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Ultraphyllonite origin for slate, mid-Atlantic Piedmont, USA
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A B S T R A C T

Structural, petrographic, and geochemical criteria are applied in combination to determine the

petrologic origins of slaty rocks in polydeformed metasedimentary terranes. Multiple lines of evidence

suggest that the Peach Bottom slate (PBs), mined over several centuries, is an ultraphyllonite. It occurs

within an Alleghanian dextral retraining bend within the Appalachian Piedmont, as a segment of the

Pleasant Grove-Huntington Valley shear zone system (>200 km long). The PBs differs markedly from

other slates, in that, it contains abundant, micro-scale remnant porphyroclasts of higher-grade minerals.

The PBs has major, trace and rare earth element geochemistry and 147Sm/143Nd ratios that are similar to

the surrounding pelitic rocks. When compared to average slates, the geochemistry of the PBs exhibits

depletion in alkali earth and alkali elements.

It is concluded that the PBs belt formed by ductile shear within a strike–slip duplex and is the low-

grade metamorphic product derived by shearing higher-grade upper greenschist facies schists. This

origin explains its extreme hardest, high density, and chemical homogeneity. With across strike

thickness of ultraphyllonite approaching a kilometer and a strike length >30 km, its volume is similar to

mylonite zones developed in granitoid rocks of higher grade terranes. Compared to these rocks, the PBs

differs in composition, compositional homogeneity, fabric, and strain across the entire belt. The PBs

cannot be a unique occurrence of a slate-belt that formed through deformation processes, therefore

raising question about the origin of some pelitic slate-belts that occur within a similar tectonic setting in

other orogens.

� 2013 The Geologists’ Association. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Slate is a low-grade metamorphic rock consisting of preferen-
tially aligned very fine-grained micas defining a cleavage. It is
widely accepted that slate forms from mudrocks by low tempera-
ture prograde metamorphism. The prevalent slaty cleavage and
microstructures in slate are indicative of coaxial deformation that
occurs under the low temperature prograde metamorphic condi-
tions. It has been argued that slaty cleavage is a result of oriented
mica growth from the original clay and volume loss due to pressure
solution processes (e.g. Wright and Platt, 1982; Wintsch et al.,
1991; Goldstein et al., 1995; Ho et al., 2001). It is generally
accepted that through progressive metamorphism, recrystalliza-
tion of micas in slate will result in phyllite and ultimately coarse
grained schist (e.g. Best, 2002; Winter, 2009).

Phyllonite is a fine-grained micaceous rock that develops by
reaction softening under non-coaxial deformation conditions that
operate in ductile shear zones (e.g. Goodwin and Wenk, 1995;
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Jefferies et al., 2006; O’Hara, 2007). Phyllonite can develop in
sheared igneous and metasedimentary rocks; some examples
having the texture of slate at the scale of an outcrop (e.g. Goodwin
and Wenk, 1995). Microstructures and mineral fabrics in
phyllonites are indicative of the physical and chemical breakdown
of pre-existing minerals during shear zone deformation, such as
the fluid controlled production of white mica at the expense of K-
feldspar (Hippertt, 1998; O’Hara, 2007). Slate, as described above,
is texturally distinct from phyllonite, and there would be little
chance of mistaking one for the other if placed in proper geological
context.

Outcropping in the mid-Atlantic Piedmont of Pennsylvania and
Maryland, U.S.A., the Peach Bottom slate has long been recognized as
an exceptional building stone as it was quarried for more than two
hundred years (Fig. 1). The slate’s remarkable physical properties
were acknowledged during the Slate Exposition at the Crystal Palace
in London in 1885 where, it was honored as having the highest
quality and being the hardest slate on Earth (Behre, 1933;
Berkheiser, 1994). Superficially, the Peach Bottom slate resembles
classical slate formed by prograde metamorphism and deformation
of mudrocks (Frazer, 1880; Knopf and Jonas, 1929; Behre, 1933;
Agron, 1950; Freedman et al., 1964; Faill and Smith, 2010).
vier Ltd. All rights reserved.
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Fig. 1. Diagrams representing the location (a), tectonic (b), and geologic maps (c) of the lower Susquehanna River Valley, PA and Peach Bottom slate belt. Major Alleghanian

structures show as black lines on the tectonic map. (d) Structural cross section along line X–X0 showing the regional schistosity and cleavage relationships. The regional

formation name, Landenburg schist, in the inset map is from Alock (1994).
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Nonetheless, the Peach Bottom slate differs significantly in several
ways (Chiarenzelli and Valentino, 2006): (1) it is remarkably hard,
dense, and durable; (2) lacks preserved bedding or other sedimen-
tary structures that are common in slate; (3) occurs within a splay of
a regional ductile shear zone system (Fig. 1); (4) contains
kinematically significant porphyroclasts and fabrics that suggest
non-coaxial shear; (5) is enveloped by, and is demonstrably derived
from, higher grade phyllonite and schist; and (6) has a homogeneous
composition that only differs slightly from adjacent schistose units,
but is geochemically distinct from slate in other slate belts.

We herein present field, petrographic, microstructural and
geochemical data that support a previously unrecognized origin for
the Peach Bottom slate that may be applicable to other rocks
superficially similar to slates. We suggest that the Peach Bottom
slate originated by dynamic retrograde metamorphic processes of
schistose protoliths within a transpressional ductile shear system.
As described above, earlier researchers demonstrated that slaty
rock fabric or phyllonite can form within highly sheared rocks
(Goodwin and Wenk, 1995; Jefferies et al., 2006; O’Hara, 2007),
but, there are no examples in the geological literature where slaty
rocks formed in this manner are volumetrically significant, let
alone extensively mined as slate. Therefore, due to the mineral
composition, ultra-fine grain size and origin by deformation within
a known regional shear zone, we herein utilize the existing term
ultraphyllonite (Tabor and Hudleston, 1991) in describing the
Peach Bottom slate. The example presented is probably not unique
and this study may lead to the reevaluation of the process of
formation of some slate-like rocks, formed in similar orogenic
settings.

2. Regional geology

The mid-Atlantic Piedmont resides in the transition between
the New York promontory and Pennsylvania reentrant (Fig. 1), has
an east-northeast trending structural grain, and this geometry is
nearly orthogonal to the general structural grain of the Appala-
chian orogen. The abrupt difference in structural trend in the mid-
Atlantic region was influenced by the geometry of a Late
Proterozoic rift, and reflects a transform fault that formed during
the opening of the Iapetus Ocean (Rankin, 1975; Thomas, 1977).
Furthermore, the ensuing rift to drift sedimentation resulted in
basin fill that now makes up the vast expanse of greenschist to
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amphibolite facies metasandstones, pelitic and psammitic schists,
and marbles that occur in the western Piedmont (Peters Creek and
Octoraro Formations) (Rodgers, 1968; Higgins, 1972; Gates and
Valentino, 1991; Valentino and Gates, 1995; Valentino et al., 2004).
Due to the inherited lithospheric geometry, the Appalachian mid-
to late-Paleozoic orogenies resulted in a pattern of strain
partitioning. In southeastern New England, which resides within
the New York Promontory, the Late Paleozoic Acadian and
Alleghanian orogenies resulted in overlapping belts of highly
deformed and metamorphosed rocks (i.e. O’Hara, 1986; Eusden
and Barreiro, 1988; Getty and Gromet, 1988; Armstrong et al.,
1992; Moecher, 1999; Karabinos et al., 2010). Rocks with high
metamorphic grade occur in the eastern hinterland region of the
promontory, but the time equivalent rocks within the core of the
Pennsylvania reentrant were spared the head-on impact of the
Acadian and Alleghanian orogenies, and primarily reached upper
greenschist to lower amphibolite facies (Valentino et al., 1994,
1995; Bosbyshell et al., 1999; Valentino, 1999; Valentino and
Gates, 2001). As well, the crystalline core of the orogen located
between the New York promontory and the Pennsylvania
reentrant was strongly influenced by Late Paleozoic Alleghanian
dextral transpression (Gates et al., 1988, 1999; Valentino et al.,
1994, 1995, 1999; Valentino, 1999; Valentino and Gates, 2001)
that was superimposed on regional Ordovician (Taconian) rock
fabrics and metamorphic zones (Valentino et al., 1999; Valentino
and Gates, 2001; Wise and Ganis, 2009).

