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Distribution of fault slip in outcrop-scale fault-related folds, Appalachian Mountains
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Abstract—Current kinematic models of ramp-related folds predict a direct relationship between ramp angle and
fold shape and imply specific sequences of deformation. Analyses of outcrop-scale structures in the Valley and
Ridge province of the Appalachians reveal configurations that depart from model predictions. The models fail to
account for the presence of footwall synclines, and are inconsistent with measured displacement distributions on
some natural faults. Observations support the interpretation that faults can grow by propagation both up- and
down-dip from a nucleation point. Fault propagation in either direction may result in the formation of folds
primarily on the side of the fault that is displaced in the direction of fault propagation. © 1997 Elsevier Science Ltd.

All rights reserved.

INTRODUCTION

Several geometric and kinematic models of fault-related
folds have been developed in recent years as aids to
structural interpretations of fold-and-thrust belts (Suppe,
1983; Suppe and Medwedeft, 1984, 1990; Jamison, 1987,
Chester and Chester, 1990; Mitra, 1990; McNaught and
Mitra, 1993; Wickham, 1995). Geometric models relate
fold shapes with fault angles (or vice versa) for specific
structures (Jamison, 1987). The primary role of these
models is to generate a geometry that closely resembles
that of a natural structure, regardless of the deformation
history of the rocks. Kinematic models imply specific
deformation sequences. Both geometric and kinematic
models predict that fold shape is dependent, at least in
part, upon fault geometry.

Suppe (1983) presented an elegant quantitative treat-
ment that related fold shape to the geometry of thrust
faults, and that made possible the construction of
idealized balanced cross-sections through fault-bend
folds (Fig. 1a). This technique has been widely applied
to generate interpretations of subsurface structures
(Mount er al, 1989). Inherent in Suppe’s kinematic
model, and implied in many restored cross-sections that
return the deformed structures to an ‘undeformed’ state,
are the assumptions: (1) a flat-ramp-flat fault shape is
present prior to slip on the fault or forms instantaneously
at the moment slip is initiated; (2) the hanging wall is
transported over a stationary footwall; (3) the footwall is
undeformed; (4) fault displacement is uniform on
hanging wall flats and decreases up-section across the
hanging wall ramp (Fig. 1a).

Folds that form adjacent to the tips of thrust faults
have been termed leading edge folds (Boyer, 1986) and tip
anticlines (Mitra er al., 1988). Possible kinematic rela-
tionships between thrust faults and folds have been
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modeled as fault-propagation folds (Suppe and Medwe-
deff, 1984, 1990; Chester and Chester, 1990), break-thrust
folds (Fischer et al., 1992), and fault displacement—
gradient folds (Wickham, 1995). Fault-propagation
folds grow as a thrust ramp propagates up-section from
a bedding-parallel fault segment (Fig. 1b; Suppe and
Medwedeff, 1984, 1990; Mitra, 1990). Some character-
istics of these models are: (1) layers in the steep forelimb
of the fold initially pass through an angular syncline
hinge; (2) the hanging wall is transported over a
stationary footwall; (3) footwall rocks are undeformed;
(4) displacement decreases uniformly up-section on the
ramp; (5) the ramp cuts up-section through the syncline
hinge. Chester and Chester (1990) presented an alter-
native geometric model which assumed the fold formed
subsequent to the formation of a thrust ramp, resulting in
a modified fold geometry (Fig. lc). Although not
explicitly presented as a kinematic model, their fig. 3
(Fig. 1c) can be viewed as the sequential development of a
fault-propagation fold and shares most of the character-
istics outlined immediately above.

