zones of the old iron workings. The previously mentioned drainage
adit, or "spring" east of Danville is currently being tapped as a water-supply source for
the Geisinger Medical Center. Wells completed with slotted casing in mine-void intervals
could potentially produce large quantities of good quality water. Probably the most
promising areas for water-supply development would be located north of Danville in the A
and Water-Level drifts and the Pursel and Frosty Valley slope workings.

* Inclination of the old slope workings between the mine voids penetrated by the two
wells was calculated to be 43 degrees, which is in close agreement with the dip of the
Frosty Valley slope as reported by Stoek (1892).
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AMBIENT TEMPERATURES DURING THE ALLEGHANY OROGENY

by
Richard P. Nickelsen
Introduction

Data from several sources indicate that the Anthracite Region experienced
temperatures during diagenesis and Alleghanian Deformation that were higher than those
for the same structural position along strike to the southwest. At the southwestern
border of the Anthracite Region along the Susquehanna River near STOP IV the
paleo-isotherms trend NW - SE across the strike of Valley and Ridge folds. There are
implications for structural geology in this observation. Should a gradual change in
structural features, particularly those related to reerystallization and growth of new
fabries, appear northeastward from the Susquehanna River? Was the apparently higher
temperature to the northeast a consequence of a greater paleo-geothermal gradient or a
deeper burial? If geothermal gradients were normal, thus requiring a thick section and
deeper burial of the Anthracite Region, was that section of sedimentary or tectonic
origin? Is it possible to relatively date the higher temperature by careful application of
techniques of paleo-temperature analysis in conjunction with the sequence of structural
stages of the Alleghany Orogeny? These and other questions may be addressed more
thoroughly when the evidence for Alleghanian paleo-temperatures has been assembled.

Sources of Paleo-Temperature Data

The trend of paleo-isotherms is best documented regionally by CAI data on the
color alteration of conodonts (Harris, Harris, and Epstein, 1978) but is also suggested by
coal rank contours and a few preliminary data from Temperatures of Homogemzatlon (Th)
of fluid inclusions. Correlation of paleo-temperature data from the various sources
requires comparison between different geographic areas and stratigraphic horizons that
were buried to different depths. For example, CAI data is available only from conodonts
collected in Silurian and Devonian limestones around the periphery of the Anthracite
Region, whereas coal-rank data is restricted to Pennsylvanian rocks. Fluid-inclusion data
is available at most outerops containing veins but in most cases must be corrected for
ambient pressures at the time of filling of fluid inclusions. Pressure corrections are based
upon the inferred overlying stratigraphie column at the time of the Alleghany Orogeny but
either hydrostatic (increasing at 100 bars/km), lithostatic (increasing at 250 bars/km) or
some intermediate pressure may be assumed. At depths greater than 3 km hydrostatic
pressure (Pp) begins to approach lithostatic pressure (Po) (Hanor, 1979, p. 145) so our
pressure correctlons have ranged from the mean of P, + Pp to .9 x P, Despite these
geographic and stratigraphic gaps and the assumptions necessary, there is reasonably good
agreement between temperatures estimated by different techniques.

COAL RANK
The accompanying article by Jeffrey R. Levine summarizes the evidence from
coal-rank and vitrinite reflectance regarding the former heating temperature of

anthracite coals. His evidence suggests a temperature of 185°C in the Western Middle
Field near STOP IIl.
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Figure 23  CAI - conodont isograds in field conference region.
Source: Harris, et al 1978, CAI Isograd map for Silurian through
Middle Devonian and personal communication, A. Harris, 1981

I - VIII = Field trip stops; D = Danville; B = Bloomsburg; L = Lewisburyg;
LH = Lock Haven; W = Williamsport; M = Muncy; S = Sunbury; H = Harrisburg

CAI - CONODONTS

Color alterations of conodonts due to heating during geologic intervals of time
have been shown to correlate well with experimental color alterations and other field data
(Epstein, Epstein, and Harris, 1977). A portion of the CAI isograd map for Silurian
through Middle Devonian carbonates has been enlarged and repreduced in Figure 23 to
show the temperature anomaly in the Anthracite Region (Harris, Harris, and Epstein,
1978). CAl observations from localities in the field-trip area were provided by A. Harris
(personal communication, 1981) and were plotted on Figure 23. Color alteration of
conodonts is affected by depth (temperature) and duration of burial so CAI index values
can only indieate a range of possible paleo-temperatures which might have produced the
color alteration. The CAI isograd of 4 which runs NW - SE along the Susquehanna River
through the field-trip area is interpreted to indicate a paleo-temperature of 190 to
300°C. Temperatures were higher to the east and northeast, lower to the west and
southwest. The estimated temperature ranges of other CAI isograds in the region are
given in the following table:
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CAl Estimated Temperature CAl  Estimated Temperature

2 60-140°C . 4 190-300°C

3 110-200°C 5 300-400°C

Because of long heating times temperatures below the middle of the range for each CAI
index are most likely.

FLUID-INCLUSION TEMPERATURES OF HOMOGENIZATION

Fluid inclusions provide an opportunity to estimate the temperatures of
emplacement and sample the compositions of precipitating fluids in veins of the region.
On many of the field-trip stops, we can demonstrate proof that veins were emplaced
during one or more stages of the Alleghany Orogeny, thus making it feasible to estimate
ambient temperatures during the orogeny. Recently techniques for estimating ambient
pressures have been developed, using fluid inclusions filled with methane or mixtures of
methane, carbon dioxide and other hydrocarbons (personal communication, Orkan and
Voight, 1983). Their method is an extension of the work of Mullis (1979) in Switzerland,
evaluated by Crawford (1981, p. 170).

The