The Alleghanian ductile shear zones within the core of the
reentrant form a left-stepping dextral transcurrent duplex (Gates,
1992; Valentino et al., 1994, 1999; Valentino and Gates, 2001;
Gates and Valentino, 2010). From east to west, the duplex widens
with the Pleasant Grove-Huntington Valley shear zone (PG-HVsz)
forming the northern boundary (Fig. 1b). Several horses trans-
ferred strike–slip displacement to the south along the Rock Run–
Port Deposit–Rosemont shear zone system (Valentino et al., 1995,
1999; Gates et al., 1999; Orndorff, 1999), and defines the exposed
southern boundary of the duplex (Fig. 1b). There are several shear
zone splays within the duplex, with the PG-HVsz as the most
geographically continuous structure in the system, outcropping
from the region of the Delaware River, and most likely continues
eastward under the Atlantic coastal plain (Maguire et al., 1999).
The PG-HVsz traces west and southwest across the Pennsylvania
Piedmont (Valentino et al., 1994), and into northern Maryland
(Krol et al., 1999; Valentino, 1999), a distance greater than 250 km.
Pavlides (1993) reported on steeply dipping phyllonite and
subhorizontal lineations with transcurrent deformation in the
Mountain Run shear zone, located in northern Virginia and directly
along of the PG-HVsz.

The PG-HVsz is defined by steeply dipping phyllonite (Fig. 1c and
d) and mylonite (1–2 km thick) that exhibits lower greenschist
metamorphic assemblages that are superimposed on the higher
grade Taconian schistosity, and contains consistently dextral
kinematic indicators (Valentino et al., 1994, 2004; Krol and Muller,
Table 1
Summary of elements and elemental ratios sensitive to redox conditions.

Oxic Anoxic Peters Creek formation

n = 10

Octoraro

n = 10

Avg. SD n Avg. 

U/Th <0.75 >1.25 0.20 0.04 0 0.20 

Ni/Co <5.00 >7.00 2.37 0.81 0 1.98 

V/(V + Ni)a >0.84 0.69 0.08 0 0.76 

V/Sc <9.1 6.00 0.72 0 5.62 

V/Cr <2.0 >4.25 1.54 0.35 1 1.34 

Mo <2 0.47 0.44 0 0.58 

n = number of dysoxic values; bold type = anoxic values.
a Value given is for shales with >2.5% S; none of these samples fulfill this criteria.
1995; Valentino, 1999; Krol et al., 1999). Where the trace of the shear
zone transitions from east-west to northeast, near the Susquehanna
River, it is well defined by a belt of gray-black phyllonite, locally the
Drumore phyllonite (Valentino et al., 1994; Valentino, 1999;
Valentino and Gates, 2001). Through dynamic low grade metamor-
phic processes within the duplex shear zones, this broad belt of
phyllonite developed locally into black slaty domains (Lyttle and
Epstein, 1987; Valentino, 1999; Chiarenzelli and Valentino, 2006),
with the largest domain having all of the macroscopic physical
properties of slate. The Peach Bottom slate resides in the core of one
splay within the shear zone system (Fig. 1).

3. Methodology

As part of a larger mapping project for the Pennsylvania
Geological Survey, detailed structural and lithologic mapping of
the Peach Bottom slate belt and adjacent formations was
completed during three field season from 1990 to 1995. Following
the field investigation, 375 oriented thin-sections were made from
the more than 700 oriented samples collected for the purposes of
studying the metamorphism and microstructural features. The
thin sections were analyzed for mineral content and assemblages,
petrofabrics and kinematic indicators (when present). Oriented
chips of the Peach Bottom slate were cut from the oriented samples
for SEM analysis, and the imagery presented herein was completed
at SUNY Potsdam (2004). Additionally, a representative collection
of chips were cut from samples for every major rock formation
within the study area to determine density using the water
displacement method.

A second suite of samples were examined (2005–2006) from all
geologic units for geochemical analyses (Tables 1–3 and
Supplementary Tables 1–5). The Peach Bottom slate sampling
transect was conducted along the continous railroad cuts and old
quarries along the east side of the Susquehanna River north of the
town of Peach Bottom (Fig. 1 and Supplementary Table 5).
Samples averaging about 250 g were crushed using a pre-cleaned
and de-contaminated jaw crusher and disk mill. Sand-sized
fragments were then split into homogeneous subsamples of about
10 g each and further pulverized by use of a ball mill, carefully
cleaned between each use, for major, trace, and Nd-isotopic
analysis.

Supplementary material related to this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.pgeola.2013.12.005.

3.1. Geochemistry

All samples, prepared as described above, were analyzed by
ICP-OES (major elements) and ICP-MS (trace and rare
earth elements) at ACME Analytical Laboratories in Vancouver,
British Columbia. ACME is an ISO 9001 certfied geochemistry
laboratory serving the exploration and research communities
and includes blanks (analytical, method, and reagent), sample
 formation Drumore phyllonite

n = 13

Peach Bottom slate

n = 14

SD n Avg. SD n Avg. SD n

0.05 0 0.22 0.06 0 0.28 0.05 0

0.75 0 2.86 1.27 1 2.65 0.59 0

0.06 1 0.72 0.06 1 0.79 0.05 1
0.93 0 6.38 1.09 1 6.68 0.28 0

0.42 1 1.37 0.39 1 2.14 0.43 9

0.26 0 1.24 0.71 1 1.26 0.37 0

http://dx.doi.org/10.1016/j.pgeola.2013.12.005


Table 2
Rare earth element data for the Peters Creek and Octoraro formations, Drumore phyllonite, Peach Bottom slate, and Marcellus shale.

