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ABSTRACT

In a number of curved fold and thrust belts worldwide, such as the Cantabrian arc and the
Wyoming-ldaho salient, paleomagnetic data indicate vertical axis rotations inconsistent with
structural findings. This apparent conflict is especially pronounced in the Pennsylvania salient,
where the paleomagnetically defined vertical axis rotations are opposite of the rotation sense
indicated by structural studies. We resolve this apparent disparity by developing an integrated
and kinematically admissible model that has implications for other curved mountain belts. The
curvature of the Pennsylvania salient may be explained by deformation partitioning in an
initially laterally tapered basin between the Cambrian-Ordovician carbonates and the over-
lying siliciclastic rocks. Earliest deformation occurred in the lowest strata and progressed
toward the foreland and up section with time. Lateral differences in initial layer-parallel short-
ening in the Cambrian-Ordovician carbonates caused differential translation and rotations
about a vertical axis in the cover sequence. Because of initial basin geometry, the orogenic
wedge developed a lateral taper. With further shortening in the wedge and involvement of the
cover rocks in the fold and thrust deformation, gravitational driving forces became more im-
portant, and the paleostress trajectories diverged in opposite directions on the two arms of the
salient in response to the lateral taper.

INTRODUCTION and Ridge and Plateau Provinces, and most, if n@itig. 1). The Juniata Culmination in the central
Structural and paleomagnetic studies in curvedll, of the deformation is the result of late Paleasegment reflects differences in map scale shorten-
fold and thrust belts often produce divergentoic (Alleghanian) tectonism (Faill, 1985). ing in the salient. Rocks have been shortened
interpretations of the nature and timing of thrust ~30% to 38% in the south (Kulander and Dean,
belt curvature. Notable examples include th&EOLOGIC SETTING 1986; Hatcher et al, 1989) and ~38% to 39% in the
Cantabrian arc in northwestern Spain (Van der Paleozoic rocks within the central Appalachiansorth (Gray, 1991; Hatcher et al., 1989), and the
Voo et al., 1997; Alvarez-Marron, 1995), theconsist of a nearly continuous section of mioeentral salient has been shortened 46% (Herman,
Wyoming-ldaho salient in the western Cordillerayeoclinal carbonate and clastic sedimentary rock982; Hatcher et al., 1989).
(Grubbs and Van der Voo, 1976; Beutner, 19773 eposited on a rifted margin of Grenville-age
and the Pennsylvania salient in the central Appaetamorphic basement (Thomas, 1977). AlleStructural Data
lachians (Kent, 1988; Geiser and Engeldeghanian deformation in the foreland basin created Nickelsen (1979) defined a sequence of defor-
1983). In particular, paleomagnetic data frona two-tier thrust system composed of a lowemation in the upper sheet that can be simplified
Pennsylvania and Wyoming appear to documetttrust sheet of Cambrian-Ordovician carbonatésto three main stages: (1) layer-parallel shorten-
substantial vertical axis rotations associated witand flysch and an upper thrust sheet of Siluriaimg, (2) folding, and (3) later fold modification.
bending of an originally more linear fold andthrough Pennsylvanian siliciclastics (HermanEach segment of the salient underwent additional
thrust belt. In contrast, structural data from thes&982). The lower sheet primarily shortened by distages of progressive deformation that are unique;
same areas indicate that curvature is primariplacements on map-scale thrust faults that sole irttowever, Nickelsen’s sequence is common to all
due to differential translation between and withirihe regional basal Cambrian décollement and tsegments of the salient. Regional shortening
thrust sheets. into a roof thrust in the Middle to Upper Ordovi-directions record as much as 30° clockwise rota-
In this paper we develop a kinematicallycian flysch deposits (Perry, 1978). The upper sheton in the northern segment (Nickelsen, 1979;
admissible model for the development of thavas internally shortened by small-scale faultingieiser and Engelder, 1983; Gray and Mitra,
Pennsylvania salient within the tight constraintkigh-order folding, and grain-scale deformation1993) and a similar rotation sense in the New York
of structural and paleomagnetic results and imternal faulting in the lower sheet has createdppalachian Plateau (Geiser and Engelder, 1983;
light of the theoretical constraints and the tegpassive, low-order folds in the upper sheet andhou and Jacobi, 1997; Younes and Engelder,
tonic framework established by the aforemenboth sheets are transected by late-breaking thrd$97). The opposite rotation sense is observed in
tioned studies. Discussion of the evolution of théaults that sole into the basal Cambrian décolléhe southern segment. Nickelsen (1988, 1996)
salient is primarily restricted to the evidencement (Nickelsen, 1996). The Pennsylvania salieltlemonstrated a temporal 15° to 45° counterclock-
gathered from the deformed Appalachian foresf the Valley and Ridge is composed of thregvise rotation in regional shortening directions.
land basin. We limit our discussion in this wayoughly linear segments of different trend, her@his sense of rotation is also observed farther to
because nearly all the prior structural and palececognized as the southern (020°-025°), centrdde south, in western Maryland (Markley and
magnetic data were conducted within the Vallef055°-060°), and northern segments (065°-085%Wojtal, 1996; Evans, 1994). Maximum shorten-
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Figure 1. Digital elevation model (based on U.S. Geological Survey Digital elevation data) illus-
trates curvature and geologic context of Pennsylvania salient. NY—New York, PA—Pennsylva-

