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Abstraet: The Martinsburg Formation at Lehigh Gap, Pennsylvania, undergoes a transition
From shales to slates, reflecting local progressive deformation on an outcrop scale. The
anisotropy of magnetic susceptibility (AMS) was measured in low and high fields. The
high-fieid measurements show Lhat the magnetic susceptibility is controlled by the para-
magnetic minerals. X-ray goniometry was used io define the mineral fabrics ol chiorite
and mica. The phyllosilicates are initially oriented preferentially in the bedding plane and
are gradually reoriented into the cleavage plane through rotation, microfolding and
recrystallization. The AMS fabric mirrors this change in mincral labric. The magnelic
Fabric is originally oblate in the least deformed site, with the plane of flaltening parallel Lo
bedding, and becomes prolate with increasing deformation, reflecting the development of
pencil structure in the shales. In the most deformed site, shortening resulls in a tectonic
cleavage fabric, which controls the magnetic fabric. A similar paltern of fabric development
can be observed on a regional scale at other sites across the central Appalachian fold and
thrust belt, The AMS and mineral fabric from the Martinsburg Formalion has undergone
hedding compaction in the foreland near the Allegheny Front. The AMS and textural ana-
lysis both show that, as the deformation increases towards the hinterland, prolate fabrics
develop and in the most deformed sites slaty cleavage controls both the mineral and magnetic

fabrics.

The anisotropy of magnetic susceptibility (AMS)
has been established as a qualitative proxy of
petrofabrics since the mid-1950s. Graham
{(1954) demonstrated that the magnetic fabric
reflects petrofabric, and Balsley & Buddington
(1960) showed that magnetic methods were
more sensitive in detecting fabrics than tradi-
tional microscopic methods. Several studies in
the early 1960s further used magnetic anisotropy
to determine petrofabrics and postulated on the
origin of the magnetic fabric (e.g. Stacey ef al.
1960; Girdler 1961; Fuller 1963). The authors
were primarily interested in investigaling
whether a petrofabric could be responsible for a
deviation of a rock’s remanent magnetization.
Graham (1966) peinted out that the magnetic
susceptibility of a rock is composed of contribu-
tions from all constituent minerals in the rock,
and that the magnetic anisotropy will depend
on the orientations of crystal lattices or magne-
tite grain shapes. He examined the anisotropy
of magnetic susceptibility (AMS) in flat-lying
‘and folded Palacozoic sediments from the
Valley and Ridge Province of the Appalachian

fold and thrust bell. The results from these
studies led Graham (1966) to speculate on the
development of a magnetic fabric during folding,
where he considered the AMS to reflect the
textural reorientation and grain rotation that
occurs in the rock matrix during progressive
deformation. The evolution of a magnetic
fabric that undergoes horizontal compaction is
continuous: it starts with an oblate ellipsoid
that expresses flattening by the bedding compac-
tion, and proceeds to a prolate ellipsoid with long
axis parallel to the trend of the fold axis. Contin-
ued shortening leads to an oblate ellipsoid that is
flattened in the cleavage plane and which can
show extension down-dip in the cleavage plane
at the highest stage of deformation.

X-ray texture goniometry provides informa-
tion about the crientation of individual mineral
phases in a rock. Thmlié et al. (1989) werc able to
show in deformed limestones from the Morcles
nappe in Switzerland that the principal axes of
the AMS ellipsoid are related to the orientation
of the crystallographic axes of calcite crystals.
Hirt ef al. (1995) demonstrated that a magnetic
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lineation in Devonian shales from the Allegheny
Plateau was sub-parallel to the orientation of the
long axes of chlorite crystals. Siegesmund ef al.
(1995) modeiled the AMS of gneissic rocks
from the mica texture. They found a good agree-
ment in the orientation of the modeiled and
measured magnetic fabric, but a poor agreement
of shape and degree of anisolropy. Since these
first studies, there has been increasing interest
in how magnetic fabrics reflect mineral fabrics
‘(e.g. Liineburg et al. 1999; Becker et al. 2000;
de Wall er al. 2000).

