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(ABSTRACT)

The western Piedmont of Pennsylvania is underlain by the Octoraro and Peters
Creek Formations, and these formations were juxtaposed during Late Paleozoic dextral
strike-slip shearing.

North of the shear zone, the Octoraro Formation contains evidence for

two metamorphisms and deformations prior to strike-slip shearing, whereas south of the
shear zone the Peters Creek Formation contains evidence for only one. The discordance in
metamorphic and deformational history across the shear zone suggests the now juxtaposed
rocks originated in different parts of the orogen.

A minimum of 150 km of orogen parallel

dextral offset is proposed for the shear system based on palinspastic reconstruction of the
Cambrian-Ordovician shelf edge between northern Maryland and southeastern New York.
The Peters Creek Formation consists of three lithofacies:

1) graded metasandstone

beds, 2) meta-quartz-pelite, and 3) massive metasandstone lenses within the graded bedded

sequences. The occurrence of interlayered greenstone in lithofacies 1) suggests rift related
deposition. These rift clastics consist of two submarine turbidite-fan systems defined by

thick sequences of interlayered feldspathic metasandstone and schist, separated by a region

underlain of quartz-schist.

Comparison of the Peters Creek Formation with known Iapetan

rift clastics in the central Appalachians of Virginia suggests the Peters Creek deposits are
also related to Iapetan rifting.
Transpressional structural models have been applied to oblique convergence
tectonics, with the coeval development of contractional and transcurrent structures.

Late

Paleozoic post-Taconian deformation in the north-central Appalachian Piedmont of
Pennsylvania and Maryland is characterized by two stages of dextral transpression.

Stage

one comprises a map-scale ductile conjugate shear zone pair (the Rosemont and Crum
Creek shear zones) that developed at amphibolite facies. These conjugate shear zones were
later overprinted, during stage two, by greenschist facies dextral shear zones that flank

broad upright antiforms. Conjugate shear-pair criteria were applied to these structures to
constrain the paleo-principle compressive stress orientations. During stage one O1 and 03
were shallowly plunging, with O2 steeply plunging.

During stage two O1 and 62 were

shallowly plunging, with O3 steeply plunging. The structural evolution and associated
change in stress array suggests unroofing during transpression, consistent with the
decrease in metamorphic grade.

Post-transpressional deformation produced a pair of

conjugate cleavages in the lower Susquehanna River region, and determined orientations of
the principle compressive stresses suggest Late Paleozoic extension, possibly related to

gravitational collapse.
Previously published orthogonal collision and tectonic assembly models for the

north-central Appalachian Piedmont are incompatible with the new data. Oblique collision
tectonics resulted in complex dextral transpressional deformation and large orogen parallel

displacement of crustal blocks. Tectonic models that do not include the transpressional
orogen component of the tectonic history should be seriously reconsidered.
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PREFACE

This dissertation is a collection of four papers, two appendices and bedrock
geologic maps that focus on different topics in structural geology and tectonics of the northcentral Appalachian Piedmont of southeastern Pennsylvania and northern Maryland.

This

investigation grew out research initiated by the Fourth Pennsylvania Geological Survey in
the Pennsylvania Piedmont, particularly a detailed study of the geology exposed in the
Susquehanna River gorge between Columbia, Lancaster County and the Mason Dixon
Line, later followed by a detailed study of the Peach Bottom area.
The southeastern Pennsylvania and northern Maryland Piedmont is underlain by a
vast region of marble, pelitic schist, quartzite, mafic and felsic plutonics and Grenvillian
basement.

This disseration focused on the sequences of the pelitic schist and quartzite

lithologies of the Peters Creek and Octoraro Formation, and the structures between and
internal to these units.
The first paper discusses the tectonic provenance for the Peters Creek Formation
metasandstone and schist sequences as being deposited during Iapetan rifting. The Peters
Creek Formation consists of two separate sequences of graded metasandstone that are

interpreted to be submarine turbidite deposits. One is near the Susquehanna River and the
other is near the Brandywine River. These two sequences of metasandstone grade laterally
into a Sequence dominated by quartz schist. A two dimensional down dip view
reconstruction of the geometry of the metasandstone sequences was produced from detailed

bedrock and structural maps. The two dimensional geometries are consistent with the size
and shape of turbidite-fan systems.
The second paper focuses on the tectonic evolution of Late Paleozoic dextral
transpressive deformation in the north-central Appalachians. The structural evolution
history for the Late Paleozoic deformation begins with the map-scale conjugate ductile

strike-slip mylonite of the Rosmont and Crum Creek shear zones. These shear zones share
a common defomation and metamorphic history, however they have opposing shear sense.
Angular relationships and the opposing shear sense suggest these structures developed
cogenetically as a ductile conjugate pair. Conjugate pair criteria were applied to these
structures to deduce the approximate orientations of paleo-principle compressive stresses.
A second stage of orogen parallel deformation is characterized by greenschist facies dextral

shear zones that flank broad upright antiforms. This investigation studied in detail the
kinematic, metamorphic and deformation history of the Lancaster Valley and Pleasant
Grove-Huntingdon Valley zone, and the Tucquan antiform that resides between the shear

zones.
Conjugate pair criteria are again applied to late stage cleavages related to
gravitational spreading in the third paper.

The morphology and orientations of the

conjugate cleavages were documented and placed in the context of the regional deformation
history.

Based on the orientation and kinematics related to the cleavage pair, the cleavages

must have developed under localized extension.

A gravitational collapse model is argued

based on the proximity of the cleavages to the Tucquan antiform, which had a minimum of

6 kilometers of structural relief prior to erosion.
Published literature that focuses on central Appalachian tectonics assumes

orthogonal collision to explain the present assembly of tectonic blocks. However, in the
fourth paper some regional evidence is presented to estimate the magnitude of dextral offset
across the Pleasant Grove-Huntingdon Valley shear zone.

Palinspastic reconstruction of

the Cambrian-Ordovician shelf-edge places the rocks south of the shear zone, presently
located in the core of the Pennsylvania reentrant, in the vicinity of the New York
promontory about 150 kilometers east-northeastward.

CHAPTER
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DEPOSITS

PIEDMONT

ABSTRACT

Late Proterozoic-Early Cambrian extension of the Grenvillian lithosphere to
produce the Laurentian margin and Iapetus ocean, resulted in rift basins filled with
siliciclastic sediments that presently comprise a part of the crystalline core of the

Appalachians, and metasediments related to this rift event occur in the Peters Creek
Formation of southeastern Pennsylvania and northern Maryland.
Creek Formation lithofacies:

There are three Peters

1) metamorphosed graded sandstone beds, 2) meta-quartz-

pelite, and 3) discrete massive metasandstone lenses within the graded bedded sequences.
Greenstone is interlayered with the feldspathic metasandstone in the uppermost part of the
Peters Creek Formation sequences suggesting rift-related deposition.

Rift clastics of the

Peters Creek Formation consist of two submarine turbidite-fan systems represented by
thick sequences of interlayered feldspathic metasandstone and schist, separated by a region
underlain of quartz-schist.
The Peters Creek Formation contains lithofacies similar to Late Proterozoic rift
sequences in the southern and northern Appalachians, and the presence of Peters Creek
Formation rift related metasediments in the north-central Appalachians bridges the gap
between the southern and northern rift basins.

However, detailed correlation of the Peters

Creek Formation with either sequence at this ime would be speculative due to extensive
Paleozoic structural complexities that have not yet been worked out.

INTRODUCTION

Late Proterozoic-Early Cambrian extension of the Grenvillian lithosphere, resulted
in rift basins, remnants of which are preserved in the western crystalline Appalachians
(Figure 1). These lapetan rift related metasediments and volcanics occur primarily in two

belts, one in the Blue Ridge anticlinorium of the southern Appalachians, and the other belt
is located in western New England and extends into Maritime Canada (Figure 1) (Rankin,
1975).

An Iapetus transform was proposed to connect these two belts, and explain the lack

of rift related sediments (Thomas, 1977). The proposed Iapetan transform is located in the
core of the Pennsylvania reentrant in the Piedmont.

Much of the metasedimentary rock in

the Piedmont is considered accretionary melange formed during Taconian convergence of
the Chopawamsic magmatic arc with Laurentia (Drake and Morgan, 1981; Horten et al.,
1989).

However, previously unidentified nft related metasediments occur in the Peters

Creek Formation of southeastern Pennsylvania.
Sections of the Peters Creek Formation metasediments preserve primary detrital

material, relict basement and intraformational clasts, and some bedding features including
interlayered metasandstone and greenstone.

The geographic distribution of lithofacies in

the Peters Creek Formation suggests these clastics were deposited in turbidite-fan systems.
The composition of the metasediments, particularly the metasandstone in conjunction with
the interlayered greenstone suggests these clastics are rift related. The following geologic
components of the Peters Creek Formation are presented in this paper to constrain the
geometry and tectonic setting for these metasedimentary deposits:

1) lithofacies

descriptions, 2) the stratigraphic analysis of the least deformed and metamorphosed
sections, and 3) petrographic data on metasandstones to supplement the provenance

Late Proterozoic-Early Cambrian rift deposits

Grenvilkan basement

Figure 1. Geographic distribution of late ProterozoicCambrian rift deposits and Grenvillian basement massifs
in the Appalachians (modified from Rankin, 1975;
Thomas, 1977, 1983; Simpson and Eriksson, 1989;
Gates and Valentino, 1991).

determination of Gates and Valentino (1991).

From this information a rift related turbidite-

fan depositional model is derived.

THE

PETERS

CREEK

FORMATION

The Peters Creek Formation is a moderately southeast dipping belt of siliciclastic
metasediments in the central and western Piedmont of Pennsylvania (Figure 2). The

exposed structural thickness is approximately 6 kilometers near the Susquehanna River and
thins eastward to approximately 1.5 kilometers at the East Branch of the Brandywine
River. The Peters Creek Formation resides within the Philadelphia-Baltimore structural
block, and was juxtaposed to the northwest with the Octoraro Formation during postTaconian dextral displacement on the Pleasant Grove-Huntingdon Valley shear zone (Gates
and Valentino, 1991; Chapters II and IV). The State-Line mafic complex and Sykesville

melange are thrust over the Peters Creek Formation in the west and southwest (Gates et al.,
1991). The Wissahickon Formation is in thrust contact in the east along the Cream Valley

thrust zone (Wiswall, 1990; Wagner et al., 1991), but in gradational contact in the west,

with the thrust deformation dying out westward. The Peters Creek Formation is largely
bounded by ductile shear zones.
Much of the Peters Creek Formation lacks the intense folding and multiple
metamorphisms experienced by most of the Piedmont (Gates and Valentino, 1991). The
structurally lowest 3.5 kilometers of the Peters Creek Formation is a monoclinal structure
defined by southeast dipping bedding-parallel schistosity (S1) with rare small intrafolial
isoclinal folds (F1), that developed at chlorite-biotite grade (M1).

A younger weak phase

of extensional deformation produced folds and conjugate cleavages at a high angle to the

compositional layering (Freedman et al., 1964; Chapter II). Although deformed and
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metamorphosed, the stratigraphic relationships were remarkably preserved. Younging
criteria such as grain size and compositional grading indicate that the lowest portion of the
formation is right-side-up with only minor reversal where intrafolial isoclinal folding
exists.

Other regions of the Peters Creek Formation are greatly deformed and stratigraphic
analysis would not be fruitful. Strike-slip repetition of part of the the lower sequence
occurred in the area of the Susquehanna River.

A wedge shaped body of intensely

deformed Peters Creek is located between two anastomosing strike-slip shear zones related
to the Pleasant Grover-Huntingdon Valley system (Chapters II and IV). The rocks located
adjacent to the State Line complex have also been intensely and multiply deformed and
metamorphosed to garnet grade (Gates et al., 1991; Gates and Valentino, 1991).

The focus

of this paper is on portions of the Peters Creek Formation that are least deformed and least
metamorphosed, that is, the structurally lowest 3 to 4 kilometers (Figure 2).

Lithofacies
The Peters Creek Formation comprises three main lithofacies:

1) metamorphosed

graded sandstone beds (Figure 3a), 2) meta-quartz-pelite, and 3) discrete massive
metasandstone lenses (Figure 3b) within the graded bedded sequences.

Graded

sandstone

lithofacies

Interlayered metasandstone and metapelite at the meter scale make up much of the

Peters Creek Formation (Figures 3a and 4). Metasandstone-metapelite couplets range from
less than one meter to five meters in thickness comprising graded metasandstone layers
(decimeter- to meter-thick), quartz-rich schist (decimeter-thick), and are commonly capped

Figure 3. a- An example of graded metasandstone from the Peters Creek Formation; bMassive prominent metasandstone from the Peters Creek Formation.

by a thin layer of mica schist (centimeter- to decimeter-thick). The metasandstone layers
are composed of; round blue and gray quartz (55-75%) grains (Figure 5a), perthitic
potassium feldspar (15-45%) (Figure 5b), plagioclase (< 10%) (Figure 5c), and accessory
zircon, muscovite, chlorite, biotite, epidote and opaques.
varying degrees of metamorphic reaction to muscovite.

Potassium feldspar exhibits
Metasandstone layers generally

make up about 80% of the couplets whereas quartz-schist and mica schist comprise the
remaining 20% (Figures 4a-d).

The structurally highest section of the Peters Creek Formation contains greenstone
interlayered with the metasandstone and schist (Figure 4d and e). The greenstone layers
are medium to fine grained, pale to deep green colored, comprising abundant epidote,
zoisite and chlorite with minor plagioclase, tremolite, hornblende, biotite, sphene,

magnetite, ilmenite and quartz. Discrete greenstone layers range between 0.1 and 3 meters,
and the contact between the metasediments and the greenstones are usually abrupt, although
some gradational contacts have been observed.

These greenstone layers are most likely

metamorphosed mafic tuffs or volcaniclastic sediments.
Examples of detailed measured sections from the regions of graded metasandstone
are shown in Figures 4a-e. The variability of the interlayered lithologies is represented by
these sample columns.

The individual metasandstone beds commonly have a tabular or

sheetlike geometry. Individual layers vary in thickness locally (Figure 4a). The thickest
graded metasandstone of the Peters Creek Formation are in the lower parts of both the

eastern and western sequences, ranging in thickness from as much as 5 meters (Figures 4a
and c), whereas the thinnest metasandstones (less than one meter thick) are most abundant

in the middle and upper portions of both sequences (Figures 4b, d and e).
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Figure 4. Sample reference coumns for the various meta-turbidite lithofacies in the Peters
Creek formation. a- Thick graded metasandstone lithofacies from the Susquehanna River

section, b-

Thin graded metasandstone

lithofacies from the Susquehanna

River section, c-

Thick graded metasandstone lithofacies from the West Branch of Brandywine River section,
d and e- Thin graded metasandstone lithofacies with interlayered greenstone from the
Susquehanna and Brandywine Rivers respectively. The field locations for these reference

columns are shown on Figure 2.
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Figure 5. Photomicrographs of preserved framework grains and lithic fragments from

the Peters Creek Formation. a- Quartz grain (qt); b- Perthitic K-feldspar grain (per); cPlagioclase grain (pl); d- Medium grained and fine grained quartz schist; e- Granitic
lithic fragment; f- Fine grained quartzite lithic fragment.
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Quartz-schist

lithofacies

The quartz schist lithofacies (Figures 2 and 5d) occurs in four regions of the Peters
Creek:

1) south of the phyllonite belt of the Pleasant Grove-Huntingdon Valley shear zone,

2) the southern part of the West Branch of Octoraro Creek drainage basin, 3) the region
between Buck Run and the West Branch of Brandywine River, and 4) the region between
Buck Run and the East Branch of Octoraro Creek.

The structural thicknesses of these belts

vary greatly, especially in regions of complex deformation.

However, the structurally

lowest sections of quartz schist (numbers 1 and 3 above) range from 400 to 1200 meters in
thickness.

This lithofacies is generally characterized by silver-green, fine- to medium-

grained schist bearing quartz (20-40%), chlorite (10-30%), muscovite (20-30%) and
accessory tourmaline, magnetite, ilmenite and detrital grains of potassium feldspar,

plagioclase and rutilated quartz. A few metasandstone (0.1-1.0 meter thick) layers similar
compositionally to the graded metasandstone lithofacies are interlayered with the quartz-

schist lithofacies. Contacts of quartz-schist lithofacies with the graded metasandstone
lithofacies are gradational (laterally and across the strike of the Peters Creek Formation).

Massive

metasandstone

lithofacies

The massive metasandstone lithofacies is characterized by large lens shaped, whitegray and tan-brown feldspathic-quartz arenites ranging from 10 meters to as much as 100
meters in thickness, and hundreds to thousands of meters long (Figures 2 and 3b). An
internal foliation is defined by the parallel alignment of the small amount of phyllosilicates

and planar aggregates of quartz, and this foliation is parallel to rarely preserved discrete

beds defined by compositional variation. These feldspathic-quartz arenite bodies bear
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abundant detrital grains of round blue and clear quartz, rutilated quartz, perthite, and
microcline with minor detrital zircon. Cryptic bedding is suggested by internal lamination
or minor compositional layering in the rock. The most prominent of these feldspathicquartz arenite bodies has been traced along strike for more than 6000 meters. The smallest
ones occur as bodies tens of meters thick and hundreds of meters in length (Figure 2). The
modal mineralogy range is as follows:

quartz (55-95%), K-feldspar (20-45%), plagioclase

(5-10%), muscovite, chlorite and minor biotite.
tourmaline, ilmenite and magnetite.
sand and granules.

Accessory minerals are epidote, zircon,

Most commonly the grain size is gradational between

The massive metasandstone lenses occur throughout the graded

metasandstone lithofacies, but are not present in the regions of quartz schist. The lateral
terminations of these bodies are always abrupt, as are the sharp upper and lower contacts
with the graded metasandstone lithofacies.

Although the composition and grain size of

these metasandstone bodies is variable there is systematic spatial distribution.

Quartzite

bodies in the lowest part of the Peters Creek Formation are pebble and cobble
conglomerates (the Cardiff conglomeratic quartzite of Knopf and Jonas, 1929), composed
almost entirely of vein quartz cobbles and pebbles. The large metasandstone bodies in the
mid-part of the sequence are also dominated by quartz with much less feldspar, but the

grains are usually granule to sand in size. The bodies in the upper part of the sequence
contain as much as 45% feldspar and mica, and sand-size grains are dominant.

Ultramafic

rocks

in the Peters

Creek

formation

Numerous ultramafic bodies reside within shear zones internal to the Peters Creek

Formation (Figure 2). They are composed of green-gray serpentinite comprising fibrous
masses of serpentine with less (0.5-2.0 millimeter) of magnetite, and primary chromite and
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magnesite. Locally large crystals of talc defines nodules (5-10 centimeters in diameter).
These ultramafic units are intensely fractured with coarse fibrous serpentine and white
amphibole coating fracture surfaces. Field occurrences are in two narrow belts near
Octoraro Creek, and irregular shaped pods near the Susquehanna River (Figure 2).
Protolith for these ultramafic units was probably an ultramafic igneous rock similar
to those of the State Line mafic complex to the south. These tabular shaped bodies are
slivers caught up in the regional deformation along shear zones, emplaced structurally
during shearing or by diapiric movement.

Bodies of ultramafic rock have not been

observed in the least deformed portions of the Peters Creek Formation.

Interpreted

lithofacies

protoliths

and

depositional

setting

The lithofacies described above as graded metasandstone represents turbidite
deposits based on the grading within individual beds, the scale in which this grading
occurs, and the systematic compositional variation of the lithologic couplets.

Although

exposures of individual turbidites is limited, sand layers in the turbidite deposits have a
sheet-like geometry (Figure 3a) and are continuous in outcrop across tens of meters. The

generalized turbidite-fan lobe model of Mutti (1977) shows a transition from lobe-fringe
facies to lobe facies, represented by thickening-upward turbidite deposits. The Peters

Creek Formation turbidite deposits range from one to five meters in thickness, and outcrop
scale sequences of these turbidites commonly show systematic thickening upward (Figure
4a), similar to the model of Mutti (1977).

The discrete massive metasandstone lenses were

sandstone lenses associated with the turbidite deposits. These sandstone lenses generally
lack internal sedimentary structure except for some gradation in grain size. Large coarse
grained sandstone bodies in a turbidite sequence probably suggests they are channel

15

deposits. The quartz schist and other metapelitic rocks with rare metasandstone layers
based on the bulk (semi-pelitic and pelitic) composition are interpreted to have originated as
interbedded siltstone and shale, and the rare metasandstone layers most likely reflect a
component of local coarser grained turbidite deposits.

Stratigraphic

analysis

Lithologic columns were constructed for the Peters Creek along six major drainages
in Lancaster and Chester Counties:

1) Susquehanna River, 2) West Branch Octoraro

Creek, 3) East Branch Octoraro Creek, 4) Buck Run, 5) West Branch Brandywine River,
and 6) East Branch Brandywine River (Figure 6). The stratigraphic and structural base of
each column is the phyllonite that developed in the Pleasant Grove-Huntingdon Valley
shear system (Valentino, 1990; Chapters II and IV). The top of the Susquehanna River
section is in thrust contact with melange deposits of the Sykesville Formation (Gates et al.,
1991).

Due to structural complexities in the southern regions of the Peters Creek

Formation the top of the Octoraro Creek and Buck Run sections were chosen by the limit of
the simple structure previously described, avoiding stratigraphic analysis in the complexly
folded southern region.

These sections are probably much thicker than the represented

columns in Figure 6, but the structurally highest parts have been multiply folded and are
poorly exposed, therefore they are not included in the stratigraphic analysis. The
uppermost Brandywine River sections are truncated by the Cream Valley thrust zone,

which juxtaposed amphibolite facies pelitic schists of the Wissahickon Formation over the
greenschist facies Peters Creek Formation (Wiswall, 1990; Wagner et al., 1991).
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Lithofacies

distribution

Much of the Peters Creek Formation is composed of the graded metasandstone
lithofacies defined by thick sequences of interlayered feldspathic metasandstone and schist.

There are two sequences of graded metasandstone separated by a thick sequence of quartz
schist:

1) a western sequence best exposed between the Susquehanna River and the West

Branch of Octoraro Creek, and 2) an eastern sequence best exposed along Buck Run and
the branches of the Brandywine River (Figures 2 and 6). These two regions which abound
in graded metasandstone are separated by a region dominated by quartz schist (Figure 2).
The western Peters Creek Formation has a lower chlorite-muscovite schist (1.5 kilometers

thick), overlain by a thick sequence of meter-scale interlayered graded metasandstone and
quartz-schist defining turbidite deposits (3.2 kilometers thick). The western turbidite
sequence grades laterally eastward into quartz-schist (Figure 6), and this transition occurs

between the Susquehanna River and the East Branch of Octoraro Creek (Figure 2). The
eastern sequence is composed of a lower quartz-schist unit (1.2 kilometers thick) overlain
by 4 kilometers of interlayered feldspathic metasandstone and schist that define the metaturbidite lithofacies.

Although the eastern (Brandywine River) and western (Susquehanna

River) Peters Creek Formation sequences contain similar lithofacies, some at the same

structural level (Figures 2, 6 and 7), there are no continuous units common to both
sequences due to the separation by the region of quartz-schist.

However, the

stratigraphically highest sections of the eastern and western sequence contain the
interlayered greenstone and metasandstone lithofacies (Figures 4d, 4e, 6 and 7). The
occurrence of the metaturbidite lithofacies of the Peters Creek Formation in two separate

sequences, each more than 3 kilometers thick, separated laterally by a thick quartz schist

18

sequence that lacks the abundant metasandstone suggests the regions dominated by graded
metasandstone lithofacies are turbidite-fan systems.

Provenance

determination

and

tectonic setting

Greenstone is interlayered with the feldspathic metasandstone in the uppermost part
of the Peters Creek Formation sequences suggesting rift-related deposition.

Modal

mineralogy of the metasandstones was plotted on a QFL ternary diagram for comparison
with sandstone from various tectonic settings (Dickinson and Suczek, 1979; Dickinson et

al., 1983). Peters Creek metasandstone turbidite deposits plot in the transitional continental
to basement uplift field (Figure 8). The ratio of potassium feldspar to plagioclase ranges
from about 2:1 to 5:1.

Data from the massive sandstone lenses generally plot in the stable

craton field (Figure 8).

Two types of lithic fragments were recognized:

1) polycrystalline aggregates of

interlocking feldspar and quartz (Figure 5e), and 2) rare fine-grained quartzite fragments
(Figure 5f). Grains containing interlocking feldspar and quartz are granite or granitic
gneiss fragments.

These lithic fragments coupled with the overall composition of the

metasandstone suggests a source region dominated by granitic basement, such as the
Grenvillian basement.

Granitic lithic framents indicate unroofing of continental crustal

material. The occurrence of greenstone and an exhumed granitic basement source for the
interlayered sandstone is consistent with extensional tectonics during the deposition of the

Peters Creek sequences. The lack of lithic fragments derived from the Laurentian passive
margin suggests the Peters Creek Formation was deposited during Late Proterozoic Iapetan
rifting (Gates and Valentino, 1991). The fine grained quartzite fragments probably
originated as intraformational clasts, or clasts derived from a more proximal rift basin.

19

DISCUSSION

The physical elements of the Peters Creek Formation submarine turbidite-fan
deposits are consistent with the type D submarine basin of Mutti and Normark (1987).
Type D basins develop on tectonically active continental lithosphere, and have complex
basin dynamics, such as frequent changes in the basin shape and sediment source.

The

Peters Creek Formation metasediments were proposed to be rift-related (Gates and
Valentino, 1991), and the spatial distribution of lithofacies is complex, defining multiple
depocenters (the eastern and western turbidite sequences).

Such basins are filled with

sediment dominated by gravity flow deposits comprising coarse-grained channel and lobe
sequences, and the time span of deposition is relatively short (104-109 years).
The lateral distribution of lithofacies clearly defines two separate sequences of
turbidite-dominated rocks (Figures 2, 6 and 7), with a region in between dominated by
shale and siltstone deposits.