Peters Creek formation

n = 10

Octoraro formation

n = 10

Drumore phyllonite

n = 13

Peach Bottom slate

n = 14

Avg. SD Avg. SD Avg. SD Avg. SD

ppm

La 1.47 0.59 1.33 0.75 1.71 0.83 1.85 0.12

Ce 1.57 0.48 1.47 0.80 1.88 0.65 1.74 0.12

Pr 1.64 0.55 1.46 0.77 1.81 0.85 1.89 0.13

Nd 1.79 0.59 1.55 0.79 2.04 0.93 2.11 0.14

Sm 1.91 0.58 1.65 0.84 2.26 0.95 2.25 0.18

Eu 1.95 0.62 1.65 0.81 2.24 0.91 2.45 0.17

Gd 2.04 0.59 1.76 0.79 2.22 0.84 2.40 0.16

Tb 2.16 0.57 1.85 0.81 2.20 0.73 2.23 0.14

Dy 2.27 0.68 1.95 0.76 2.30 0.65 2.46 0.12

Ho 2.03 0.69 1.77 0.64 1.96 0.52 2.12 0.13

Er 2.03 0.78 1.82 0.62 2.01 0.51 2.21 0.13

Tm 2.12 0.77 1.94 0.64 2.10 0.46 2.29 0.15

Yb 1.98 0.73 1.83 0.57 2.00 0.45 2.19 0.11

Lu 2.15 0.74 2.03 0.59 2.07 0.45 2.27 0.12

Sum 1.65 0.51 1.50 0.76 1.91 0.72 1.91 0.12

All data normalized to UCC.

Table 3
Sm-Nd Isotopic compositions of select metasedimentary rocks of the Pennsylvania Piedmont.

Sample # Latitude Longitude Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144Nd eNd (0) eNd (T) TDM (Ma)

Peach Bottom slate

PB-2 39.7653888 �76.2408568 11.81 60.16 0.1187 0.512027 �11.9 �6.3 1737

PB-7 39.7635748 �76.2405538 10.36 51.56 0.1215 0.512023 �12 �6.5 1795

PB-13 39.7615008 �76.2400178 9.33 46.02 0.1226 0.512045 �11.6 �6.2 1780

Octararo formation

OF-11 39.8646218 �76.1471788 11.82 60.63 0.1179 0.511941 �13.6 �7.9 1857

OF-12 39.8664488 �76.1097678 14.07 69.92 0.1217 0.512016 �12.1 �6.7 1809

OF-13 39.8024798 �76.2905718 21.27 107.89 0.1192 0.51195 �13.4 �7.8 1867

Drumore phyllonite

DP-7 39.8378918 �76.1392398 8.25 43.74 0.114 0.511968 �13.1 �7.1 1744

DP-10 39.7956998 �76.2717508 12.98 69.95 0.1122 0.512134 �9.8 �3.7 1465

DP-6 39.7946348 �76.2698608 3.39 14.65 0.14 0.512171 �9.1 �5 1938

Peters Creek formation

PC-1 39.8024798 �76.2905718 6.42 25.79 0.1505 0.51194 �13.6 �10.3 2805

PC-11 39.7587428 �76.2215758 1.14 5.29 0.1303 0.511899 �14.4 �9.6 2207

PC-12 39.7376208 �76.2267218 7.81 35.48 0.1331 0.512089 �10.7 �6.1 1927

aMeasured ratio, corrected for spike and normalized to 146Nd/144Nd = 0.7219.

T = 570 Ma.
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pulp duplicates, and appropriate certified standards with
analyses of all sample batches. Each analytical batch undergoes
rigorous quality assurance review and is validated prior to
release of data. The relative percentage difference of duplicate
samples, a measure of analtyical precision, for this study was
<1% for major elements (excepting Fe – 10.18 and 10.27% and Ca
– 0.09 and 0.08%), <5% for rare earth elements (excepting Tm –
0.73 and 0.78 ppm and Yb – 4.57 and 4.86 ppm) and <10% for
trace elements (excepting Sn – 3 and 2 ppm, Tl – 0.3 and
0.2 ppm, and W – 2 and 1 ppm).

3.2. Sm/Nd analyses

Sm/Nd isotopic analyses were performed at Carleton Univer-
sity’s Isotope Geochemistry and Geochronology Reseach Centre in
Ottawa, Canada. Between 100 and 300 mg of sample powder were
placed in a screw-cap Teflon vial, to which a mixed 148Nd-149Sm
spike was added. The sample-spike was dissolved in a HNO3–HF
acid, then further dissolved in HNO3 and HCl until no residue was
visible. The bulk rare earth elements (REEs) were separated using a
cation chromatograpy (Dowex 50-X8). The REE-bearing residue
was dissolved in 0.26 N HCl and loaded into an Eichrom
chromatographic column containing Teflon powder coated with
HDEHP [di(2-ethylhexyl) orthophosphoric acid]. Nd was eluted
using 0.26 N HCl, followed by Sm in 0.5 N HCl. Total procedural
blanks for Nd were <200 pg. Concentrations are precise to �1%,
while 147Sm/144Nd ratios are reproducible to 0.5%. Samples are loaded
with 0.3 N H3PO4 on one side of a Redouble-filament assembly, and
run at a temperature of 1750–1800 8C in a 9 cup (�2160 mL)
ThermoFinnigan TRITON T1 multicollector mass spectrometer.
Isotope ratios are normalized to 146Nd/144Nd = 0.72190. Analyses of
the U. S. Geological Survey (USGS) standard BCR-1 yielded
Nd = 29.02 ppm, Sm = 6.68 ppm, and 143Nd/144Nd = 0.512668 � 20
(n = 4). More than 20 runs of the La Jolla standard averaged
143Nd/144Nd = 0.511848 � 10. Epsilon values at time T were caclu-
lated using the following relation:

eT
Nd ¼

143Nd=144Nd sample
143Nd=144NdT

CHUR

� 1

" #
� 10; 000

CHUR is the chondrite uniform reservoir and T is generally
the time the rock was formed. Depleted mantle model ages
are calculated assuming a modern upper mantle with
147Sm/144Nd = 0.214 and 143Nd/144Nd = 0.513115.



Fig. 2. Photographs of lithologies of the western Piedmont. (a) Octoraro formation outcrop in the bed of the Susquehanna River; (b) photomicrograph of the Octoraro

formation with typical plagioclase porphyroblasts with inclusion trails of quartz, mica and oxides (S1 and S2); (c) Black Drumore phyllonite with pyrite porphyroclasts with

quartz pressure fringes showing dextral shear sense associated with S3; (d) outcrop of folded (F4 of Valentino and Gates, 2001) layers of schist and metasandstone in the

Peters Creek formation.

D.W. Valentino, J.R. Chiarenzelli / Proceedings of the Geologists’ Association 125 (2014) 155–169 159
4. Results

4.1. Lithologies and petrofabrics

Major lithologies in the western Piedmont of the mid-Atlantic
region are fundamentally divided by the phyllonite of the PG-HVsz
(Fig. 1). Members of the Octoraro formation outcrop north of the
shear zone (Knopf and Jonas, 1929; Valentino et al., 2004), while
the region south of the zone contains the Peters Creek formation
and grades along strike into the Landenburg formation of Alock
(1994), previously referred to at Wissahickon schist (Knopf and
Jonas, 1929).

The Octoraro formation (Fig. 2a) contains numerous pelitic and
semipelitic members (see Valentino et al. (2004) for detailed
descriptions). One universal characteristic of all of the members is
the presence of abundant metamorphic plagioclase (Fig. 2b)
porphyroblasts and porphyroclasts (An10–An35) that contain
straight, sigmoidal to complex inclusion trails (Cloos and Heitanen,
1941; Valentino, 1999). The Taconian orogeny produced two
regional schistosities (S1 and S2) in the Octoraro formation
(Freedman et al., 1964; Valentino, 1990; Valentino et al., 1994;
Valentino and Gates, 2001). The S2 schistosity is penetrative,
defined by the alignment of muscovite, chlorite and biotite, and
was folded during the Alleghanian orogeny on the regional scale to
form the broad open Tucquan antiform (Fig. 1b) (Frazer, 1880;
Freedman et al., 1964; Wise, 1970; Valentino, 1999).