This study returns to the area covered in
Graham’s (1966) seminal study in the Valley
and Ridge Province of the Central Appalachian
fold-thrust belt, to examine the development of
mineral and magnetic fabrics-in shales on two
different spatial scales. Special attention was
given lo determining the minerals responsible
for the AMS so that it could be compared with
representative mineral fabrics. A detailed investi-
gation of fabric development was made at Lehigh
Gap on the hinterland edge of the Valley and
Ridge in eastern Pennsylvania where, over the
space of an outcrop, the Martinsburg Formation
(locally called the Recdsville Formation) is pro-
gressively deformed from shale to slate. To estab-
lish whether the results from Lehigh Gap can be
extended on a larger scale, the development of
mineral and magnelic fabrics in the Martinsburg
Formation was studied at four locations distrib-
uted across the Valley and Ridge of Pennsyl-
vania. Magnetic anisotropy results were
obtained rom 33 additional sites in the Valley
and Ridge. Because of the time-intensive nature
of acquiring lexture goniometry dala, we selected
four locations exhibiting different degrees of
progressive deformation for detailed mineral
fabric analysis.

Geological setting

The Central Appalachian Valley and Ridge Pro-
vince has been extensively studied since H. D. &
W. B. Rogers made the first structural geology
maps in 1838-1846. It was an important area in
developing the idea of thin-skinned tectonics
(Rodgers 1963; Gwinn 1964). As recognized by
Graham (196§), deformation in the Valley and
Ridge follows two fundamental steps. The first
step is a layer-parallel shortening (LPS), which
is accommodated by pressure solution and
other low-temperature creep mechanisms (e.g.
Nickelsen 1966, 1979; Engelder & Geiser 1979,
Geiser 1989; Geiser & Engelder 1983). On the
Appalachian Plateau where LPS precedes major
fold growth, stretch (S3) by LPS is about 0.85

(Engelder & Engelder 1977). The second step is
growth of first-order folds that ‘behaved as a gen-
erally coherent and passive plate’ (Graham
1949). The outer folds of the Valley and Ridge
exhibit an LPS-related S, of about 0.85 (Faill
1977). Only in the anthracite district of the east-
ern Valley and Ridge of Pennsylvania is the LPS
more intense and even there it predates the
growth of major anticlines (Nickelsen 1979).

The Valley and Ridge behaves as two distinct
mechanical units (Hatcher er af. 1989). A
Cambrian-Ordovician carbonate sheet stacks as
a duplex under a roof thrust in the Ordovician
Martinsburg Formation (Geiser 1988). Interest-
ingly, the carbonate thrust sheets show very
little evidence of LPS where the roof exhibits
well developed tectonic stretch, S (e.g., Ferrill
& Dunne 1989). The Ordovician Martinsburg
Formation was deposited in a deep foreland
basin during the Taconic orogeny (Faill 1997).
It consists of fine-grained dark grey shales with
interlayered siltstones and sandstones. Depend-
ing on where the Martinsburg sat relative to the
roof thrust, it may exhibit a well-developed
LPS fabric. If the Martinsburg sat below the
roof-thrust detachment it may have ridden
passively on carbonate horses below and thus
exhibit virtually no LPS fabric. Conodant
colour alteration indicates that most Ordovician
rocks in Pennsylvania were never healed above
250°C, except in the hinterland where slaty
cleavage is developed (Epslein et al. 1977). Here
temperatures may have exceeded 300°C.

The geological setting of Lehigh Gap has been
discussed extensively in other studies (e.g.
Epstein & Epstein 1969; Holeywell & Tullis
1975; Wright et al. 1979; Wright & Platt 1982;
Wintsch ef al. 1991; Ho et al. 1995). The outcrop
consists of the upper member of the Martinsburg
Formation, which is conformably overlain by the
Silurian Shawangunk Formation, & massive
sandstone unit (Fig. 1). The Martinsburg Forma-
tion has a penetrative cleavage in this area of the
Appalachian Fold-Thrust Belt. However, at
the Lehigh Gap outcrop, the slaty cleavage in
the Martinsburg Formation dies oul within 30-
60m of the contact with the Shawangunk sand-
stone. Epstein & Epstein (1969) suggested that
the quartzitic sandstone acts as a pressure
shadow against cleavage formation in the
shales. The bedding orientation remains rela-
tively constant with dip direction of 327-336°
and dip of 41-43° along the 120m of outcrop
that was sampled (Fig. 1). The Martinsburg
shales show only bedding structure within the
first metre from the contact with the Shawan-
gunk Formation. The first pencil structures are
identifiable about 2m from the contact and are
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Fig. 1. (a) Map showing the sampling localities in the Appalachian fold and thrust belt and (b) schematic
diagram of the Lehigh Gap ouicrop in eastern Pennsylvania showing the stages of cleavage development and
locations of the sampling sites relative to the contact with the Shawangunk sandstone (modified from Housen

et al, 1995).