The lack of substantial topographic relief in the Piedmont and

the lack of a basal depositional unconformity makes it nearly impossible to place constraints

on the three-dimensional geometry of these turbidite fan sequences. However, viewing the
structurally reconstructed mapped distribution of Peters Creek Formation lithofacies down
dip provides a two dimensional geometry of the deposits (Figure 7). The western turbidite
sequence is wedge shaped, with the thickest sections at the Susquehanna River and
progressive thinning eastward where the sequence is truncated by the basal strike-slip fault.
The eastern sequence of turbdite deposits defines a lens-shape geometry.

These geometries

are consistent with cross sections of turbidite-fan systems subparallel or oblique to the

depositional margin (Figures 8 and 9), with depositional strike to the north or south relative
to the present position.
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Figure 8. Quartz-feldspar-lithic fragment plot (after Dickinson
and Suczek, 1979, and Dickinson et al., 1983) for the Peters
Creek Formation metasandstone-bearing lithofacies.
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In the central and southern Appalachians, the metasediments of the Lynchburg
Group define the rift sequence in the Blue Ridge anticlinorium (Wehr and Glover, 1985).
In the south, the Lynchburg Group is dominated by submarine turbidite-fan deposits
(Wang, 1992) that grade along

strike to the north into metasediments characterized by an

overall fining upward succession of alluvial and fluvial to marine deposits (Wehr and
Glover, 1985).

The Lynchburg Group was flooded by rift basalts of the Catoctin

Formation, extruded at approximately 570 Ma (Badger and Sinha, 1988).
The lateral transition of Lynchburg Group lithofacies represents the depositional

environmental transition across the depositional margin of the Lynchburg rift basin,
interpreted to represent the ancient hinge zone (Wehr and Glover, 1985; Glover et al.,
1992).

Wehr and Glover (1985) constructed the local hinge zone geometry across the Blue

Ridge block slightly oblique to the structural grain of the orogen.

The occurrence of

shallow-water rift facies suggests the Lynchburg rift basin terminates to the northwest, but
probably occurs in the subsurface in the northern Virginia and Maryland Piedmont.
However Rankin (1976) discussed the occurrence of Later Proterozoic rift related rocks in
New England.

An Iapetan transform fault was proposed that cross cuts the structure of the

Pennsylvania Piedmont (Thomas, 1977; 1983; and Fisher et al., 1979) to link the southern
Lynchburg rift basin with a comparable rift basin in southern New England.
The Late Proterozoic-Early Cambrian stratigraphy in southern New England is

generally defined by the arkose- and quartzite-rich sequence of the Lowerre Formation,
which resides unconformably on Grenvillian basement of the Fordham gneiss, and the
Lowerre Formation is overlain by the stable platform carbonates of the Inwood Marble

(Hall, 1968; Prucha et al., 1968; Hall, 1979). Although the Lowerre Formation has a

metasandstone composition characteristic of that of the Peters Creek Formation, it lacks the
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complex distribution of turbidite and channel deposits.

Therefore, direct correlation of the

Peters Creek and Lowerre Formations is speculative and probably not likely.

SUMMARY

Late Proterozoic-Early Cambrian extension of the Grenvillian lithosphere produced
rift basins that were filled with volcanic, clastic and volcaniclastic material. The remnants

of these basins are preserved in the crystalline Appalachians (Figure 1). The Peters Creek
Formation contains three lithofacies in a complex distribution:

1) graded metasandstone, 2)

quartz schist, and 3) discrete massive metasandstone lenses within the regions of graded
metasandstone lithofacies. The graded metasandstone lithofacies represents turbidite
deposits based on the scale and the compositional variation of lithologies that make up the
lithologic cycles.

Discrete massive metasandstone lenses are exclusively found within the

turbidite sequences and may represent channel deposits, however, primary sedimentary
structure is generally not present.

Quartz schist and other meta-pelitic rocks with rare

metasandstone layers originated as interbedded siltstone and shale. A western turbidite
dominated sequence grades laterally to a region dominated by quartz-schist, which in turn

grades laterally into an eastern turbidite dominated sequence. The eastern sequence
contains a lower quartz-schist unit then overlain by interlayered feldspathic metasandstone

and schist. Although the eastern and western turbidite dominated sequences contain similar
lithofacies, no common stratigraphic elements exist due to the separation by the region
dominated by quartz-schist.

The stratigraphically highest sections of the eastern and

western turbidite sequences contain interlayered greenstone and metasandstone lithofacies.

These two separate sequences of turbidite deposits represent discrete turbidite-fan systems,
and reflect two original depocenters in the Peters Creek basin.
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Viewing a reconstructed distribution of Peters Creek lithofacies down dip produces
an approximate two dimensional geometry of the deposits (Figure 7). The geometries of

the turbidite-fan systems are consistent with sections of turbidite-fan systems subparallel to
the depositional margin (Figure 9). Therefore the depositional strike was to the north or
south relative to the current geographic coordinates.
Interlayered feldspathic-sandstones and greenstone are indicative of rift generated

deposit, therefore suggesting the Peters Creek Formation is rift-related. Lithic fragments
are exclusively dominated by granitic material indicating a granitic basement source,
probably the Grenvillian crust. However, there are also minor quartzite clasts that are
probably intraformational or reworked proximal rift deposits.

Correlation of the Peters

Creek Formation with other rift sequences in the southern and northern Appalachians is
difficult due to late Paleozoic structural complexities.

Comparison with the rift related

metasediments of the Lynchburg basin in the south reveal similar lithofacies (Gates et al.,
1991; Gates and Valentino, 1991), but, palinspastic reconstruction of late Paleozoic
trascurrent faulting places the Peters Creek Formation in the vicinity of the New York

promontory, more than 200 kilometers to the east-northeast (Chapter IV), away from the
southern rift basin.

Although Iapetan nft clastics of southern New England contain many

similar lithofacies compositions to that of the Peters Creek Formation, no direct correlations
are obvious.
Earlier studies in the north-central Appalachians failed to recognize nft clastics in
the crystalline Piedmont of southeastern Pennsylvania.

The Peters Creek Formation as

well as some other units in the Piedmont were interpreted as melange deposits related to

early Paleozoic subduction of the Laurentian margin beneath the Chopawamsic magmatic
arc (Horton et al., 1989).

Tectonic models based on this earlier work are are flawed, due

to the presence of Peters Creek Formation rift-related metasediments in the north-central

Appalachians.

Although no direct correlations are obvious between the southern and

northern rift sequences with that of the Peters Creek Formation, the occurrence of the
Peters Creek Formation as rift deposits bridges the gap between the southern and northern
rift basins.
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CHAPTER
TECTONIC

EVOLUTION

DEFORMATION

OF LATE
IN THE

II

PALEOZOIC

CENTRAL

TRANSPRESSIVE

APPALACHIANS

ABSTRACT

Transpressional structural models have been applied to oblique convergence
tectonics, with the coeval development of contractional and transcurrent structures. The
subject of this study was the structural evolution of Late Paleozoic post-Taconian
deformation in the north-central Appalachian Piedmont of Pennsylvania and Maryland.
Earliest structures comprise a map-scale ductile conjugate shear zone pair that developed at
amphibolite facies.

These conjugate shear zones were later cross cut by greenschist facies

dextral shear zones that flank broad upright antiforms.

A dextral transpression model is

used to explain the observed structures.

Reduction of the metamorphic grade from amphibolite to greenschist facies during
deformation suggests progressive uplift, unroofing and cooling in the zone of

transpression. Conjugate shear-pair criteria constrain the ambiguity of principle
compression direction.

Amphibolite facies conjugate shear zones document an early stress

array of horizontal G1 and 63, with 02 steeply plunging. Progressive uplift and unroofing
during transpression resulted in switching the relative magnitudes of 02 and 03, and set the
G3 equal to lithostatic stress during the greenschist facies transpressive deformation. The
structural evolution and associated change in stress array suggests unroofing during
transpression, consistent with the decrease in metamorphic grade.
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INTRODUCTION

Traditional orogenic models portray convergent tectonics as orthogonal collision
that produces thin skinned thrust and fold belt structures in the foreland and nappes in the
hinterland.

The recognition of structures related to oblique collision has improved our

understanding of transpressional orogenic processes (Harland, 1971; Lowell, 1972;
Sanderson and Marchini, 1984; Borradaile, et al., 1988; Ellis, 1986; Gates et al., 1986;
Woodcock, 1986; Vauchez and Nicolas, 1991; Culshaw, 1991). Woodcock (1986) stated
that 59% of all modern plate margins have velocity vectors oblique to the margin, and it is
logical to conclude that most ancient tectonic margins have undergone a component of
orogen-parallel displacement (e.g. Soper and Hutton, 1984; Ellis, 1986; Gates et al.,
1986).

Nevertheless, recognition of these lateral displacements has been hampered by the

frequent occurrence of compressional structures in transpression.
subsequent events can partially obliterate strike-slip evidence.

Reactivation during

Furthermore,

misidentification of strike-slip structures can result from the occurrence of strike-slip
displacements parallel to easily recognized contractional structural features. Therefore, it
has commonly been difficult to recognize the strike-slip component of oblique convergence

structures, and this has resulted in the inappropriate application of orthogonal collision
models to transform and transpressional orogens.
Orthogonal collisional tectonic models in the north-central Appalachians were

proposed by earlier workers (e.g. Freedman et al., 1964; Wise, 1970; Muller and Chapin,
1984; Muller et al., 1989; Wagner and Srogi, 1987).

However, during this investigation

crustal scale shear zones were mapped and detailed kinematic analyses were completed to
determine the sense of movement on the shear zones to be strike-slip (Figure 10). Field

relations showed that the strike-slip movement on the shear system occurred in two stages:
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1) the development of a map-scale ductile strike-slip conjugate shear zone pair (Figure 11)

at amphibolite facies, and 2) cross cut by kilometer-scale, dextral greenschist facies shear
zones that flank broad upright antiforms (Figure 12). Detailed structural analyses of
conjugate shear zones and conjugate cleavages were used to approximate the orientations of

the principle compressive stress arrays for each stage of strike-slip deformation. The shear
zone kinematic histories, metamorphic histories and the predicted stress arrays were used to
develop a model for the Late Paleozoic post-Taconian structural evolution of the northcentral Appalachians.

DEXTRAL

TRANSPRESSION

IN THE

CENTRAL

APPALACHIANS

The structures described herein are referred to as post-Taconian in age due to the
lack of published chronologic data at this time. These structures are:

1) the shear system

of the Philadelphia structural block which contains the Rosemont-Crum Creek conjugate

pair located west of Philadelphia, Pennsylvania (Figures 1 and 2), 2) the Pleasant GroveHuntingdon Valley shear zone that strikes 0409-0709, dips steeply southeastward, and is

located north of Philadelphia in the east, but was mapped (Krol, 1990; Valentino, 1990;
Chapter IV) for more than 220 kilometers to the southwest near Balumore, Maryland
(Figures 10 and 12), 3) the east-west striking, steeply dipping Lancaster Valley tectonite
zone (MacLachlan, 1990; Valentino, 1990), and 5) large anuformal structures that

developed between the strike-slip shear zones, focusing particularly on the basement cored
Tucquan antiform of the western Piedmont (Figure 12).
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Grenvillian
Basement

Generalized geologic and structure map for the central Appalachians

from the northern Blue Ridge anticlinorium to the western Piedmont of
Pennsylvania. Grenvillian basement is shown with the dash pattern and
Mesozoic rift basins are shown with the stipple pattern.
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Structures

of the Philadelphia

block

Located immediately west of Philadelphia, Pennsylvania are two transcurrent shear
zones (Figures 10 and 11):

1) the dextral strike-slip Rosemont zone that strikes 035° as the

boundary between the Grenvillian West Chester and Avondale massifs (northwest side of
zone) and the Philadelphia block containing the Wilmington Complex and type section
Wissahickon pelitic and psammitic schists, and 2) the sinistral strike-slip Crum Creek zone
that strikes north-south and is internal to the Philadelphia block (Figures 10 and 11).

These

two shear zones are a map-scale ductile conjugate pair. A map-scale box-fold developed
between the two zones that has a steeply dipping axial plane approximately bisecting the
angle between the shear zones.

The

Rosemont

ductile

shear

zone

The Rosemont shear zone is characterized by mylonitic fabric in portions of four

lithologic units (Figure 11):

1) the easternmost margins of the Grenvillian Avondale and

West Chester massifs (previously referred to as Baltimore gneiss by Bascom et al. (1909)
and workers that followed), 2) the pelitic and psammitic metasediments of the Wissahickon
Formation, 3) the western margin of the granulite and amphibolite facies metaigneous rocks
of the Wilmington Complex, and 4) a series of discrete bodies of ultramafite. In this
section, fabrics attributed to deformation on the Rosemont shear zone will be described for
each lithology along the exposed length of the zone where it was analyzed in detail.
The Avondale and West Chester Grenvillian massifs comprise heterogeneous mafic

and felsic high grade gneisses (Wagner and Crawford, 1975). Geologic mapping within

the massifs is scant, therefore the detailed distribution of different gneiss lithologies is not
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well constrained at this time. However, the eastern margins of the Avondale and West
Chester massifs comprise mylonitic rock with a fabric that defines the Rosemont shear
zone.

Parrot (1974) described the Avondale massif gneisses as being compositionally

layered on the centimeter, decimeter and meter scale and very coarse grained (individual
crystals usually larger than 1 millimeter).

Along the eastern margin, the Avondale massif

comprises very fine grained felsic, mafic and semi-pelitic gneiss. The felsic and pelitic
rocks generally bear biotite, muscovite, polygonal quartz and feldspar aggregates and small
(1-2 millimeters) euhedral garnets.

Mafic gneiss is composed of biotite, plagioclase and

hornblende that define a medium to fine grained mylonitic foliation. The eastern margin of
the West Chester massif is extremely fine grained with foliation defined by stringers of

dynamically recrystallized quartz and K-feldspar, and parallel alignment of biotite and
muscovite.

Mafic gneiss contains mylonitic amphibolite composed of dynamically

recrystallized hornblende with reaction nms of fibrous biotite sometimes defining O-type

microstructures (Simpson and Schmid, 1983; Passchier and Simpson, 1986). Quartz
commonly occurs in thin ribbons (0.1 millimeters thick) of polygonal grains. Type I S-C
mylonitic texture (Lister and Snoke,

1984) and shear bands (White et al., 1980) are

pervasive in coarse grained amphibolitic gneiss . This is also true of coarse -grained felsic
gneiss along the eastern margin of the West Chester massif.

Mafic granulites have been

retrogressed in the Rosemont zone to the assemblage plagioclase-hornblende-biotite-garnet.
The Wissahickon Formation of the Philadelphia area varies from gamet- and biotitebearing pelitic schist to pelitic gneiss above the second sillimanite isograd near the
Wilmington Complex and Springfield gneiss (Wyckoff, 1952; Valentino and Faill, 1990).

The characteristic Wissahickon Formation lithologies are in contact with the West Chester
massif across the Rosemont shear zone.

From southeast to northwest toward the contact

with the adjacent West Chester massif, the schist progressively becomes dominated by the

37

D2 structures of Tearpock and Bischke (1980), characterized by steeply southeast dipping
S2 schistosity axial planar to F2 folds (this phase of deformation is classified as D2se in
Table 1). Locally talc-chlorite-magnetite schist bears the same schistosity (Figure 13a) that
is penetrative in the adjacent Wissahickon schist. A small ultramafic body and granitic
gneiss body contain Type I S-C (Lister and Snoke, 1984) mylonite (Figures 13a and b)
with the C-surfaces parallel to the foliation in the adjacent Wissahickon schist (S2 of
Tearpock and Bischke, 1980).

Biotite-fish microstructures (Eisbacher, 1970; Lister and

Snoke, 1984) are also present in this deformed granite body (Figure 13c).
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The mylonitic foliation within the Rosemont zone generally strikes 025° to 030°
and dips 70°-90° degrees southeastward (Figure 11). Mineral lineations defined by
fibrolite nodules in the Wissahickon schist, anthophyllite and serpentine needles in
ultramafite bodies, and hornblende needles and aggregates in mafic gneisses of the
Avondale and West Chester massifs are subhorizontal or plunge less than 8°
southwestward.

The combination of steeply dipping planar mylonitic fabric and shallowly

plunging extension lineations is suggestive of strike-parallel displacement.
Type I S-C structure (Lister and Snoke, 1984) in the ultramafic rock is best

observed on subhorizontally oriented outcrop and cut surfaces.

The transposition of the S-

surfaces by offset on the C-surface is consistent with dextral shear (Figure 13a). Dextral
Type I S-C mylonitic structures were also observed in granitic gneiss from the
Wissahickon Formation (Figure 13b).

O-type porphyroclasts (Passier and Simpson, 1986)

of hornblende with retrograde tails of very fine grained biotte clearly indicate dextral shear
(Figure 13d). O-type and 5-type porphyroclasts indicating dextral shear have also been
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Table 1. Deformation and metamorphism for the rocks of the Pennsylvania
Piedmont.

D5: East-West compression
Weak north-south striking steeply dipping
cleavage and associated crenuilations

M3

D4: Post-transpresslonal extension

|

Local conjugate cleavages S4s and S4a, F4
open symmetric and conjugate box-folds

Chlorite-muscovite
assemblage associated

with discrete structures

D3: Dextral transpression
|
Upright folds at all scales parallel (F3) to the shear
zones and trending north-south (F3ns), steeply
dipping S3 schistosity in dextral shear zones,
D2se and M2se
the Tucquan antiform, thrust fabrics (S31) in
Map scale conjugate strike-slip shear
core of Tucquan antiform, juxtaposition of
zones (Rosemont and Crum Creek
the Tucquan and Peters Creek structural
shear zones) with lower amphibolite facies
blocks
metamorphism.

Tucquan block
D2xw:

Nappes

M2nw
Regional metamorphism
with higher grade at deeper

a
e
S2uw
schistosity and Finw oral levels in the
isoclinal folds

O1nw: Early nappe

S1nw schistosity and F 1nw

folds preserved in discrete
domains and as inclusion
trails within porphyrobliasts
of M2nw plagioclase

Tucquan antiform.
M1 nw

Mostly chioritemuscovite-plagiocase
assemblage, and rare
garnet
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Peters Creek block
D1se

Bedding parallel schistosity

S1se with rare intrafolial F1se
isoclinal folds
M1se

Regional metamorphism
with grade increase
structurally higher

Figure 13.

Microscopic dextral shear sense indicators from the Rosemont shear zone.

All photographs are viewed looking into the ground. a- Type I S-C mylonite (Lister and
Snoke, 1984) in talc schist; b- Type I S-C mylonite in granitic gneiss; c- Biotite fish in

granitic gneiss; d- O-type porphyroclast of hornblende with tails of retrograde biotite; e6-type porphyroclast of plagioclase in felsic gneiss; f- Shear bands developed in
amphibolite. Scale bar equals 1 millimeter.
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observed in felsic gneiss from the Avondale and West Chester massifs. 5-type
porphyroclasts of plagioclase from felsic gneiss show consistent dextral shear sense
(Figure 13e). The conclusion drawn from the microstructural kinematic analysis is that the
last displacement across the Rosemont shear zone was dextral strike-slip

A strike-line map demonstrates clock-wise rotation of pre-existing planar structures
into the Rosemont shear zone near the shear zone boundaries (Figure 14). Adjacent to the

Rosemont zone gneissic layering in the Wilmington Complex and adjacent Wissahickon
Formation strikes 280°-300° and dips steeply 70°-80° north and south.

Clockwise rotation

of the strike has occurred near the eastern limit of the Rosemont zone, and this positive

rotation of the gneissic layering may be the result dextral transposition. On the
northwestern side of the Rosemont shear zone the gneissic foliation in the Avondale massif

strikes 280°-290°. Clockwise rotation has also occurred in the transition area between
mylonitized and non-mylonitized rock. This apparent transposition of earlier foliations into
the Rosemont shear zone is also consistent with map-scale dextral transposition (Figure
11).

The

Crum

Creek

shear

zone

The Crum Creek shear zone is defined by a 1 to 2 kilometers wide zone of mylonite
developed in mostly pelitic schist of the Wissahickon Formation. The mylonite strikes
350° to 005° and dips 70° to 90° eastward (Figures 10 and 11). The Crum Creek zone
strikes approximately 355° and was determined to be sinistral with the application of
detailed meso- and microscopic structural analysis similar to that applied to the Rosemont
zone.
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There is regional evidence for sinistral offset across the Crum Creek shear zone.
The trace of the western contact between the Wissahickon Formation and the Springfield
gneiss traces counter clockwise from outside to inside the shear zone near the western
boundary of the Crum Creek zone (Figure 11). This map pattern geometry suggests the

contact has been folded during sinistral shear. Similarly the geometry of Taconian
metamorphic isograds within the Wissahickon Formation (Wyckoff, 1952; Valentino and
Faill, 1990) mimic the folded contact, also in the region of the eastern shear zone boundary
(Figures 11 and 15). The map pattern of foliation parallels both the folded contact and
isograds on the eastern side of the shear zone (Figures 14 and 16).

The western boundary

of the Crum Creek shear zone exhibits a counter clock wise migration of both the
metamorphic isograds and the regional schistosity defining a fold at the margin of the shear
zone.

The geometry of these large-scale folds on the margins of the Crum Creek shear

zone is consistent with sinistral shearing of pre-existing structural-metamorphic elements in
the transition regions of the mylonite zone. These map scale observations demonstrate:

1)

a consistent sinistral offset sense on both sides of the Crum Creek zone, and 2) the folding

of Taconian structures and metamorphic isograde during shearing, make the Crum Creek
zone deformation to have occurred after the Taconian structures and metamorphism.

Shear zone

related metamorphism

Deformation along the Rosemont and Crum Creek shear zones was accompanied by

metamorphic re-equilibration to the conditions at which the shear event occurred.

Generally this metamorphic re-equilibration resulted in mineral assemblages characteristic
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Crum Creek zone
Figure 15.

Metamorphic isograds of Wyckoff (1952) plotted with

the boundaries of the Rosemont and Crum Creek shear zones.
Approximately 4 kilometers of sinistral displacement is possibly
represented by the shape of the isogrades in the Crum Creek
zone.
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Figure 16. Structure map of the Crum Creek shear zone with stereonet plots of the
planes to foliation. Counter-clockwise transposition is evident in the transition regions of
the Crum Creek shear zone by the migration of the foliation orientations.
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of middle to lower amphibolite facies. Rocks having diverse metamorphic histories have
been juxtaposed across the Rosemont shear zone. Timing and grade of metamorphism
vary from Grenvillian granulite facies (the West Chester massif; Wagner and Crawford,
1975) to the Barrovian sequence of Taconian metamorphism present in the Wissahickon
Formation (Wyckoff,

1952) lithologies of the Philadelphia block.

The oldest rocks

deformed in the Rosemont zone are the West Chester and Avondale massifs,
metamorphosed to granulite and amphibolite facies, respectively, approximately

1.1 b.y.

ago during the Grenvillian orogeny (Grauert et al., 1973a; Grauert et al., 1974; Wagner

and Crawford, 1975). Wyckoff (1952) mapped metamorphic zones (garnet through
second sillimanite) in the Wissahickon Formation with rocks above the second sillimanite

isograd centered about the Springfield gneiss and Wilmington Complex (Figure 6). These
metamorphic zones are considered to represent Taconian metamorphism in the eastern
Piedmont (Crawford and Crawford,

1980).

Metamorphic reactions accompanied mylonitization along the Rosemont and Crum
Creek shear zones.

Hypersthene- and clinopyroxene-bearing rocks, such as the mafic

gneiss of the West Chester massif and Wilmington Complex, where mylonitized, show
new growth of homblende and biotite at the expense of pyroxenes.

Fine-grained biotite

has been observed as a retrograde reaction product that has grown from primary

hornblende in the West Chester and Avondale massifs (Figure 13f), and commonly
mylonite contains secondary garnet in the same rocks.

Mylonitic Wissahickon lithologies

above the second sillimanite isograd contain evidence for new growth of fibrolite and
muscovite at the expense of prismatic sillimanite and K-feldspar.
The reactions and mylonitization occurred at least after the peak of Taconian
metamorphism, because both Grenvillian and Taconian primary metamorphic mineral

assemblages were overprinted. Therefore making latest movement on the Rosemont and
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Crum Creek shear zones also later than the peak of Taconian metamorphism.

This

conclusion is also supported by the crosscutting structural relationships between these
shear zones and the Taconian metamorphic isograds (Wyckoff, 1952) and structures
(Figures 11 and 15).

Conjugate

pair

model

Structural and metamorphic similarities between the Rosemont and Crum Creek
zones, along with the opposing shear sense determinations, suggests these shear zones are
a map-scale ductile conjugate pair (Figure 17). For a conjugate model to be applicable the
structures must be cogenetic.

Similar retrograde metamorphic mineral assemblages

restricted to both the Rosemont and Crum Creek zones overprinted the regional Taconian
metamorphic fabrics, suggesting both shear zones were active relatively close in time if not
synchronous.

As a first approximation, the application of the conjugate pair model to the

Rosemont-Crum Creek system allows for the determination of principal stress orientations
relative to the structures at the time of formation.

According to Ramsay (1980) conjugate ductile shear zones develop with 01
bisecting the obtuse angle (ranging between 90° and 130°) formed by the structure
intersection, 63 bisecting the acute angle, and ©2 parallel to the line of intersection
between the conjugate shear zones (Figure 17). In an investigation of meso-scale ductile

conjugate shear zones in homogeneous rock, Lamouroux et al. (1991) demonstrated that
geometric analysis of conjugate shear zones is greatly dependent on the observation plane.

A skeletal map of the Rosemont-Crum Creek conjugate pair was constructed looking down
the intersection line (Figure 18). This down plunge view required only minor adjustments

from the original structure map since the intersection line plunges 23° from vertical (Figure
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Figure 17. Block diagram for the Rosemont-Crum Creek system

with stress orientations shown as determined from the criteria of

Ramsay (1980).
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Modified view down the
plunge of the intersection

Figure 18.

Ss,

Cc.

d.