The southern flank of the antiform is truncated by a zone of
steeply dipping S3 cleavage that progressively increases in
intensity from north to south through the Octoraro formation
and into the PG-HV shear zone (Fig. 1d) (Valentino et al., 1994;
Valentino, 1999). The shear zone is locally defined by a steeply
dipping body (1–2 km thick) of silver-gray to black phyllonite with
continuous S3 cleavage (Fig. 2c), and was named the Drumore
phyllonite (Valentino et al., 1994). The phyllonite contains
porphyroclasts of fragmented chloritoid (�2–3 mm) and euhedral
pyrite (�5–10 mm), but by far the most common are fragments
plagioclase grains that contain inclusion trails, and have external
pressure fringes of quartz and muscovite. Ar/Ar geochronology of
micas from the phyllonite, linked the S3 schistosity to the late
Paleozoic Alleghanian orogeny (Krol and Muller, 1995; Krol et al.,
1999).

The Peters Creek formation occurs to the south of the Drumore
phyllonite, and consists of a thick sequence (>3 km) of interlayered
muscovite-chlorite schist, feldspathic metasandstone and quartz-
ite bodies (10’s meters thick) (Gates and Valentino, 1991;
Valentino and Gates, 1995). The Peters Creek formation occurs
in two structural blocks that are divided by the Peach Bottom slate.
Except for the occurrence of a late moderately dipping crenulation



Fig. 3. Photomicrographs of deformation fabrics in the Peters Creek formation. (a) S3 crenulation cleavage cross cutting S1 schistosity in the Peters Creek formation. The view

is of a vertical surface and toward the northeast; (b) porphyroclast of magnetite with asymmetric pressure fringes of chlorite within penetrative S3 cleavage. The view is into

the ground, so the shear sense is dextral.

Fig. 4. Outcrop photograph of the Peach Bottom slate showing the domain with

straight continuous S3 cleavage that was mined for construction materials.
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cleavage with folds (Valentino and Gates, 2001), the southern
block contains a single penetrative schistosity/foliation (S1) that is
parallel to the compositional layering (Fig. 2d). The northern
wedge-shaped block (Fig. 1c) occurs between the Drumore
phyllonite and the Peach Bottom slate. Within this wedge, the
S1 schistosity is crosscut by the steeply dipping S3 cleavage (Fig. 3)
that contains subhorizontal mineral elongation lineations and
Fig. 5. Photomicrographs of Peach Bottom slate that contains fragments of plagioclase po

while the inclusion trails are interpreted to be the S1 inclusion fabrics that occur in th
porphyroclasts of magnetite with chlorite pressure fringes
(Valentino et al., 1994; Valentino, 1999). The contact with the
Peach Bottom slate is parallel to the steeply dipping S3 penetrative
cleavage, and the S3 cleavage persists into the Peach Bottom slate
(Fig. 1d).

4.2. Peach Bottom slate

The Peach Bottom slate occurs in a tabular shaped belt that
ranges from about 500 to 1500 m wide and 31 km long (Fig. 1c).
Superficially, the slate resembles many other slates (Fig. 4) in terms
of its coloration (black to bluish gray), macroscopic continuous
cleavage (S3), ultra-fine grain-size (�5–10 mm), and general
appearance (Fig. 4). Its prominent S3 cleavage dips steeply to
the southeast and is continuous along strike northeastward with
the Drumore phyllonite (Fig. 1c). Relict bedding was not identified
and only microscopic study has allowed recognition of remnants of
an earlier metamorphic fabric that is defined by muscovite and
chlorite alignment preserved in isolated domains (100–200 mm
scale). The recognition of macroscopic lineations (mineral or
otherwise) is hampered by the fine-grain size (�5–10 mm) of the
slate and its homogeneous appearance. Where present, it is visible
only on the microscopic scale and defined by subhorizontal linear
aggregates of quartz and muscovite that occur as pressure fringes
on fragmented chloritoid and plagioclase porphyoclasts (Fig. 5). In
places, the Peach Bottom slate contains milky quartz veins with
large crystals (1–5 cm). In places the veins crosscut the S3 slaty
cleavage, but they are also structurally continuous into domains
rphyroclasts with inclusion trails. The slaty cleavage (S3) is the dominant rock fabric

e Octoraro formation.



Fig. 6. Photomicrographs from the Peach Bottom slate with the view into the ground, perpendicular to the S3 slaty cleavage. (a) relict quartz grain with slightly asymmetric

dynamically recrystallized tail; (b) shear bands developed in mica-rich domain; (c) relict quartz grains with asymmetric recrystallized tails showing dextral shear parallel to

the S3 slaty cleavage; (d) dynamically recrystallized quartz vein with quartz grain-shape preferred orientation showing dextral shear parallel to the S3 slaty cleavage.
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that are transposed parallel to the cleavage and dynamically
recrystallized. In most cases, the elongate polygonally recystallized
domains of quartz are parallel to the cleavage (Fig. 6).

The Cardiff quartzite is a thin (10 m wide), steeply dipping
tabular body that is in contact with the Peach Bottom slate on the
southern boundary (Fig. 1). The quartzite contains penetrative L-S
fabric defined by aggregates of recrystallized quartz (Fig. 7a). The
foliation in the Cardiff quartzite is parallel to the S3 slaty cleavage
in the adjacent Peach Bottom slate and the lineations are
subhorizontal and subparallel to the microscopic lineations in
the slate (Fig. 7b).
Fig. 7. (a) Photograph of an oriented sample of Cardiff quartzite with cuts that reveal the

Lower hemisphere equal area stereogram of poles to mineral elongation lineations and
4.2.1. Structure

The northeastern end of the Peach Bottom slate grades along
strike into phyllonite that merges with the Drumore phyllonite
(Fig. 1). The southwestern end of the slate terminates abruptly
with deformed conglomerate of the Cardiff formation. The
northwestern contact with the Peters Creek formation was
mapped as a faulted stratigraphic contact by earlier researchers
(Frazer, 1879, 1884; Stose and Jonas, 1939; Agron, 1950), and
locally it is marked by the occurrence of mineralized veins
containing quartz, calcite and dolomite. Along most of its length,
the southeastern margin of the Peach Bottom slate is in contact
 foliation (S3) and lineations (L3) defined by aggregates of recrystallized quartz. (b)

 poles to S3 foliation/cleavage in the Cardiff quartzite and Peach Bottom slate.



Fig. 8. SEM photomicrographs of the Peach Bottom slate. The view is perpendicular to the S3 slaty cleavage and into the ground. (a) Muscovite grain with basal cleavage at a

high angle to the S3 cleavage. Ultra-fine mica forms asymmetric tails on the grain. (b) Muscovite grain forming a sigma-type porphyroclast with apparent recrystallized tails

of ultra-fine grained mica that merges with the S3 slaty cleavage. These microstructures suggest dextral shear sense on the S3 slaty cleavage.
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with strongly deformed Cardiff conglomeratic quartzite (Fig. 7)
with deformed pebbles that parallel a well-defined L-S mylonitic
fabric in the finer-grained material that envelopes them.