Wickham (1995) considered fault-propagation folds to
be a subset of fault displacement—gradient folds in which
fault propagation and fault slip do not necessarily occur
contemporaneously. For example, a fold in the hanging
wall of a thrust ramp may change shape if there is a
progressive increase in the displacement while fault
length remains constant (Wickham, 1995). Folding
precedes faulting during the early development of
break-thrust folds (Fischer ef al., 1992) but folding and
faulting may be synchronous during the final stages of
deformation (Morley, 1994),

Rather than comparing fold shape and fault geometry,
an alternative procedure for the analysis of fault-fold
relations involves consideration of the displacement
gradient along a fault surface and the relationship of
fault displacement and fault length (Williams and Chap-
man, 1983; McNaught and Mitra, 1993), factors con-
trolled by the mechanical properties of rocks (Walsh and
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Fig. 1. Fault-related fold models: (a) fault-bend fold (Suppe, 1983); (b) fault-propagation fold (Suppe and Medwedeff, 1984,
1990); (c) fault-propagation fold (Chester and Chester, 1990).

Watterson, 1988; Cowie and Scholz, 1992; Gillespie ez al.,
1992). Muraoka and Kamata (1983) proposed that fault
propagation was rapid relative to fault slip in competent
layers, thus, generating relatively long faults with little
displacement. In contrast, they considered incompetent
units to be ‘strain absorbers’ in which a fault would
propagate slowly relative to slip. Armstrong and Bartley
(1993) suggested that competent units may act as barriers
to fault propagation, thus resulting in a progressive
increase in the displacement gradient and the fault
displacement:fault length ratio as slip continues. The
degree of folding and associated deformation ahead of a
fault tip increases where fault displacement is large
relative to fault length (Chapman and Williams, 1984).

A common thread can be discerned between kinematic
models of fault-related folds. Although they rarely
acknowledge it, all kinematic models imply a specific
relationship between the relative rates of fault propaga-
tion and fault slip. Faults with little concomitant folding
form where fault length increases rapidly relative to fault
displacement (Fig. 1a). The development of folds above
fault tips will be favored when the rate of fault growth is
low relative to the slip rate (Suppe and Medwedeff, 1984;
Fig. 1b & c) or when the fault tip is pinned as fault slip
increases (Wickham, 1995).

The rates of fault slip and propagation cannot be
measured directly but two of the products of fault
growth, fault length and fault displacement, may be
determined. Displacement-distance diagrams (Fig. 2)
illustrate the relationship between fault length (distance
from the fault tip) and fault displacement and can be used
to compare natural structures to kinematic models

(Kattenhorn and McConnell, 1993). The displacement
gradient (slope of the plotted line) is an indicator of the
amount of deformation accommodated by mechanisms
other than fault slip (Chapman and Williams, 1984).
Steep lines are indicative of loss of displacement, as
shortening is transferred to folds (Figs 2 & 3b) or when
folding occurs as a result of a change in fault geometry
(Fig. 3a). Slopes of zero represent portions of the fault
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Fig. 2. Relationship between fault length and fault displacement (after
Muraoka and Kamata, 1983). Fault length (distance, L) is measured
from a reference point (here taken as the upper fault tip) to a layer in the
hanging wall of the fault. Displacement (D) is measured parallel to the
fault between the same layer in the hanging wall and footwall.
Displacement-distance graphs are normalized to maximum values. (a)
Displacement decreases up- and down-dip from a central maximum to
generate a C-type (cone-shaped) profile. (b) Displacement is constant in
layers 3, 4 and 5, to generate an M-type (mesa-shaped) profile.
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Fig. 3. Displacement—distance graphs for conventional models of fault-related folds. (a) Fault-bend folds (Suppe, 1983)
display a sloping line for the hanging wall ramp, but show horizontal lines for upper and lower flats. Points a— are bed cut-offs
but points f and g lie above the lower flat and corresponding points below the flat would not be identifiable in natural
structures. (b) Fault-propagation folds (Suppe and Medwedeff, 1984, 1990) display a sloping line for the beds above the ramp
and a horizontal line for points above the lower flat where displacement is assumed to remain constant. Points a—d are bed cut-
offs but point e was originally located above the lower flat and a corresponding point below the flat would not be identifiable in
natural structures. (c) Break-thrust fold (Fischer ez al., 1992) displays constant displacement for bed cut-offs a-f.