Skeletal shear zones showing the boundaries (a.) and simplified

boundaries and medial lines (b.). c- Down plunge view of the skelatal
Rosemont-Crum Creek shear system that shows the true angular relationships
between the structures. d- Skeletal shear zone boundaries for just the

intersection region of the Rosemont-Crum Creek shear system. e1 and e2 are
the shear zone widths near the intersection, 62 is the obtuse angle between
the shear zones, 6 is the obtuse angle between the projected shear zone

medial line intersections, 61 is the angle between the strike of the intersection
region and the sypathetic shear zone (the Rosemont shear zone).
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19). Applying conjugate pair criteria to this construction,

©1 acting on the Rosemont-

Crum Creek conjugate pair was oriented approximately horizontal and trended westnorthwest-east-southeast (Figure 10) relative to the current orientation of the shear zones.
More precisely the orientations of principal compressive stresses implementing Ramsay's
criteria were determined by plotting the shear zone orientation on a stereonet (Figure 19),
and the calculated orientations are as follows:

61 - 278° trend and 08° plunge; G2- 172°

trend and 67° plunge; O1- 013° trend and 21° plunge.

If the maximum extension direction

is defined by the bisector of the acute angle between the shear zones, structural escape
would be in the direction parallel to the acute angle bisector. The geometry of a map-scale
box fold developed between the shear zones (Figure 14) suggests that structural escape was

approximately parallel to the acute bisector, therefore further supporting a conjugate model
is supported.

Transpressive

structures

in the

western

Piedmont

The Pleasant Grove-Huntingdon Valley shear zone extends from Trenton, New

Jersey to the area just west of Baltimore, Maryland where the shear zone is covered by the
Culpepper Mesozoic basin. The previously discussed Rosemont shear zone is overprinted
by the Pleasant Grove-Huntingdon Valley shear zone near Philadelphia (Figure 10),
demonstrating

the relative timing between the structures.

However, both shear zones

experienced dextral displacement that post-dated the regional Taconian metamorphism,
therefore possibly placing them in an anastomosing dextral shear system with different
segments active at different times.

A complex sequence of transpressional structures in the

central and western Pennsylvania Piedmont consists of large basement-cored upright

antiforms flanked by steeply dipping dextral-slip zones of cleavage and mylonite that
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and Crum Creek shear zones, and trend and plunges of principal
compressive stresses (01: 278°/08°; G2: 172°/67°; G3: 013°/ 21°)
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developed at greenschist facies (Valentino, 1990), including the Pleasant GroveHuntingdon Valley shear zone (Figrue 12). The structures that will be discussed herein
are:

1) the Tucquan antiform, over which Taconian or Cambrian (7) structures and

metamorphic isogrades have been arched (Freedman et al., 1964; Wise, 1970); 2) the
Lancaster Walley zone (MacLachlan,

1990; Valentino, 1990) to the north and 3) the

Pleasant Grove-Huntingdon Valley shear zone on the south (Figure 12).

Structural

terminology

defined

Rocks with different structural and metamorphic histories were juxtaposed across

the Pleasant Grove-Huntingdon Valley shear zone (Chapter IT), therefore it is necessary to
clarify the structural terminology that is used in the next section of this paper. The rocks in
the Tucquan antiform structural block, located north of the shear zone (Figures 10 and 12)
contain two metamorphic and structural fabrics (here called S1nw and S2 nw northwest of
the Pleasant Grove-Huntingdon Valley zone, see Table 1) that pre-date the transpressional
deformation, and only one metamorphic and structural fabric exists to the southeast in the

Peters Creek Formation (here called S1se southeast of the Pleasant Grove-Huntingdon
Valley shear zone, see Table 1). Freedman et al. (1964) identfied two major metamorphic

events and fabric generating episodes in this region (S2nw and S3 of this chapter). They
also recognized an earlier metamorphic fabric (S0.5) in the rocks of the Tucquan anuform.
The So.5 schistosity (here called S1nw northwest of the Pleasant Grove-Huntingdon Valley
zone, see Table 1) is defined by the metamorphic mineral assemblage chlorite-muscovite-

epidote in most places, but has also been observed at higher grades with chlorite-biotite and
chlorite- garnet bearing assemblages. The S1nw schistosity is preserved in few areas
observable in the field, but most commonly is preserved as inclusion trails in plagioclase
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and garnet porphyroblast and micro-lithons observable in hand specimens and thin sections
(discussed below).

These micro- and meso-fabrics (S 1nw) clearly pre-date the arched

schistosity (S2nw) that defines the Tucquan antiform. The Peters Creek Formation,
southeast of the shear zone, does not contain two metamorphic and structural fabrics (Table
1), and the S1se may or may not be related to the S1nw and/or S2nw.

Therefore, it was

necessary to redefine the terminology for these structures separately.

The

Tucquan

antiform

The Tucquan antform is located between the Lancaster Valley tectonite zone and the
Pleasant Grove-Huntingdon Valley shear zone. This fold is defined by a regional scale

warping of Taconian or Cambrian (7?) schistosity (Freedman et al., 1964; Wise, 1970) into
an antiform 27 kilometers wide at the Susquehanna River, with a northeast striking,
subvertical axial plane (Figures 12, 20a and 20b).

The Tucquan antiform is cored by the

Mine Ridge Grenvillian massif in the east (Knopf and Jonas, 1929; Freedman et al., 1964;
Wise,

1970), and the antiform plunges gently (8°) toward the southwest (Figure 20a).

In

the Susquehanna River region the Tucquan antiform strikes 070° (Figure 20a), however
the westward trace of the fold defines a broad arcuate pattern that parallels the geometry of
the Pennsylvania reentrant (Figure 12).

To the east, the Brandywine and Avondale

antiforms have the same general geometry as the Tucquan antiform (Wise, 1970) and are
located adjacent to dextral transcurrent shear zones (Figure 10).
The Tucquan antiform is defined by arched regional S2nw schistosity considered to

have developed during the Taconian orogeny (Freedman et al., 1964; Wise, 1970). The
S2nw schistosity.is defined by parallel alignment of muscovite, bioute, chlorite and

chloritoid, as well as by planar aggregates of plagioclase, quartz and rare garnet. Micro-
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Figure 20. a- Contoured lower-hemisphere equal-area projection
for the poles to S2nw schistosity along the Susquehanna River across
the entire Tucquan antiform. b- Contoured lower-hemisphere
equal-area projection for the poles to S2nw schistosity from the hinge
area of the Tucquan anttiform.
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and mesoscopic isoclinal folds have axial planes parallel to the S Inw schistosity with the
hinge axes usually parallel to the strike (Freedman et al., 1964).

A contoured plot of the

poles to the S2nw schistosity (Figures 20a and 20b) across the Tucquan antiform at the
Susquehanna River defines an apparent fold interference pattern suggesting the Tucquan
antiform is a composite fold with two hinge axes, one plunging at 05° towards 275°, the

other plunging at 05° toward 245°. This composite pattern is possibly due to geometric
modification of the Tucquan antiform by later northeast directed thrusting in the antiform
hinge region, dextral shearing on the limbs, and the non-parallelism of the limbs.

Cleavages
and small scale folds

During the present investigation, metamorphic and structural petrology were
correlated with structures observed in the field to develop a history for the formation of the

antiform. The dominant regional schistosity (S2nw) is deformed by regional D3 structures,
some of which previously have been related to the development of the Tucquan antiform
(Freedman et al., 1964; Wise, 1970).

The D3 structures are crenulations, discrete

crenulation cleavage, discrete micro-shear zones and penetrative schistosity, and these
structures were correlated with a common muscovite-chlonte metamorphic mineral

assemblage.
On the limbs of the Tucquan antiform the S3 cleavage and crenulations orientations
are parallel with the bounding shear zones.

The S3 cleavage on the limbs of the Tucquan

antiform is asymmetric with respect to the pre-existing schistosity (S2nw), and the
asymmetry is consistent with vertical uplift of the anuform core relative to the limbs

(Figures 21a and 21b). The same phase of folding and cleavage developed symmetric

folds and conjugate cleavage in the hinge region of the antiform (Figure 21c). Figure 22
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Figure 21. Photomicrographs of S3 cleavage from the Tucquan antiform. aAsymmetric S3 cleavage from the northwest limb of the antiform; b- Asymmetric $3
cleavage from the southeast limb of the antiform; c- Conjugate S3 cleavages from the

hinge region of the antiform where the pre-existing S2nw schistosity is shallowly dipping.
Scale bar equals 1 millimeter.
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Figure 22. Equal area lower hemisphere projections of S3 conjugate
cleavages from the core region of the Tucquan antiform where the S2
schistosity is gently dipping. Approximate principal compressive stress
orientations are assigned. See Figure 23 for the map location for each
plot. The cleavages plotted on the above diagrams represent an
average obtained from ten or more data points.
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shows a plot of the conjugate cleavage orientations and approximate orientations of
principle compressive stresses using conjugate pair criteria for cleavages (Cosgrove,
1976).
plunge.

In all the examples the O1 trended toward the northwest-southeast with a shallow
©2 was also subhorizontal and 63 was subvertical.

A subvertical 63 direction

would support vertical structural escape and the vertical rise of the Tucquan antiform, but
the O1 was oriented oblique to the crest of the antiform approximately 70° from the trace of
the hinge axis.

Oblique

thrusting

in

t

form

hi

.

Discrete shear surfaces related to northeast directed thrusting (S3t) were observed in
a belt of rock on the northem flank of the Tucquan antiform (Figure 23). The S2nw
schistosity is overprinted and transposed by the S3r schistosity defined by recrystallized
chlorite and muscovite.

This S3: schistosity dips 10° to 45° toward the southeast, and

strikes approximately 050°. Extension lineations defined by chlorite pressure fringes,
extended tourmaline crystals and mica steaks plunge 59-20° at 225° suggesting an oblique
dip-slip component on S3:. Asymmetric chlorite pressure fringes developed about primary
garnet and magnetite reveal top to the northeast thrusting (Figures 24a and 24b). Type II
S-C fabrics and shear bands show consistently the same sense of thrusting (Figure 24c).
The cross cutting relationship of these discrete thrust related fabrics and the S2nw
schistosity demonstrates the relative timing.

However, the metamorphic mineral

assemblage associated with this thrusting is defined by new growth of chlorite at the
expense of M2nw garnet, and recrystallized muscovite (Figure 24b). This lower

greenschist facies assemblage is identical to the recrystallization assemblage associated with
M3 and the steeply dipping S3 cleavage and upright F3 folds.
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OS oe
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Figure 23. Bedrock geologic map of the Tucquan antiform hinge region along the
Susquehanna River, Lancaster County, Pennsylvania. The map locations for Figure

22 are shown (a-f).

Figure 24,

Shear sense indicators showing top to the northeast thrusting associated with

S3t schistosity in the core of the Tucquan antiform. a- Magnetite (m) porphyroblasts with
asymmetric pressure fringes of chlorite (chl); b- M2nw garnet (gt) with pressure fringe of
M3 chlorite (chl); ¢- Type If S-C mylonite (Lister and Snoke, 1984) in chloritoid schist.
Scale bars equal 1 millimeter.
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The

Lancaster

Valley

zone

The Lancaster Valley synclinorium is located north of the Tucquan antiform, and is
host to a zone of intensely developed F3 folds and S3 cleavage.

Freedman et al. (1964)

recognized this deformation phase (their D2), but did not map the geographic distribution
and intensity.

The approximate boundaries or limits of the D3 tectonized rocks were

delineated by MacLachlan (1990) and Valentino (1990), and this zone was named the

Lancaster Valley tectonite zone (Figures 10, 11 and 25).

The

boundaries

of the tectonite zone

The Lancaster Valley tectonite zone (Figures 10, 12 and 25) lies within the
Lancaster synclinorium of Freedman et al. (1964), and is defined by a zone of S3 cleavage
and F3 folds approximately 5 kilometers wide. The S3 cleavage strikes 250°-270° and
dips steeply northwestward (Figure 26). Transitional boundaries are defined by
progressively more penetrative S3 cleavage that overprinted the regional S2nw from outside
to inside the tectonite zone (Figure 27). Due to recrystallization of a M3 chlorite-muscovite
assemblage associated with the S3 cleavage, at the expense of the M2nw assemblage biotite-

chlorite-muscovite, regionally the limit of M2 biotite coincides with the southern boundary
of the tectonite zone (Valentino and Faill, 1990).

F3
Lancaster
folds in the
Valley zone

The F3 folds are upright folds with gently east and west plunging axes, and micro-

and mesoscopic folds occur throughout the zone. These folds generally have flat attenuated
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Figure 26. Lower-hemisphere equal-area projection for
structures in the Lancaster Valley tectonite zone. S3
schistosity is contoured and the L3 extension lineations are
represented by the + symbol.
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Figure 27. Schematic block diagram representing the

transition from S2nw to S3 dominated rock at the southern
boundary of the Lancaster Valley tectonite zone within the
Marburg Formation.

limbs and thick rounded hinge regions, and occur on the scale of a few millimeters up to 2
kilometers in wave length. Although folds are a general characteristic of the tectonized
rocks, the rocks along the southem part of the zone also have been deformed by strikeparallel shear resulting in penetrative S3 schistosity and extension lineations, while the
northern part of the zone is generally characterized by F3 folds with considerably less $3
schistosity and cleavage.
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Subhorizontal mineral lineations on the S3 schistosity surfaces (Figure 26) are

defined by elongate aggregates of pyrite and quartz pressure-fringes on pyrite
porphyroclasts.

Steeply dipping penetrative schistosity with subhorizontally oriented

extension lineations suggest a deformation component of strike-slip shearing.

The northern

most part of the Marburg Formation (Figure 28), contains the most pervasive S3
schistosity, as well as dextral strike-slip asymmetric quartz pressure-fringes that developed

on pyrite porphyroclasts (Figure 29a). Competent layers of coarse crystalline marble in
relatively more ductile phyllitic-marble matrix formed boudins with fibrous quartz fill
(Figure 20a).

Although most boudins are symmetric with respect to the S3 schistosity,

they often reveal quartz vein asymmetry that indicates dextral rotation (Figure 29b) of the
boudins parallel the to S3 schistosity. Cross-cutting veins of quartz were sheared dextrally
parallel to the S3 schistosity and L3 extension lineations (Figure 29c). Mesoscopic d-type

porphyroclasts of black marble nodules exhibit recrystallized calcite tail asymmetry
consistent with subhorizontal dextral shear (Figure 29d).

A linear prong of Marburg Formation extends into the Conestoga Formation to the
east, along the strike of the zone of penetrative S3 schistosity (Figures 27 and 28).
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Figure 29. Dextral kinematic indicators from the Lancaster Valley zone. a- Pyrite (py)

porphyroclast with asymmetric quartz (qt) pressure fringes; b- Asymmetric boudins of
coarse grained marble in a fine grained phyllitic marble matrix; c- Asymmetric quartz vein
in phyllitic marble; d- 5-type porphyroclast of coarse grained marble with asymmetric tails

of fine grained recrystallized calcite.
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Microstructural analysis using the pyrite porphyroclasts with asymmetric quartz pressure

fringes in this zone of penetrative S3 reveals consistent dextral offset. The areal shape of
the linear prong and the overlap with the zone of penetrative S3 schistosity suggests that the
Marburg Formation contact with the Conestoga Formation has been locally transposed by
dextral shear.

Compressional and strike-slip components of the strain were partitioned within
different regions in the tectonite zone.

Evidence for transcurrent shearing is restricted to the

southern portion of the Lancaster Valley tectonite zone, and the northern part of the

tectonite zone may lack shear entirely, and is characterized by horizontal shortening
perpendicular to the zone boundaries.

F3 fold orientations (Figure 26) require northwest-

southeast compression, while the dextral shear deformation requires an oblique
compressional regime.

The combination of compressional structures (F3 folds) and strike-

parallel shear structures is characteristic of transpressional deformation.

Since both the F3

folds and the S3 schistosity have the same metamorphic recrystallization assemblage,
chlorite-muscovite, then they probably developed simultaneously.

Strike-slip shearing

probably occurred immediately after a structural fabric developed favorable for lateral slip,
primarily the S3 schistosity.

Masnitude of

d

L displ

The Lancaster Valley zone is situated in a synclinorium, with the same rock units on
both sides of the zone (Figure 25). As well, the zone strikes directly eastward into the
Honey Brook Grenvillian basement, where major lithologic contacts do not appear to be

segmented by dextral offset. Therefore, although the Lancaster Valley tectonite zone
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experienced a component of dextral shear deformation, the magnitude of displacement was
relatively small.

The

Pleasant

Grove-Huntingdon

of the Tucquan

Valley shear zone near the southern

antiform:

The

Peach

Bottom

limb

Problem

The map distribution of mesoscopic structures on the southern limb of the Tucquan

antiform defines a steeply southeast dipping northeast striking tabular shaped zone
containing upright folds (F3), axial planar schistosity (S3) and moderate to shallow eastplunging extension lineations (L3) (Figures 10,12, 30 and 31).

Microstructural analysis

has revealed abundant evidence for dextral transcurrent slip parallel to $3 and L3
throughout the tabular zone and along the length.

Metamorphic overprint of second

generation chlorite and muscovite is restricted to within the boundaries of the structure.
This is a segment of the Pleasant Grove-Huntingdon Valley shear system.

Where this

shear zone traces through the Susquehanna River region it encompasses the controversial
Peach Bottom structure.
The Peach Bottom structure was considered to be a syncline (Knopf and Jonas,

1929; Agron, 1950; Freedman et al., 1964; Wise, 1970), or an anticline (Higgins, 1972)
based on the map distribution of local stratigraphic units and younging criteria in
metasandstone bodies.

The present investigation determined the Peach Bottom structure to

be a segment of a dextral transpressional shear zone that flanks the southern side of the
Tucquan antiform, a segment of the Pleasant Grove-Huntingdon Valley shear zone.

Across this shear zone crustal blocks of different structural and metamorphic history were
juxtaposed.

Before discussion of data related to the transpressive structures it is necessary

to digress from the main topic of this paper and discuss the Peach Bottom structure
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Ns3=104

Contour Interval:

4%/1% area

Figure 31. Lower-hemisphere equal-area projection for
Structures in the Pleasant Grove-Huntingdon Valley shear
zone near the River. S3 schistosity is contoured and the L3
extension lineations are represented by the + symbol.
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problem to clarify some structural problems that have existed in the central Appalachians
for many decades, and are important to the structural analysis presented here.

The Peach Bottom problem
In southeastern Pennsylvania and northern Maryland the Peach Bottom slate
occupies a narrow belt (1.5 by 25 km) as compared with the vast expanse of schist that
extends from the Delaware River near Philadelphia to the Potomac River southwest of
Baltimore (Figure 30). The geology of the lower reaches of the Susquehanna River region,
where the Peach Bottom slate belt is best exposed, has been scrutinized by geologists for

many decades (e.g. Frazer, 1880; Knopf and Jonas, 1929; Agron, 1950; Freedman et al.,
1964; Wise, 1970).
Knopf and Jonas (1929) first mapped the Peach Bottom syncline in Lancaster
County, Pennsylvania as in the McCalls Ferry-Quarryville quadrangle.

This structure was

interpreted as a syncline based primarily on their belief that the Cardiff conglomeratic

quartzite wrapped around the northeastern end of the Peach Bottom black slate. This
sequence of conglomeratic quartzite and black slate resides entirely within the Peters Creek
Formation, composed of metasandstones and quartz-schists. Therefore the contacts
between these units were interpreted to be conformable with the Peach Bottom slate in the
core of a synclinal sequence.
Later workers, conformed to the syncline model and engraved the implications of a
Peach Bottom syncline on the geology of the central Appalachians (Stose and Jonas, 1939;
Agron, 1950; Freedman et al., 1964; and Wise, 1970).

Agron (1950) studied in detail the

extensive exposures of the Peach Bottom slate along the strike of the belt and along the
Susquehanna River and he supported the synclinal structure based on map pattern of the
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Cardiff conglomeratic quartzite. Freedman et al. (1964) and Wise (1970) proposed similar
structural models to explain the position and geometry of the Peach Bottom syncline, but

they also relied heavily on the published literature.
Not until Higgins (1972)

did anyone formally question the original mapping and

interpretation of Knopf and Jonas (1929) and of the workers that followed.

He presented

an extensive review of the Piedmont nomenclature, and reviewed in detail reasons why
previous workers considered the Peach Bottom slate to be in a syncline.

In that report the

Peach Bottom structure was reinterpreted to be anticlinal based on local younging criteria in
the Peters Creek Formation metasandstones south of the belt, and cleavage-bedding
intersection relationships.

Additionally a short wave length aeromagnetic low (Bromery et

al., 1964) that corresponds directly to the Peach Bottom slate belt was interpreted by
Higgins (1972) to support the anticline model because non-magnetic Grenvillian basement
might be closer to the surface.

Subsequently Faill and MacLachlan (1989) proposed a

"cryptic" suture through the Peach Bottom structure based on the distribution of ultramafic
bodies interpreted to be fragments of oceanic lithosphere, that is the suture between
Laurentia and a late Proterozoic failed rift block containing the Baltimore Grenvillian
massifs (Fisher et al., 1979; Muller and Chapin, 1984).

During the current investigation

the Peach Bottom region east of the Susquehanna River was re-mapped at a scale of
1:24000 and studied by detailed micro- and meso-structural analysis.

Important differences

in map distribution of stratigraphic units and structure indicate that the Peach Bottom
“structure” is not a fold. Stratigraphic variation within the Pleasant Grove-Huntingdon
Valley shear zone explains all previous observational data.

74

\ new int

ion for the F

Detailed mapping of the Peach Bottom structure in Lancaster County indicates that
the Cardiff conglomeratic quartzite crops out as three discrete discontinuous layers (Figure
32). Only the northernmost unit is in contact with the black phyllonite of the Peach Bottom
unit. This new map pattern does not define a fold structure. The Peach Bottom phyllonite
and adjacent Peters Creek Formation are dominated by the regional D3 structures

characterized by a 5 km wide zone of shallowly plunging F3 meso- and micro-scale folds
and subvertical schistosity (S3). This deformation zone has been traced more than 60
kilometers to the east (Figure 21).

The Peach Bottom is a phyllonite unit that defines a 1 kilometer wide northeast
striking zone of penetrative S3 within the broader deformation zone. The northeastward
trace of the Peach Bottom phyllonite belt (Figure 11) merges with a lithologically similar
silver-black fine-grained phyllonite, that defines a 1.5 kilometer wide zone between the
Peters Creek and Octoraro Formations.

This zone of phylonite is a segment of the

Pleasant Grove-Huntingdon Valley shear zone.

Regional Structure
The S3 schistosity is steeply southeast-dipping (Figure 31) and cuts across the
S2nw and Slse schistosities (Freedman et al., 1964; Wise, 1970; Valentino, 1990).

Freedman et al., (1964) and Wise (1970) portrayed a uniform distribution of the $3

schistosity along the length of the lower Susquehanna River gorge, however, although the
S3 exists across the entire region as weakly developed crenulations, intense crenulation
cleavage or schistosity is restricted to a relatively narrow zone approximately 3 km wide
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(Figure 30). This S3 schistosity is defined by recrystallized muscovite and chlorite, as well
as by planar layers of dynamically recrystallized quartz.
The intensity of S3 schistosity is heterogeneous throughout the zone. In competent
metasandstone layers of the Peters Creek Formation the S3 schistosity occurs in discrete

mesoscopic shear zones (Figure 33a), and microscopically is generally defined by flattened
quartz pebbles in dynamically recrystallized quartz and minor muscovite matrix (Figure

33b), . In pelitic portions of the Peters Creek Formation, the Drumore phyllonite and the
Peach Bottom phyllonite (Figure 33c), the S3 schistosity is generally penetrative and
defined by recrystallized muscovite and chlorite, and rare recrystallized thin quartz ribbons.
Although the S3 schistosity is very well developed in the Drumore tectonite, Slse and S2nw

schistosities are commonly preserved in the hinges of very small F3 folds (Figure 33d).
However, this feature has rarely been observed in the Peach Bottom phyllonite where S3 is
most intensely developed.
The F3 folds are defined by folded earlier schistosities, but in some of the

metasandstone units of the Peters Creek Formation the folds are defined by folded
compositional layering interpreted that likely represent bedding.

Although the new map

pattern of lithologies does not support the Peach Bottom fold models of earlier workers, a
map-scale fold has been recognized.

A lens shaped outcrop pattern of the phyllonite is

located within the Peters Creek Formation northwest of the Peach Bottom phyllonite belt
(Figure 30). The trend of this lens is oblique, about 030°, to the trend of the S3 structure

zone approximately 10° to 15° counter clock wise. The position of this lens with respect to
the Drumore tectonite, which dips steeply beneath the Peters Creek Formation about 0.5 to
1.0 km to the northwest, suggests that the lens represents the re-surfacing of the Drumore

tectonite at the present level of erosion. The size and geometry of this proposed antiform-
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Figure 33. Dextral shear sense indicators from the Pleasant Grove-Huntingdon Valley

shear zone. a- Flattened quartz grains from mylonitic Peters Creek metasandstone; bMesoscopic S-C structure in Peters Creek phyllonite; c- F3 folds and S3 schistosity with

preserved S2nw between schistosity surfaces, d- Porphyroclast of chloritoid with

asymmetric quartz and muscovite pressure fringes from the Peach Bottom phyllonite.

Scale bars equal 1 millimeter.
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synform pair is consistent with map-scale F3 folds that occur in the Lancaster Valley
tectonite zone to the north.

High
angle
F3ns_ folds
Map-scale F3ns folds (Table 1) with north-south trending hinge axes and steeply
dipping axial planes occur near the Pleasant Grove-Huntingdon Valley shear zone (Figures

30 and 34). The folds are defined by broad open undulations of the S2nw schistosity,
where it is moderately to shallowly dipping.

These folds have wavelengths that range

between 400-800 meters, and low amplitudes generally less than 100 meters.

The

geometry of these folds suggests compressional deformation parallel to the strike of the
shear zone located immediately to the south.

Kinematic

Analysis

A shear sense analysis was conducted along the mapped length of the Pleasant

Gove-Huntingdon Valley shear zone in the western Piedmont of Pennsylvania
incorporating outcrop scale and microscopic kinematic indicators. From the orientation and
geometry of F3 folds a coaxial deformation is implied with maximum direction of
compression oriented approximately orthogonal to the fold axial planes, or northwestsoutheast directed.

