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INTRODUCTION

Wu (1993) makes three major points in his paper: (a)
Deformation at the outcrop- and microscale is important
when assessing shortening of rock sequences during the
construction of regional balanced cross-sections. (b)
Shortening at different scales has a fractal relationship.
(c) The cover or roof sequence above the Cacapon
Mountain duplex in the central Appalachians locally
compensated the emplacement of this blind thrust sys-
tem. We wholeheartedly agree with the first point. A
balanced cross-section does not truly achieve that status
until smaller scale deformation is demonstrated to be
insignificant or is included from direct measurement
(¢.g. Herman 1984, Herman & Geiser 1985). Our con-
cerns center on the methodology and the resulting
conclusion that the roof sequence locally compensated
blind thrusting.

APPLICATION OF FRACTAL ANALYSIS

Wu states at the top of p. 1504 that D (fractal dimen-
sion) = 1.001 for the Cambro-Ordovician carbonates,
meaning that “not much deformation has occurred on
smaller scales” in this rock unit. Just to the southeast,
the carbonates have essentially the same duplex geom-
etries and profile shapes within the North Mountain
thrust sheet (Evans 1989). They should yield almost
exactly the same D, and as a result, would also be
interpreted to lack significant smaller scale deformation.
They actually experienced a total shortening of 10-15%
at the microscale, which exceeds 30% locally (Cloos
1971, Dean & Kulander 1972, Evans & Dunne 1991).
The present methedology fails to detect this microscale
deformation because the analysis depends on a fractal
dimension that describes the amount of a plane covered
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by a one-dimensional curve, or in essence, describes the
complexity of curve shape. If deformation does not
produce long complex profile shapes from pre-existing
marker lines, D is small and shortening below the initial
measurement scale is calculated as small. The profile
curves or preferably layers should be analyzed as two-
dimensional objects that account for changes in curve
width and length, as well as complexity of curve shape.
Conceivably, a fractal analysis that examines all scales
for a one-dimensional object should acquire the strain
from microscale deformations, but this methodology
fails because it depends only on complexity of curve
shape.

Another example of this problem concerns the profile
shape at the top of the Silurian Tuscarora Sandstone (St
in fig. 4 of Wu 1993), which is part of the roof sequence
below the chosen marker at the base of the Silurian
Bloomsburg Formation (base of DS in fig. 4 of Wu
1993). More thrusts and folds deform the St profile at
section scale than the DS profile, and therefore, St has
4.36 km more section-scale shortening (fig. 5 in Wu
1993). The greater complexity of curve shape should
mean that the St profile has a greater fractal dimension
(D) than the DS profile, indicating greater complexity of
structure along the St profile for increasing resolution
(r). Yet, studies of microscale deformation reveal that
the Tuscarora Sandstone has equivalent rather than
greater deformation (Ferrill & Dunne 1989, Onasch
1994). Also, outcrop-scale investigations demonstrate
that the Tuscarora Sandstone has much less mesoscale
structural complexity than rocks in the DS unit (Cloos
1951, Dennison 1955, Perry 1971, Dunne & Schultz
1986, Ferrill & Dunne 1989, Scott & Dunne 1990,
Adamson 1992). These direct observations are incon-
sistent with predictions from this type of fractal analysis.

A key assumption for Wu’s analysis is that the base of
the DS, which corresponds to the base of the Blooms-
burg Formation, has a profile shape that is representa-
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tive of the entire roof sequence from the roof detach-
ment in Ordovician rocks to the youngest Devonian
rocks at the surface. The base of the DS was chosen
because it has a limited number of faults and overturned
folds, which means that the profile should mostly yield
single y values for the Fourier transform calculation.
The base of the DS is not representative of the majority
of the overlying Devonian sequence, which lacks thrusts
and has much less folding than the DS profile (fig. 4 in
Wu 1993). Further, the DS is not representative of the
underlying rock units of the Silurian Tuscarora Sand-
stone to Ordovician Oswego Formation (St, Oj, Oo in
fig. 4 of Wu 1993) because those units have more faults
and folds than the DS with 4.36 km more shortening (fig.
5 in Wu 1993). Thus, a fractal analysis of the profile
shape for the base of the DS is not representative of the
entire roof sequence. In the context of the analysis, the
fractal dimension (D) should be noticeably smaller for
the younger Devonian units, and larger for the older
Silurian to Ordovician units. These differences in fractal
dimension should also mean that the Devonian units are
much less deformed at scales smaller than the section,
whereas the older units are more deformed. These scale-
dependent differences in deformation by stratigraphic
unit are not found (Cloos 1951, Ferrill & Dunne 1989,
Schultz in press).

The generation of fractal descriptors does not
necessitate a fractal behavior for the modified rocks.
Two different measures (spectral method and compass
method) of fractal dimension yield internally consistent
results, which is a successful test of model applicability.
Yet, this consistency does not sufficiently demonstrate
that fractals provide a uniquely correct description of
deformation in the roof sequence. Structural geologists
since at least Pumpelly (1918) knew that small struc-
tures are useful indicators of morphology for larger
structures, but such relationships are not necessarily
fractal. The applicability of a fractal approach would be
more convincing if other possibilities such as stochastic
or deterministic systems were also considered and suc-
cessfully discounted.