where displacement remains uniform and may be indica-
tive of fault segments that propagated with little
associated folding (Figs 2b & 3a,b), or after folding
occurred (Fig. 3c). The slope also provides an indication
of the variation in displacement along the length of the
fault. Positive slopes imply the fault loses displacement
towards the fault tip or fault location used as a reference
point (Figs 2 & 3), whereas, negative slopes indicate that
slip diminishes with increasing distance from the tip. A
displacement—distance diagram for a fault-bend fold has
horizontal segments (uniform displacement) where the
fault lies below hanging wall flats, has a steep slope
(decreasing slip) for the portion of the fault beneath the
hanging wall ramp (Fig. 3a), and the plot does not pass
through the origin as the fault tip is not observed. In
contrast, an equivalent diagram for a fault-propagation
fold begins at the origin (fault tip) and has only one
horizontal segment (Fig. 3b). In cases where faulting
followed folding, there may be no discernible change in
displacement across the fold (Fig. 3c). The plots illu-
strated in Fig. 3 are idealized. Using only data for ramp
cut-offs would yield similar plots for fault-bend and fault-
propagation folds which would then only be discernible
by fold geometry. Both plots would yield positive slopes
indicative of faults with uniform displacement gradients.

The majority of kinematic models predict that fold
shape is dependent upon fault angle. However, individual
fold geometries may be explained by several fault—fold
configurations (Marshak and Woodward, 1988) or by
more than one kinematic history (Morley, 1994).
Furthermore, components of some natural structures
may be absent from kinematic models. For example,

footwall deformation is not observed in some models but
is commonly associated with thrust faults (Protzman and
Mitra, 1990; Evans and Neves, 1992; Watkinson, 1993;
Spang, 1995) and aftershocks have been recorded from
the footwalls of active faults (King and Yielding, 1984,
Vita-Finzi and King, 1985).

Kinematic models typically display thrust ramps that
propagate upwards from a bedding-parallel fault (Boyer
and Elliot, 1982). However, thrust faults that lose
displacement both up-dip and down-dip were recorded
by Pfiffner (1985), Ellis and Dunlap (1988), and Ramsay
(1992). Such variations in the mode of fault evolution will
have consequences for fold growth. For example, Ellis
and Dunlap (1988) documented examples of thrust faults
with variations of displacement in which maxima were
attributed to sites of fault nucleation and minima to
points of fault coalescence. Eisenstadt and De Paor
(1987) suggested thrust faults nucleate as ramps in
competent units and propagate up- and down-dip to
coalesce with bedding-parallel fault surfaces.

First-order fault-related folds in fold-and-thrust belts
typically involve a 1-2 km thick section of sedimentary
rocks (Fox, 1959; Perry, 1978; Kulander and Dean,
1986). The scale of these structures makes it difficult to
view them in their entirety at the Earth’s surface and the
resolution of subsurface data sets is seldom sufficient to
define the details of fault-fold relations. Furthermore,
the cumulative deformation associated with thrust
systems is often too complex to decipher the earliest
stages of the structural evolution. Consequently, we
investigated fault-fold relations in small-displacement,
outcrop-scale, fault-related folds from the Valley and
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Ridge province of the Appalachian fold-and-thrust belt.
Such features can be described in their entirety and are
free from overprinting by later deformation. Serra (1977)
described several thrust faults at a similar scale in a study
of deformation at thrust ramps. This paper expands
Serra’s analysis to include the nature of folding adjacent
to the fault ramp. Examination of outcrop-scale struc-
tures in the Valley and Ridge province revealed that few
of these fault-related folds match predictions of geo-
metric and/or kinematic models, although elements of
the models are present in several folds (McConnell and
Kattenhorn, 1993).