This was the conclusion of earlier workers (Freedman et al., 1964;

Wise, 1970).
Linear structures are defined by three elements:

1) intersection lineations between

S3 and earlier schistosities, 2) F3 fold hinges including the hinge axes of crenulations that
are micro-F3 folds (LF3), and 3) subhorizontal to shallowly plunging mineral extension

lineations (L3) defined by mica streaks, symmetric and asymmetric quartz, mica pressure
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Axial plane

(350°/88°)

Hinge axis

(167°/51°)

N=23

Contour interval:

6%/1% area

Figure 34. Contoured equal-area lower-hemisphere
projection for the poles to S2nw defining an F3 fold geometry
located north of the Pleasant Grove-Huntingdon Valley shear
zone.

8 0

fringes on porphyroclasts, and elongate quartz pebbles in metasandstone units. Abundant
mineral extension lineations that trend shallowly within the Pleasant Grove-Huntingdon
Valley shear zone (Figure 31), suggests a component of lateral slip (Valentino, 1990).
Pressure fringe distribution about porphyroclasts (Figures 33d, 35a, and 35b), SC fabrics (Figures 35c), and preferred grains shape orientation of mylonitized quartz
(Figure 35d) reveal consistent dextral shear sense.

In the Peach Bottom phyllonite small

laths of chloritoid commonly occur with pressure fringes of quartz, muscovite (Figure
33d). The long axes of the pressure fringes are subhorizontally oriented, consistent with
meso-scale extension lineations, and in X-Z sections pressure fringes are distributed
asymmetrically about chloritoid grains indicative of dextral shear (Figure 33d). Many
pressure fringes are also distributed symmetrically defining composite micro-augen.

The

Drumore phyllonite contains abundant pyrite porphyroclasts with asymmetric pressure
fringes of quartz (Figure 35a). The distribution of pressure fringes is consistent with

dextral shear. In regions of the Peters Creek Formation magnetite porphyroclasts have
been observed with asymmetrically distributed chlorite pressure fringes that are consistently
dextral (Figure 35b).

plunging

However, some samples collected in the region with moderately

extension lineations gave results of local oblique dextral slip. The Cardiff

conglomeratic quartzite often bears well developed Type I S-C mylonitic fabric (Lister and

Snoke, 1984) that iS consistent with dextral shear (Figure 35c). Thin quartz veins that
were mylonitized show a preferred grain shape orientation consistent with dextral offset
(Figure 35d). Reverse shear bands in the phyllonite also reveal dextral sense of
displacement (Figure 35e).

8 1

Figure 35. Microstructures showing dextral shear sense from the Pleasant Grove-

Huntingdon Valley shear zone.

a- Pyrite (py) porphyroclast with asymmetric quartz (qt)

pressure fringes; b- Magnetite (m) porphyroclast with asymmetric chlorite (chl) pressure
fringes; c- Type I S-C mylonite (Lister and Snoke, 1984) in Cardiff conglomeratic
quartzite; d- Quartz with preferred grain shape orientation defining S-C mylonite; eReverse shear bands (Dennis and Secor, 1987) in Drumore phyllonite. Scales equal 1 mm.

8 2
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Weakly developed shear bands that cut across the $3 schistosity occur in the eastern
region the Pleasant Grove-Huntingdon Valley shear zone. These shear bands strike parallel

to the local strike of the S3 schistosity, about 070° and dip about 60° to the south (Figure
36). The sense of displacement on these shear bands indicates minor reverse shearing, or
south over north motion.

The regional occurrence of these shear bands is sporadic, and

restricted to the Pleasant Grove-Huntingdon Valley shear zone. The shear bands are
defined by the same chlorite-muscovite recrystallization assemblage that defines the $3
schistosity, suggesting they are closely related in timing.

Structural

model

for the greenschist

facies structures

The Tucquan antform, Lancaster Valley tectonite zone and Pleasant GroveHuntingdon Valley shear zone developed under a common lower greenschist facies
metamorphism (M3), indicating that these structures formed under the same thermal
episode, and probably cogenetically.

The Tucquan antiform is the result vertical uplift

during horizontal compression, with the core of the fold underlain by Grenvillian
basement.

The Tucquan antiform can be modeled as a large pop-up structure, situated

between two dextral transpressive shear zones.

Partitioning of strain into concentrated

zones of cleavage on the flanks of the Tucquan antiform produced a structure with a

favorable orientation for lateral slip, hence further concentrating the strike-slip deformation
in these cleavage zones.

The decoupling of the Tucquan antiform hinge region by northeast

directed thrusting was probably the result of the antiform being situated between a dextral
shear couple.

Shear zones on the flanks of the Tucquan antiform developed as the result of

8 3

Revers™ e

—065°/62°

Figure 36. Equal area plot of the average orientation of the S3
schistosity and the cross cutting shear bands that show top to the
northwest offset.

8 4

horizontal compression as revealed by F3 fold orientations, however the maximum
compression direction must have been oblique to the shear zones to explain the dextral

component of deformation.

The orientation of $3 conjugate cleavages (Figures 21c and

22) in the Tucquan antiform hinge region support a subhorizontal maximum compressive
stress trending obliquely to both the Tucquan antiform and the bounding shear zones.

The Pleasant Grove-Huntingdon Valley shear zone is a crustal scale feature
extending from the Delaware River near Trenton, New Jersey to the region southwest of
Baltimore, Maryland.

Compressional (F3 folds, reverse shear bands) and strike-slip

structures (extension lineations and kinematic indicators) exist along the length of the shear
zone.

A structure of this magnitude developing under a transpressional deformation regime

could experience different strain components in different places simultaneously. Numerous
kinematic indicators are symmetric, especially porphyroclasts with pressure fringes,
however, where there are asymmetric pressure fringes they show dextral simple shear.
Minor reverse shear bands and oblique dextral kinematic indicators were also observed.
Because this shear zone is regionally extensive and most likely developed under an oblique
compression, the last increment of strain at any locality may track different strain
components.

The reverse shear bands (Figures 36) probably reflect late compression in the

overall deformation event, while the strike-slip and oblique-slip features reflect the

translational component of strain.
The sequence of greenschist facies transpressive structures that developed can be
explained with two models.

1) The stress field may have been originally orthogonal to the

D3 structures to explain the contractional features and later sufficiently rotated counter clock
wise to produce the lateral slip along zones of penetrative cleavage.

2) All of the structures

that developed can also be explained by a stress field that was originally oblique to the

boundaries of fundamental crustal blocks. Partitioning of different strain components into

8 5

compressional and shear deformation features under a common obliquely oriented
maximum compressive stress explains the cogenetic occurrence of contractional and strikeslip structures (Lowell, 1972; Sylvester and Smith, 1976; Dubey, 1980; Gates, 1987),
characteristic of transpressional deformation.

DISCUSSION

Transpressional modeling predicts uplift of mass within the belt of deformation,
which is a product of the compressional component of the stress arrangement (Sanderson

and Marchini, 1984). Structural features common in most published studies of
transpressional orogens are synchronous wrench faults with flanking zones of thrusting
(i.e. Lowell, 1972; Sylvester and Smith, 1976; Dubey, 1980; DeSmet, 1984; Gates, 1987;

Gates et al., 1988; Cobbold et al., 1991; Culshaw, 1991), upright folds oriented oblique to
the main wrench zones (i.e. Dubey, 1980; Ellis, 1986; Gates 1987; Jamison, 1991),
oblique slip on shear zones, and the presence of cleavage-transected folds (i.e. Johnson,
1991).

Strain partitioning plays a major role in accommodating transpression (i.e. Lowell,

1972; Sylvester and Smith, 1976; Hansen, 1989; Bauer and Bidwell, 1990; Rajlich, 1990;
Cobbold et al., 1991; Culshaw, 1991), where zones of compressive structures (upright

folds and thrust faults) are flanked by zones of transcurrent displacement.
The present level of erosion in the central Appalachians preserves structures that are
interpreted to have developed in a transpressive orogenic cycle that evolved through

different crustal levels. The Pennsylvania Piedmont exposes higher grade metamorphic
rocks from west to east, suggesting a deeper level of erosion eastward.

The oldest

transpressional structures, deduced by relative cross cutting field relations, are exposed in

the highest grade part of the Piedmont. They are the Rosemont and Crum Creek conjugate

8 6

shear zones that developed at amphibolite facies. The conjugate geometry allows for the
approximation of principle compressive stress orientations with respect to the structures

(Figures 17 and 19). The maximum and minimum compression directions were
subhorizontal with lithostatic stress approximately equal to the intermediate compressive
stress.

Such a principal compressive stress array is consistent with transpression, with the

maximum principal compressive stress oriented oblique to the structures.

However, the

geometric configuration and structural escape direction is unusual for transpression because
structural escape was horizontal (Figure 37) between the conjugate shear zones, and not
upward as predicted by most published examples of transpression (i.e. Lowell, 1972;

Sylvester and Smith, 1976; Dubey, 1980; DeSmet, 1984; Gates, 1987; Gates et al., 1988;
Cobbold et al., 1991; Culshaw, 1991). The structural escape direction for the RosemontCrum Creek conjugate pair was probably controlled by the relative magnitudes and
orientation of compressive stresses with respect to the orientation of pre-existing structures.
The magnitude of lithostatic stress (overburden) must have been greater than that of 03, to

allow horizontal structural escape between the two shear zones.

At shallower levels of erosion in the western Piedmont the style of transpressive
deformation is different in that a crustal scale antiform is flanked by dextral shear zones that
developed under greenschist facies conditions. Although most of the greenschist facies
transpressive structures occur in the western Piedmont, the Pleasant Grove-Huntingdon
Valley shear zone is continuous to the east and clearly truncates the Rosemont shear zone,
therefore demonstrating the relative timing between the amphibolite facies and greenschist

facies transpressive structures. Progressive uplift, as the product of the compressional
component of the transpressional deformation regime, would result in progressive
unroofing and cooling during transpression. This might account for lower grade
metamorphic assemblages associated with relatively younger structures.
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The apparent change in principal compression directions from the amphibolite facies
to greenschist facies structures may also reflect the unroofing during transpression. The
amphibolite facies Rosemont-Crum Creek conjugate shear zone pair developed under a
stress array with the maximum and minimum principal compressive stresses plunging

shallowly, and the intermediate stress steeply plunging, relative to current orientation of the
shear zones (Figure 19). The greenschist facies transpressive structures, the Tucquan
antiform with flanking dextral shear zones (Figure 37), most likely developed under a
stress array with the maximum and intermediate stresses plunging shallowly, and the
minimum compressive stress plunging steeply (Figure 14).
The change in principal compressive stress orientations from the amphibolite facies
to the greenschist facies structures can be explained in two ways:

1) an increase in the

magnitude of the maximum compressive stress so that the magnitude of lithostatic stress
would be exceeded by the magnitude of the intermediate compressive stress, and therefore
Cause structural escape, to be in the direction of the applied lithostatic stress, and 2) a
sufficient decrease in the magnitude of lithostatic stress by erosion of crustal material, so

that the magnitude of lithostatic stress would be equal to the minimum compressive stress.
The systematic decrease in metamorphic conditions associated with transpressive

structures, from amphibolite facies to lower greenschist facies, suggests a thermal
reduction resulting in the lower facies recrystallization assemblages. This was probably the
result of progressive erosion and cooling consistent with option 2). However, a
combination of option 1) and 2) can not be ruled out because the magnitude of the O1 was
most likely not constant throughout the entire transpressive episode.
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SUMMARY

The model for tectonic evolution of transpressional structures presented above is
significantly different from earlier studies in the central Appalachians.

The main results of

this investigation are as follows:

1) Tectonic history in the north-central Appalachians of Pennsylvania was largely
influenced by Late Paleozoic dextral transpression, contrary to the current literature that
models this region solely with orthogonal tectonics.

2) Transpressional tectonic evolution comprises an early amphibolite facies conjugate shear
system (the Rosemont and Crum Creek shear zones) near Philadelphia, Pennsylvania

(Figures 11 and 37a), followed by greenschist facies dextral shear zones that flank limbs of

a crustal scale antiform (the Lancaster Valley and Pleasant Grove-Huntingdon Valley zones
on the limbs of the Tucquan antiform) in the western Piedmont (Figures 12 and 37b).

3) The application of ductile conjugate pair criteria (Ramsay, 1980) to geologic structures
at various scales shows an evolutions of principal compressive stress arrays that suggest
uplift and erosion during transpression.

This is also consistent with a systematically lower

metamorphic grade associated with the younger transpressional structures.

4) Different components of the strain were partitioned into discrete domains during the
development of the greenschist facies structures. The Tucquan antiform tracks the
compressional component of deformation. Dextral shearing was concentrated on the limbs
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of the antiform in relatively narrow zones after an anisotropy developed with a favorable
orientation for lateral-slip.
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ABSTRACT

A pair of chlorite grade cleavages from the lower Susquehanna River region of
Pennsylvania are considered to be conjugate, and developed during localized Late Paleozoic
extension related to gravitational collapse.

Bedding parallel schistosity (S1se), that strikes

040°-060° and dips 40°-60° southeast is crosscut by the cleavage pair. The dominant of

the two cleavages strikes between 250°-275°, dips between 15°-50° north, is axial planar
to open symmetric folds, and has normal shear sense or top down to the north. The minor
cleavage strikes between 250°-275°, dips between 0°-30° north, occurs in conjugate box
folds with the dominant cleavage, and has top to the south shear sense.

Identical geographic distributions for both cleavages coupled with identical
recrystallization assemblage suggests that they are coeval, and the opposing shear sense

suggests they developed as a conjugate pair (the dominant cleavage is considered
sympathetic, S4s, and the minor cleavage is considered the antithetic, S4a.

Applying

ductile conjugate pair criteria for determination of principle compressive stress directions

suggests that direction of 61 plunged 75°-90° due south, 62 trended east-west, and 03
trended north-south during cleavage formation, relative to present geographic coordinates.
This principal compressive stress array represents extension.
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The low grade metamorphism associated with the cleavage pair is identical to the
metamorphism associated with local Late Paleozoic dextral transpressive structures. There
is no evidence for a separate low grade metamorphic assemblage in this part of the
Piedmont suggesting the conjugate cleavage and transpressive structures developed during
the same thermal episode.

The principle compressive stress array changed from

compression during dextral transpression, to extension immediately after transpression.
This dramatic change during the same thermal event may be the result of localized

gravitational extension after transpressive crustal thickening.

INTRODUCTION

Conjugate geologic structures are pairs of fractures, faults, shear zones or cleavages
that develop under the same stress array, and have a predicted angular relationship.

Anderson (1942) proposed that conjugate faults behave as large coulomb fractures, then
applied stress relationships associated with Coulomb fractures to these faults. Like
Coulomb fractures, conjugate fault surfaces in the brittle upper crust are oriented with
respect to the principal compressive stress directions where the maximum compressive
stress (O1) direction is the bisector of the acute angle between the fault planes, the
minimum compressive stress (03) direction the bisector of the obtuse angle between the
fault planes and the intermediate compressive stress (62) direction coincident with the

intersection between fault planes (Anderson, 1942). Anderson's theory

has been

successfully applied to numerous known fault geometries, but is limited only to the brittle
shallow crust.

Similar stress analysis have been applied to conjugate fold structures. Typically
these folds are controlled by a pair of discrete symmetrical slip planes or kink bands, which
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are inclined to each other and parallel to the axial planes of the reverse folds (Ramsay,
1967).

The intersection of the inclined slip planes is coincident to the fold axis of the

conjugate fold pairs. Analysis of the geometries of the folds with respect to the inclined
slip planes was demonstrated to support a maximum compressive stress direction bisecting

the acute angle between the inclined slip planes and bulk shortening of the surrounding
rock mass perpendicular to the fold axis at the intersection of the slip planes (Ramsay,
1967).
Metamorphic cleavage in rock is considered to result from instabilities in mechanical
behavior during buckling (i.e Biot, 1961;
Gray and Durney, 1979; Groshong, 1975).

Cosgrove, 1976; Dieterich, 1969; Gray, 1976;
Deformation mechanisms for the formation of

cleavages include fracturing, pressure solutions, recrystallization and grain boundary
sliding during rotation, and a continuum exists between these mechanisms (Groshong,

1975; Cosgrove, 1976; Gray, 1976). Cosgrove (1976) postulated, based on field
observation and mathematical modeling, that conjugate crenulation cleavages can be used to
determine the principal compressive stress directions similar to conjugate faults, but rock
anisotropy orientations control the development of conjugate cleavage.

Conjugate

cleavages will initiate by buckling if the maximum compressive stress direction is oriented
either normal to or parallel to a pre-existing planar anisotropy in the rock (Cosgrove,

1976).
In the ductile regime, where rocks are confined and subjected to higher
temperatures, conjugate structures develop a different geometry with respect to the principal
stress directions.

Ramsay (1980) described meso-scale conjugate ductile shear zones in

homogeneous rock as having a defined geometry with respect to the to the principal
compressive stress directions.

Ductile conjugate shear zones are paired zones of

concentrated strain that have opposing shear senses and intersect. They develop under the
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same stress array and the bisector of the obtuse angle between the two shear zones is
coincident with the maximum compressive stress direction in the surrounding rock body.
The line defined by the intersection of the two shear zones defines the intermediate

compressive stress direction. Lamouroux et al. (1991) cautioned, that before any principal
compressive stress directions can be assigned to a conjugate ductile shear zone pair the
conjugate pair must be viewed orthogonal to the intersection line between the shear zones.

Any other observation plane would produce erroneous results.
This paper describes an example of conjugate cleavage that developed as the result
of grain rotation, recrystallization and pressure solution from the western Piedmont of

southeastern Pennsylvania (Figures 38 and 39). Then, with the application of conjugate
pair criteria (Anderson, 1942; Cosgrove, 1976; Ramsay, 1980), it is postulated that the
conjugate cleavage is the result of late Paleozoic extension as the result of post-orogenic
gravitational spreading.

GEOLOGIC

SETTING

The rock of the southeastern Pennsylvania and northern Maryland Piedmont were

subjected to deformation at upper greenschist to lower amphibolite facies during
northwestward Taconian nappe emplacement (Knopf and Jonas, 1929; Freedman et al.,
1964; Wise, 1970; Valentino and Faill, 1990), and this contractional event produced a

regional subhorizontal schistosity.

Post-Taconian dextral transpression folded this

schistosity into upright broad antuforms situated between dextral shear zones (Valentino,
1990).
In most of the western Piedmont primary sedimentary compositional layering has
been severely folded, transposed and ultimately obliterated due to the effects of the
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igure 39

Figure 38. Generalized geologic and structure map for the central
Appalachians from the northem Blue Ridge anticlinorium to the westem
Piedmont of Pennsylvania (modified from Williams, 1978). Grenvillian
basement is shown with the dash pattem, Mesozoic rift basins with the

stipple pattern and the Baltimore mafic complex with the shade pattern.
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Taconian and post-Taconian deformation and accompanying metamorphisms.

However,

the rocks in the region of the lower Susquehanna River (Figure 38), although
metamorphosed to chlorite-biotite grade during the Taconian event (Valentino and Faill,
1990), were spared the effects of both Taconian folding (Wise, 1970) and post-Taconian
dextral transpression (Valentino, 1990), except for bedding parallel schistosity (S se:
Table 2) and very rare mesoscopic intrafolial isoclinal (Flse) folds. The S$ 1se schistosity
defines a monoclinal structure that strikes 040° to 060° and dips 30° to 60° southeast
across an outcrop belt 4.6 km wide, adjacent to the (F3) Tucquan antiform (Figure 39).

CONJUGATE

CLEAVAGE

A pair of cleavages (Figures 40a and b) cut across the S1se schistosity and postTaconian transpressional (D3) structure.

The degree of development of the cleavages was

controlled by the local composition of the rocks, with cleavages best developed in mica-rich
layers and least developed in metasandstone layers. Most exposures contain the dominant
of the two cleavages (S4s) that dips moderately to shallowly due north, cutting across
steeply S1se southeast dipping schistosity.

Close examination shows an asymmetry on the

cleavage where the pre-existing schistosity has been transposed revealing an apparent

normal offset or top down to the north (Figure 40b). The weaker developed cleavage
occurs at an angle to the dominant cleavage and has opposite asymmetry with offset of top
toward the south (Figure 40b). The dominant cleavage is axial planar to symmetric open
folds (Figure 40c), and where both cleavages are present the pre-existing planar anisotropy

is folded into box-fold geometry (Figure 40d)(Johnson, 1956; Ramsay, 1967).
The geometry and occurrence of cleavages is compatible with conjugate cleavages,

as described by numerous other workers (i.e. Naha and Holyburton, 1974; Tobisch and
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Table 2. Deformation and metamorphism for the rocks of the Pennsylvania
Piedmont.

D5: East-West compression
Weak north-south striking steeply dipping
Cleavage and associated crenulations
D4:

Post-transpresslional

extension

M3

}

Local conjugate cleavages S4s and S4a, F4
open symmetric and conjugate box-folds
D3:

Dextral transpression

Chlorite-muscovite
assemblage associated
with discrete structures

|

Upright folds at all scales parallel (F3) to the shear
zones and trending north-south (F3ns), steeply
dipping S3 schistosity in dextral shear zones,
D2se and M2se
the Tucquan antiform, thrust fabrics (S37) in
Map scale conjugate strike-slip shear
core of Tucquan antiform, juxtaposition of
zones (Rosemont and Crum Creek
the Tucquan and Peters Creek structural
shear zones) with lower amphibolite facies
blocks
metamorphism.

Tucquan block
D2nw:

Nappes

M2nw
Regional metamorphism

S2nw schistosity and F 1nw

with higher grade at deeper
structural levels in the

'sociinal folds

Tucquan antiform.

D1aw: Early nappe

Sinw schistosity and F1xw

folds preserved in discrete
domains and as inclusion
trails within porphyroblasts
of M2nw plagioclase

M1 nw

Mostly chloritemuscovite-plagiocase
assemblage, and rare

garnet
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Peters Creek block
D1se

Bedding parallel schistosity
S1se with rare intrafolial Fise
isoclinal folds
Mtse

Regional metamorphism
with grade increase
structurally higher

Figure 40. Examples of $4 conjugate cleavage and related folds. a- Outcrop
photograph of S4s and S4a; b- Rock slab of S4s and S4a showing the displacement
across individual cleavages; c- Outcrop photograph of an F4 open symmetric fold
associated with S4s; d- Conjugate box-folds associated with the conjugate cleavages.
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Fiske, 1976; Cosgrove, 1976). The angle between the conjugate cleavages varies from 25°
to 45° and the strike of both cleavages are roughly parallel, with an average strike of
approximately 270° (Figure 41). The geographic distributions for both cleavages are
identical, with both cleavages existing in an east-west striking zone located in the
southernmost exposures of the Peters Creek Formation, immediately southeast of the

Tucquan antiform (Figures 38 and 39). The angular relationship between the two
cleavages coupled with opposing offset suggests they developed as a coeval conjugate pair.
Regionally these cleavages are fourth generation (Table 2), and since they appear to be a

conjugate pair the following classification was applied:

1) S4s is the sympathetic or

dominant of the two cleavages with top to the north displacement, and 2) S4a is the
antithetic or minor of the two cleavages with top to the south displacement.
A cross section constructed from north-south across the $4 cleavage zone (Figures
39 and 42) shows systematic variation in the dip of the S4s dominant cleavage suggests

folding on the map scale. The southernmost area contains cleavage that strikes 250° to
270° and dips 30° to 40° north. Over a distance of about 1.5 kilometers across strike, the
cleavage progressively becomes shallowly dipping (10° to 15° north) then gradually
steepens to a dip greater than 55° over the next 2.0 kilometers at the margin of the
deformation zone.

Although the Sse primary schistosity folded considerably, the average

enveloping surface of bedding dips moderately southeastward (Figure 39).

Cleavage

Morphology

The sympathetic (S4s) and antithetic (S4a) cleavages are both asymmetric, at a high
angle to the pre-existing schistosity and the geometry may be generally described as

discrete (Gray, 1976), normal or extensional. Recrystallization of mica in and near
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cleavages, and degree of volume loss due to pressure solution created variations in the

boundary geometries. Smooth transitions from outside to inside the cleavage domains is
probably the most common morphology observed.

Muscovite and chlorite from the S1se

schistosity have been rotated parallel to the new cleavage (Figure 43a). Within these zones
the pre-existing micas are recrystallized to larger laths and blades oriented both parallel, and
at an angle to the cleavage boundaries.

Commonly the transition or cleavage boundary is

sharp with first and second generation micas intersecting at a high angle (Figure 43b).
Although in most cases the cleavage spacing is regular, but in some samples the local
spacing of cleavage is sporadic.

In these rocks it appears that the development of cleavage

occurs about porphyroblasts of magnetite (Figure 43c).

Microstructural

analysis

and

apparent

offset

As previously described, the S4s dominant cleavage is asymmetric with the
apparent offset across the cleavage domains down dip or approximately due north (Figure
40b), and the S4a minor cleavage has an asymmetry consistent with top toward the south

offset (Figure 40b). In the development of pressure solution and crenulation cleavage the
orientation of the cleavage is largely controlled by the orientation of the principal stresses
relative to the orientation of pre-existing planar fabrics in the rock (Cosgrove, 1976).
Therefore, the apparent offset across discrete cleavages, based on cleavage asymmetry may
not represent simple shear along that individual cleavage, but reflect the orientation of
original fabrics relative to the principle stresses. In addition, the apparent displacement
across pressure solution cleavage may reflect volume loss with no component of simple
shear. The dominant cleavage (S4s) was analyzed focusing on this concept, and evidence

for simple shear related offset as well as pressure solution apparent offset was determined.
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Figure 43. S4 cleavage microscopic morphologies. a- S4a with rotated S1se defining
the cleavage domain; b- S4s with abrupt boundaries and concentrated oxides due to
pressure solution; c-S4s developed about a porphyroclast of magnetite. Scale equals 1 mm.
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Apparent
displacement
by pressure solution

In many of the pressure solution cleavage samples, single layers in the rock appear
to have been displaced across the cleavage domains.

This apparent offset could be related

to simple shear parallel to the cleavage domains or collapse of the rock as the result of
volume removal during pressure solution (Groshong, 1975; Hancock and Atiya, 1975).
The percentage of volume loss during cleavage development has been determined for rocks
of different modal mineral composition.