nia, NJ—New Jersey, WVA—West Virginia, MD—Maryland, VA—Virginia.
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axis rotations. This conclusion is further sup-
ported by the shortening directions that rotated in
an opposite sense to those predicted for an oro-
cline (Fig. 2B) (cf. fig. 13, Zhou and Jacobi, 1997)
and precludes tectonic models for the Alleghanian
orogeny that explain the curvature of the orogen
solely in terms of impact by rigid indentors on the
opposing African margin (e.g., Faure et al., 1996).

BOUNDARY CONDITIONS

An admissible model for the evolution of the
Pennsylvania salient must take into account sev-
eral inherited architectural features. The cover
rocks stratigraphically thin laterally away from
the center of the salient (Wagner, 1966; Colton,
1970). The basement-cover contact, along which
the sole thrust of the fold and thrust belt approxi-
mately resides, was initially concave to the south-
east (e.g., Thomas, 1977). Deformation was con-
tinuous during a single phase of Alleghanian
deformation in the Permian. The model must also
reconcile apparently conflicting paleomagnetic
and structural data. The present orientation of the
characteristic magnetizations in these rocks re-
quires as much as 30° of vertical-axis rotation of
the limbs of the salient prior to recorded defor-
mation in these areas, with negligible vertical-

ing directions in the Juniata Culmination apparing and thrusting, vertical axis rotations arounéxis rotations since the onset of folding and
ently remain constant (Spiker and Gray, 1997}he salient have been negligible (Fig. 3). Thus, thirusting. Maximum shortening directions

The regional shortening directions on bottturved trends of thrusts and folds are an originételated to paleostress trajectories) rotated 30°
limbs of the salient were initially subparallel andeature of shortening and did not result from orcelockwise in the northern salient and as much as
trended ~320°-340° (Fig. 2A). After the initial clinal bending of an originally more linear fold 40° counterclockwise in the southern salient as
onset of layer-parallel shortening, the shorteningnd thrust belt despite evidence for early vertic#llleghanian deformation progressed.

directions began to diverge. The final stages of

deformation exhibit maximum shortening direc
tions of 280°-290° in the southern segme
(Nickelsen, 1988, 1996) and 010° in the northe
segment (Gray and Mitra, 1993).

Paleomagnetic Data

Paleomagnetic results summarized in St
matakos and Hirt (1994) and Stamatakos et
(1996) reveal the following spatial and tempor:
relationships: (1) All folding in the salient oc-
curred in the Permian with no evidence for mu
tiple discrete phases (Mississippian Lackawan

A

Figure 2. A: Sketch map of
Pennsylvania salient in Val-

Pennsylvania

ley and Ridge, with arrows
showing orientations of
Alleghanian shortening di-
rections with time as es-
tablished by progressive
deformation studies in re-
gion. B: lllustration of se-
quential shortening direc-
tions expected for orocline
model for Pennsylvania
salient. Earliest shortening
direction would be subpar-

phase and Permian Main phase) of Alleghani
deformation as proposed by Geiser and Engeli
(1983). (2) The temporal progression of thrustir
and folding is toward the foreland (normal s¢
quence), as indicated by structural data (Gray €
Mitra, 1993) and individual fold-test results. (3
Either prior to or during the earliest stages of All
ghanian deformation, rocks within the salier
were rotated about a vertical axis between 20°
30° (Fig. 3). It remains unclear whether all of th
rotation took place on one limb of the salient «
whether the rotations were evenly distributed «
the limbs of the salient. If both limbs of the saliel
rotated to achieve the overall 30° tightening of tt

B

‘ T Observed shortening directions

allel on either end of origi-
nally linear mountain belt.

As limbs of orocline ro-
tated, earlier structures,
recording early shortening
directions, would also ro-

Pennsylvania

salient, each limb must have rotated 15° in opp
site directions during the earliest phase of tl
Alleghanian orogeny. (4) Since the onset of foli
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tate clockwise on northern
limb and counterclockwise
on southern limb. New
structures, superimposed
on older, rotated struc-
tures, would record se-
quential counterclockwise
relative rotation in shorten-
ing directions of northern
limb and sequential clock-
wise rotation on southern
limb. These relationships
are opposite of those actu-

f

Predicted shortening directions
for 300 orocline model

ally observed in Pennsyl-
vania salient (A).
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Our model uses the concept of inclined defor-
mation fronts to explain the mechanism of vertical
axis rotations in the upper sheet prior to recorded
Alleghanian deformation in these rocks. During
the earliest increment of deformation, an inclined
deformation front marking the boundary between
undeformed rocks and those undergoing layer-
parallel shortening would permit layer-parallel
shortening in the lower sheet while the upper sheet
underwent no bulk-rock deformation (Fig. 4A).
Rocks in the cover would undergo translation to-