The greenschist facies medium- to coarse-grained schistosity
that occurs within the Peters Creek formation is crosscut,
transposed, truncated and obliterated by the cleavage that
pervades the Peach Bottom slate (Fig. 3). Besides minor bulk
compositional variations, ultra-fine grain-size (�5–10 mm) is the
primary difference between the Peach Bottom slate, the Drumore
phyllonite, and deformed phyllonitic portions of the Peters Creek
and Octoraro formations. Some of the marginal facies of the Peach
Bottom slate belt are texturally identical to the Drumore phyllonite
and deformed portions of the other formations.
Fig. 9. Oriented photomicrographs of Peach Bottom slate with the view of surfaces cut pa

Relict fragments of chloritoid grains with asymmetric pressure fringes of quartz and mu

cleavage. (b) Chloritoid grain contains aligned inclusions suggesting transposition. (c and

S3 slaty cleavage. This texture is interpreted to be evidence for dynamic recrystallizati
SEM study of the slate revealed isolated out-size mica grains that
are wrapped by the S3 slaty cleavage (Fig. 8). Optical microscopy has
identified a population of porphyoclasts up to 200 mm in diameter
including fragments of plagioclase and chloritoid with asymmetric
muscovite-quartz pressure fringes (Fig. 9a and b). Fine grained
muscovite forms bundles that are slightly asymmetric to the S3 slaty
cleavage (Fig. 9c). Muscovite grains up to 200 mm in length have
highly irregular grain boundaries that are mantled by ultrafine-
grained muscovite (�5–10 mm) (Fig. 9d) that merges with the S3
slaty cleavage. Similar microstructures occur in quartz such as
quartz grains with recrystallized tails that are asymmetric to the S3
slaty cleavage, and aggregates of polygonal quartz with preferred
grain shape orientation that form S-C mylonite (Fig. 6).
rallel to microscopic lineations and perpendicular to the S3 slaty cleavage. (a and b)

scovite showing apparent dextral shear sense, crosscut and merge with the S3 slaty

 d) Relict (larger) muscovite grains with ultrafine grained tailed that merge with the

on of larger muscovite to form the slaty cleavage.



Fig. 10. Average major element concentrations of the Peters Creek Schist (PC; n = 10), Octoraro Schist (OF; n = 10), Drumore Tectonite (DP; n = 13), Peach Bottom slate (PB;

n = 14) arranged from left to right in their approximate order of deformational intensity. Also shown for comparison purposes is Appalachian slate (AS) composite of Erslev

(1998), a stratigraphic sequence through the Marcellus shale (MS; n = 27), and the Upper Continental Crust (UCC) estimates of Rudnick and Gao (2003).
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4.2.2. Geochemistry

The whole rock major and trace element geochemistry of the
Peach Bottom slate and surrounding units is given in Supplemen-
tary Tables 1–5 and Fig. 10. The Peach Bottom slate has major
element abundances similar to schist samples from the Peters
Creek and Octoraro Formations and the Drumore phyllonite
(Fig. 10). Compared to adjacent lithologies, the Peach Bottom
slate is more chemically homogeneous and, on the average, slightly
more enriched in Ti, Al, REE, and Mn and depleted in elements such
as Na, Sr, Mg, and Ca. In particular, both calcium and sulfur are
nearly absent in the Peach Bottom slate (Supplementary Tables 1
and 5). A geochemical transect across the entire width of the Peach
Bottom slate (�750 m) at the Susquehanna River (Fig. 1) reveals
relatively uniform abundances of major, trace, and rare earth
elements (Supplementary Table 5).

When compared to average shales (Upper Continental Crust –
UCC of Rudnick and Gao, 2003) and a slate composite of
predominantly Appalachian slates (Erslev, 1998), the Peach
Bottom slate displays a strong enrichment in immobile elements
and depletion in alkalis (Fig. 10). The enrichments observed for
immobile elements are less pronounced when the comparison is
made with average slates, but relative depletion of Mg, Ca, and Na
is still very large. Sodium is highly depleted in the Peach Bottom
slate compared to all adjacent lithologic units and the average slate



Fig. 11. Average rare earth element concentrations of the Peters Creek Schist

(n = 10), Octoraro Schist (n = 10), Drumore Tectonite (n = 13), Peach Bottom slate

(n = 14), and Marcellus shale (n = 27) normalized to those of the Post-Archean

Australian Shale composition of Taylor and McLennan (1985).
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composite. Most rare earth elements range in concentration from
approximately 1.5–2.5� Post-Archean Australian Shale (PAAS)
values (Taylor and McLennan, 1985) and show the greatest
enrichment in Eu–Lu and lesser enrichments in La–Sm (Fig. 11).
The Peach Bottom slate shows the greatest variance from average
shales and slates in terms of major and rare earth element
concentrations among the local lithologies studied.

Comparison with the Marcellus shale, an unmetamorphosed
and undeformed, and, in part, organic-rich shale of Devonian age
that occurs in the subsurface throughout the Appalachian basin,
indicates some similarities in major and trace element composi-
tion (Supplementary Table 1 and Fig. 10). The Peach Bottom slate
displays considerable differences with the Marcellus shale in terms
of enrichment in MnO and depletions in CaO and Na2O (Fig. 10). In
general, the schistose lithologies surrounding the Peach Bottom
slate match the major element composition of the Marcellus shale
much more closely than the Peach Bottom slate itself. Exceptions
include slight enrichments in immobile elements and Na, and
depletions in Ca and total carbon. The differences in Ca and carbon
content are likely related to the presence of carbonate-rich
intervals in the Marcellus shale sequence (Supplementary Table
1) that are absent in the schists examined in this study.
Fig. 12. Neodymium isotopic evolution diagram of the Peters Creek Schist (n = 3),

Octoraro Schist (n = 3), Drumore Tectonite (n = 3), and Peach Bottom slate (n = 3).

Grenvillian crustal field shown from Regan et al. (2011). Nd TDM model ages for

Ordovician and Devonian shales from Caesar et al. (2010).
The Peach Bottom slate differs from adjacent units, the UCC, and
typical slates in its uniformity and slight enrichment in Ti, Fe, and
Mn (15–20%) and depletion in Mg, K, and Ba (20–40%) and Na, Ca,
and Sr (65–75%). In addition, the Peach Bottom slate contains more
water (LOI) and more total carbon (Supplementary Table 1) than
adjacent rocks and is more homogeneous (Fig. 10). Volume loss
factors for the Peach Bottom slate relative to adjacent schistose
units, calculated by the method of Wintsch et al. (1991), are
0.80 � 0.05, 0.83 � 0.08, and 0.86 � 0.04 (constant

P
REE, Al, Ti,

respectively). Similar calculations for the Drumore phyllonite,
thought to be an intermediate precursor to the Peach Bottom slate,
indicate no volume change relative to adjacent schistose units. No
variation in volume loss across the slate belt is evident. Density
measurements, by volume displacement, indicate that the Peach
Bottom slate is �8% more dense than adjacent schist and the Drumore
phyllonite (Supplementary Table 1), in close agreement with
calculated volume losses in relation to major geochemical differences
(loss of sodium, residual concentration of iron).