Modal mineral percentages were determined for

each sample by point counting areas of thin sections not affected by the cleavage (Table 3).
These percentages represent the local modal composition of the rock.

For individual

cleavages the modal percentage of minerals was either point counted in broad cleavage
domains (2 to 3 millimeters) or estimated in narrow cleavage domains (<2 millimeters) by
comparison with charts for estimating percentage composition (Table 3). For most samples
there is a sharp increase in the percentage of residual minerals inside the cleavage domain as
compared to the whole rock. Comparison of the relative increase in residual mineral
percentages from whole rock to inside the pressure solution domain, allows for calculation
of the approximate thickness of rock removed in discrete cleavage domains (Table 3). Ifa
microlithon is crosscut by a pressure solution cleavage at an angle other than 90°, the
removal of material will result in an apparent offset of the microlithon (Figure 44). If the
apparent offset is only due to material dissolution, then the magnitude of apparent offset is

proportional to the thickness of rock removed and the angle between the cleavage and the
pre-existing schistosity (Groshong, 1975 and Hancock and Atya, 1975).
In a study of the apparent offset of mineralized veins during pressure solution
Hancock and Atiya (1975) developed equations to relate the thickness of material removed

with the angle of fabric intersection and the magnitude of apparent offset. Their equations
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Origninal Rock

y: Rock removed
by pressure solution

. fe

After Pressure Solution

Figure 44.

Schematic diagrams showing the apparent offset of a

planar fabric by rock removal due to pressure solution.

a- Original

rock before development of S4; b- Rock after volume loss by
pressure solution associated with the development of S4.
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were developed to approximate the volume loss across discrete pressure solution cleavages
by measuring the apparent offset.

For this geometric analysis structure intersection must be

viewed orthogonally and the following assumptions are made:

1) the volume loss occurred

perpendicular to the cleavage surface and no component of simple shear was present; and
2) although not specifically stated, the individual cleavage domains have negligible
thicknesses and therefore were not included in the calculations.

The equations of Hancock

and Atiya (1975) were modified herein to include the thickness of the cleavage domain,
since in most cases the domain thickness is finite, and can be measured in thin section.

purpose of this modified equation is to determine if a component of simple shear existed

along individual cleavages, since the approximate thickness of material removed by
pressure solution was determined by the concentration of residual minerals.

Equation 3.1 and Figure 44 relate the apparent offset across a discrete cleavage
domain to the thickness of rock removed in that cleavage domain, and the angle between
the cleavage domain and pre-existing planar fabric, assuming the previously stated
conditions:

d=

LFtan p

(3.1)

x = width of cleavage
y = thickness of material removed, measured perpendicular to the cleavage

d = magnitude of apparent offset
ri = initial percentage of residual minerals in the rock
rf = final percentage of residual minerals in the discrete cleavage domain after
pressure solution
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The

p = angle between cleavage and pre-existing fabric measured perpendicular to the
fabric intersection

This equation can be applied to cleavage domains with a measurable thickness,
measurable relative proportions of residual minerals, sharp boundary morphology
suggesting pressure solution and measurable apparent offset.

If the predicted offset is

comparable to that measured then simple shear deformation is inferred to be negligible,
while if the apparent offset parallel to the cleavage domain is greater than that predicted, a
component of simple shear parallel to the cleavage domain is inferred.

However, the

component of simple shear is not necessarily orthogonal to the intersection lineation defined

by the intersection of the cleavage with the pre-existing planar fabric.
Figure 45a shows a cleavage domain with the measured offset greater than that
predicted from the equation of volume loss. This zone is inferred to have experienced a
component of simple shear parallel to the zone boundaries.

The amount of offset predicted

by the volume loss due to pressure solution in this example accounts for approximately
10% of the total offset. Therefore, the component of simple shear parallel to the cleavage
domain accounts for the remaining 90% of the total displacement.

Evidence for simple shear parallel to the cleavage domain without pressure solution
has been observed in some samples (Figures 43a and 43c).

For example, asymmetric

pressure fringes (Ramsay and Huber, 1983; Etchecopar and Malavieille, 1987; Simpson
and Schmid, 1983) on porphyroclasts of magnetite show consistent offset to the north and
south on S4s and S4a respectively (Figure 43c). There appears to be no compositional
change from outside to inside this zone indicating no apparent offset by pressure solution
or removal of material.
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Figure 45.

Photomicrographs of $4 cleavage.

a- Example of S4a pressure solution

cleavage with variable shown; b- S4 conjugate micro-kink bands; c- S4 conjugate
recrystallization cleavage; d- S4 conjugate recrystallization and pressure solution cleavage.
Scale bars equal 1 millimeter.
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Regardless of the mechanism for offset, consistently the offset across the $4s
dominant cleavage is normal or top down to the north, and the S4a minor cleavage is top

toward the south in the lower Susquehanna River region (Figures 40b, 40d, 43a, 43b and
43c).

Different deformation mechanisms are evident in the development of the conjugate

cleavages. Microscopic conjugate kink bands (Figure 45b) developed by a mechanism of
grain rotation. Growth of new chlorite and muscovite along discrete cleavage domains
(Figure 45c) represent recrystallization mechanism for cleavage development.

Finally,

some conjugate cleavages experienced pressure solution that concentrated residual mineral
(Figure 45d).

These three types of conjugate cleavages possibly represent different stages

of development, with all three mechanisms of deformation (Figure 46). The conjugate kink
bands (Figure 45b) are the early stage of deformation.
sites in which

The kink bands are probably the

recrystallization (Figure 45c) and pressure solution (Figure 45d) occur with

progressive deformation.

Metamorphism

associated

with

the cleavage

The Peters Creek Formation in the region of the lower Susquehanna River was
metamorphosed at greenschist facies conditions with specific metamorphic mineral
assemblages associated with the Sse schistosity of muscovite-chlorite-epidote and
muscovite-chlorite-biotite+epidote in the pelites, and the assemblage epidote-plagioclaseactinolite+hornblende observed in the greenstones (Valentino and Faill, 1990).

The

following metamorphic overprint relationships are associated with the development of both
cleavages, S4s and S4a:

1) recrystallized muscovite from fine to coarse blades and laths

oriented both parallel and at an angle to the cleavage, 2) new growth of chlorite and 3) the

reaction of muscovite plus ilmenite to produce a weakly pleochroic mica, possibly biotite
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Pressure

.

Pressure Solution

Solution

Fracture

Recrystallization

Rotation

Figure 46. Cleavage mechanisms of formation tetrahedron modified

from the cleavage tetrahedron of Cosgrove (1976) shown as the inset.
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(Figures 40b and 45c).

Beach (1979) describes reactions associated with pressure

solution, such as these, as incongruent pressure solution.

This is when new phases are

deposited and are different from those consumed by pressure solution processes. Since
there is no regional evidence for two low grade metamorphic episodes to account for the
identical assemblages observed with each cleavage, identical metamorphic recrystallization
assemblages are taken to be indicative of synchronous development, or consecutive
development during the same metamorphic episode.

STRUCTURAL

IMPLICATIONS

Principal stress orientations can be determined using the orientations of conjugate
cleavages and box fold structures (Ramsay, 1967; Naha and Halyburton, 1974; Tobisch

and Fiske, 1976). The maximum principal compressive stress trended between 170° and
200° and plunges between 55° and 75° south (Figure 47). The O1 bisects the obtuse
angle, the O3 bisects the acute and ©2 is assumed parallel to the conjugate pair intersection.

Using this criteria the orientation of O1 has been determined at numerous localities across
the region by finding the obtuse bisector of the two cleavages both in the field and
laboratory (Figure 47). In the north where the synthetic cleavage is steeply dipping the
interangle between cleavages is large. Therefore, O1 was steeply to moderately southerly
plunging.

Where the S4s cleavage is shallowly dipping the interangle is small causing O1

orientation to be fairly constant across the region, although minor variations do exist

(Figure 47). Although cleavage orientations vary systematically across the area (Figure 42)
perturbations in the inferred orientation of principle stress directions is minimal.

This

observation indicates that the apparent map-scale fold structure (Figure 52) defined by the
S4s cleavage orientations developed during cleavage formation.
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subsequently folded after development the orientation of the principle stresses bases on

conjugate pairs would not be expected to be consistent across the area. It is interesting that
the plunge of G1 was at a low angle to the pre-existing schistosity (Sse), consistent with
the predicted model for conjugate cleavage development of Cosgrove (1976).
The application of conjugate pair criteria predicts the orientation of the principal

compressive stresses when the cleavages developed. Applying ductile conjugate pair
criteria Suggests that maximum principle compressive stress plunged 75° to 90° south, the
intermediate principle stress trended subhorizontally east-west, and the minimum principle
stress tended subhorizontally north-south relative to present coordinates during cleavage
formation.

The principal compressive stress array represents regional structural extension,

where O1 plunged steeply toward the south. The previously described recrystallization
assemblage associated with the conjugate cleavages is identical to the metamorphic
assemblages associated with local dextral transpressive structures (Lapham and Bassett,

1964; Valentino and Faill, 1990; Chapter II). There is no evidence for a separate low grade
thermal events in this part of the Piedmont, therefore the conjugate cleavage and
transpressive structures developed during the same thermal episode, suggesting the
transpression followed by extension occurred relatively close in geologic time. Therefore,

the principle compressive stress array changed from compression during dextral
transpression (Chapter IT), to extension immediately after transpression.
Elements of transtensional deformation have been associated with late Paleozoic
transtensional tectonics in other regions of the crystalline Appalachians (i.e. Mosher and
Berryhill, 1991).

It could be argued that the local extensional conjugate cleavages are the

result of late transtension on the central Appalachian Piedmont dextral shear system

(Pleasant Grove-Huntingdon Valley shear system). However, cross cutting field relations
demonstrate that the extensional conjugate cleavages clearly post-date (Figure 48) the
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Figure 48. Schematic structural block model for the development of
the zone of extensional cleavage by minor gravitational collapse of the
transpressional Tucquan antiform.
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transcurrent deformation in this region of the Piedmont, therefore ruling out a
transtensional deformation model. The zone of extensional conjugate cleavages is a local
structural phenomena that developed immediately to the south of the F3 Tucquan antiform
(Chapter IT) that had approximately 7 kilometers of structural relief prior to erosion (Figure
48). The steep plunge of 61 for the conjugate cleavage, trends directly away from the

structurally highest part of the Tucquan antiform, and the dramatic change in principle
compressive stress orientations during the same thermal! event may be the result of localized
gravity spreading of the Tucquan antiform immediately after transpressive overthickening.
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PALEOZOIC
OF THE

TRANSCURRENT
CENTRAL

IV
TECTONIC

ASSEMBLY

APPALACHIANS

ABSTRACT

Recent investigations in southeastern Pennsylvania and northern Maryland have
demonstrated a major anastomosing strike-slip shear system.

The Pleasant Grove-

Huntingdon Valley shear system emerges from beneath the coastal plain cover at Trenton,

New Jersey and extends to the area west of Baltimore, Maryland where it is overlain by the
Culpepper Mesozoic rift basin.

The sense of offset across this system is dextral.

North of

the shear zone, the rocks of the Octoraro Formation contain evidence for two
metamorphisms and deformations prior to strike-slip shearing, whereas south of the shear
zone the Peters Creek Formation contains evidence for only one. The discordance in
metamorphic and deformational history across the shear zone suggests the now juxtaposed

rocks originated in different parts of the orogen.
Palinspastic reconstruction of the Pleasant Grove-Huntingdon Valley shear system
reveals fundamental problems in current tectonic models for the central Appalachian
Piedmont.

A minimum of 150 km of dextral offset is proposed for the Pleasant Grove-

Huntingdon Valley shear system based on reconstruction of the Cambrian-Ordovician shelf
edge between northern Maryland and southeastern New York.

Displacement of this

magnitude can account for the previously proposed failed Iapetan rift block and
microcontinent that contains the Baltimore Grenvillian massifs. Although a history of early
orthogonal collision is preserved within discrete structural blocks, transcurrent shearing has
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greatly influenced the distribution of those blocks.

Models not including the strike-slip

component of tectonic assembly need serious reconsideration, as evidence grows that the
magnitude of orogen-parallel displacement is equal to or larger than the orthogonal
component.

INTRODUCTION

The Alleghanian foreland thrust and fold belt of the southern Appalachians was
originally explained as a high-angle collision of Laurentia with northwest Africa (e.g.
Hatcher, 1972; Hatcher, 1978; Rast, 1988; Hatcher et al., 1989).

However in the

Piedmont, structures that developed over the same time period were shown to be the result
of right lateral shearing, although they commonly contain evidence for a large component
of synchronous orthogonal compression (Gates et al., 1986; Gates, 1987).

Alleghanian

transpressional ductile deformation zones in the eastern Piedmont of Virginia were
proposed by Glover

(1989) and Glover et al. (1992) from seismic reflection and field

evidence to have developed in moderately (35°) southeasterly dipping zones that extend to
the lower crust.

During formation

of these shear zones, the southern Appalachians

experienced complex orogen-parallel offsets of lithotectonic belts, which contributed
greatly to the current geographic distribution of different tectonic units (Edelman et al.,
1987; Gates et al., 1988; Glover, 1989).

Similarly, extensive evidence for Paleozoic

dextral transcurrent faulting was documented in the northern Appalachians of easternmost

New England and Maritime Canada (Webb, 1969; Anderson, 1972; McCabe et al., 1980;
LeFort and Van der Voo, 1981; Lafrance, 1989; Mosher and Berryhill, 1991) with offsets

having an equally profound effect on lithotectonic unit distribution (Bradley, 1982).
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In the central Appalachian Piedmont (Figure 49), the major structures and
metamorphic history was attributed to Taconian age thrust nappe emplacement resulting
from Laurentian convergence with the James Run-Wilmington Complex magmatic arc
(Fisher et al., 1979; Crawford and Crawford, 1980; Crawford and Mark, 1983; Muller and
Chapin, 1984; Wagner and Srogi, 1987; Muller et al., 1989).

Some currently accepted

tectonic models for the central Appalachians are based on the present geographic
distribution and pressure-temperature-time history of the vanous crustal blocks (Wagner
and Srogi, 1987; Wagner et al., 1991).

Although thermobarometric and geochronologic

data can constrain vertical crustal movements, as revealed in construction of pressuretemperature-time paths, lateral offset of crustal blocks cannot be measured in this way.
Strike-slip shear zones in the central Appalachians (Figure 49) were examined
during this investigation:

the Pleasant Grove-Huntingdon Valley shear system located

between Trenton, New Jersey and the area west of Baltimore, Maryland (more than 220
kilometers exposed length).

This shear system juxtaposes rocks with different geologic

histories suggesting very large displacement.

The focus of this report is the geologic

history discordance across the Pleasant Grove-Huntingdon Valley shear system in the
Peters Creek and Octoraro Formations of the western Pennsylvania Piedmont, and
documentation of the shear zone kinematics.

Finally, regional evidence to estimate the

magnitude of displacement will be summarized.

TECTONICS

IN THE

CENTRAL

APPALACHIAN

PIEDMONT

Rodgers (1970) compiled information to reconstruct the shape of the Laurentian

Cambrian-Ordovician shelf edge. The reconstruction was based on the geographic
distribution of carbonate lithofacies characteristic of stable platform setting, slope
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and basin setting. Rodgers (1970) showed a duplication of the shelf-edge trace in the
region of the Pennsylvania reentrant due to the presence of dolomitic marbles of the
Cockeysville Formation outcropping southeast of the well defined shelf-edge lithofacies
transition of the Frederick and Lancaster Valleys. Fisher et al. (1979) proposed a tectonic
model to explain the present distribution of Grenvillian basement and lower Paleozoic cover

in the central Appalachians (Figure 49). The Cambrian-Ordovician carbonates of the
Frederick and Conestoga Valleys were interpreted to be deep water deposits, timeequivalent to the abundant dolostones of the Vintage, Kinzers and Ledger Formations
farther west and northwest (Rodgers, 1968; 1970).

Southeast of the deep water carbonates

are the Grenvillian massifs of the Baltimore-Philadelphia crustal block covered
disconformably by the Setters Quartzite-Cockeysville dolomitic marble sequences (Figures
49 and 50). These units of the lowermost Glenarm series were considered to represent
deposits on a stable continental platform (Fisher et al., 1979) in relatively shallow water as
compared with the deep water carbonates of the Conestoga or Frederick Formations to the
northwest.

Fisher et al. (1979) proposed a model of a failed rift and peninsular horst to

explain the presence of platform sediments east of and separated from the main continental
shelf (Figure 51).

Muller and Chapin (1984) proposed that in early Cambrian time a terrane bearing
the Grenvillian Baltimore Gneiss massifs and Glenarm series formed a microcontinent east

of the intact Laurentian margin in the central Appalachians. This microcontinent was
thought to be separated from Laurentia by a marginal sea, floored by transitional crust. The
Westminster terrane sediments (“Wissahickon Formation” chlorite-albite schist and
Marburg Formation of Knopf and Jonas, 1929) were believed to have been deposited in the
basin between the rifted microcontinent and the Laurentian margin. Although this model is

similar to that of Fisher et al. (1979) in that a marginal basin was postulated between nifted
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blocks of Grenvillian crust, Muller and Chapin (1984) did not suggest that the rifted block
was connected in a peninsular manner to Laurentia.
Wagner and Srogi (1987) developed a tectonic model to explain the distribution of
Taconian metamorphism as presently preserved in the area located between Philadelphia,
Pennsylvania and Wilmington, Delaware.

This model portrays northwestward directed

emplacement of nappes comprising blocks of Grenvillian age (Grauert et al., 1973a;
1973b) basement and the Wissahickon schist (which they interpreted as tectonic melange).
Wagner and Srogi (1987) argued that the distribution of Taconian high-grade
metamorphism was caused by subduction of the eastern edge of Laurentia beneath the hot
Wilmington Complex.

This model is very similar to that of Muller and Chapin (1984) for

the northern Maryland Piedmont, in that it involves Laurentia in a collision with a magmatic
arc over an east-dipping subduction zone. All of these tectonic models are based on
reconstructions of the Laurentian margin primarily by palinspastic reconstruction of the
presumed orthogonal Taconian thrust-related deformation.
Evidence for strike-slip shearing in the Pennsylvania Piedmont was first recognized
by Wise (1960) in the Cambrian-Ordovician carbonates of the Lancaster Valley. These
structures were mainly small kink bands and "slip cleavage" with predominantly dextral
offset.

Although Wise (1970) was well aware of small scale strike-slip structures, his

structural synthesis for the Piedmont of southeastern Pennsylvania and northern Maryland
did not include this dextral offset as an important displacement.

Consistent with research

of earlier geologists (Mackin, 1962; Freedman et al., 1964), Wise (1970) presented a
structural model for the central Appalachians that included emplacement of basement cored
nappes toward the northwest to explain numerous cleavage and fold structures as well as

the regional prograde metamorphism, followed by late vertical movement of structural

blocks to explain cleavages and folds. Metamorphism associated with the nappe structures
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was dated at about 390 Ma (Lapham and Bassett, 1964) using K-Ar on discrete mica
generations, and was interpreted to be Taconian.

THE

PLEASANT
SHEAR

GROVE-HUNTINGDON
ZONE:

VALLEY

A SUMMARY

The purpose of this section is to describe the regional extent and geometry of the
Pleasant Grove-Huntingdon Valley shear zone, and present orientation and kinematic data
from the Susquehanna River region (Figure 52) where the shear zone was studied in detail.
The Pleasant Grove-Huntingdon Valley shear zone extends from the Delaware River near

Trenton, New Jersey to the Culpepper Basin in northern Maryland west of Baltimore
(Figure 49). The segment of the shear zone studied in detail is defined by a 2 to 5
kilometer broad zone of steeply dipping and northeast striking $3 schistosity defined by
recrystallized muscovite and chlorite, subhorizontally plunging L3 extension lineations, and
upright F3 folds defined by folded S1se and S2nw schistosity (Table 4). This segment of
the shear zone is located on the southeastern flank of the Tucquan antiform (Figure 49),

and separates the pelitic schist of the Octoraro Formation (northwest of the shear zone)
from the interlayered metasandstone and quartz-schist of the Peters Creek Formation
(southeast of the shear zone). The Octoraro Formation contains evidence for two
metamorphic episodes and accompanying Structural phases prior to strike-slip shearing,
and the Peters Creek Formation contains evidence for only one.

Due to these differences,

classification of structures and metamorphic episodes for this paper was summarized in
Table 4 (see also Chapter IT).
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Table 4. Deformation and metamorphism for the rocks of the western
Pennsylvania Piedmont.
D5
Weak north-south striking steeply dipping cleavage and associated crenulations
D4:

Post-transpressional

M3

extension

Local conjugate cleavages S4s and S4a, F4
open symmetric and conjugate box-folds

D3: Dextral transpression
Upright folds at all scales parallel (F3) to the shear

Chlorite-muscovite
assemblage associated with
discrete structures

zones and trending north-south (F3ns), steeply

dipping S3 schistosity in dextral shear zones, the
Tucquan antiform, thrust fabrics (S3r) in core of
Tucquan antiform, juxtaposition of the Tucquan

and Peters Creek structural blocks

Tucquan block
D2xnw:

Nappes

;
‘ty
and Finw
S2uw Scnistos ity and
Fw

D1nw: Early nappe

Sinw schistosity and F1nw

folds preserved in discrete
domains and as inclusion
trails within porphyroblasts
of M2nw plagioclase

M2nw
Regional metamorphism

With higher grade at deeper
structural levels in the
Tucquan antiform.
M1 nw

Mostly chlorite-

muscovite-plagiocase
assemblage, and rare
garnet
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Peters Creek block
O1se
Bedding parallel schistosity
S1se with rare intrafolial F1se
isoclinal folds
M1se

Regional metamorphism
with grade increase
structurally higher
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D3

schistosity,

folds

and

lineations

Steeply dipping S3 schistosity that defines the shear zone (Figure 53a to f),
overprints the S2nw and Sse schistosities (Table 1 and Chapter II), demonstrating the

relative timing of the shear zone to be later than the presumed Taconian deformation.
Regional systematic variation in the strike of the S3 schistosity from 040° near the
Susquehanna River to 070° farther east (Figures 53a to f), shows the gradual change in
shear zone orientation that parallels the Pennsylvania reentrant (Figures 49, 52 and 53).
Gradational boundaries from inside to outside the shear zone are defined by a
progressive decrease in S3 intensity. The S3 schistosity is weakest in metasandstone units

of the Peters Creek Formation, where it is defined by flattened quartz pebbles and
alignment of phyllosilicates (Figure 54a).

Pelitic units in the Octoraro and Peters Creek

Formations contain penetrative S3 schistosity defined by recrystallized muscovite and
chlorite (Figure 54b), and dynamically recrystallized quartz veins (Figure 54c).

A belt of

silver-gray fine-grained meta-pelite contains the most penetrative S3 schistosity, and occurs
in a zone 1.0 to 1.5 kilometers thick between the Peters Creek and Octoraro Formations
(Figure 52).
F3 folds have steeply dipping axial planes parallel to the S3 schistosity, shallowly

plunging fold axes (Figure 55), and are defined by folded S2nw schistosity in the Octoraro
Formation, and folded S1se schistosity in the Peters Creek Formation (Table 4). F3 folds
in pelitic units are less than 10 millimeters in amplitude and in wavelength (Figure 56a). In

metasandstone folds with amplitude up to 10 meters were observed (Figure 56b).
L3 extension lineations are defined by pressure fringes on porphyroclasts in most

rock types, elongate quartz grains and pebbles in metasandstone, and chlorite and

muscovite streaks in metapelite. Most lithologies do not have an obvious mesoscopic
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Figure 54. Deformation fabrics in the Pleasant Grove-Huntingdon Valley shear zone.

a- Block of Cardiff conglomeratic quartzite with subhorizontal L3 lineations defined by

elongate pebbles; b- Penetrative S3 in pelitic schist; c- Quartz preferred grain shape
orientation defining microscopic S-C fabric. Scale bars equal 1 millimeter.
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F3 axial planes

Contour interval:

4%/1% area

Figure 56. Equal-area lower-hemisphere projection of F3
fold hinge axes and axial planes. The poles to F3 axial
planes are contoured and the F3 hinge axes are plotted as
dots.
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Figure 56. Examples of F3 folds. a- Microscopic F3 defined by folded S2nw in the
Octoraro Formation. Scale bar equals 1 millimeter; b- Mesoscopic F3 defined by folded
S1se in micaceous metasandstone of the Peters Creek Formation.
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extension lineation.

mentioned.

However, randomly sliced oriented samples reveal linear fabrics just

Various types of pressure fringes are developed on porphyroclasts:

1) chlorite

fringes on magnetite, 2) quartz fringes on euhedral pyrite and 3) quartz-muscovite fringes
on chloritoid (Figures 57a toc). These lineations generally plunge shallowly throughout
the zone of S3 schistosity (Figure 59), but rare minor plunges of up to 35° northeastward
were observed in the Susquehanna River region.

Equal-area lower-hemisphere plots of L3

extension lineations from localities along the length of the Pleasant Grove-Huntingdon
Valley zone segment analyzed are presented in Figure 58. Over a distance more than 65
kilometers the L3 extension lineations show consistently a shallow plunge, and only the

region near the Susquehanna River has lineations that plunge moderately northeastward.