Pennsylvania

Figure 3. Distribution of charac-
teristic and secondary magne-
tizations around salient. Data
reflect 30° relative dispersion
of characteristic directions
around salient. Orientation of
secondary magnetization is

nearly uniform around salient. (7 ward the foreland as layer-parallel shortening
:fgﬁf;g?rycmggneﬂﬁsgﬁgﬂfﬁ QﬁJ strains accumulated in the rocks below. If the
deformation. Mean Declination initial sedimentary wedge exhibited no lateral vari-
95% Confidence Interval ations in thickness, one could expect laterally

constant layer-parallel shortening strains and com-
Primary (C) Components mensurate uniform translations toward the fore-

Permian (B) Component SI gfnog(n'ql_lbz% Fm. land in the upper sheet. However, the starting con-
M - Mauch Chunk Fm. dition of a laterally tapering wedge and concave

basal detachment causes lateral variations in short-

ening of the wedge. Marshak and Wilkerson
(1992) showed that the thickest portions of an ini-
MODEL fronts, instantaneous boundaries that divide rockilly laterally tapered sedimentary wedge produce
The first increment of deformation in the centhat are undergoing different stages of deformahe widest portions of the belt. Deformation of a
tral Appalachian foreland basin involved layertion, are predicted to be instantaneously inclinelaterally tapered wedge produces a curved thrust
parallel shortening by grain-scale deformatiotoward the foreland in most cases, due to factovgedge from an initially linear basin geometry. In
mechanisms (such as pressure solution amsdch as thermal structure, topography, and streagdition, thicker portions of the belt are expected
deformation twinning) as well as by the developsdistributions within the wedge (e.g., Evans antb accumulate higher layer-parallel shortening
ment of mesoscopic structures (such as smalunne, 1991; Gray, 1991). Thus, at a given instrains with commensurate longitudinal strains
scale conjugate contraction fault arrays and higlstant in time, rocks near the surface have unddferrill and Groshong, 1993). This would help to
order folds) (Nickelsen, 1979, 1988; Gray andjone typically less advanced stages of deformaxplain the relatively large map scale shortening
Mitra, 1993). The first increment of deformation tion than those directly beneath. As the orogeand width of the central segment.
as established by analog models and field reldevelops, deformation fronts are predicted and The earliest increment of development of the
tions, occurs at the rear of the wedge and prebserved to migrate toward the foreland untisalient involved initial layer-parallel shortening of
ceeds from hinterland to foreland. Deformatiorthey reach a terminal position within the beltthe lower sheet, causing differential translations in
the cover and subsequent rotations of the charac-
Vertical axis rotations teristic component on the limbs of the salient. Dif-
A STAGE 1 in cover sequence ferential translation in the upper sheet could ex-
plain the rotations about a vertical axis that must
have occurred prior to bulk rock deformation of

C ( — Lateral variations  the upper sheet. As the lower sheet in the center of
C——o — N / n wedge thicknes 6 salient underwent more layer-parallel shorten-
D e —— ing than the limbs, a relative clockwise rotation in
_ ;“ | ‘H ‘m ‘ \‘ H‘ M H ‘ | H\H ‘ the r_10rthern segment and counterclockwise rota-
afPN ! NI tion in the southern segment would have occurred.
Inclined deformation front The detailed mechanism of differential translation

(migrates toward foreland) LPS in Cambrian-Ordovician strata

in the upper sheet remains unknown. Rotation of
the characteristic component must have preceded

B STAGE 2 Folding and remagnetization layer-parallel shortening in the upper sheet

in the cover sequence Gravity-driven radial because the secondary magnetization shows no
shortening directions A . . .
/ evidence of rotation about a vertical axis and was,
/ / / in some cases, synchronous with layer-parallel
J W ﬁ shortening (i.e., prefolding). There are no ubiqui-
— . tous structures in the Valley and Ridge that we can
== N {\ e N l/<7 N\ //'\M z attribute to differential foreland shear in the upper
I \w ‘ // /// J ) l{// [ ‘ sheet prior to folding. Perhaps strain rates during
- the early orogeny permitted the upper sheet to
Growth of duplex in Cambrian-Ordovician sequence undergo differential movement on prefolding
' ' ' o ' ' _ strike-slip faults common throughout the salient
o o e o eI o ) B oo (e Nikelen, 1906) o iferenta flow t the
ment and simple, differential translation of upper sheet toward foreland. B: In advanced phases grain s_cale by d'fﬁCUI_t t_o detect mechanisms such
of deformation internal faulting in lower sheet increased taper in deformed, laterally tapering as grain-boundary sliding.
wedge, causing progressive radial dispersion of stress trajectories with time. As the layer-parallel shortening deformation
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