the dominant structure until the gradual appear-
ance of cleavage between 60 and 80m. The
cleavage becomes stronger further along the
outcrop where a penetrative slaly cleavage
dominates. The cleavage plane has a dip direc-
tion of 171-186° and a dip of 56-39°. We
sampled four sites along the 120 m outcrop at dif-
ferent distances from the contact: PAL] within
the first 3m, PAL2 between 35m and 40m,
PAL3 around approximately 90m, and PAL 4
at around 120m.

Four additional localities were sclected across
the Central Appalachian fold and thrust belt
that represent progressive deformation from the
foreland to the hinterland (Fig. 1). The sampling
locations are named after the corresponding
_Quadrangle of the geological map of Pennsyl-
?ania and are shown with related geological
information in Table 1. MLLM represents a
region near the Allegheny Front in the foreland
where only bedding compaction is observed.
Samples were drilled in fine-grained siltstones
from the SSW limb of the Nittany anticlinorium.
Although pencil structures are found in fine-

grained lithologies east of the Allegheny front,
pervasive pencil structure occurs only in the
area of FAN. Most samples at this locality
came [rom siltier layers, since shaley units were
too fractured to sample. The PLA outcrop
covers a small asymmetric fold in which an inci-
pient cleavage is visible in the more shaley units,
and most samples were taken in shale and silt-
stone beds. A well-defined slaty cleavage is
found in the hinterland at POR. The black
slates show a strong lineatlion sub-parallel to
the fold axis in the area.

Sampling and analytical techniques

Optical and electron microscopy methods

Microstructures of the shales and slates were
studied by optical and electron microscopy in
order to evaluate deformation mechanisms on
the microscopic scale. Most studies were
performed on a JEOL JSM 840 scanning electron
microscope (SEM), which allows investigation of
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Table 1. Site lecations and geological information

Site

Location Quadrangle
Lat/Long

Bedding Orientation
Dip Directlion/Dip

Cleavage Orientation
Dip Direction/Dip

Lineation
Dip/Dip Direction

LehighGap

PAL1
PAL2
PAL3

Palmerton

40° 47 NJ/77° 36' W

328-335/42-43
336-338/41-45
325-333/36-42

170-173/48--54

071252
06/255
11256

PAL4 327/43

MLM Millheim 167/42
40° 49 Nj77° 25.5 W

FAN Fannetsburg 149/33
40° 04.5' Nj77° 48.5' W

PLA Plainficld 150/70
40° 13" Nj77° 18’ W

POR Portland 345/80
40° 54’ Nj75° 04’ W

174-182/50-56

02/58
152/70

160754 05/075

"Indicates none present

microstructures of very small grains, such as
phyllosilicates, as well as their chemical composi-
tions.

Two types of images were created: backscatter
and secondary electron images. Backscatter
images are performed on highly polished surfaces
and reflect compositional differences since they
are sensitive to the atomic number contrast.
Secondary electron images are made from
rough surfaces, treated with 48% hydrofluoric
acid, and reflect the topographic reliel of the
grains. In addition Energy Dispersive X-ray
Spectrometry (EDS) analysis allowed us to
determine element spectra and quantitative
analysis of sample areas or individual grains.