Kinematic

analysis

Extension lineations associated with the S3 schistosity in the Pleasant Grove-

Huntingdon Valley zone are indicative of horizontal transport. Dextral Type I S-C
mylonitic structures (Lister and Snoke, 1984) were observed in conglomeratic quartzite of
the Peters Creek Formation in X-Z sections (Figure 11a). Similarly X-Z sections reveal
that the porphyroclasts with pressure fringes display an asymmetry consistent with dextral
shear (Figures 57a to c). Mylonitized quartz veins commonly have dextral preferred grain
shape orientation (Figure 54c), and reverse shear cleavage (Dennis and Secor, 1987) show

dextral shear sense (Figure 59b). All the shear sense indicators discussed above
consistently provided a dextral sense of shear along the width and length of the Pleasant

Grove-Huntingdon Valley shear zone segment studied. The upright F3 folds (Figure 55)
suggest a component of subhorizontal coaxial deformation, and abundant microstructures
are consistent with non-coaxial deformation.
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The combination of the F3 fold and the

Figure 57. Microscopic dextral kinematic indicators from the Pleasant GroveHuntingdon Valley shear zone. a- Porphyroclasts of magnetite (m) with asymmetric
chlorite (chl) pressure fringes; b- Porphyroclasts of pyrite (py) with asymmetric quartz
(qt) pressure fringes; c- Porphyroclast of chloritoid (ctd) with asymmetric pressure

fringes of muscovite and quartz (qttmu). Scale bars equal 1 millimeter.
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Figure 59. Microscopic dextral kinematic indicators from the Pleasant GroveHungingdon Valley shear zone. a- Type I S-C mylonite (Lister and Snoke, 1984)
developed in Cardiff conglomeratic quartzite; b- Reverse shear bands (Dennis and Secor,
1987) developed in Drumore phyllonite. Scale bars equal 1 millimeter.
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evidence for dextral shear suggests that the Pleasant Grove-Huntingdon Valley zone
developed in a dextral transpressive deformation regime (Chapter II).

MAGNITUDE

OF

DEXTRAL

DISPLACEMENT

The rocks on either side of the Pleasant Grove-Huntingdon Valley zone, in the
western Piedmont of Pennsylvania, have different metamorphic and structural histories

prior to strike-slip juxtaposition, suggesting that the Philadelphia-Baltimore structural block
originated somewhere else with respect to the rocks of the Tucquan antiform and the
Cambrian-Ordovician passive margin metasediments to the northwest.

In the following

evidence is presented that suggests that late Paleozoic dextral displacement of crustal blocks

in the north-central Appalachians is on the scale of at least 150 kilometers. It cannot be
argued that this juxtaposition of structural blocks with different histories largely reflects
Taconian orthogonal thrusting, because the structure between the blocks is a transcurrent
shear zone.

Crustal

block

differences

Evidence for two structural phases with accompanying metamorphisms were
documented from the Octoraro Formation (Tucquan antiform structural block northwest of
the shear zone), and evidence for only one prograde metamorphism and related structures
has been documented in the rocks of the Peters Creek Formation (southeast of the shear
zone).

This metamorphic and structural discordance occurs across the Pleasant Grove-

Huntingdon Valley shear zone.
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Freedman et al. (1964) identified two schistosities in the rocks of the Tucquan
antiform structural block, and classified them as Sg,5 and S1 (Table 4). They were reclassified as S lnw and S2nw (Chapter IT), because they exist northwest (nw) of the Pleasant

Grove-Huntingdon Valley shear zone.

The S1nw consists of parallel aligned muscovite,

chlorite, aggregates of quartz or albite, and quartz veins. The S Inw schistosity is preserved
in few areas observable in the field with the exception of the hinges of F2nw folds (Figure

60a). However, the most common occurrence of S1nw is as inclusion trails in M2
plagioclase (Figure 60b ) and gamet porphyroblasts, and micro-lithons observable in hand

specimen and thin sections (Figure 60c). The S2nw schistosity clearly overprints the S1nw
schistosity at a high angle (Figure 60c), and the S2nw schistosity is axial planar to F2nw
isoclinal folds (Figure 60a) defined by folded S1nw schistosity.

Regionally folded S2nw

schistosity defines the broad open F3 Tucquan antiform (Figure 1 and Chapter II).
The most common metamorphic mineral assemblage associated with S1nw is
chlorite-muscovite-epidote+plagioclase (Figure 61a), however some garnets have been
rarely observed (Figure 61b). The M2 metamorphism ranges from chlorite-muscoviteplagioclase assemblage (Figure 61c) on the limbs of the Tucquan antiform through garnet-

chlorite-plagioclase assemblage (Figure 61d) in the core of the antiform and structurally
lowest region of S2nw schistosity. Figure 62 shows a clear metamorphic discordance from
M nw to M2nw assemblages plotted on a cross section of the Tucquan antiform at the
Susquehanna River. In the core of the Tucquan antiform M1nw is defined by chloritemuscovite-epidote assemblage where the M2nw assemblages are chlorite-garnet or biotite-

chlorite-chloritoid. On the northern limb of the antiform, structurally above the M2nw
biotite zone (Figure 62), both M1nw and M2nw are defined by the assemblage chloritemuscovite-plagioclase and difficult to separate based on metamorphic mineral assemblage.
However, the M1nw assemblage in the some regions of the southern limb contains chlonite-
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Figure 60. a- Mesoscopic F2nw fold with Slnw preserved in the hinge region, located
on the north limb of the Tucquan antiform; b- S1nw preserved within an M2nw plagioclase

porphyroblast from the Octoraro Formation; c- Slnw in microlithons cross cut by S2nw

from the Octoraro Formation.

Scale bars equal 1 millimeter.
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Figure 61. Metamorphic mineral assemblages in the Octoraro Formation. a- Chloritemuscovite associated with Slnw; b- M1nw garnet inclusion preserved in M2nw plagioclase;
c- Chlorite-muscovite-plagioclase associated with S2nw; d- Garnet-chlorite assemblage
associated with S2nw. Scale bars equal 1 millimeter.
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muscovite-garnet (Figures 61b and 62) in areas where the M2nw assemblage is chloritemuscovite-plagioclase.

These regional relationships clearly demonstrate discordance

between M1nw and M2nw, and suggests they are two discrete episodes of metamorphism

and associated structures.
There is evidence for only one prograde metamorphism with associated schistosity
and folds in the rocks of the Peters Creek Formation (prior to dextral shearing),
immediately southeast of the Tucquan antiform.

The S1se consists of planar aggregates of

quartz in metasandstone layers, and micaceous schistosity in pelitic and semi-pelitic
lithologies. There are rare intrafolial Flse isoclinal folds (Figure 63a) that have limbs
continuous with the Sse schistosity, although refolded by later phases of deformation (D3

and D4: Table 4), unlike the well defined cross cutting relationship between the D1nw and
D2nw structures previously discussed.
In the region adjacent to the Pleasant Grove-Huntingdon Valley shear zone the S Ise
has the associated metamorphic mineral assemblage chlorite-muscovite (Figure 63b). At
structurally higher levels and in similar lithologies (Figure 62), the chlorite-muscovite
assemblage gives way to an assemblage of chlorite-biotite in pelitic and semi-pelitic

lithologies (Figure 63c), and hornblende-epidote-plagioclase assemblages in rare
greenstone layers (Figure 63d). This relationship suggests higher metamorphic grade at
structurally higher levels in the rocks of the Peters Creek Formation (Figure 62), and is
distinctly different from the higher grade assemblages at deeper structural levels associated
with M2nw in the Tucquan antiform.

This work demonstrates that correlation of metamorphic and structural episodes
across the Pleasant Grove-Huntingdon Valley shear zone may not be possible.

Dextral

displacement on the shear zone brought the Peters Creek block from the east-northeast,
therefore offering one explanation for the metamorphic and structural discordance.
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Figure 63. a- Slse and Flse intrafolial folds refolded by F4 in Peters Creek Formation
pelitic schist; b- Chlorite (chl)-muscovite (mu) assemblage in quartz schist of the lower

Peters Creek Formation; c- Chlorite (chl)-biotite (bio) assemblage in quartz schist of the
upper Peters Creek Formation; d- Hornblende (hbl)-biotite (bio)-chlorite (chl) assemblage

in greenstone from the structurally highest Peters Creek Formation. Scales equal 1 mm.
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Estimation

of the magnitude

of dextral

offset by palinspastic

of the Cambrian-Ordovician

reconstruction

shelf edge

Although the different metamorphic and deformational histories suggest the rocks

on either side of the Pleasant Grove-Huntingdon Valley shear zone originated in different
parts of the orogen, it does not constrain the magnitude of dextral slip. Identification of an
offset marker is generally difficult in the deeply eroded, poorly exposed crystalline
Piedmont of the Appalachians because of the complexity of structural and metamorphic

history. However, the following discussion proposes a crustal-scale offset marker for the
Pleasant Grove-Huntingdon Valley zone.
Glover and Gates (1987) hypothesized that the Grenvillian Baltimore gneiss

massifs were sheared off of the Manhattan Prong in New York (a dextral displacement of
about 150 km) based on the similarity of basement and cover lithofacies, and the

geographic position of the strike-slip shear system (Chapter II). With the proposed dextral
offset of the Baltimore massifs from the Manhattan Prong, one would expect similar cover
sequences on the basement blocks.

The cover sequences that occur are well documented in

the published literature and are: 1) Setters quartzite, Cockeysville marble on the Baltimore
gneiss massifs, and 2) Lowerre Quartzite and Inwood Marble on the Fordham gneiss
(Figure 2). Both the Cockeysville and Inwood marble units bear five lithofacies (Crowley,
1976; Hall, 1968) that are lithologically similar, suggesting a correlation, and these
lithofacies are summarized in Figure 50. Rodgers (1968) earlier recognized the similarity
between the New York and Baltimore carbonates and suggested a thrust or wrench fault to

explain the unusual geographic distribution and the unusual shape of the constructed
Cambrian-Ordovician shelf edge (Figure 64).
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If the distribution of lower Paleozoic clastics and carbonates in the central
Appalachian Piedmont is examined in the context of the position of the ancient CambrianOrdovician shelf edge, the tectonic model proposed by Fisher et al. (1979) would require a
complex hinge zone geometry due to the peninsula structure of the block containing the
Baltimore Gneiss massifs (Figure 51). The connection of two segments of the hinge zone,

one on the main continent and one on the continent side of the peninsula, would occur east
of the easternmost occurrence of Cockeysville dolomite and the deep water facies

Conestoga limestone. The correlation proposed by Rodgers (1968) and Glover and Gates
(1987) of the Setters Quartzite-Cockeysville Marble and the Lowerre Quartzite-Inwood
Marble (Figure 50) was supported with structural information (Chapter IT), showing the

existence of a crustal-scale dextral shear zone in the appropriate position. This correlation
would require truncation of the Cambrian-Ordovician shelf edge against the dextral shear
system, somewhere between the exposures of the Inwood Marble in southern New York
and the westernmost exposures of the Cockeysville Marble, southwest of Baltimore,
Maryland (Figure 64).
The Conestoga Formation of Knopf and Jonas (1929) was interpreted to be a deep

water carbonate deposit (Rodgers, 1968). This is also true of the lithologies in the
Frederick and Conestoga Valleys, but a narrow continuous belt of Conestoga marble
extends eastward, and has been described to bear progressively more dolomitic lithologies

to the east (MacLachlan, 1992). Lateral variation in carbonate lithofacies was interpreted to
represent the transition from shelf to slope facies across the paleo-shelf-edge.
Although this transition occurs through a volume of rock, on the scale of the crust
this transition approximately defines a zone, that can be used as an offset marker for largescale displacement. The intersection of this lithologic transition zone with the Pleasant
Grove-Huntingdon Valley shear system occurs in the region just west of the Trenton
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Grenvillian massif (Figure 64). If this approximate position of the ancient shelf-edge

truncation is reasonable, then the other end of the hinge zone across the strike-slip system
would lie southwest of the Baltimore massifs, beyond the outcrop pattern of the stable
platform carbonates of the Cockeysville Formation (Figure 64).

Palinspastic reconstruction

of the Cambrian-Ordovician shelf edge by sinistral reconstruction places the BaltimorePhiladelphia crustal block, that currently resides in the core of the Pennsylvania reentrant,
in the region of the New York promontory, approximately 150 kilometers east-northeast of
the present position (Figures 65 and 66).

Extension

of the

dextral

shear

system

The impact of the palinspastic reconstruction proposed here is not limited to the
central Appalachians, and the southwestern and eastern extension of the Pleasant GroveHuntingdon Valley shear system needs to be addressed on the orogen scale.

Muller et al.

(1989) showed the Pleasant Grove shear zone to extend to the Gettysburg Mesozoic Basin.
Across the basin the Mountain Run fault zone (Pavlides, 1989) is a possible candidate as

the southern continuation, however, kinematics on the Mountain Run fault zone are not
constrained at this time (Figure 67). The problem is much more complex to the east

because the Huntingdon Valley shear zone is covered by the Atlantic Coastal Plain near
Trenton, New Jersey, and the closest crystalline rocks are exposed in southern New York
and New England.
There are two possibilities for the eastern extension of the Pleasant GroveHuntingdon Valley shear system:

1) the system continues parallel to the general strike of

the New York promontory and is correlative with a currently unknown dextral system in
New England (Figure 65), or 2) the system cuts across the orogenic grain of the New York
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promontory, parallel to the Long Island platform, and is correlative with a dextral shear
system on the conjugate margin of northern Africa (Figure 66).

Numerous structural features in southern New England could potentially be dextral
strike-slip shear zones, however detailed kinematic analyses have not yet been completed.
Mosher and Berryhill (1991) described the evolution of the structures in the Naragansett

Basin of eastern New England as developing during dextral transpression. However,
those structures lie approximately 350 km to the east, and correlation with the Pennsylvania
Piedmont system would require truncation of the early Paleozoic structures to the west.
Getty and Gromet (1988) described the clock-wise transposition of the Hope Valley shear
zone and adjacent structures as they approach the southern coast of Rhode Island, and

proposed a major dextral shear zone off the coast to expain this transposition. Their
proposed shear zone would cut across the early Paleozoic structures of the New York
promontory.

The westward projection of the South Atlas dextral fault system in numerous

pre-Mesozoic reconstructions (e.g. Lefort and Van der Voo, 1981; Rast, 1988) traces
directly into the area of the Long Island platform and Pennsylvania Piedmont parallel to the
Pleasant Grove-Huntingdon Valley system (Figures 66 and 67), and the proposed shear
zone of Getty and Gromet (1988).

This suggests a possible correlation between the two

systems, and that a component of the Pennsylvania system cut across the orogenic grain of

the New York promontory, continuous with the South Atlas system in northern Africa.

Implications

of proposed

offsets

on

existing

tectonic

models

Palinspastic reconstruction of the Cambrian-Ordovician shelf edge across the
Pleasant Grove-Huntingdon Valley zone using the proposed correlation of the Cambrian

cover sequences, and the shape of the present Cambrian shelf edge (Rodgers, 1968; Glover
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and Gates, 1987), places the Baltimore Grenvillian massifs in the vicinity of southern New
York (Figure 16b). This strike-slip reconstruction solves two problems of major tectonic
importance in the central Appalachians:

1) it explains the unusual distribution of Cambrian

platform carbonates in Maryland and Pennsylvania (Rodgers, 1968) and 2) the need for a
failed rift or a micro-continent (Fisher et al., 1979; Muller and Chapin, 1984) to explain the
current assemblage of units is removed.

This tectonic reconstruction of only one of the

strike-slip shear zones in the north-central Appalachians demonstrates the potentially
important role that late Paleozoic transcurrent shearing played in the overall tectonic
assembly.

SUMMARY

Identification of major transcurrent dextral shear zones in the central Appalachian
Piedmont demonstrates the continuity of the late Paleozoic Appalachian dextral shear
system that extends from Maritime Canada to Alabama (Gates et al., 1986). Current
tectonic models for evolution of the central Appalachian Piedmont invoke Iapetan rifting

and orthogonal Taconian collision with out late Paleozoic orogen parallel displacement.
Pressure-temperature-time paths within those blocks give only the vertical component of
motion which is minor when the magnitude of orogen parallel lateral shuffling is
considered.

The present geometry of the Cambrian-Ordovician shelf-edge, as constructed by
Rogers (1968), is used as a structural marker across the Pleasant Grove-Huntingdon Valley
shear system.

Using the transition of shelf to slope carbonates to define the position of the

shelf edge (Rogers, 1968; MacLachlan, 1992), the magnitude of displacement across the
Pleasant Grove-Huntingdon Valley shear system is estimated to be at least 150 kilometers.
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Based on the geometry of the Cambrian-Ordovician shelf-edge of Rodgers (1968), the
shelf-edge is currently truncated in two places by the Pleasant Grove-Huntingdon Valley
shear system:

1) the region northwest of Philadelphia, Pennsylvania (Figure 65) to the

north of and on the eastern end of the strike-slip system, and 2) the region southwest of the
outcrop pattern of the Cockeysville dolomitic marble near Balitmore, Maryland (Figure 64),

on the southeastern side of the shear system approximately 150 km southwest of the other
cut off point.

This constrains the magnitude of displacement across the Pleasant Grove-

Huntingdon Valley shear system to a minimum of 150 kilometers.

Palinspastic

reconstruction of this transcurrent displacement places the Baltimore-Philadephia crustal
block in the area of the New York promontory some time in the late Paleozoic after the
Taconian orogeny (Figures 65 and 66).
The proposed palinspastic reconstruction provides an explanation for the present
complex geometry of the central Appalachian Cambrian-Ordovician shelf-edge of Rodgers
(1968), and removes the need for a failed rift (Fisher et al., 1979) or microcontinent

(Muller and Chapin, 1984). The estimated large magnitude of displacement is supported
by the structural and metamorphic discordance that currently exists across the Pleasant

Grove-Huntingdon Valley shear system.
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The crystalline rocks of the Pennsylvania Piedmont have a long history of
investigation, beginning with the early work of the Second Geological Survey of

Pennsylvania completed by Persifor Frazer (1880). From 1900 through the 1940's
government funded field research produced numerous reports describing the bedrock
geology in great detail (i.e. Bascom et al., 1909; Knopf and Jonas, 1929).

However,

much of the early geologic mapping was completed at a scale of 1:62,500 and predates
major advances in geologic theory and technique.

Recognizing the need for modern

information in the Piedmont, in the mid- to late-1980's the Fourth Pennsylvania Geological
Survey initiated a new bedrock geologic mapping program in the Piedmont.

Many of the

Current tectonic interpretations in the north-central Appalachian Piedmont of Pennsylvania
are based on geologic mapping of a half-century ago. In the course of this investigation
major new discoveries were made, some of which change concepts of the tectonic
framework in the north-central Appalachians.

The Appalachian Piedmont, including the Piedmont of Pennsylvania, has been
divided into innumerable terranes, both native and exotic, with multiple sutures (i.e.
Horton et al., 1989; Faill and MacLachlan, 1989).

The present investigation focused on

the geology of the western Piedmont of Pennsylvania between the Susquehanna River and
East Branch of Brandywine River in Lancaster and Chester Counties. According to recent
literature, most of this region is underlain by accretionary melange deposits related to the
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Taconian orogeny (Horton et al., 1992). As well, this region is the site of two proposed
sutures: one between the Taconian magmatic arc and Laurentia (Horton et al., 1989) and
the second being "cryptic" between the interpreted peninsula horst of the BaltimorePhiladelphia block and the Laurentian rocks to the northwest (Faill and MacLachlan, 1989).

Also the tectonic assembly history portrays orthogonal collision of the Laurentian margin
with the Taconian magmatic arc to explain the present geographic distribution of
lithotectonic blocks (Wise, 1970; Muller and Chapin, 1984; Wagner and Srogi, 1987;

Muller et al., 1989). Evidence presented in this field trip challenges these interpretations.
The Peters Creek Formation originated as Iapetan rift related deposits (Gates and Valentino,
1991), not accretionary melange, thus the suture and "cryptic" suture are not supported by
the field evidence.

Although a history of thrusting orthogonal to the present orogen exists

within discrete structural blocks, later transpressional dextral displacement contributed
greatly to the present position of those blocks. The following is a collection of summaries
of topics that will be addressed during the field tp:

Turbidite-fan

system

in Peters

Creek

Formation

rift deposits

Late Proterozoic-Early Cambrian extension of the Grenvillian lithosphere produced
the Laurentian margin and Iapetus ocean.

Rift basins filled with siliciclastic sediments are

presently preserved as part of the crystalline core of the Appalachians. The Iapetan rift
deposits were previously recognized to occur in two regions, the Blue Ridge anticlinorium

in the southern Appalachians, and western New England and Maritime Canada. The
Pennsylvania reentrant (Figure A1) is the site that divides these two belts, and the break
was interpreted as an Iapetan transform margin (Thomas, 1977).

However, rift related

metasediments do occur in the Peters Creek Formation in southeastern Pennsylvania and
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Figure A1. Palinspastic reconstruction of the Cambrian-Ordovician shelf edge of
Rodgers (1970), by sinistral reconstruction of the Pleasant Grove-Huntingdon Valley
shear zone. a- Geologic map of the central Appalachians with the CambrianOrdovician shelf edge plotted. b- Palinspastically restored dextral offset on the
Pleasant Grove- Huntingdon Valley shear zone, approximately 150 kilometers.
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northern Maryland (Figure A2) (Gates and Valentino, 1991).

A provenance investigation

on metasandstone framework grain compositions indicates a Grenvillian source for these
metasediments.

Rift clastics of the Peters Creek Formation comprise submarine turbidite-fan
systems represented by thick sequences of interlayered feldspathic metasandstone and
schist, separated by a vast region of quartz-mica schist. The western Peters Creek
Formation has a lower chlorite-muscovite schist (1.5 km thick) unit, followed by meterscale interlayered graded metasandstone and quartz-schist defining a sequence of turbidite
deposits approximately 3.2 kilometers thick (Figure A3).

The turbidite sequence grades

laterally to the east into quartz-schist with rare discrete metasandstone layers interpreted as

distal turbidite deposits. The eastern turbidite fan-system comprises a lower schist unit
approximately 1.2 kilometers thick, followed by about 4 kilometers of interlayered
feldspathic metasandstone and schist. Although the eastern and western Peters Creek
Formation contain similar lithofacies, there are no common stratigraphic elements because
of the separation by the quartz-schist.

The stratigraphically highest sections of both

turbidite-fan systems have interlayered metabasalts.

The Peters Creek Formation contains lithofacies similar to Late Proterozoic rift
sequences in the southern and northern Appalachians.

The accretionary melange

interpretation of recent literature (Horton et al., 1989) is not supported by this study. The
presence of Peters Creek Formation rift related metasediments bridges the gap between the
southern and northern rift basins.

Palinspastic restoration of the Peters Creek block about

150 kilometers eastward (see following section and Figure Al) seems required, and
precludes detailed correlation with the southern and northern rift basins without further

study.
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The

role of dextral

shear

zones

in the

tectonic

assembly

Many tectonic models for the central Appalachian Piedmont assume orthogonal
collision emplacement of structural blocks during the Taconian orogeny to explain the
assembly and current geographic distribution of lithotectonic units (Muller and Chapin,
1984; Wagner and Srogi, 1987; Wagner et al., 1991).

Major transpressive shear zones

were documented during this investigation, and shown to cut across Taconian structures in
the Piedmont (Valentino, 1990; Valentino et al., 1992).

The Pleasant Grove-Huntingdon

Valley shear system traces more than 220 km between Trenton, New Jersey to the area
west of Baltimore, Maryland and beyond (Valentino, 1990; Valentino et al., 1992).

The

sense of offset across this system was dextral with only local minor oblique offsets due to
the transpressive nature of the deformation.
Evidence for polymetamorphism has been documented from the Octoraro
Formation (Tucquan antiform structural block; Table A1), while evidence for only one
prograde metamorphism has been documented in the rocks of the Peters Creek Formation
located to the southeast.

As previously noted, Freedman et al. (1964) identified two major

metamorphisms and fabric generating episodes in this region. They also recognized an
earlier metamorphic fabric in the rocks of the Tucquan antiform (So.5). The So.5
schistosity (here called S1 north of the Pleasant Grove-Huntingdon Valley zone) is defined

by the metamorphic mineral assemblage chlorite-muscovite-epidote in most places, but has
also been observed at higher grades with chlorite-biotite and chlorite-garnet bearing

assemblages. The S1 schistosity is preserved in few areas observable in the field (Stop 9),
but most commonly is preserved as inclusion patterns in plagioclase and garnet
porphyroblast (Stop 4) and micro-lithons observable in hand specimens and thin sections.

These fabrics (S1) clearly pre-date the arched schistosity that defines the Tucquan antiform.
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Table A1. Deformation and metamorphism for the rocks of the western
Pennsylvania Piedmont.
D5
Weak north-south striking steeply dipping cleavage and associated crenulations
D4:

Post-transpresslonal extension

M3

Conjugate cleavages S4s and S4a, F4 open
symmetric and box folds
D3: Dextral transpression
Upright F3 folds at all scales, steeply dipping

Chlorite-muscovite grade

assemblage associated with
discrete structures

S3 schistosity in dextral shear zones, thrust

fabrics in core of Tucquan antiform,
juxtaposition of the Tucquan and Peters
Creek blocks

Tucquan

block

D2:

Nappes
Ppe
S2 schistosity and F1
isoclinal folds

M2
Regional metamorphism with
higher grade at deeper

structural levels

Peters Creek block
D1
Bedding parallel
schistositywith rare intrafolial
isoclinal folds

D1: Early nappe

M1

M1

$1 schistosity and F1 folds

Chlorite-

Regional metamorphism
with grade increase

preserved in discrete domains

muscovite grade

and as inclusion trails within
porphyroblasts of M2 plagioclase
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structurally higher

There is evidence for only one prograde metamorphism in the rocks of the Peters Creek
Formation, prior to the metamorphism associated with strike-slip shearing. The difference
in metamorphic history between the Octoraro and Peters Creek Formations indicates that
they originated in different parts of the orogen (Table A1).

Palinspastic reconstruction of the Pleasant Grove-Huntingdon Valley shear system
(Figure Alb) reveals fundamental problems in current tectonic models for the central

Appalachian Piedmont.

A minimum of 150 km of dextral offset was proposed for the

Pleasant Grove-Huntingdon Valley shear system based on the geometry of the CambrianOrdovician shelf edge in Pennsylvania and Maryland, and correlation of Cambrian cover on
the Grenvillian gneiss domes near Baltimore and the Manhattan Prong of southern New
York (Rodgers,

1970; Glover and Gates, 1987; Valentino et al., 1992).

Displacement of

this magnitude may account for the juxtaposition of rocks with different metamorphic

histories. This displacement would also alleviate the need for a peninsular horst or
microcontinent containing the Baltimore massifs (Fisher et al., 1979; Muller and Chapin,

1984),
Although a

history of early orthogonal structural assembly is preserved within

discrete structural blocks, subsequent transcurtent shearing has influenced greatly the
distribution of those blocks. The strike-slip component is large and may ultimately be

found to exceed the earlier orthogonal component of displacement.