Three samples were selected from the Peters Creek and
Octoraro formations, Drumore phyllonite, and Peach Bottom slate
for Sm–Nd isotopic analysis (Fig. 12). In the case of the Peters Creek
and Octoraro Formations, all three samples were schists. When
plotted on the Nd evolution curve both the Peach Bottom slate and
Octoraro Formation plot in tight parallel arrays with NdDM ages of
1809–1867 Ma and 1737–1795, respectively. Measured Epsilon Nd
values also fall in tight intervals. The scatter among the Drumore
phyllonite and Peters Creek Formation is more significant,
however. The Peters Creek Formation has Nd TDM ages that range
from 1927 to 2805 Ma, while those measured from the Drumore
phyllonite vary from 1465 to 1938 Ma.

5. Discussion – origin of the Peach Bottom slate

5.1. Previous models for the origin of the Peach Bottom slate

The Peach Bottom slate belt currently resides within a splay
that is a small part of a strike–slip duplex that formed in an crustal-
scale dextral retraining bend (Valentino et al., 1994, 2004;
Valentino, 1999; Valentino and Gates, 2001). Recrystallized white
micas associated with the duplex shear zones yielded Moscovian
ages (Krol et al., 1999), suggesting that the duplex was active
during the late stage of the Appalachian Alleghanian orogeny.

Models for the origin of the Peach Bottom slate have been
proposed in the literature and essentially differ on whether it is a
stratigraphic and/or prograde metamorphosed rock unit. Several
workers have proposed that the Peach Bottom slate is a distinct
stratigraphic unit located within a synclinal or antiformal
sequence of higher grade metamorphic rocks (Frazer, 1880; Knopf
and Jonas, 1929; Stose and Jonas, 1939; Agron, 1950; Freedman
et al., 1964; Wise, 1970; Higgins, 1972; Faill and Smith, 2010). In
order to explain its lower metamorphic grade and single
macroscopically visible cleavage relative to surrounding rocks,
the Peach Bottom slate has been suggested to be distinctly younger
than the enveloping Peters Creek formation (Knopf and Jonas,
1929; Agron, 1950). To explain the apparent metamorphic
discontinuity with adjacent units, Faill and Smith (2010) propose
that the Peach Bottom slate was thrust onto the Peters Creek
formation prior to postulated folding. Our detailed field study does
not support any of these models for the origin of the Peach Bottom
slate, nor does it support a stratigraphic interpretation for the
regional field relations.

Despite the chemical differences from typical shales and slates
documented here, one characteristic of the Peach Bottom slate that
has not been disputed is the clay-rich and fine-grained nature of its
protolith. Previous workers have suggested the Peach Bottom
slate is a metamorphosed mud rock (Knopf and Jonas, 1929;
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Stose and Jonas, 1939; Agron, 1950; Freedman et al., 1964; Wise,
1970; Faill and Smith, 2010), an interpretation entirely consistent
with its fine-grain size, mineralogy, slate-like appearance, and
extensive quarrying, sale, and use as slate. The precursor to the
Peach Bottom slate was initially deposited as a clay-rich shale and
was part of the same sedimentary sequence as the units which
envelope it. But, numerous lines of evidence suggest that its
current geometry, fine grain-size, slaty cleavage, and lower-grade
mineralogy are the direct consequence of Alleghanian tectonic
overprinting of higher-grade schistose rocks. Fundamental to this
interpretation is the recognition that the Peach Bottom slate is a
tectonic unit and that it occurs within a splay off of the PG-HVsz.
Any model for the Peach Bottom slate must take into account its
field relations, and the new microstructural, geochemical, and
isotopic data summarized here.

5.2. Structural and kinematic constraints

Examples of prograde slate from around the world have some
common traits, and many of which are structural. Some of these
traits include: (1) preferred orientation of micas to form
continuous slaty cleavage, the presence of authigenic micas, and
increase in grain size as a result of prograde metamorphism (i.e.
Sorby, 1853; Woodland, 1982; van der Pluijm and Kaars-
Sijpesteijn, 1984; Gregg, 1986; Clark and Fisher, 1995; Ho et al.,
1996, 2001; Wenk et al., 2010); (2) preservation of primary
sedimentary compositional layering (i.e. Norris and Rupke, 1986;
Ramsay and Huber, 1987); (3) slaty cleavage often oriented axial
planar to folds defined by the original compositional layering
(i.e. Julivert and Soldevila, 1998; Debacker et al., 2006); (4)
evidence for coaxial flattening perpendicular to the slaty cleavage
such as detrital grains with symmetric pressure fringes (i.e.
Ramsay and Huber, 1983); and (5) evidence for substantial volume
loss during the development of slaty cleavage (i.e. Ramsay and
Wood, 1973; Goldstein et al., 1998). Apart from the macroscopic
continuous slaty cleavage, dark color, and geochemical evidence
for volume loss, the Peach Bottom slate lacks most of the common
structural traits of a prograde slate.

Phyllonite forms within ductile shear zones from diverse
protoliths ranging from metasedimentary to granitoid (i.e. Tabor
and Hudleston, 1991; Goodwin and Wenk, 1995; Hippertt, 1998;
Hippertt and Hongn, 1998; van Staal et al., 2001; Valentino et al.,
2004; Jefferies et al., 2006; O’Hara, 2007). One mode of
development is through initial brittle fracturing and cataclasis
in shear zones, that then provides conduits for fluid infiltration
(Goodwin and Wenk, 1995; Jefferies et al., 2006; O’Hara, 2007).
Growth of new mica at the expense of primary feldspars during
fluid-assisted reaction softening leads to localization of shear in
the phyllonite (Hippertt, 1998; van Staal et al., 2001; O’Hara, 2007).
As well, ductile shearing accompanied by retrograde metamor-
phism may also lead to the formation of phyllonite (Prochaska
et al., 1992), by the production of muscovite and chlorite from
higher grade minerals.

The Peach Bottom slate consists of ultra-fine (mean size
<20 mm) grains of chlorite and muscovite in near perfect, parallel
alignment (Figs. 4, 6 and 9). At the map scale, the slate grades
across and along strike into a facies that has all of the physical
attributes of phyllonite (Fig. 1c). Within the ultra-fine S3 slaty
cleavage, there are larger grains of quartz, muscovite, plagioclase,
and chloritoid that form porphyroclasts (�200 mm) with either
asymmetric dynamically recrystallized tails or pressure fringes
(Figs. 5, 6 and 9). These grains are most likely relict, and reflect the
original grain size of a higher grade protolith, prior to intensive
grain size reduction in the shear zone. As described previously, the
basal cleavage of the outsized muscovite porphyroclasts (Fig. 8),
occur at a high angle and are cross cut by the S3 slaty cleavage.
These grains exhibit domains of undulatory extinction and have
highly serrated margins that are mantled by masses of ultra-fine
micas (Fig. 9d). These masses form elongate asymmetric trials that
merge with the S3 slaty cleavage. The highly irregular, or shredded
margins of the large muscovite grains suggests that the slaty
cleavage formed through grain size reduction by dynamic
recrystallization of an originally coarser grained micaceous rock.
The phyllonite facies that accompanies the slate belt probably
represent a state of lower strain in the process of dynamic slate
formation, and the local schist, specifically the Octoraro formation
is the likely protolith. The Octoraro formation is also the likely
source of the outsized fragments of chloritoid in the slate (Fig. 9a
and b), in addition to the slate domains that contain fragments of
inclusion-rich plagioclase (Fig. 2b).

