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a b s t r a c t

We apply multiple balancing/restoration methods to three examples of fault-bend folds exhibiting
increasing levels of complexity and uncertainty. Three methods (the Chamberlin depth-to-detachment
calculation, direct measurement of fault displacement, and flexural-slip restoration/balancing) assume
that bed lengths and thicknesses (BLT) remain constant during deformation. The area-depth-strain (ADS)
method allows bed lengths and thicknesses to vary during deformation. For a kinematic model, the
agreement among methods is exact to within measurement error. For an experimental sand model, the
disagreement among methods is substantial. The ADS relationship shows that the sand model has
significant layer-parallel shortening and an area increase of w4%. A previously published interpretation
of a seismically imaged fault-bend fold from the Rosario oil field, Venezuela, is nearly line-length
balanced, but the ADS relationship indicates small, but significant, anomalies, including an area deficit
for the deeper stratigraphic levels. A revised interpretation with a more internally consistent ADS
relationship suggests that much of the footwall uplift is real and not a velocity pull-up. Our comparisons
of the results of the various balancing/restoration techniques show the resolving power of the ADS
method to detect sub-resolution changes in bed lengths and thicknesses and to identify footwall
structures overlooked by the constant BLT methods.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Geologists have long used section-balancing and restoration
techniques in fold-thrust belts to predict detachment locations
(Chamberlin, 1910), to validate interpretations and suggest the
need for revisions (e.g., Bally et al., 1966; Dahlstrom, 1969, 1990;
Woodward et al., 1989; Wilkerson and Dicken, 2001), to calculate
orogenic shortening (e.g., McQuarrie et al., 2008; Judge and
Allmendinger, 2011), and to suggest the presence of significant
layer-parallel (tectonic) compaction (Koyi et al., 2004; Butler and
Paton, 2010). A large body of literature testifies to the empirical
value of these balancing and restoration techniques, but what are
the limits of resolution and under what circumstances could the
application of these techniques be invalid?

A key assumption of many balancing and restoration techniques
applied to fold-thrust belts is that bed length remains constant

during deformation. For example, constant bed length and thick-
ness (BLT) is typically assumed in flexural-slip (line-length)
balancing and restoration (e.g., Dahlstrom, 1969) and in forward
modeling and model-based interpretation (e.g., Suppe, 1983; Shaw
et al., 2005). Chamberlin’s (1910) area-based calculation requires
one known bed length, and similarly modern area restoration
(Hossack, 1979; Mitra and Namson, 1989; Mitra, 1992) commonly
involves the assumption that at least one key bed retains its original
length. Cross sections constructed from sparse data (i.e., outcrops
or scattered wells) are usually based on the constant BLT assump-
tion, applied as constant-bed-thickness, dip-domain interpolation
and extrapolation (predictive section construction of Groshong,
2006).

Small BLT changes are difficult to recognize and, for practical
purposes, are commonly ignored (e.g., Chamberlin, 1910;
Dahlstrom, 1969). Even small BLT changes, however, may be
important, affecting the validity of constant BLT balancing and
restoration techniques and indicating the presence of sub-
resolution deformation, which is a major issue in reservoir-
development geology (Coward et al., 1998; Hennings, 2009). Sub-
resolution deformation has been documented at the grain and
near-grain scale (e.g, Nickelsen, 1966; Spang, 1974; Engelder and
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Engelder, 1977; Allmendinger, 1982; Groshong et al., 1984; Ferrill
and Groshong, 1993; Burmeister et al., 2009; Craddock et al.,
2009) and/or at the outcrop scale as small faults and folds (e.g.,
Chamberlin, 1910; Cloos, 1964; Groshong, 1975; Wojtal, 1986;
Anastasio and Hull, 2001; Ismat and Mitra, 2001; Mitra, 2002;
Atkinson and Wallace, 2003; Restrepro-Pace et al., 2004; Florez-
Niño et al., 2005; Yonkee, 2005; Maloney et al., 2010).

In this paper, we compare the results of constant BLT section-
interpretation methods (i.e., Chamberlin’s depth-to-detachment
relationship, direct measurement of fault displacement, and
flexural-slip restoration) to the results of the area-depth-strain
(ADS) method for three examples of fault-bend folds. The ADS
method (Epard and Groshong, 1993; Groshong and Epard, 1994) is
a non-kinematic technique that permits changes in bed length,
thickness, and area, yet places more constraints on the interpre-
tation than the traditional balancing and restoration techniques.
The method has been applied mainly to detachment folds (Epard
and Groshong, 1993, 1995; Groshong and Epard, 1994; Hubert-

Ferrari et al., 2005; Gonzalez-Mieres and Suppe, 2006, 2011). This
contribution is the first application of the ADS method to fault-
bend folds. To focus our analysis, we examine only single fault-
bend folds. For an application of the ADS method to a whole fold-
thrust belt, see Wiltschko and Groshong, (2012).