A new

interpretation

for the Peach

Bottom

structure

The Peach Bottom syncline was originally defined by the mapped distribution of

Cardiff conglomeratic quartzite around the northeastern and southwestern ends of the Peach
Bottom slate belt in Lancaster Co., PA and Harford Co., MD (Knopf and Jonas, 1929).
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It

was also suggested that cleavage-bedding intersections and younging criteria, south of the
Slate belt indicated an anticline (Higgins, 1972).

The controversy over the Peach Bottom

fold has existed for decades. Observations during this study demonstrate that a syncline or
anticline model is inadequate to explain the structures and map pattern on the eastern end of
the structure.
Detailed mapping of the Peach Bottom structure in Lancaster County indicates that
the Cardiff Formation crops out as three discrete discontinuous layers. Only the

northernmost unit is in contact with the slate. This new map pattern does not define a fold
structure.

The Peach Bottom Formation and adjacent Peters Creek Formation are

dominated by the regional D3 structures characterized by a 5 km wide zone of shallowly

plunging F3 meso- and micro-scale folds and subvertical schistosity (S3). This
deformation zone has been traced more than 60 kilometers to the east (Figure A2).
The Peach Bottom slate is not a simple prograde rock. The Peach Bottom unit is a
phyllonite that defines a 1 km broad northeast striking zone of penetrative S3 within the
broader deformation zone, and the origin of the fine grained slaty texture is due to
deformation and retrograde metamorphism.

The orientation of F3 folds and S3 schistosity

suggests northwest-southeast oriented subhorizontal compression during D3, which would
be consistent with a fold model.

However, abundant Type I S-C structures (Lister and

Snoke, 1984) in the Cardiff Formation and in quartz veins in the Peach Bottom phyllonite
have been observed.

Asymmetric quartz pressure fringes about magnetite and chloritoid

grains in the Peach Bottom phyllonite are consistent with dextral offset. Quartz
petrofabrics from the Cardiff quartzite reveal a subhorizontal maximum extension direction
with a component of dextral simple shear. The northeastward trace of the Peach Bottom
phyllonite belt (Figure A2) merges with a lithologically similar silver-black fine- grained
tectonite (the Drumore tectonite) that defines a 1.5 km broad zone between the Peters Creek
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and Octoraro Formations.

Kinematics in this tectonite zone are complex with shear sense

structures indicative of dip-slip, oblique-slip and strike-slip deformation.

However, most

kinematic indicators provide a dextral sense of shear, identical to the kinematic indicators in
and adjacent to the Peach Bottom phyllonite. Therefore, the deformation zone in which the
Peach Bottom slate resides is probably a strike-slip splay off of the main deformation zone,
and the slate belt may have originated as a structural sliver of phyllonite in a complex
dextral shear system.

This hypothesis needs to be tested with further detailed mapping on

the western end of the belt.

Post-transpressional

extension

Bedding (SO) parallel schistosity (S1) in the region of the lower Susquehanna River
gorge is cut by two pressure solution cleavages in apparent conjugate arrangement (S4s,
synthetic and S4a, antithetic). These cleavages developed by kinking, recrystallization and
pressure solution.

Evidence for pressure solution in the cleavages consists of abrupt

truncation of micas and quartz grains at cleavage boundaries, and concentration of residual
minerals, (i.e. magnetite, ilmenite,

zircon) in discrete cleavage zones.

Variably developed

pressure solution cleavage is related to the relative quartz and mica content of the rocks, for
example, cleavage is weak in metasandstones but becomes more intense with an increase in
mica. Open symmetric folds, occur in rocks dominated by the S4s, and where the second
cleavage S4a is present, folded compositional layering defines conjugate box folds (Figure
A4). The sense of rotation of S1 into S4s suggests normal offset, and porphyroclasts of
magnetite bear asymmetric pressure fringes consistent with this offset sense. The second

cleavage has offset of top to the south using similar criteria. Since the cleavages developed
at an angle to S1, the apparent offset could be due in part to volume loss related to pressure
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Figure A4. Schematic block diagram showing the geometric
relationship between the conjugate cleavages and the principle
compressive stresses.
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solution. The approximate volume loss and magnitude of apparent offset has been
calculated using concentrations of residual minerals from undeformed and deformed
portions of the samples.

An average of 15% of the offset across discrete cleavage zones

can be explained by pressure solution while the remaining offset is probably due to mica
grain boundary sliding during simple shear.
The geographic distributions for both cleavages is identical, and this coupled with
identical recrystallization assemblages suggests that they developed cogenetically.

Ductile

conjugate pair criteria indicates that maximum principle compressive stress plunged 75°90° south, the intermediate trended subhorizontally east-west, and the minimum trended
shallowly north-south relative to present coordinates during cleavage formation.

This

principle compressive stress array represents extension.
Although this phase of cleavage cuts across local transpressive structures,
particularly the Tucquan antiform and Peach Bottom zone, the previously described
recrystallization mineral assemblage is identical to the assemblage of the transpressional
structures.

There is no evidence for separate low grade thermal events in this part of the

Piedmont.

Therefore the conjugate cleavage and transpressive structures formed during the

same thermal episode and the time between structural events was brief. The principal
compressive stress array changed from compression during dextral transpression, to

extension during the same metamorphic episode. The extensional conjugate cleavages are a
local structural feature that primarily developed adjacent to the Mine Ridge-Tucquan
antiform, that had approximately 7 kilometers of structural relief prior to erosion (Freedman
et al., 1964; Wise, 1970).

The change in principle compressive stress array appears to be

the result of localized gravitational collapse following transpressive thickening of the

Tucquan structural block.
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Field

Trip

Saturdav,

Stop

1.

Turkey

Hill

(Safe

Harbor

Location

November

7

quadrangle)

Travel south on Route 441 from Wrightsville through Washington Boro.

Continue south

on 441 about 1.5 miles unal a prominent tree covered ridge is approached (the Martic Line
is at the base of the ridge). Turn right onto a dirt road at the base of the ridge, and park in
the dirt lot (Figures Al and A5).

Outcrops of chlorite-muscovite-quartz phyllonite of the Marburg Formation are
located approximately 0.5 miles down the dirt road and south along the abandon railway.
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These rocks occur within the Lancaster Valley tectonite zone neared the southern boundary.

There are numerous outcrops that reveal the cross cutting relationship between the S2
schistosity and F2 isoclinal folds of the Tucquan structural block and the $3 schistosity of
the Lancaster Valley tectonite zone. The exposure at railroad mile marker 13 (about 1 mile
from the parking lot) preserves the $1 schistosity that was folded into a meso-scale

isoclinal F2 fold. The south end of this exposure contains some of the subvertical $3
cleavage related to the Lancaster Valley tectonite zone. The S3 cleavage is axial planar to
small upright folds. Approximately half way between the parking lot and railroad mile

marker 13 there are numerous blocks revealing pyrite porphyroclasts with asymmetric
pressure fringes.

These microstructures consistently reveal a dextral slip along S3 when

found in place. The boundary of the Lancaster Valley tectonite zone is defined by a gradual
decrease in $3 toward the south.

This transition occurs between Mann and Fisherman Run

and can be observed in the railroad outcrops.

Tectonic significance:

The D3 structures document the regional dextral transpression

in the Lancaster Valley tectonite zone, while the pre-existing structures and metamorphic
fabrics are related to the Taconian or Cambrian (?) orogeny.

The Marburg Formation is the

structurally highest lithofacies in the Tucquan antform structural block, and most likely
was deposited during the transition from rift to drift in the Late Proterozoic-Early Cambrian
Laurentian margin sequence.

Stop 2.

Witmer

Run

(Safe Harbor

quadrangle)

Walk back to the parking lot and continue south on Route 441 past the Turkey Hill Dairy
(Figure A5). Turn right onto River Road about 0.2 miles past the Dairy. River Road
passes through Highville (about 7 houses). Turn left on the last road before the bridge
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over Conestoga River. Travel about 0.2 miles and park on the left side of the road across
from an outcrop of gray marble and black phyllonite.

The outcrop of interest is located

below the roadway in the cteek bed of Witmer Run.
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There are abundant pavement outcrops of gray marble and phyllidc marble typical

of the local Conestoga formation. One of the largest pavement outcrops contains numerous
meso-scale kinematic indicators associated with the D3 (Lancaster Valley tectonite zone)
deformation.

Nodules of black marble have asymmetric tails of phyllitic material defining

6-type (Passchier and Simpson, 1986) porphyroclasts.
crystalline marble developed in a phyllitic marble mamix.

Boudins of coarse grained
The extension direction is

subhorizontal consistent with the strike-slip deformation observed in the rocks at Turkey

Hill. Cross cutting quartz veins were also displaced dextrally along discrete shear zones
parallel to the extended marble layer.
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‘

Tectonic significance:

The kinematic indicators at this locality demonstrate the dextral

component to the regional post-Taconian transpression. As well the presence of the
regional S2 schistosity in these rocks shows that the Cambian-Ordovician passive margin

carbonates were in contact with the local siliciclastic rocks of the Octoraro Formation prior
to regional metamorphism and Taconian or Cambrian (?) deformation.

This structural

relationship was first discussed by Cloos and Heitanen (1941) and later placed into a

tectonic framework by Wise (1970).

Stop 3.

Pequea

Creek

(Conestoga

quadrangle)

Return to the vehicles and continue on River Road through Safe Harbor (exposures of

biotite-schist lacking S3 can be observed along the access road to the Safe Harbor
hydroelectric plant), into the Conestoga quadrangle. Follow River road to Martic Forge
about 4.8 miles from Stop 2. Turn nght on Route 324 and travel 0.9 mile to a very sharp
left turn. Turn left and park along the road or in the gravel lot near the covered bridge over
Pequea Creek.

Walk along the foot path upstream on the south side of the creek about 400

yards.
This is the type section of the Pequea Creek member (opc) of the Octoraro
Formation (Figure A6). The rock is a coarse grained schist bearing the assemblage
plagioclase-muscovite-biotite+garnet.

This stop is located on the limb of a broad open

synformal structure on the northwest limb of the Tucquan anuform. This explains the
unusual shallow dip of the S2 schistosity that pervades the rocks.

Minute F3 crenulations

can be observed on almost all S2 surfaces, however, the S3 cleavage is rare. Excellent

exposures of the schist are located in a small stream valley about 0.3 mile from the covered
bridge. There are numerous plunge-pool pot-holes in the bedrock about 75 yards up the
stream valley. Above the plunge-pools discrete shear surfaces that cross cut the S2

184

isiyos youweh

ys14os BOI

Joquoul yook)

} qo

30

UBNBSAT

17°98
seddy

odo

ign

b

¥

3°

3°

yqn

HUN TeEMjSANS +3

@3/U0}90} pue|s|

ISIYOS EAOOSNW

|)?

-ese/901Be}g
TSqUSW Yssly onbsd

euljs0j9w-yeny

Suc] spuesejow

180
BAUS

Toqey] oes

uso

SHIoJ sHleEW

SHeMays

-ese)2016e)d-zueNH
Toque Uny AIGMog
ywiyos

BAWSUUAY

Beow-eseooibelg

IsIYOs-2)R01q
BAUS

-ese/o0ibejg

qui] jseeyNos
qui] ISeMYLON
UONeUWO4 01210}90
Uopeurjdxy

‘Ayunoy Jseysueoue] ‘uoibes ebuly
uuo;UY UeNboN| ey) sso1oe dew
aIBiojoeB yooupeg ‘oy eanby4

iv

Dd

o

so€

pd o1S

or

S1 houlg

6| 180g seddr

6| 280g 10M07

ptomns,
PX
’
ov

280

UZ

weg PoomijoH

=
2909

N

°

6

rote

Joquey
98S

185

schistosity can be observed. These shear surfaces contain evidence for new growth of
chlorite and muscovite at the expense of biotite, an assemblage identical to the S3 cleavage
at Turkey Hill.

The direction of offset was thrusting toward the northeast.

Return to the

main foot path and walk 0.25 mile to the northeast where there are large schist exposures at

the water level. The lower outcrop surfaces contain (M2) garnet porphyroblasts with
retrograde coronas of (M3) chlorite.

Detailed microstructural analysis of these rocks

revealed that the retrograde chlorite occurs on gamet only within the discrete shear

XX

\

K\ ‘-

WA,

Y

domains.

Tectonic significance:

The discrete thrust structures and retrogressive metamorphism

developed during the arching of the regional S2 schistosity into the Tucquan anuform, and
are related to the central Appalachian post-Taconian dextral transpressive tectonics.
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Stop

4 (Optional).

Normanwood

Bridge

(Holtwood

quadrangle)

Walk back to the vehicles and continue on the road across Pequea Creek.

Travel about 5.6

miles to Route 372 and turn right. Follow Route 372 to the Susquehanna River at the
Normanwood Bridge, approximately 1.5 miles.

Park on the left side of the road and climb

down to the railroad tracks below the bridge.
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The bedrock under the bridge is the Tucquan Creek member (otc:

chlonte-muscovite schist with small plagioclase porphyroblasts.

Figure A6)

Walk south on the

railroad approximately 0.35 mile to railroad pole #602 where there is a relanvely abrupt
contact of otc with coarse grained plagioclase-chlonte-muscovite-bioute schist (Stewart
Run member-osr).

This location is on the southeastern limb of the Tucquan anuform

therefore the $2 schistosity that dominates the rock dips southeastward.

Close examination

in thin section (Figure A7) of aggregates of plagioclase porphyroblasts reveals an internal
fabric; the $1 schistosity.

The S1 schistosity is defined by inclusion trails of chlorite,

quartz, epidote and ilmenite with tny garnets locally. Tiny crenulations of the S2

schistosity are related to the D3 deformation.
near to the bridge.
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S3 cleavage is weakly developed in the rock
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Figure A7. Sketch of S1 and F1 preserved as inclusion
aggregate of M2 plagioclase.

‘

trails

Lunch

Stop.

Fish

Ladder

metabasalt

(see Stop for location)

Return to the vehicles and continue across Normanwood Bridge.

Tum right onto the dirt

road immediately across the bridge and follow to the parking lot above the Holtwood Dam,
approximately 1.3 miles. The outcrops of interest are located in the old fish ladder.
eating lunch examine the metabasalt.

While

The basal contact is not exposed, however the upper

contact is gradational with the regional schist and exposed south along the river bank.

Stop

5.

Midway

Station-Drumore

(Holtwood

quadrangle)

After lunch return to the vehicles and back track across the Normanwood Bridge.

Follow

Route 372 northeast about 0.7 mile to the first road on the right. Turn right and travel 2

miles (the road will cross in front of the Muddy Run hydroelectric reservoir), turn right
travel 0.7 mile to a dirt road on the right, turn night and travel 2.15 miles (the dirt road will
end at the top of the hill, just continue straight). Turn nght and travel 0.7 mile along
Fishing Creek to the old Substation at Drumore. Cross the railroad tracks and follow the
gravel road parallel to the railroad north until the road ends at Midway Station, about 1.4

miles. Walk north about 100 yards on the railroad to the first exposures past Midway
Station.
The rock is plagioclase bearing schist of the Stewart Run member.

Now walk

south to the first exposures past Midway Station where the exposures contain abundant
metasandstone interlayered with schist. This is the Puseyville member of the Octoraro
Formation (opv).

Knopf and Jonas (1929) mapped this boundary about 500 meters farther

south and named the metasandstone unit the Peters Creek Formation.

Although this rock is

rich in metasandstone like the Peters Creek Formation (at Peters Creek) other criteria were

used during this investigation to include it in the Octoraro Formation. Most importantly the
Puseyville member has the same structure and metamorphic history as the schist
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immediately to the north. The contact with the schist is concordant and parallel to the $2
schistosity that pervades both the Stewart Run and Puseyville members (the actual Peters

Creek Formation will be observed at Drumore). Both the Peters Creek Formation and
Puseyville member contain preserved detrital grains. The Peters Creek Formation contains
abundant detrital K-feldspar, plagioclase and quartz, while the Puseyville member primarily

contains detritus of quartz.

Return to the vehicles and drive south on the gravel road back to the parking lot at
the old substation.

Silver-black fine-grained tectonite (the Drumore tectonite) is exposed

along the parking lot. This tectonite is approximately 1.7 km thick at the Susquehanna
River. The dominant schistosity is $3, identical to that of the Lancaster Valley tectonite

zone (Stop 1). Complex kinematic indicators were observed within this tectonite zone. F3
folds generally have subhorizontally oriented hinge axes suggesting a large component of
coaxial deformation, minor shear bands show reverse movement toward the north, and

abundant microscopic kinematic indicators consistently show dextral displacement. The
tectonite is defined by chlorite-muscovite grade schistosity that developed primarily within
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the zone, at the expense of the earlier metamorphic minerals. The boundaries of the
tectonite zone are coincident with intense retrograde overprint, although minor
recrystallization of chlorite and muscovite is associated regionally with the small
crenulations.

This tectonite zone has been traced more than 65 km to the east, and will be

observed again at Stop 10b and 11. The southern contact of the Drumore tectonite with the
Peters Creek Formation is located about 0.2 miles south on the railroad.
the old substation to the gate across the gravel road.

Walk south from

Feldspathic quartzite of the Peters

Creek Formation is exposed, bearing F3 folds and S3 schistosity.

Microstructural

investigation has revealed that this feldspathic-quartzite contains only one pre-S3
schistosity developed parallel to compositional layering. This clearly differs from the

metamorphic and deformational history of the Octoraro Formation.

Tectonic significance:

The occurrence of mature metasandstone layers of the

Puseyville members in the southern Octoraro Formation sequence reflects the transition

from rift to drift lithofacies related to the devlopement of the Laurentian passive margin.
The zone of intense D3 deformation, here described as the Drumore tectonite is associated

with post-Taconian or Cambrian (?) dextral transpression. This zone of silver-black
phyllonite is part of a dextral shear system that encompasses the Pleasant Grove shear zone

to the southwest and the Huntingdon Valley shear to the east-northeast, and this laterally
continuous shear system separates rocks of different geologic history. The Peters Creek
Formation contains abundant feldspathic-metasandstone, a distinctly different lithofacies
from that of the Octoraro Formation.

The feldspathic-metasandstones and interlayered

quartz-schist and meta-pelite were derived from Grenvillian basement during Iapetan rifting
(Gates and Valentino, 1991).
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Stop

6.

Peach

Bottom

(Wakefield

quadrangle)

Back track through Drumore to the first intersection and tum right (cross over Fishing
Creek). Travel about 1.1 miles and tum right, travel 0.8 mile and turn right, travel | mile
and turn right, travel 1.4 miles to the Peach Bottom marina.

A large exposure of massive

metasandstone is located along the road. Turn right at the stop sign and travel 0.4 mile and

park on the nght side of the road. Walk north on the railroad tracks past Peters Creek
about 0.8 mile.
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This stop is a traverse across the Peach Bottom "structure".
the different lithologies are as follows:

From north to south

1) metasandstone interlayered with greenstone, 2

quartz-dolomite-talc vein material, 3) black phyllonite and silver-black phyllonite of the
Peach Bottom unit, 4) conglomeratic quartzite, 5) talc schist, 6) chlorite-muscovite schist,

8) tan-silver quartz-muscovite phyllite, 9) quartz schist with metasandstone layers, and 10)

the massive quartzite exposed at the marina. the dominant schistosity/cleavage in all these
units is the §3 fabric and the southerm part of the same deformation zone examined at Stop
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5. It is not possible to prove or disprove the presence of the Peach Bottom syncline or
anticline at this location, however, a detailed 7.5' geologic map will be presented at the
outcrop. The Peach Bottom slate is completely dominated by the S3 cleavage and rarely
has the S1 of the Peters Creek Formation. The southern limit of the $3 cleavage occurs in
the region of Peters Creek. The outcrop immediately north of the creek contains a large F3
fold of chlorite bearing quartzite above quartz schist. The lower contact of the massive
quartzite is also exposed here as well. After returning to the vehicles examine the exposure
across the road.

This outcrop has no evidence of the D3 deformation, however, the $4

cleavage and F4 folds are well developed.

Stop

7.

South

Peach

Bottom

(Conowingo

Dam

quadrangle)

Return to the vehicles and continue south parallel to the railroad tracks 0.4 mile where the
road crosses the tracks. Continue south on the gravel road 0.4 mile to the gate and park.
The extensive exposures along the railroad are Peters Creek Formation metaturbidite lithofacies.

Compositional grading and local grain size grading in the

metasandstone layers indicate younging to the southeast.

Local reverse grading is

attributed to rare intrafolial isoclinal folding, and one of these folds can be seen at the

beginning of the exposure. Individual turbidites range from 1 to 5 meters in thickness, and
are defined by lithologic cycles of coarse grained feldspathic-metasandstone that grades
southeastward to fine grained metasandstone and finally into quartz schist. The dominant

schistosity parallels compositional layering (S1), and the less penetrative S4 cleavage dips
northward.

Conjugate S4 cleavage pairs and accompanying box folds can been observed

here as well.
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Tectonic significance:

Thick turbidite deposits in the lower part of the Peters Creek

Formation are part of the Iapetan rift sequence.

The conjugate arrangement of S4 cleavage

and F4 box folds is consistent with late extensional tectonism, possibly related to localized
gravitational collapse of the Tucquan antform.

Stop

8.

Mason-Dixon

Line

(Conowingo

Dam

quadrangle)

Return to the vehicles and back track to the intersection at the Peach Bottom marina.

Tum

right and travel 1.9 miles, turn right and travel 1.4 miles, turn right and travel to the end of
the road and park near the railroad tracks, about 1.2 miles.
The outcrop north of the road along the railroad tracks contains interlayered

metasandstone and schist. Compositional grading from metasandstone to quartz-schist
define meter scale lithologic cycles (Figure A8), turbidite deposits.

The S4 cleavage and

F4 folds are present, as well as a fifth generation cleavage and crenulation (S5/FS) that

strikes approximately north-south and dips steeply eastward.
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Figure A8. Reference columns from the Peters Creek Formation
meta-turbidite lithofacies. a- Stop 7, b- Stop 8.

195

PE

Stop 8

eye

OF

. Se

,

Se

\

fos

AM

3

i

_—

LANCASTER| CO. _____
\

;

*

=.

4

‘

Ze

eT.

‘

“A

~

,

oS

fF

=I

PW

|

\

ff

‘

oie

By

a

VN

Ze
OE

Nef
S

‘

YOK

“

.

”

—_

0.)_

Q

0°

Ee

—~

ason- Dixon Line!

.

=

pri

NX

4

Tectonic significance:

Thin turbidite deposits in the middle and upper part of the

Peters Creek Formation indicate distal turbidite fan deposition as compared to the thick

turbidites in the lower part (Stop 7). The transiton from thick to thin turbidite deposition
Suggests an overall transgressive succession.

This same relationship was observed in an

eastern sequence of turbidites of the Peters Creek Formation.

The S4 cleavage and F4

folds are indicative of late Paleozoic extension.

nd

Stop

9.

Knott

Run

(Gap

November

quadrangle)

Drive east on Route 372 from Quarryville, Pennsylvania. Turn right approximately 2.7
miles east of the intersection with Route 896. Travel about 1.9 miles and park on the nght
side of the road.

There is a foot path that leads down into the valley of Knott Run.

In the

summer this path is very difficult to find. Walk down the trail toward Knott Run valley
about 400 yards until there are outcrops on the left side of the trail. These outcrops are
located were the trail intersects Knott Run.
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The rock is plagiocase-chlorite-muscovite schist of the Stewart Run member (osr).
This stop is to demonstrate the poly-metamorphism and deformation of the Octoraro

Formation.

There are F2 folds with weakly developed axial planar schistosity, therefore

preserving the S1 schistosity.

These meso-fabics are the same generation of fabrics that

were observed in the inclusion trains at Stop 4+ (Figure A7). The axial plane to the S2 folds
dips moderately southward off the southern limb of the Tucquan anuform.

Walk upstream

on Knott Run about 100 yards to the first large exposures on the east side of the valley.
The rocks here are dominated by the S2 schistosity, and only small lithons of S1 are
preserved.

Tectonic significance:

The Octoraro and Peters Creek Formations have different

metamorphic and deformational histories prior to juxtaposition in the late Paleozoic by
dextral shearing, therefore suggesting these rocks originated in different parts of the

orogen. The multiple fabrics at Stop 9 developed during two metamorphic and
deformational events that the Octoraro Formation experienced, however, there is only one
in the rocks of the Peters Creek Formation.
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Stop

10a.

East Branch

Octoraro

Creek

(Parkesburg

quadrangle)

Return to the vehicles and drive back to the first intersection. Turn right and travel 1.8
miles and turn right. The road is parallel to East Branch of Octoraro Creek. Drive about
0.3 mile and turn right (if you cross the covered bridge you went the wrong direction).
Travel about 1.1 miles until there is a large exposure at the road level (Figure A2).

> North- -E. Br. Octoraro Creek!
~

€

aAXN
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=a,

The rock here is a muscovite-quartz-plagioclase schist (the Bowery Run member of
the Octoraro Formation) with the dominant schistosity being S2. The contact between this
unit and the Stewart Run member is located approximately 20 yards farther down the road.
Close examination of the structures will reveal the S1 schistosity preserved as millimeter
segregations of mica and plagioclase at a high angle to the S2 schistosity.

Stop

10b.

East Branch

Octoraro

Creek

(Parkesburg

Return to the vehicles and drive about 2.4 miles south and park.
Drumore silver-black tectonite is exposed (Figure A2).

quadrangle)
At this location the

Portions of the outcrop at the road

level are slumped, so cross the road and climb the hill to observe the tectonite in place. The
schistosity is $3, and this zone has been traced from the Susquehanna River through this
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region. There are abundant pyrite porphyroblasts with asymmetric pressure fringes of
quartz. The asymmetry of the pressure fringes is consistent with a component of dextral

slip. (Suggestion:

Collect an oriented block and cut slabs in various orientations. The

profiles of the kinematic indicators are best observed on subhorizontal cuts.) Note the
similarity between this rock and the silver-black phyllonite from the Peach Bottom area.