NECESSITY OF LOCAL COMPENSATION

Wu states (pp. 1498-1499) that the roof sequence
requires another response besides forethrusting because
the behavior necessitates the accommodation of 10°s to
100’s of km of blind thrust displacement as shortening in
the Appalachian Plateau. As Wu correctly states, the
Appalachian Plateau lacks this intensity of deformation.
However, this requirement is not valid because the
necessity of intense shortening in the Plateau is incor-
rect. The potential sources of the greater than 100 km of
blind thrust displacement are the Wills Mountain duplex
(WMD, Fig. 1), Cacapon Mountain duplex (CMD, Fig.
1), and the North Mountain thrust sheet (Fig. 1). First,
Evans (1989, 1990) has cogently shown that the North
Mountain thrust sheet did not transfer +60 km of
displacement under the Valley and Ridge province
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along a roof thrust in the Ordovician Martinsburg For-
mation (dashed line, Fig. 1). This displacement was
transferred along the North Mountain thrust (NMT,
Fig. 1). Second, strain and map-scale fault and fold
intensities of the roof sequence increase across the
Broadtop synclinorium (BTS, Fig. 1) toward the Caca-
pon Mountain anticlinorium and underlying duplex
(Jacobeen & Kanes 1974, Nair et al. 1991; Schultz in
press). This increasing deformation intensity in the roof
sequence toward an underlying blind duplex is consist-
ent with forethrusting (Dunne & Ferrill 1988, Geiser
1988), where displacement is not rigidly transferred
forward as supposed by Wu, but instead is accommo-
dated by deformation forelandward of the leading
branch line of the blind duplex. Thus, the roof sequence
has accommodated up to 20 km of displacement from
the Cacapon Mountain duplex by deformation in the
roof sequence of the Broadtop Synclinorium. As a
result, the remaining 20 km of displacement from the
Wills Mountain duplex is all that the Platean rocks must
accommodate. Such an amount is not unreasonable
because microscale deformation alone accommodates
about 15 km in the Plateau of Pennsylvania and New
York (Engelder & Geiser 1979, Engelder 1979). Thus,
the displacements from all blind duplexes in the
Cambro-Ordovician carbonates do not accrue in the
Plateau, and forethrusting would be the dominant kine-
matic response.

Wu states (p. 1504 bottom left) that “the shortening
produced by these structures (i.e. fourth- and fifth-order
folds) in this scale range is estimated to be about 10%”.
This 10% is also the local shortening imbalance between
duplex and roof sequence that micro- and mapscale
shorteriings do not accommodate. If present, this inter-
mediate scale of deformation would eliminate the imbal-
ance. Yet, the existence and magnitude of this
intermediate scale of deformation are stated but never
documented, except for one piece of anecdotal evidence
(fig. 10 in Wu 1993). This figure illustrates fifth-order
folds in a sequence with well-developed cleavage. Small-
scale folds and faults are common in stiff interbeds
without cleavage in sequences dominated by fine-
grained lithologies that deformed by cleavage formation
(Cloos 1951, Ferrill & Dunne 1989). For example,
cleavage-related strain in limestones was calibrated
from shortening of stiff interbeds by contraction faults
(Alvarez et al. 1978). Most fifth-order folds in Cacapon
Mountain anticlinorium also formed in stiff uncleaved
layers while cleavage developed in thick less competent
interbeds (Ferrill 1987, 1989, Ferrill & Dunne 1989).
Thus, the shortening contribution of the fifth-order folds
is already in the measured microscale component of
deformation that includes cleavage formation (Ferrill &
Dunne 1989). Consequently, the 10% shortening esti-
mate for intermediate scale deformation is unsupported
by any direct evidence. Yet, this estimate is crucial to
Wu’s conclusion that “the cover sequence has a compar-
able shortening to that in the underlying blind thrust
sheet”. Lack of proof for the estimate implies that the
related conclusion is not validated.
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To Appalachian Plateau
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Fig. 1. Regional cross-section across the Valley and Ridge province of the central Appalachians. BTS—Broadtop

synclinorium, CMA—Cacapon Mountain anticlinorium, CMD—Cacapon Mountain duplex, NMT—North Mountain

thrust, WMA—Wills Mountain anticlinorium, WMD—Wills Mountain duplex. Light grey shading—Cambro-Ordovician

carbonates; dark grey—upper Ordovician to lower Devonian rocks of the roof sequence; spots—lower Devonian to

Mississippian rocks of the roof sequence; thick dashed line—roof detachment for blind duplex in Ordovician Martinsburg
Formation.

CONCLUSIONS

While Wu correctly considers deformation at all scales
when balancing regional cross-sections, this particular
attempt does not succeed because: (1) The method-
ology does not detect penetrative deformations that do
not complicate the shape of reference curves. (2) One
of the two profile markers (base of DS) is not representa-
tive. (3) The analysis has some internal consistency but
is not demonstrated to be uniquely correct. (4) A con-
straint that requires local compensation of blind thrust-
ingisincorrect. (5) An ‘estimate’ for intermediate-scale
deformation is undocumented and the presented anec-
dotal evidence is misinterpreted.
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