X-ray texture goniometry methods

For the X-ray texture goniometry measurements
oriented block samples of 12 x 10 x 2d mm size
were cut from adjacent parts of remaining cores
from the magnetic fabric study. The measured
surface was chosen as close as possible to the
cleavage piane in order to obtain centred pole
fipures. The samples were analyzed with a
Scintag-USA/DMS 2000 with a Cu X-ray
source and a germanium solid-state detector,
which measures the intensity of the K, radiation
directly; The mineral fabrics of mica and chlorite
were determined by measuring the diffraction
intensity of the dominant basal planes, (001)
and (002) respectively, which determine the
lattice as well as grain-shape preferred orienta-
tion {Oertel 1983; Siddans 1976). The data are
illustrated in contoured pole figures in upper
hemisphere projections, which represent scans

of diffraction intensity in intervals of 5° (=1387
positions) (Casey 1981). In order to cover the
full range of spherical crientations the samples
are measured in reflection mode (as a block)
and in transmission mode (as a thin section).
The eigenvalues and eigenvectors of the inlensily
distributions determine shapes and principal
axial orientations of fabric ellipsoids (e.g.
Cheeney 1983; Davis 1986). The principal axes
of the mineral fabric cllipsoids are described as
t, 2 t; 2 13. The ¢, axis represents the largest
eigenvector, which reflects the lowest intensity
defined by the smallest number of poles to
basal planes (c axes). The ¢; axis represents the
smallest eigenvector, which refiects the highest
intensity defined by the largest number of poles
to basal planes (x axes). In the remainder of
this text, #; is referred to as the maximum axis
of the mineral fabric ellipsoid, ¢ as the inter-
mediate axis and #; as the minimum axis. This
convention is the same as used for describing
the magnetic fabric axes. For comparison with
magnetic directions the principal axes of the
mineral fabrics were inverted and plotted on
the lower hemisphere,

Magnetic methods

Eight cores, yielding nine to thirteen samples,
were drilled with a portable gasoline drill at
each locality at Lehigh Gap for the study of the
magnetic fabric. Specimens had 2.54 cm diameter
and 2.30cm length. From 9 to 31 cores, yvielding
18 to 54 specimens, were taken at each of the
localities across the fold belt and prepared as
above. The low-field anisotropy of magnetic
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susceptibility (AMS) of all samples was
measured with an AGICO KLY-2 susceptibility
bridge (applied field: 0.4mT, frequency: 920 Hz)
at room temperature. Each sample was measured
in 15 positions to obtain the susceptibility
magnitude ellipsoid whose principal axes are
ky > ky 2 k3. Cooling the samples enhances the
pararnagnetic component of the susceptibility.
Therefore, selected samples were measured at
liquid nitrogen temperature (77K), using the
method outlined in Liineburg et al. (1999).

In order to separate the paramagnetic or anti-
ferrimagnetic component of the susceptibility
anisotropy from the ferromagnetic component,
the high-field anisotropy (HFA) of selected sam-
ples was measured on a torsion magnetometer,
using the procedure described by Martin-
Hernandez & Hirt (2001). Samples were
measured in four fields: 1200, 1400, 1600 and
1800 mT, all of which are above the saturation
magnetization of the ferrimagnelic phases in
the shales. The anisotropy of a partial anhystere-
tic remanent magnetization (ARM) was
measured in two coercivity windows: 0-30mT
and 60—-100mT, in each case with a 0.1 mT d.c.
bias field. We chose the low coercivity window
so that we could compare our results with an
earlier study of magnelic [abric at Lehigh Gap
by Housen & van der Pluijm (1991}, The ARM
was imparted in 9 directions to over-define the
anisotropy tensor and obtain an error estimate
on the fit (McCabe er al. 1985), which was in
the range 1-5%.

Magnetic mineralogy

The ferrimagnetic mineralogy was defined from
(a)}acquisition of anhysteretic remanent magneti-
zation (ARM), (b) the acquisition of isothermal
remanent magnetization (IRM) and (¢) sub-
sequent thermal demagnetization of a cross-
component IRM. The ARM was acquired in a
large coil in peak alternating fields up to
200mT (Fig. 2a). The IRM was imparted with
an electromagnet with a maximum field of 1.0T
(Fig. 2b). After magnetization in the 1.0 T field
along the sample Z axis, 4 0.5 T field was applied
along the sample Y axis and a 0.1T field along
the sample X axis (Lowrie 1990). Samples were
thermally demagnetized in a Schonstedt TSD-1
oven (Fig. 2c). Remanence was measured with
a 2G 3-axis cryogenic magnetometer with RF
SQUID:s.