The three examples in the paper involve increasing levels of
complexity and uncertainty. The first example is the Suppe (1983)
kinematic model of a constant BLT fault-bend fold, for which all
methods give the same result to within measurement error. The
second example is an experimental sand model of a single ramp
anticline (Hidayah, 2010) that has well-constrained boundary
conditions and fault and bedding geometries. For this example, the
results of the various techniques differ significantly from one
another. The third example is a seismically imaged fault-bend fold
from the Rosario oil field, Venezuela (Apotria and Wilkerson, 2002,
2005), for which the boundary conditions and many fault and
bedding geometries are not well constrained. We show this struc-
ture to be nearly line-length balanced, but ADS anomalies suggest

Fig. 1. Constant bed length and thickness (BLT) interpretation of a fault-bend fold (a and b redrafted from Suppe, 1983). a. Terminology for excess-area measurement. S (shaded) is
excess area above regional, W is width of structure at regional, L is bed length above regional, H is depth to detachment from regional, D is total displacement. Subscripts refer to
marker number. b. Measurements of displacement in a constant BLT fault-bend fold. D is total displacement, which equals displacement along lower detachment; D is measured
from base of ramp to hangingwall cutoff of unit at upper detachment; d is displacement on upper detachment measured from top of ramp to hangingwall cutoff of unit at upper
detachment. c. Constant BLT flexural-slip restoration of (b) showing measured values of D and d. Shaded area to right of restored loose line is displaced off the section and not
present in the restoration.
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the need for revision of the interpretation. Comparisons of the
results of the constant BLT techniques and the ADS method for the
latter two examples show that bed lengths commonly change
during deformation and that even small changes can have impor-
tant practical consequences for the interpretation.

2. Terminology, methods, and application to the kinematic
model of a fault-bend fold

The term “shortening” is used in the literature for a number of
different concepts related to the deformation in fold-thrust belts.
Here, we use shortening or shortening strain exclusively to describe
the change in bed length divided by the original bed length.
Displacement refers to the translation along a fault or a detachment.
Boundary displacement is the amount of translation of the boundary
of the cross section.

We first illustrate and quantitatively test the balancing/resto-
ration methods using the Suppe (1983) kinematic model of a fault-
bend fold (Figs. 1 and 2). We have carefully redrafted the original
Suppe (1983) figure. In the redrafted version, all angles match those
in the original figure to within 0.1�, and all line lengths and
displacements match those in the original figure to within 0.01 cm.
Thus, the redrafted version has very small, but non-zero, drafting
errors.

2.1. Constant bed-length methods

2.1.1. Excess-area/depth-to-detachment method (Chamberlin
method)

Chamberlin (1910) constructed the first balanced section by
relating the excess area to the detachment depth and displacement
using the relationship

H ¼ S=D; (1)

where H is the depth to detachment from the regional level (the
regional datum or pre-deformation position of a bed), S is the
excess area above the regional level, and D is the displacement on
the lower detachment (Fig. 1a). D is also the difference between the
measured bed length of the uplift on the cross section and the
current width of the anticline at the regional (W), a measurement
based on the implicit assumption that the current bed length is the
original bed length. Excess areas for markers originally above the
upper detachment are simple anticlines, as represented by the
shape of marker 6 (Fig. 1a). Excess areas for markers originally

below the upper detachment are bounded above by the marker
surface and below by the fault (Fig. 1a). The excess area of marker 2
contains all the area displaced above the regional from marker 2
down to the regional, and its width is the distance across the
structure at the level of the regional for marker 2.

Mitra and Namson (1989) pointed out that the Chamberlin
method fails for markers stratigraphically above the upper
detachment (e.g., marker 6, Fig. 1a) because not all of the displaced
area is present as excess area in the anticline; instead, part of the
displaced area has been translated parallel to the upper detach-
ment and is not present in the anticline. As a quantitative illus-
tration, in Fig. 1a for marker 6, S6 ¼ 13.59 cm2, W6 ¼ 8.64 cm,
L6 ¼ 10.57 cm. The calculated D is 1.93 cm, and the calculated H6 is
7.04 cm; the actual measured values of D and H6 are 5.37 cm and
3.07 cm, respectively. Thus, the calculated values are incorrect, and
the calculated detachment is too deep by a factor of >2. If bed
lengths are constant, the method gives the correct displacement
and depth for the lower detachment for markers below the upper
detachment (e.g., marker 2, Fig. 1a). For marker 2, S2 ¼ 4.61 cm2,
L2¼ 7.07 cm, andW2¼1.69 cm. The calculated values ofD (5.38 cm)
and H2 (0.86 cm) for the lower detachment match the actual values
(5.37 cm and 0.85 cm, respectively) with minor differences
reflecting slight drafting and/or measurement errors.