The asymmetric quartz-muscovite pressure fringes that are
formed on fragments of chloritoid and plagioclase grains define
microscopic subhorizontal lineations within the slaty cleavage
(Fig. 9). As well, subhorizontal asymmetric pressure fringes of
chlorite occur on magnetite grains in phyllonite within the
adjacent Peters Creek formation (Fig. 3b) and the marginal
phyllonite in the slate belt. The asymmetry of the recrystallized
tails and pressure fringes consistently indicate a dextral shear
sense, and these kinematic observations are consistent with those
of the mid-Atlantic Piedmont strike–slip duplex (Valentino et al.,
1994, 1995, 2004; Gates et al., 1999; Krol et al., 1999; Valentino,
1999; Valentino and Gates, 2001; Gates and Valentino, 2010).

5.3. Geochemistry

5.3.1. Comparison of the geochemistry of the Peach Bottom slate and

Marcellus shale

As will be discussed below, the Peach Bottom slate is
homogeneous in composition. But, is it any more homogeneous
than other typical shales? To answer this question we have
compared it to a vertical stratigraphic sequence through the
Marcellus shale obtained from drill cuttings in central New York
(Fig. 10; Otsego County). The Marcellus shale is of part of the
Middle Devonian Marcellus Subgroup. In contrast, due to tectonic
overprinting and deformation, we have no stratigraphic control on
the Peach Bottom slate samples nor does their current location
necessarily represent their original position either stratigraphi-
cally or geographically. Nonetheless, the Marcellus is likely derived
from similar Laurentian sources to that of the Peach Bottom slate,
and composition, lithologic variation, and depositional settings of
the Marcellus are relatively well constrained. Additionally, where
sampled, it is undeformed and unmetamorphosed and it was
analyzed by identical analytical procedures in the same laboratory,
allowing direct comparison with data from the Peach Bottom slate
and adjacent units.

The Marcellus shale is generally somewhat homogenous than the
Peach Bottom slate as indicated by the lower standard deviations of
most major elements (Fig. 10 and Supplementary Table 1); although
the number of analyses is nearly twice that available for the Peach
Bottom slate. Significant variations in trace element concentrations,
greater than those shown in the Peach Bottom slate, do, however,
occur in the Marcellus shale, particular among the redox sensitive
metals (Table 1). For example, Mo is enriched and varies widely in
the Marcellus shale (6.63 � 9.39 ppm) when compared to the Peach
Bottom slate (1.26 � 0.37 ppm). This is likely related to the preserva-
tion of original variations in redox sensitive elements during deposition
of the Marcellus shale. Nearly all elemental concentrations and ratios of
redox indicators in the Peach Bottom slate samples are indicative of
oxidizing conditions, despite the dark color and the occurrence of
graphite (Table 1). If the Peach Bottom slate is derived from mud rocks,
they were either deposited exclusively in oxidizing conditions
or experienced wholesale ‘‘resetting’’ during diagenesis and
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metamorphism and/or have undergone pervasive physical homogeni-
zation during shearing which has erased any variation that may have
once been present.

5.3.2. Comparison of the geochemistry of the Peach Bottom slate and

enveloping units

A key feature of the Peach Bottom slate is its uniformity in
chemical composition across, and along, the slate belt (Fig. 11 and
Supplementary Table 1). This has been demonstrated for major,
trace, and rare earth elements, which show limited variation in
concentration, in the 750 m sampling transect (Fig. 1c) along the
railroad cut on the east side of the Susquehanna River. In outcrop,
the Peach Bottom slate appears homogenous and lacks visible,
macroscopic variations in composition or discernible sedimentary
structures. This is not the case in enveloping units (Peters Creek
and Octoraro formations and Drumore phyllonite) where compo-
sitional variation between sand-rich and mica-rich intervals are
often readily distinguished at the outcrop or as larger-scale pelitic
and semi-pelitic members (Valentino et al., 2004). Although care
was taken to sample only schistose units of the enveloping rocks,
each of the formations shows greater heterogeneity than the Peach
Bottom slate and this variation is likely to be related to original
compositional variation and/or metamorphic processes.

Geochemical similarities between the enveloping units and the
Peach Bottom slate are also evident. They include similarities in the
concentration of most of the major oxides and trace elements
(Supplementary Table 1 and Fig. 10). When compared to upper
continental crust estimates, as a group they show significant
enrichments in TiO2, Al2O3, Fe2O3 and depletions in MgO, CaO, and
Na2O (Fig. 10b). Similarities in rare earth element concentrations
include enrichment over PAAS and UCC estimates and similarities
in patterns (Fig. 11). All four units show greater enrichment of
heavier rare earth elements (Fig. 11). In detail, the Peach Bottom
slate REE pattern most closely resembles the Drumore tectonite,
both in REE abundance and pattern. Along with its geochemical
similarities to the enveloping units, the Peach Bottom slate also has
a few key differences. These include its slightly greater concentra-
tions of TiO2 and Al2O3 and considerably smaller concentrations of
CaO and Na2O. Also it has the highest carbon content and LOI
among the nearby enveloping units.

These geochemical traits (greatest homogeneity, similarity in
most major and trace elements concentrations, excellent match
between REE patterns, enrichment in TiO2 and Al2O3 and depletion
in CaO, MgO, and Na2O, and greatest carbon content and highest
LOI) compared to the enveloping units provide insight to the
processes that formed the Peach Bottom slate. In general, they
suggest chemical and/or physical homogenization, concentration
of high-field strength elements, depletion of alkali and alkali earth
elements with the exception of K2O (held in white mica), and the
introduction of fluids (possibly CO2 and H2O). Taken together with
the volume loss estimates, greater density, and physical char-
acteristics exhibited by the Peach Bottom slate its characteristics
are compatible with chemical changes expected during retrograde
metamorphism (i.e. Wintsch et al., 1991) and deformation within
an Alleghanian structure.

5.3.3. Comparison of the geochemistry of the Peach Bottom slate and

other slates

If the Peach Bottom slate did not form through prograde
metamorphism of mud rocks, it stands to reason that geochemical
differences may be evident. To make this comparison we have used
the slate composite of Erslev (1998), which includes primarily
Appalachian slates. Compared to the slate composite, the Peach
Bottom slate shows a slight enrichment in TiO2, Al2O3, and Fe2O3

concentrations, depletion in SiO2 and MgO, and, large depletions in
Na2O and CaO (Fig. 10). Schistose rocks enveloping the Peach
Bottom slate show similar, but not as pronounced differences
when compared to the Appalachian slate composite (Fig. 10).

This data suggests that schistose rocks associated with the
Peach Bottom slate have distinct geochemical traits which differ
from those shown by typical slates. This observation is consistent
with their coarser grain-size, different mineralogy, density, and
higher metamorphic grade. More to the point, among these rocks
the Peach Bottom slate stands out as an end-member in terms of its
chemical composition and departure from the average slate values
(Fig. 10), particularly in regards to depletions in alkali earth and
alkali elements (excepting K2O). These chemical traits played a
major role in establishing the mineralogy of the Peach Bottom slate
which is dominated by Fe-rich chlorite and muscovite.