The ARM acquisition curves are still rising

~ steeply at 30mT, but have reached most of

their maximum intensity by 100mT (Fig. 2a).
The IRM acquisition curves of the shales and

slates show a rapid increase in magnetization
below 0.15T, where they are close to saturation;
the magnetization is saturated by 0.5T (Fig. 2b).
Thermal demagnetization of the cross-
component IRM is similar in most samples

(Fig. 2c). The magnetization is dominated by
the low coercivity component, which ts fully
demagnetized by 600°C. A more rapid loss in
magnetization occurs between 500 and 600°C
and a less dramatic loss between 300 and
350 °C. The medium and high coercivity compo-
nents undergo little unblocking until 300°C
where the intensity drops more rapidly. The
remaining magnetization is generally unblocked
by 600°C. These results suggest that magnetite
is the dominant ferrimagnetic phase in the
Martinsburg Formation with a smaller contribu-
tion from pyrrhotite.

Lehigh Gap, Pennsylvania

Electron microscopy and texture goniometry

Electron microscopy at PALI, the least
deformed site, shows that the phyllosilicates,
particularly the mica, are mainly oriented in the
bedding plane, although some kinking can be
observed (Fig. 3). Chlorite grains have been
identified lying at an angle to the main bedding
orientation, as also observed by Holeywell &
Tullis (1975) and Ho er al. (1995). The mica
and chlorite mineral fabrics show a distribution
of the ¢ axes in a weak girdle structure, whose
pole t; is sub-parallel to the pencil structure
lineation (Fig. 4). The average of the chlorite
minimum axes f is at an angle of about 30° to
the bedding plane, whereas the mica average is
close to the bedding pole. Both mineral fabrics
reflect the microscopic observations.

Pencil structures are well developed at PAL2.
The phyllosilicate minerals tend to lie flattened
in the bedding or kinked at an angle to the bed-
ding plane (Fig. 3). The mineral fabric is similar
to PAL]; the main difference is that the average
of the chlorite minimum axes now lies closer to
the bedding plane pole (Fig. 4). The minimum
axes of the mica and chlorite are well grouped
around the pole to bedding and the maximum
axes are still grouped about the visible inter-
section lineation.

At 90m from the contact at PAL3 a slaty
cleavage has developed and the intersection
lineation is evident from the pencil structures.
SEM studies show a stronger preferred orienta-
tion of the phyllosilicate grains and increased
kinking (Fig. 3). The kinking is responsible for
the more pronounced girdle structure of the
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Fig. 2. (a) ARM acquisition and (b) IRM acquisition in representative samples from several Appalachian sites.
(c) Thermal demagnetization of a cross-component IRM for two representative samples.
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Fig. 3. SEM secondary clectron images of the Lehigh Ga

p samples showing phyllosilicates paraliel to bedding

at PALI and increasing grain rotation, kinking and microfolding from PAL2 to PAL3 and PAL 4. Cleavage is
defined by phyllosilicates parallel to the cleavage plane and the kink axial planes. Scale bar is 10 pm in cach
image. So and S| are the traces of the bedding and cleavage planes, respectively.

mica Fabric (Fig. 4). The chlorite fabric is very
wealk, and may be controlled by a few large
crystals in the section. However, the minimum
axes are close to the bedding pole. In contrast,
the mica minimum axis lies between the bedding
and the cleavage poles. The intersection lineation
still controls the mineral fabrics.

A pervasive slaty cleavage is developed at PAL4.
Grains still show kinking, but new growth of grains
and grain rotation within the cleavage plane are
also visible (Fig. 3), leading to a stronger alignment
of the phyliosilicates with the macroscopic cleavage
plane. The mineral fabric is still dominated by the
intersection lineation. As at site PAL3 the mica
maximum axes form a girdle structure about the
intermediate axis whereas the chlorite maxima
form a weak cluster.

Anisotropy of magnetic susceptibility in low
and high fields )

The magnetic fabric at room temperature shows
that k, maximum axes are well-grouped about
the lineations similar to the phyllosilicate maxi-
mum axes (f,), and k; minimum axes are offset

- from the pole to bedding, lying between the

mica and chlorite minimum axes (z3) (Figs 5 &
6). PAL2 shows a similar AMS fabric. The

' magnetic fabrics at PAL1 and PAL2 are similar

to the magnetic fabric reported by Housen &

van der Pluijm (1991). At site PAL3 the &, axes
are tightly grouped about the intersection linea-
tion and the k; and k3 axes are distributed in a
plane normal to the lineation. The ky axes from
specimens of coarser-grained  siltstone  are
oriented closer to the bedding pole, whereas
specimens taken from finer-grained siltstones lie
closer to the cleavage pole (Fig. 5). The magnetic
fabric at PAL4 has k; axes normal to cleavage
and k, axes grouped around a streiching linea-
tion within the cleavage.