OUTCROP-SCALE STRUCTURES
Eagle Rock, VA

Several fault—fold structures crop out in Silurian clastic
rocks in roadcuts along US 220 and VA 43 near Eagle
Rock, western Virginia (Fig. 4). The roadcuts are
oriented approximately perpendicular to strike of both
beds and faults and present cross-sectional views of fault—
fold relations (Fig. 4b) in steeply inclined beds. Striations
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Fig. 4. (a) Regional map showing locations of outcrops discussed in this
paper. (b) Geological map of the Eagle Rock area, after McGuire
(1970). Numbered stars show locations of features Eagle Rock 1, 2, and
3. Thick black lines are faults. Abbreviations are: Dmn = Millboro and
Needmore Shales; DS =Lower Devonian-upper Silurian undifferen-
tiated rocks; Sk =Keefer Fm.; Srh=Rose Hill Fm.; Stu=Tuscarora
Fm.; Omb=Martinsburg Fm.; Oe=Edinburg Fm. (Chambersburg
Gp.); Oln=Lincolnshire Fm. and New Market Limestone; Ob = Beek-
mantown Fm.
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on fault surfaces are parallel to dip. Three structures are
described here as Eagle Rock 1, 2, and 3 (Fig. 4b).
Photographs of Eagle Rock 2 and 3 show the outcrops as
they appear in the field but structures have been rotated
in line drawings so that beds are subhorizontal with
youngest units at the top of the drawing. The terms
footwall and hanging wall are defined with reference to
the line drawings. We make no assumptions about the
orientation of the rocks during deformation.

Eagle Rock 1 has been described elsewhere (Katten-
horn and McConnell, 1994) and consists of steeply
inclined (overturned) sandstone and shale beds offset by
several small faults (Fig. 5). Layers offset by fault 1 (Fig.
5) are folded and form a hanging wall anticline and
footwall syncline. The fault ramp cuts layering and hasan
upper and lower flat parallel to bedding. Several beds in
the footwall adjacent to the ramp are shortened by
folding (B-G). The equivalent units in the hanging wall
are offset on the ramp but only beds F-I exhibit
significant folding.

A contrasting deformation style is observed locally in a
thin (8 cm) sandstone layer (bed M, Fig. 5) sandwiched
between shale layers. Bed M is imbricated by more than
20 thrust faults that typically (but not exclusively) have
the same sense of offset as faults 1 and 2 (Kattenhorn and
McConnell, 1994). Displacement on fault 1 decreases up-
and down-section from a maximum in bed G (Fig. §5).
Maximum displacement on fault 2 occurs adjacent to the
upper cut off of bed L (Fig. 5).

Three fault-related folds crop out at Eagle Rock 2 just
outside the city limit of Eagle Rock (Figs 4b & 6). These
structures contain elements that are consistent with fault-
propagation folds (Figs 1b, c, 6, 7 & 8a) and fault-bend
folds (Figs la, 6 & 8b). However, in these examples,
folding is predominantly in the footwall, unlike conven-
tional model predictions. The uppermost fold (Eagle
Rock 2a, Figs 6 & 7) is offset by a ramp that cuts through
the steep limb of the fold. Layers on both sides of the fault
are folded and deformation in the hanging wall and
footwall is complicated by several minor faults. Fold
shape changes both up-section and down-section from
the ramp as shortening is accommodated by the forma-
tion of a duplex in the hanging wall and by secondary
faulting in the footwall. Displacement decreases down-
section on the ramp from a maximum in bed J to zero at
the base of bed D. The structure has several elements in
common with an inverted Suppe and Medwedeff (1990)
fault-propagation fold (Figs 1a, 6 & 7)

The lower thrust ramp in bed J in Eagle Rock 2b (Figs
6 & 8a) loses displacement down-section into an
anticline. The hanging of the ramp exhibits little
deformation. The ramp makes an angle of 22° relative
to bedding but the distribution of displacement cannot be
determined as the fault offsets a single bed. The geometry
of the footwall syncline immediately adjacent to the fault
tip is similar to an inverted version of the Chester and
Chester (1990) fault-propagation fold model (Figs 1c &
8a).