2.1.2. Displacement measurement
Another method for determining the boundary displacement is

to measure along the fault from the footwall cutoff of the lowest
unit at the base of the ramp to the corresponding hangingwall
cutoff (Fig. 1b). Measured this way, the displacement on the lower
detachment is D¼ 5.36 cm (indistinguishable from the actual value
of 5.37 cm). The displacement on the upper detachment, measured
from the top of the ramp to the hangingwall cutoff of the strati-
graphic marker at the top of the ramp, is d ¼ 3.49 cm, indicating
that the anticline has consumed w35% of the displacement on the
lower detachment.

2.1.3. Flexural-slip restoration
A standardmethod for interpreting and validating cross sections

is constant BLT flexural-slip restoration. For the restoration, the
section (Fig. 1b) is bounded by a vertical pin line (left) and a vertical
loose line (right). Bed lengths and thicknesses are preserved, and
lengths are measured and stretched out from the pin line to the
loose line that connects the bed tips (Fig. 1c). The difference
between the deformed lengths and the restored lengths of beds
below the upper detachment is the displacement on the lower

Fig. 2. Area-depth relationship for the constant BLT fault-bend fold of Fig. 1. a. Excess area for marker 6 (S6 shaded) and for marker 2 (S2 shaded). Hrl is depth to detachment from
reference level, h2 is depth from regional of marker 2, h6 is depth from regional of marker 6. b. Area-depth graph for (a) showing locations of detachments. Numbered points
correspond to marker horizons in (a); h is depth to regional, Su is excess area of markers stratigraphically at or above upper detachment, SL is excess area for markers strati-
graphically below upper detachment.
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detachment, here D ¼ 5.41 cm (very close to the actual value of
5.37 cm). In a fault-bend fold, part of the bed above the upper
detachment (Fig. 1c, shaded) was transported past the end of the
cross section and is not measured. The difference in restored bed
lengths across the upper detachment is the displacement on the
upper detachment, here d ¼ 3.47 cm (the measured value is
3.49 cm). The quality of the interpretation is normally inferred from
the shapes of the restored faults and loose lines. The restoration in
Fig. 1c represents the ideal result in which the fault restores to the
same shape as in the deformed-state section and the loose-line
segments restore to straight, vertical lines.

2.2. Area-depth relationship and layer-parallel strain (ADS method)

The ADS method relates the excess area above the regional to
the depth from an arbitrary reference elevation (Fig. 2a) by
graphing them for multiple beds (Fig. 2b). The measured excess
areas are from markers originally above the upper detachment (Su)
or markers originally at or below the upper detachment (SL). The
area-depth graph (Fig. 2b) consists of two separate line segments
that intersect at the elevation of the upper detachment:

h ¼ ð1=DÞSL þ Hrl (2)

h ¼
�
1=d*

�
Su þ k (3)

where h is the distance from the reference level to the regional of
the measured horizon, D is the inverse slope of the line segment
below the upper detachment and equal to the displacement on the
lower detachment, d* is the inverse slope of the line segment above
the upper detachment, Hrl is the distance to the lower detachment
from the reference level, and k is the depth intercept of the line
segment above the upper detachment (Epard and Groshong, 1993;
Groshong, 2006). For a fault-bend fold, the areas above the upper
detachment fall on a steeper line segment, and the difference
between the inverse slopes of the two line segments is the
displacement on the upper detachment (d),

d ¼ D� d* (4)

The area-depth points are fit by least-squares straight lines. The
goodness of fit of each line segment is indicated by the correlation
coefficient, R2. The bed lengths, excess areas, and widths of the
structure at regional are measured in exactly the same way in the
ADS method as in the Chamberlin method (Fig. 1a). The key
differences are: (1) the measured bed lengths are deformed lengths
and are not assumed to have maintained their original length; (2)
multiple marker horizons are interpreted simultaneously with the
area-depth graph, not independently as in the Chamberlin method.

For the Suppe (1983) kinematic model, the equation of the lower
line segment (Fig. 2b) is h ¼ 0.186 SL e 6.24, the equation for the
upper line segment is h ¼ 0.500 Su e 9.97, and the computed
displacements for the lower and upper detachments are
D ¼ 5.38 cm and d ¼ 3.38 cm, respectively, closely matching the
actual values and those measured using the conventional methods.
The calculated value of Hrl (6.24 cm) matches that on the cross
section. An additional check on the accuracy of the results is the
agreement between the observed and calculated locations of the
upper and lower detachments.