The AMS measured at liquid nitrogen tem-
perature shows an increase over the room
temperature values that average around 3.5 for
all samples from Lehigh Gap. This is close to
the ratio of 3.8, which would be expected if the
AMS is controlled solely by paramagnetic miner-
als. The directions of the principal axes of the
magnetic fabric at 77K agree within a few
degrees with those measured at room tempera-
ture and shown in Fig. 3.

High-field torque is linearly proportional to the
squared field in all samples from Lehigh Gap,
which indicates that only paramagnetic phases
contribute to the susceptibility anisotropy. The
principal axes of the paramagnetic component
agree well with the low-field AMS measured at
both room temperature and liquid nitrogen tem-
perature, which further supports the assumption
that only paramagnetic phases are responsible
for the observed anisotropy (Fig. 6).
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Anisotrapy of anhysteretic remanence

The two coercivity windows in which the ARM
was acquired activate different grain-size popula-
tions of the magnetite, and possibly of pyrrho-
tite. The lower coercivity window will largely
affect coarse detrital grains of magnetite. The
higher coercivity window will activate finer
grained magnetite and pyrrhotite.

The anisotropy of ARM (AARM) shows
similar orientations in both coercivity windows
for PAL1 and PAL2 (Fig. 7). The minimum
axes are relatively well grouped and are closer
to the bedding pole than the AMS fabric. This
is again in agreement with the study of Housen
& van der Pluijm (1991). At sites with a higher
degree of deformation the fabrics in the two
coercivity windows are no longer similar. The
lower coercivity component is more poorly
grouped, although there s still a loose grouping
of k; axes close to the intersection lineation at
PAL3 and an even looser grouping of k; axes
close to the pole to cleavage at PAL4. The mag-
netic fabrics of the higher coercivity fractions at
PAL3 and PAL4 exhibit the effects of cleavage
flattening and intersection lineation.

Central Appalachian Fold and Thrust Belt,
Pennsylvania

Electron microscopy and texture gonioinelry

The phyllosilicates at site MLM show alignment
sub-parallel to the bedding plane and some
minor and irregular kinking (Fig. 8a). The
rocks do not contain much chlorite and the

fabrics are very weak (Fig. 9). The minimum
axes of chiorite and mica display weak clustering
with some girdling of the mica axes. Atsite FAN,
pencil structures are well developed. Both the
chlorite and mica fabrics show weak girdling of
the minimum axes caused by increased kinking
(Fig. 9), which is also observed in the scanning
electron microscope (SEM) data. The maximum
axes for mica and chlorite group around the
intersection lineation (Fig. 10); the minimum
axes are only slightly offset from the bedding
pole. A similar fabric can be observed at PLA.

The SEM data at site POR reveal a strong pre-
ferred orientation of the phyllosilicates parallel
to the cleavage plane (Fig. 8b). Kinking is
minor and new growth of grains occurs parallel
to the cleavage plane. The minimum axes of
chlerite and mica show clustered distributions
with a strong point-maximum for mica and a
weaker asymmetric maximum for chlorite, both
normal to the cleavage plane (Fig. 9).

Anisotropy of magnetic suscepiibility:
low and high fields

Both low-ficld AMS, measured at 77K, and HFA
indicate that the susceptibility anisotropy is solely
controlled by paramagnetic phases at all the sites.
Bedding clearly controls the magnetic fabric at
site MLM. There is a weak grouping of the k;
and k, axes within the bedding plane (Fig. 10a).
The AMS at site FAN is a classic ‘pencil’ fabric.
The k, axes are well grouped along the inter-
seclion lineation and the k, and ki axes are
spread out in a girdle. PLA also shows a pencil
fabric, but there is a preferential clustering of k3

Fig. 8. SEM secondary electron images of the Appalachian fold and thrust belt showing kinking and
microfolding at MLM and increased recrystallization parailel to the cleavage plane at POR. Scale bar
represents 10 pm in each image (white bar in (a), black bar in (b)). Sp and S are the traces of the bedding and

cleavage planes, respectively.
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axes in the plane normal to the intersection
lineation close to the pole to cleavage. A triaxial
elfipsoid, in which all three axes are weil grouped,
characterizes the AMS at site POR, where &; is

sub-parallel to the pole to cleavage and & is
sub-parallel to the observed lincation.