Tectonic significance:

This sequence of stops (10a and 10b) demonstrates

the poly-

metamorphism of the Octoraro Formation (Stop 10a) that pre-dates the transpressive

deformation (Stop 10b). Kinematic indicators in the phyllonite at Stop 10b reveal a dextral
sense of shear.

Dextral kinematic indicators were observed throughout the phyllonite zone

that extends from at least the Susquehanna River to the East Branch of Brandywine River

(Figure A2). This deformation is the result of the structural block containing the Peters
Creek Formation being juxtaposed with the Tucquan structural block containing the
Octoraro Formation (Figure A1).

Stop

11.

Coatesville

south

(Coatesville

quadrangle)

Back track to the second intersection and turn right, travel 0.8 miles to Route +1 and tum

left. Travel 0.3 mile to Route 372 and turn nght, follow Route 372 about 4.8 miles to
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Stottsville. Route 372 turns left, but you should continue straight onto Stradburg Road.
Travel 4.3 miles to Hephzibah and turn left. Follow the road about | mile through
Modena, and cross over the West Branch of Brandywine River.

Turm left at the

intersection and park at the base of the the hill. Walk about 200 yards up the hill (Figure
A2).

The silver-black phyllonite of the Drumore tectonite is well exposed here.

gradational contact with phyllonitized Peters Creek formation is exposed along

A

the road.

The dominant structure is the $3 schistosity, which is cross cut by low angle thrust related

shear bands in the exposures at the base of the hill. Conjugate kink bands related to the D4
deformation can also be observed.

Tectonic significance:

The regionally extensive zone of phyllonite demonstrates the

structural continuity of the dextral transpressive shear zone. Reverse shear bands cutting
the D3 phyllonite represent the compressive component of the transpressive tectonism.
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INTRODUCTION

The explanation of lithologies and structures for the geologic maps included with

this dissertation is the subject of Appendix B. The bedrock geologic maps are for the
southern Lancaster County and central Chester Counties, Pennsylvania and a portion of
northern Cecil County, Maryland.

These maps are compiled at 1:24000 and include

portions of the following quadrangles:

Coatesville, Conestoga, Conowingo Dam, Gap,

Holtwood, Kirkwood, Parkesburg, Safe Harbor, Unionville, Wakefield.

BEDROCK

(Jd) Diabase:

EXPLANATION

Thin dikes of fine- to medium-grained black to gray diabase.

These dikes

range from 10 centimeters to 20 meters in thickness and are up to 10 kilometers long.

(u) Ultramafic rock:

Green-gray serpentinite comprising fibrous masses with

magnetite octohedra; locally with talc and talc-rich nodules.

This unit is fractured with

coarse fibrous serpentine and white amphibole coating surfaces. Occurrence is a narrow
sliver along a fault crossing Octoraro Creek, and in the structurally lowest part of the

Baltimore mafic complex. The protolith for the thin layer is most likely crystal segregations
of basaltic magmas, similar to the ultramafite of the Cambrian Baltimore mafic complex to
the south.

204

(€Oc) Conestoga Formation:

Interlayered phyllitic marble and coarse crystalline

marble. Minor components include pure white marble, marble breccia, and dolomitic
marble.

Most of the formation in the vicinity of the Susquehanna River comprises blue-

gray marble that is medium bedded with laminated layers of phyllitic material. Phyllitic
material is comprised of muscovite, biotite, recrystallized quartz and black carbonaceous
material.

The blue color of the marble is due to intergranular impurities such as muscovite,

quartz and plagioclase crystals and opaques (abundant tiny ilmenite crystals and organic
debris).

The Conestoga Formation is commonly severely folded (F2nw and F3), obscuring

Stratigraphic relations.

Along the Susquehanna River good at Grubb Hollow reveal the

diversity of lithology: pure white marble, blue-gray marble, gray phyllitic marble, buff
yellow dolomitic marble and nodular marble breccia.

Marburg

(ms)

Formation

Massive

rich rock.

(m)

plagioclase-chlorite schist

members:

Very massive plagioclase-

Planar aggregates of metamorphic plagioclase (M2nw) give this rock a gneissic

texture, although the metamorphic mineral assemblage is chlorite-muscovite-plagioclase.
Plagioclase porphyroblasts range from sub- millimeter to as large as 10 millimeters in
diameter.

This unit is approximately 70 to 85 meters thick and has sharp contacts with the

schist units to the north and south. The arcuate trace of a small ndge to the east possibly
defines the eastern extent of this unit, but there is no exposure away from the Susquehanna
River.

Chlorite-muscovite

phyllonite (Turkey Hill member,

mth):

Pale green to silver

fine- to medium-grained phyllite and schist. These rocks are generally rich in muscovite,

chlorite and quartz and low in plagioclase. The range of rock compositions is as follows:
quartz (25-45%); chlorite (S-45%); muscovite (5-40%); plagioclase (0-30%) and accessory
magnetite, pyrite and tourmaline.

The rock is dominated by the regional $3 cleavage and

contains frequent discontinuous small quartz veins. This member contains rare
metasandstone layers ranging from 10 cm to | meter in thickness composed of
recrystallized quartz and calcite.

Octoraro

Formation

Northwestern

Limb

(0)
of the Tucquan

Muscovite-plagioclase-quartz
member, ofr):

Antiform

phyllitic-schist

and

schist

(Fisherman

Run

Silver to pale green colored fine-grained schist. This member has the

highest muscovite in the Octoraro Formation commonly in excess of 50% by volume.
Average modal percentages are:

muscovite (40-50%), chlorite (<10%), quartz (15-50%),

plagioclase (5-40%), biotite (0-15%).

This member can be subdivided into a structurally

upper and lower unit based on the relative quartz and muscovite content.

The lower unit is

generally richer in quartz while the upper unit contains more abundant muscovite.

Both the

regional S2nw and S3 schistosities are present in this member, however S3 is weak and
only locally developed. The S2nw schistosity is defined by the parallel alignment of micas
which is also parallel to quartz veins.

Muscovite-biotite-plagioclase

schist

(Safe Harbor

member,

osh):

Silver to

gray, medium- to coarse-grained schist with abundant grains of interlocking plagioclase.

The rock contains muscovite (30-50%), biotite (5-20%), is generally lacking in chlorite
(<10%), and has plagioclase (20-40%).

Quartz percentage ranges from 10 to 40%, but
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averages 25%.

The dominant structure is the regional S2nw schistosity, and where F2nw

isoclinal folds are present the S1 schistosity is preserved. The S2nw and S1nw schistosities
are defined by the planar alignment of muscovite and biotite, and planar aggregates of
interlocking plagioclase.

Biotite-micocline-plagioclase

metasandstone

(Martic

Forge

member,

omf):

Tan to light brown, massive metasandstone bearing metamorphic plagioclase and biotite,
and primary quartz and microcline.

Both the S1nw and S2nw foliations are present in this

unit and are defined by recrystallized planes of quartz and microcline and muscovite-biotite
partings.

This member is characterized by 40-50% quartz, 10-15% biotite, 5-15%

muscovite, <10% microcline. The northern contact is with a chlorite-muscovite schist
(osh) and the southern contact is with muscovite-garet-plagioclase schist (opc). The areal
width of this unit varies between 50-200 meters along strike. The local Antietam
Formation is lithologically similar to this member.

There are also lithologic similarities

with the Bowery Run member (obr) of the Octoraro Formation.

Muscovite-garnet-plagioclase

schist

(Pequea

Creek

member,

opc):

Silver to

gray medium- to coarse-grained schist. These rocks are rich in muscovite, chlorite and
plagioclase and generally do not contain biotite. The range of modal mineralogy is as
follows:

quartz (5-15%); chlorite (20-40%); muscovite (30-70%); plagioclase (5-20%) and

accessory magnetite and garnet. The S2nw schistosity is dominant and defined by parallel
alignment of muscovite and chlorite. Minute discrete retrograde shear surfaces defined by

second generation chlorite and muscovite have been observed in this unit.

Muscovite-garnet-schist

and

muscovite-chloritoid

schist

(Tucquan

Creek

member, otc): This unit is composed of large scale (10-100's meters) interlayering of
silver-gray fine- to medium-grained mica schist containing the metamorphic mineral
assemblages chloritoid-chlorite-muscovite or garnet- chlorite-muscovite.

Rarely this unit

contains abundant metamorphic plagioclase and biotite. The range of modal mineralogy is:
muscovite (20-70%); chlorite (10-20%); quartz (10-30%) with accessory plagioclase,

chloritoid, garnet, biotite and magnetite.

The dominant structure is the regional S2nw

schistosity, with rare weakly developed S3. However, crenulations and meso-scale F3

folds (some times conjugate box folds) are prevalent throughout this unit.

Sams Creek metabasalt (osc):

Pale green to dark green massive to schistose

metabasalt containing epidote nodules (cm- to dm-scale). This unit is exposed in the fish
ladder on the west side of the Holdwood Dam (York County).
are exposed in the fish ladder:

Three metabasalt lithologies

1) light-green, fine-grained granular foliated rock, 2) thin

(mm-scale) alternating chlorite- magnetite and epidote-plagioclase-rich layers, and 3) silvergreen color chlorite-epidote rich rock with minor muscovite.

These three lithologies are in

order from structurally lowest to highest. The lower contact is not exposed at the base of
the Holtwood Dam, but the upper contact is gradational with the local mica-plagioclase

schist over a thickness of about 10 meters. A large block of mica schist cropsout within the
metabasalt just to the east of the fish ladder containing wall. The upper and lower contacts
between this block and the metabasalt are concordant and parallel to the regional schistosity
while the eastern contact is a subvertical fault. Foliation (S2nw) in the metabasalt is defined
by planar mineral aggregates of epidote, clear amphibole, plagioclase and phyllosilicates.

Although this lens of metabasalt is not continuous with any of the layers of Sams Creek
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metabasalt to the west and northwest, the lithologic similarity and association with the
Octoraro Formation places this unit in the Sams Creek member.

Southeastern

Limb

of the Tucquan

Muscovite-plagioclase

schist

with

Antiform

quartzite

beds

(Puseyville

member,

opv):

Silver-gray to silver-green schist bearing abundant quartz and plagioclase porphyroblasts
and layers of metasandstone (dm thick). There is quartzite-pelite interlayering on the

centimeter to decimeter scale. The metasandstone layers range from a few centimeters to
half a meter in thickness.

Round blue quartz grains are present in the metasandstone layers

(millimeters in diameter).

Although these layers are quartz-nch, considerable muscovite 1s

present (up to 25% in some samples).

There are occasional phyllitic-schistose sections

with in the bedded metasandstone outcrops.

These phyllitic schists are rich in chlorite and

muscovite which defines the pervasive foliation. Within the metasandstone layers
phyllosilicates and quartz aggregates define the internal S2nw schistosity.

The northern

contact with the Stewarts Run member (osr) is gradational while the southern contact with
the Drumore tectonite (dt) is abrupt.

Muscovite-chlorite-biotite-plagioclase

schist

(Stewarts

Run

member,

osr):

Green-gray muscovite- chlorite- biotite- plagioclase schist. Variation, such as the presence
of very fine muscovite and chlorite in local abundance causes the rock to have a locally

phyllitic texture. Plagioclase porphyroblasts are abundant, ranging from 1 to 5 millimeters
in diameter.

Mineralogy is as follows:

muscovite (15-50% with an average of

approximately 30%), chlorite (15-20%), plagioclase (0-60% with an average of

approximately 30%), ilmenite (1-5%), and accessory biotite, Zoisite, calcite and pyrite.
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Rare quartz-rich layers have been observed at a few localities. Parallel alignment of
phylosilicates defines the regional S2nw schistosity. Small isoclinal folds are usually
defined by folded quartz veins and are abundant throughout this unit. The lower contact is
with the Bowery Run member (obr) in the east and (otc) in the west, and the upper contact
is well exposed at the Susquehanna River and at Stewarts Run and appears to be very sharp
with the Puseyville member (opv).

Muscovite-quartz-garnet

schist

(Bowery

Run

member,

obr):

Silver to tan

quartz-muscovite schist interlayered on the meter scale with tan feldspathic metasandstone.
The metasandstone layers are composed of fine- to medium- grained detrital quartz and
feldspar.

The modal mineralogy for the schist portions of this unit is: quartz (10-40%),

muscovite (30-60%), chlorite (5%) and accessory garnet, biotite, magnetite and pyrite.

The northern boundary with the Conestoga Formation and the southern boundary with
plagioclase-mica schist (osr) of the Octoraro Formation are parallel to the regional S2nw

schistosity. The contact with the Conestoga Formation is the Martic Line, and interpreted
to be a thrust fault by earlier workers.

The Bowery Run member is dominated by S2

schistosity which is parallel to the compositional layering in most places. However, the
Sinw schistosity is preserved in a few places, particularly along the East Branch of
Octoraro Creek.

The Bowery Run member is lithologically similar to the Antietam-Harpers

Formations (Knopf and Jonas, 1929) undivided located on the southern flank of the Mine
Ridge Grenvillian massif.

This lithologic similarity suggests that the Bowery Run member

of the Octoraro Formation could be equivalent to the Antietam-Harpers Formations
undivided.
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Peters

Creek

Formation

(p)

Meta-turbidite lithofacies (pt):

divided into two sub-lithofacies:

This member of the Peters Creek Formation is

1) thick graded metasandstone (pti) ranging between 1

and 5 meters thick, and 2) thin graded metasandstone (pt2) generally less than 1 meter
thick.

The meta-turbidite lithofacies of the Peters Creek Formation occurs in four areas:

1)

north of the Peach Bottom slate, 2) south of the town of Peach Bottom, including the type
section along Peters Creek, 3) between Buck Run and the East Branch Brandywine River

in Chester County, and 4) north of the Baltimore mafic complex and occurring in discrete
folded layers and lenses. These four regions are underlain by metasandstone to schist

couplets ranging from one meter to several meters in thickness made up of graded
metasandstone beds (dm to m thick), quartz-rich phyllitic-schist or schist (dm thick) and

usually capped off by a thin layer of phyllitic-schist or schist (cm to dm thick). The
metasandstone beds are composed of rounded blue and gray rutilated quartz (55-75%)
grains (0.5-3.0 mm in diameter), perthitic potassium-feldspar (15-45%) and usually

showing different degrees of reaction to muscovite, plagioclase grains (< 10%), muscovite,
chlorite, biotite, epidote and opaques.
compositional grading.

Grading appears as detrital grain sized grading and

Metasandstone beds generally make up about 80% of the couplets

while quartz-rich schist and schist comprise the remaining 20%. The great quantity of
quartz as compared to phyllosilicate and the preservation of detrital K-feldspar grains
suggests that these cycles represent turbidite-fan deposition. The structurally highest part
of the meta-turbidite sequences are interlayered with thin greenstone.

These regions are

designated by the abbreviation pmb. The metabasalt is medium- to fine-grained, pale to
deep green, and composed of abundant epidote, zoisite and chlorite with less plagioclase,
fibrous amphibole, biotite, sphene, magnetite, ilmenite and quartz.
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The sequence located between the Peach Bottom slate and Drumore tectonite is
intensely deformed and bedding relationships are obscured.

The sequence located south of

the town of Peach Bottom structurally pinches out against the Drumore tectonite (dt) in the
East Branch Octoraro Creek area, and portions of this sequence appears to grade laterally

into quartz-schist (pqs) between the Susquehanna River and West Branch Octoraro Creek.

Prominent quartzite lithofacies (pq):

White-gray and tan-brown massive quartzite

units ranging from 10 meters to as much as 100 meters in thickness. These quartzites are

usually internally foliated which is defined by the parallel alignment of the small amount of
phyllosilicates and planar aggregates of quartz. These quartzites bear abundant detrital

grains of rounded blue and gray quartz, rutilated quartz, perthite, plagioclase and minor
detrital zircon.

Sedimentary structures have not been observed, however, some internal

foliation or laminations parallels minor compositional layering in the rock. The most
prominent of these quartzites is located at the marina at Peach Bottom.

The smallest of

these quartzites that are mappable occur in a small stream valley south of Benton Hollow.

Quartzite modal mineralogy is as follows: quartz (80-95%), K-feldspar (5-15%),
plagioclase (0-5%), muscovite, chlorite and minor biotite. Accessory minerals are epidote,
zircon, tourmaline, ilmenite and magnetite.

Most of the prominent quartzite bodies are

found within the meta-turbidite lithofacies, and are probably related to turbidite-fan
deposition.

Silver-tan to light brown bearing up to

Muscovite-quartz phyllitic-schist (pms):

10% quartz but generally less than 3%. Chlorite is usually present (<5%) and accessory
minerals are ilmenite (<2%) and tourmaline.

The tan color is due to a combination of

alteration, mainly reaction of ilmenite during weathering and the great content of white
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mica.

Where the contacts are exposed they are gradational (over usually less than a meter

thickness) into Cardiff conglomeratic quartzite (peq) and chlorite-muscovite phyllitic-schist
(pcm) below, and chlorite-muscovite-quartz schist (pqs) above. The approximate
thicknesses of this unit are 95 meters at the Susquehanna River and 380 meters at Route
272.
Creek.

The unit pinches out to the east until none exists at the West Branch of Octoraro
A small lens of this lithology has been observed along Route 222 about 100 meters

north of Unicorn. This lithology is every where dominated by D3 structures, mainly
penetrative S3 schistosity.

Earlier schistosity has not been observed in this unit, except

near rare metasandstone beds, observed in the Susquehanna River section.

Chlorite-muscovite-quartz schist (pcm):

This lithofacies occurs in four regions:

1)

immediately south of the Peach Bottom slate belt, 2) south of White Rock along West
Branch Octoraro Creek, 3) south of the Drumore tectonite (dt) between Buck Run and West

Branch Brandywine River, and 4) the region located between Buck Run and the East
Branch Octoraro Creek.

The lithology is characterized by silver-green, fine- to medium-

grained schist bearing chlorite (10-30%), muscovite (20-50%), quartz (20-40%) and

accessory tourmaline, magnetite, ilmenite and detrital grains of K-feldspar, plagioclase and
rutilated quartz. This unit also contains rare metasandstone beds (dm to m thick) and
contains within its contacts lenses of conglomeratic quartzite, chloritic quartzite and
prominent metasandstone units (tens of meters thick and hundreds of meters long).

Chlorite-muscovite-quartz

phyllitic-schist

and

schist

(pqs):

Green-silver

to

green-gray chlorite-muscovite phy'ltic-schist. Mineralogy and approximate mineral
percentages are as follows:

muscovite (45%), chlorite (15%), quartz (30%) with accessory

ilmenite (5%), biotite (<3%) and tourmaline (<2%).
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Handsamples have a slippery or

greesy feel especially when wet due to the fine grain size of the rock. Quartz and micas
have average grain size of 0.03 mm and 0.01 mm respectively. Chlorite has grown as thin
(<0.01 mm thick) lamellae within the white micas.

The contacts are gradational over a

thickness of 1 to 2 meters with the Cardiff conglomeratic quartzite (pcq) below and
muscovite-quartz phyllitic-schist (pms) above.

This unit is approximately 20 meters thick

at the Susquehanna River and thins eastward until none exists at the Tanyard Hollow

quartzite quarry.

Cardiff conglomeratic quartzite (pcq):

Conglomeratic quartzite bearing sheared and

flattened vein quartz pebbles with aspect ratios of 6:1 but not unusual to find aspect ratios
up to 20:1.

Quartz content ranges between 67% and 91% will less abundant minerals such

as muscovite (1-7%), chlorite (0-12%), biotite (0-12%), and chloritoid (0-10%) and

accessory ilmenite, magnetite, tourmaline, calcite and zircon. The quartz pebbles are clear
and white with only minor inclusions of phyllosilicate.
contain blue quartz (particularly at Shoemaker Road).

However, some eastern sections
The contacts with the Peach Bottom

black slate below is very sharp with little gradation between the two lithologies. The

contact with chlorite-muscovite phyllitic-schist (pcm) and muscovite-quartz phyllitic-schist
(pms) are gradational over a thickness of 1 to 2 meters.

Three discrete layers of Cardiff

conglomeratic quartzite have been mapped in Lancaster County.

The northern most layer

outcrops between the Susquehanna River and Route 222, is approximately 30 meters thick
and 9.75 km long. The central layer and southern layer are both approximately 80 meters

thick and 2.1 and 5.25 kilometers long respectively. All three layers of Cardiff
conglomeratic quartzite end abruptly along strike.
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Structural

Units

Dolomitic-talc-muscovite vein (dv):

Coarse (0.5-3.0 mm) crystalline dolomite (60-

70%) and quartz (20%), polygonal interlocking grains; with considerably less talc (1-2%),
muscovite (5%) and opaque (>3%).
pod within a zone of phyllonite.

This unit is not latterally continuous and is an isolated

Foliation is weakly developed, defined by parallel

alignment of phyllosilicates and weak preferred orientation of dolomite and quartz crystals.
Internal structure is concordant with the county rock. This body of rock is interpreted to

have hydrothermal vein origin or the product of ultramafic alteration based on 1) the coarse
crystllinity and purity of dolomite and quartz, and 2) the occurrence of this discontinuous
block within phyllonitized pelitic and psammitic country rock.

Silver-gray phyllonite (Drumore tectonite, dt):

Fine grained silver-gray to silver

black phyllitic-schist and slaty-phyllite comprising muscovite and sericite (0.02-0.10 mm;
60-65%), chlorite (0.02-0.10 mm; 15-20%), quartz (0.05 mm; 5%) and opaque minerals
(0.01 mm;

10-15%). mainly ilmenite but not excluding pyrite and magnetite.

This unit is

penetrated by the S2 schistosity, however, the S1 schistosity can be observed between
millimeter spaced S3 surfaces. This unit is approximately 600 meters broad along the
length of the outcrop belt. At Puseyville some sections locally are slaty bearing slaty S3

cleavage. Two other outcrop belts of this lithology exist:

1) an isolated body 0.2 X 2 km

in the area of Hensel and 2) a 10-20 meter thick section south of Benton Hollow with

chlorite-muscovite-quartz schist above and below.

The unit between Drumore and

Puseyville is possibly equivalent to the Peach Bottom phyllonite.
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Black phyllonite (Peach Bottom phyllonite, pbt):

Silver-black phyllitic-slate and

black slate compnising extremely fine muscovite and sericite (0.001-0.007 mm; 60-65%),

chlorite (0.003-0.015 mm, 15-20%), quartz (0.03 mm; 5%) and opaques (0.001 mm; 1015%) with accessory tourmaline, chloritoid and pyrite. This unit is dominated by
phyllonitic foliation parallel to the S3 regional schistosity. Abundant shear indicators are
present usually as S-C structures in portions rich in vein quartz, as well as pressure fringes
about opaques, chloritoid and tourmaline porphyroclasts.

Sse schistosity (see Chapter II

for classification) is preserved rarely in local quartz-rich domains, only observed in thin
sections. The slate is in sharp contact with the northern Cardiff conglomeratic quartzite
body on the south, and dolomite- talc-muscovite vein (dv) and intensely deformed meta-

turbidite lithofacies (pti) on the north. The northern contact is interpreted to be a fault. In
Lancaster County black slate outcrops in a belt 400 meters wide at the Susquehanna River
and narrows eastward to 120 meters wide just west of Conowingo Creek where it grades
laterally into silver-gray phyllitic-schist. The length of the outcrop belt is 9.3 km northeast

of the Susquehanna River.

Muscovite-sericite

phyllonite

(Upper

Bear

Island

tectonite,

ubt):

Black to

gray, very fine-grained micaceous material with a slaty cleavage parallel to the regional
S2nw schistosity.

This rock is composed of muscovite/sericite (20-35%), chlorite (10-

15%), quartz (35-40%), biotite (5-10%), plagioclase (10-20%) and accessory pyrite and

ilmenite. The upper and lower contacts of this tectonite are abrupt with plagioclase-mica
schist lithologies.

The approximate structural thickness is 190 meters.
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EXPLANATION

Planar

Slow:

OF

STRUCTURES

Structures

Rarely preserved schistosity defined by parallel alignment of metamorphic minerals

such as chlorite, muscovite, biotite and quartz ribbons.
S2nw:

Dominant schistosity north of the D3 Pleasant Grove-Huntingdon Valley shear

zone in the Octoraro and Conestoga Formations.

This schistosity is defined by the parallel

alignment of metamorphic minerals such as chlorite, muscovite, biotite, planar aggregates
of plagioclase and quartz, as well as abundant quartz veins. This schistosity is folded into
the F3 Tucquan antiform.
Si1se:

Dominant schistosity southeast of the Pleasant Grove-Huntingdon Valley shear

zone in the Peters Creek Formation.

This schistosity is defined by parallel alignment of

mica in pelitic and semi-pelitic units, and defined by planar aggregates of recrystallized
quartz in metasandstone units. This schistosity dips southeastward in a monoclinal

structure.
S3: Cleavage associated with F3 folds and best developed in the Pleasant GroveHuntingdon Valley shear zone. This schistosity is defined primarily by recrystallized
muscovite and chlorite, and less recrystallized quartz. The S3 schistosity is generally

steeply dipping and best developed in the shear zone.
S4: Cleavage associated with F4 folds. This cleavage phase occurs as an east-west
striking conjugate pair (S4s:

sympathetic and S4a:

antithetic), and both cleavages are

defined by recrystallized chlorite and muscovite along discrete domains, pressure solution
seems and minute kink bands.
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S5:

Weak cleavage observed in the lower Susquehanna River region.

This cleavage is

very steeply dipping and strikes north-south.
S6:

Rare kink bands defined by tabular domains (1-5 cm wide) of bent or rotated pre-

existing schistosity.

Folds

F3:

Upright gently plunging folds that occur at all scales an are defined by folded Sse

and S2nw.

This phase of folds is the first that can be represented on the maps.

The

Tucquan antiform is the largest of the F3 folds with a wavelength of 27 kilometers at the
Susquehanna River and extends from Mine Ridge in the east to the area west of Baltimore,
Maryland.

F3ns: Gently plunging and north-south trending folds located north of the Pleasant
Grove-Huntingdon shear zone along the West Branch of Octoraro Creek.

These folds

range from 100-400 meters in wavelength and are defined by folded S2nw schistosity.
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