5.4. Comparison of the Peach Bottom slate with other documented

ultraphyllonite

An exhaustive search of the geological literature for references
to ultraphyllonite yielded only one published paper where the
term ultraphyllonite was first used. Tabor and Hudleston (1991)
describe the occurrence of localized ultraphyllonite within the
Rainy Lake-Seine River fault in the Archean Superior Province,
Canadian Shield. The ultraphyllonite formed in a steeply dipping
transpressional shear zone by fluid enhanced reaction softening
during regional uplift and cooling. The Peach Bottom slate and the
ultraphyllonite of Tabor and Hudleston (1991) share similar
tectonic settings, with both having formed during the last stage of
transpression and accompanied by down-temperature metamor-
phic processes. Although the macroscopic slaty fabric of the Peach
Bottom slate makes it distinctly different, the overall microscopic
texture of the Peach Bottom slate and the ultraphyllonite of Tabor
and Hudleston (1991) as described, are comparable, with both
consisting of ultrafine grained white micas and chlorite.

5.5. Constraints on the provenance of the Peach Bottom slate and

enveloping units

The similarities in rare earth element patterns and between the
rocks analyzed in this study and the Marcellus shale are striking
(Fig. 11) and likely imply similar source terranes and/or post-
depositional processes. The Marcellus shale shows a similar,
although less pronounced enrichment in all REE compared to the
PAAS composite (Table 2), and a pattern very similar to that of the
Octoraro formation. All the Piedmont units, as well as the
Marcellus shale, display a depletion in LREEs and enrichment in
HREEs relative to the PAAS (Fig. 11), which may be a function of a
Precambrian-dominated source terrane(s).

The relatively restricted Nd TDM ages reported for the Octoraro
Formation and Peach Bottom slate of 1737–1867 Ma are suggestive
of a similar provenance for both units. The results are also
consistent with a Laurentian source for all four rock units. When
the Laurentian field is superimposed on the data (Fig. 12) nearly all
of the rocks, with the exception of two Drumore phyllonite
samples fall to the right of the field for reworked Grenvillian crust
(Regan et al., 2011). The range in Neodymium TDM model ages for
Devonian and Ordovician shales, including the Marcellus shale,
from Central New York are shown for comparison in Fig. 12 and
range from 1504 to 1988 Ma (Caesar et al., 2010). This range is
nearly identical to that shown by the Drumore phyllonite and
includes the narrow ranges of both the Octoraro Formation and
Peach Bottom slate. Further the 147Sm/143Nd ratio of all but two of
the Piedmont samples fall between �0.11 and 0.13, while those of
the Ordovician and Devonian New York shales predominantly fall
between �0.11 and 0.12. These data are consistent with a
Laurentian source consisting of variable components of Grenvillian
and Superior Province crust for all of the rocks investigated.



Fig. 13. Schematic tectonic model showing a possible mechanism for the formation of the Peach Bottom slate from the Drumore phyllonite along the Pleasant Grove-

Huntingdon Valley shear zone, and final emplacement in a strike–slip splay. For all figures, pale green is Peters Creek Formation, pink is Octoraro Formation, pale blue is

Drumore phyllonite and dark blue is Peach Bottom slate. (a) Palinspastic reconstruction of the mid-Atlantic Piemont according to Valentino et al. (1994). (b) Development of

the Peach Bottom splay. (c) Formation of ultra-phyllonite from phyllonite and displacement on the strike–slip splay. (d) Map showing the final emplacement location of the

Peach Bottom slate (PBS) by strike–slip shuffling. Philadelphia, Pennsylvania and the PA–MD–DE tristate region are shown for reference to modern geography.
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6. Conclusions

Here we use a combination of macro-, meso- and micro-scopic
structural and geochemical criteria to show that the Peach Bottom
slate did not form as a typical prograde slate from mudrock, but
formed through mechanical and chemical alteration of the regional
rock units within a splay of the PG-HV shear zone during high-
strain ductile deformation under low-grade metamorphic condi-
tions. This conclusion is based on the presence of micro-scale
kinematic indicators and out-sized porphyroclasts, evidence for
dynamic recrystallization and grain-size reduction, chemical
homogeneity across the slate belt, chemical similarities with
surrounding units, the overall state of deformation recorded in the
Peach Bottom slate and enveloping wall rocks, and the mapped
continuation of lithologic units and magnetic anomalies.

The Peach Bottom slate shows numerous features consistent
with a tectonic origin. It is found exclusively within a narrow (0.5–
1.5 km wide) steeply dipping ductile shear zone and contains
lower grade metamorphic assemblages than surrounding rocks.
But, the slate chemistry suggests it was formed from enveloping
metamorphic rock units thus implying formation during deforma-
tion, rather than, prograde metamorphic processes. Microscopic
features record intense deformation, grain size reduction, and
kinematic indicators at the ultramicroscopic scale. Taken together,
the evidence suggests that volumetrically significant quantities of
slate (a belt that was mined for more than 150 years) can be
produced by processes other than the prograde metamorphism of
pelitic rocks. Hence, we propose that the Peach Bottom slate is an
ultraphyllonite. The ultraphyllonite formed by grain size reduction
in a high-strain ductile shear zone under low-grade metamorphic
conditions, provides a rationale for its high density and calculated
volume loss, and explain its microstructural and geochemical
differences from typical slates.

We propose herein that the Peach Bottom slate developed as a
tectonite from the Drumore phyllonite, and in turn the Drumore
phyllonite is the result of high-strain deformation of the Octoraro
formation. The current location of the Peach Bottom slate is
problematic in this model because the slate belt occurs between two
structural blocks of the Peters Creek formation. It is likely that the
slate belt originated eastward along strike, as part of the rocks within
the PG-HV shear zone (Fig. 13). With constrictional deformation
occurring in the dextral restraining bend transition, various splays in
the duplex accommodated the lateral movement of structural
blocks. No place is this more apparent than the lateral displacement
of a highly tectonized wedge of Peters Creek formation that occupies
the duplex between the Peach Bottom slate splay and the PG-HV
shear zone. It is likely that the Peach Bottom slate developed along
the southern margin of the Drumore phyllonite, as the Peters Creek
formation was entering the restraining bend (Fig. 13a). East of the
slate belt (�30 km), the southern margin of the Octoraro formation
was reported to contain places where the plagioclase-rich musco-
vite-chlorite schist grades into vestiges of black slaty rock at the
outcrop scale (Knopf and Jonas, 1929; Lyttle and Epstein, 1987). We
examined these locations and the slaty rock is indistinguishable
from the Peach Bottom slate (Fig. 1c – dashed overlay on Drumore
phyllonite). This supports the hypothesis that the Peach Bottom
slate originated east of its current location in the shear zone splay.
Competency contrast between the quartzite-rich Peters Creek
formation with that of the other pelitic rocks in the Piedmont,
would have focused intense ductile strain on the margin of the
relatively rigid block of Peters Creek formation. That strain resulted
in ultra-phyllonitization of the Drumore phyllonite, and ultimate
decoupling of that ultraphyllonite along a splay within the
restraining bend (Fig. 13b–d).

Finally, the results of this investigation provide a diagnostic
criteria for the identification of ultraphyllonite, or slate formed by
dynamic retrograde metamorphic processes in a high-strain ductile
shear zone. When placed in the context of tectonic belts world-wide,
the Peach Bottom slate cannot be a unique rock body, and there are
most likely many other examples of deformation-formed slate that
need reevaluation. The application of the criteria presented in this
paper may aid in the future identification of these belts.
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