The orientations of the principal axes of the
low-field AMS measured at 77K and those of
the HFA are very similar to the low-field AMS
al room temperature. There is an excellent agree-
ment of the principal axes of the AMS ellipsoid
of the individual sample used for the texture
goniometry measurement and the axes of the
chlorite and mica fabric (Fig. 10b). This agree-
ment supporls the low-temperature and high-
field results that attribute the anisotropy (o
paramagnetic phases. Since the chlorite and
mica fabrics are similar, it is not possible to
distinguish which is more important in defining
the AMS.

Discussion

Graham (1966) described the evolution of the
AMS ellipsoid shape that could be expected in
sedimentary rocks that undergo a horizontal
tectonic compaction. This pattern of fabric
development was also reported by Kligfield
et ol (1981) in Permian shales from the Alpes
Maritimes, where they showed that the AMS
was reflecting the strain that the rocks had under-
gone. Although both studies commented that the
AMS development must be related to the orien-
tation and anisotropy of the individual minerals,
neither study provided a detailed analysis of the
minerals responsible for the AMS. A combina-
tion of magnetic anisotropy, texture goniometry
and SEM allows us to evaluate the development
of magnetic and mineral fabric in more detail
than these earlier works. The rocks at Lehigh
Gap show the development of mineral and
magnetic fabric over an outcrop scale. The
shales show an original bedding compaction
that is gradually overprinted by a horizontal
. tectonic shortening to form a slate. The tectonic
shortening is first accommodated primarily by
rotation and kinking of platy grains, as seen
from the chlorite and mica fabrics. With increas-
ing deformation mneocrystallization of these
nainerals in the cleavage plane becomes 2 more
dominant mechanism of grain reorientation. In
-SEM it can bé observed that new grains are com-
monly smaller and aligned in cleavage lamellae,
whereas detrital grains are found between the
cleavage lamellae in the microlithons and are
: commonly larger and reoriented by mechanical
- rotation and kinking.
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The low temperature and high field measure-
ments have shown that the AMS is controlled
by the paramagnetic minerals, and this accounts
for the good agreement observed between the
magnetic and mineral fabrics. At PAL] and
PAL?2 the k4 axes lie on the great circle between
the ¢; axes of chlorite and mica, which suggests
that both minerals are contributing to the
AMS. At PAL4 the magnetic fabric is controlled
by the cleavage, whereas the chlorite and mica
still display girdled structures. This difference
may be due to the fact that the lexture gomnio-
metry was made on samples that had higher
sand content than the samples used for the
magnetic measurements, which indicates that
the finer grain sizes take up the deformation
more efficiently. The AARM results indicate
that the orientation of the ferromagnetic miner-
als is controlled by bedding compaction at
PALI and PAL2, and by cleavage at PAL3 and
PAL4.

The remanent magnetic [abrics are better
defined in the higher coercivilty window than in
the low coercivity window, This suggests that
the finer grained magnetite and pyrrhotite
particles are better aligned than the coarser,
low coercivity grains. Most sedimentary rocks
from the central Appalachian orogenic belt
have undergone a pervasive remagnelization in
the Late Permian. McCabe & Elmore (1989)
and McCabe et al. (1989) found new growth of
magnetite during deformation throughout the
Appalachians, and attributed this 1o fluid flow
during the orogeny. Stamatakos et al. (1996)
interpreted the Late Permian remagnetization
as taking place in a relatively short period of
time more rapidly than the folding and thrusting
propagated toward the foreland. Although we
have no independent evidence for new growth
of ferromagnetic phases, it is possible that the
finer grains formed in the stress field during
deformation, whereas the coarser grains under-
went mechanical rotation together with the
phyllosilicates. This leads to the development of
a paramagnetic-related AMS that rotated
passively during fold growth as predicted by
Graham (1966).

An earlier study of the anisotropy of magnetic
susceptibility and anhysteretic remanence at
Lehigh Gap was made by Housen & van der
Pluijm (1990; 1991). They found that the AMS
(measured with a Sapphire Instrument (SI-2)
susceptibility bridge in an applied field of
39A/m (0.049mT, at a frequency of 750-
800 Hz) showed a sudden change from bedding-
controlled fabric to cleavage-controlled fabrics
at a distance from the contact with the Shawan-
gunk sandstone corresponding to our site PAL3.
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This is in clear disagreement with our AMS
results, which do not show an abrupt change
but mirror the progressive deformation across
the outcrop. The prolate AMS fabric, which we
observe at PAL3, clearly reflects the observed
mineral fabric. One difference between the two
studies is that Housen & van der Pluijm (19%0)
took many small hand samples continuously
along the outcrop. The disadvantage of this
method is thail” only 2-4 specimens represent
each site and the results may only reflect a very
local fabric, rather than a more representative
averaged fabric (cf. Lineburg et al. 1999). In
order to obtain statistically meaningful results
we took a large number of samples at each site
and located the sites across the outcrop so as to
reveal the progressive variation.

Our AARM results are similar to those
obtained by Housen & van der Pluijm (1991,
their Fig. 4). They found that bedding clearly
controls the AARM fabric in the first 35m
along the outcrop from the contact, which
agrees with our results at PAL]l and PAL2
They reported some ‘pencil fabrics’ between
75m and approximately 90m and cleavage-
controlled fabrics further along the outcrop,
which is in agreement with our results at PAL3
and PALA4.

A similar paitern of progressive deformation is
observed in the magnetic and mineral fabrics
from the foreland of the fold-thrust belt to the
hinterland. Sites close to the Appalachian
Front have oblate magnetic fabrics. Some
kinking of the phyllosilicate grains eventually
leads to a grouping of the &y axes sub-parallel
to the fold axes and in the direction of pencil
structures. Pencil structure becomes better devel-
oped towards the east, and at approximately
70km normal to the trend of the Allegheny
Front the fabrics are prolate. Within 80km of
the Front an incipient cleavage is found in the
finer grained lithologies. The Martinsburg
Formation does not crop out again until further
to the east in the hinterland, where a well-
developed slaty cleavage is found. The POR
locality shows evidence of significant recrystalli-
zation; pole figures exhibit high-density distribu-
tions of the phyllosilicate ¢ axes that define
triaxial AMS ellipsoids. These results imply a
gradual progression of deformation across the
Central Appalachian fold-thrust belt that is
relateq to the gradual rotation and recrystalliza-
tion of grains into the plane of the tectonic
shortening.

Both transects, Lehigh Gap on the outcrop
scale, and the Central Appalachian fold and
thrust belt on the regional scale, show a gradual
transition from shales to slates with progressive

deformation. This transition is characterized by
dominance of different deformation mechanisms,
starting with mechanical reorientation of detrital
grains by rotation and kinking and leading into
new growth of grains parallel to the cleavage
plane. The resulting microstructural patterns
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are reflected in the development of the mineral
and magnetic fabric pole figure patterns, which
range from cluster distributions, representing
bedding (oblate fabric ellipsoids), to girdle distri-
butions (prolate fabric ellipsoids) and again to
cluster distributions representing cleavage. Bolh
transects, although on different scales, exhibit
the same characteristic patterns of progressive
deformation and fabric development.

Conclusions

The devetopment of magnetic fabric is shown to
be closely related to the orientation of phylio-
silicate grains on both an outcrop and regional
scale in the Ordovician Martinsburg Formation
in the Central Appalachian fold-thrust belt.
The anisotropy of magnetic susceptibility in the
rocks is carried exclusively by paramagnetic
phases, and a good agreement is found between
the mineral Fabric of chlorite and mica and the
AMS. At both Lehigh Gap and across Pennsyl-
vania, the least deformed sites show bedding
compaction with an intersection lineation sub-
parallel to the trend of the major folds axes.
This pattern develops into a true ‘pencil” fabric,
with a well-grouped intersection lineation, and
later to a tectonic shortening. The development
is gradual and is reflected in the orientation of
the mineral grains and the magnetic anisotropy.
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