Because the displacement is determined without any a priori
assumption about layer-parallel strain, the final bed lengths dis-
played on the cross section give the layer-parallel strain (e) using:

e ¼ ðL=L0Þ � 1; (5)

where L0 is the original bed length and L is the final bed length. L0
differs in horizons originally above and below the upper detach-
ment. At and below the upper detachment, L0 ¼ W þ D; above it,
L0 ¼Wþ D� d, where the appropriate values ofW are illustrated in
Fig. 1a. The sign convention is that excess area and contractional
displacement are positive, shortening strain is negative, and
extensional strain is positive. All strain is assumed to occur in the
uplifted area and, thus, is an average for the uplifted bed length. The
strains are presumed to be in-plane and, thus, there must be
a corresponding average thickening or thinning of bedding. The
layer-parallel strains provide another method for judging the
quality of the measurements for the constant BLT fold. All values
should be zero for constant BLT. The computed values for the fold in
Fig. 2a (Table 1) are all negative (shortening), less than 1%, but not
zero. Thus, evenwith careful drafting and measurement, errors can
lead to calculated strains of up to 1%. Hence, we consider the strain
values to have an error of þ/�1%.

Flexural slip and flexural flow represent the slip of visible or
infinitely thin layers, respectively, past one another (Donath and
Parker, 1974). This kinematic behavior is assumed for most fault-
related folding, and is the basis of the constant BLT flexural-slip
restoration. The behavior leads to layer-parallel shear strain that
preserves lengths parallel to bedding (Geiser et al., 1988). This
strain component is not measured by line-length changes calcu-
lated from the ADS relationship and may or may not occur inde-
pendently. Length and thickness changes add to any layer-parallel
shear strain that might be present. The ADS relationship is inde-
pendent of the strain mechanism.

3. Experimental sand model

3.1. Overview

Experimental modeling provides an excellent opportunity to
test balancing and restoration techniques because original bed
lengths and thicknesses, the imposed boundary displacement, and
the final fault and fold geometries are known. The setup for the
experimental sand model consists of two converging overlapping
rigidmetal plates that focus shortening above the edge of the upper
plate in the center of the model (Fig. 3a; see Hidayah, 2010; for
additional details). The displacement rate is 8 cm h�1 and the total
boundary displacement (D) is 10 cm. Eight sublayers of dry sand,
composed of quartz and corundum grains <0.5 mm in diameter,
overlie the metal plates. For all sublayers, the sand has a density of
w1.5 g cm�3, almost no cohesion (e.g., Eisenstadt and Sims, 2005),
and an angle of internal friction of w30� (e.g., Krantz, 1991). All
sublayers have similar mechanical properties despite their different
colors. Together, the sublayers form a single, homogeneous layer
that is 3 cm thick above the upper plate and 3.25 cm thick above the
lower plate. The large size of the model (61 cm wide, 65 cm long)
relative to its thickness ensures that the center of the model is free
of edge effects.

The resulting deformation consists of a main thrust-fault zone
with a flat-ramp-flat geometry (Fig. 3). The ramp dipsw30� toward
the lower plate and strikes parallel to the edge of the upper plate.
The lower plate is the lower flat, and the model surface is the upper
flat. Hangingwall deformation consists of a ramp anticline cut by
multiple backlimb shear zones whose sense of transport is opposite
to that of the main thrust-fault zone (Fig. 3d). These backlimb shear

Table 1
Layer-parallel strains for the geometric model of a fault-bend fold (Fig. 2a).

Marker number 1 2 3 4 5 6

Layer-parallel strain (%) �0.94 �0.88 �0.93 �0.22 �0.82 �0.81

R.H. Groshong Jr. et al. / Journal of Structural Geology 41 (2012) 86e97 89
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zones form at the base of the ramp and move up the ramp as
displacement increases. Thus, the shear zones are youngest at the
base of the ramp and become progressively older up the ramp.

Fault-bend folds are rarely as simple as the constant BLT kine-
matic model in Fig. 1. For example, based on field studies, Serra
(1977) recognized three modes of ramp-related deformation
controlled by mechanical stratigraphy. The sand model presented
here (Fig. 3) fits Serra’s third mode of ramp-related deformation,
characterized by curved backthrusts above a ramp that cuts
a single, competent unit. Mitra (2002) suggested that these back-
thrusts result from partial rotation of the competent unit as it
moves up the ramp. Other sand models (Mulugeta and Sokoutis,
2003), rock models (Chester et al., 1991), and numerical models
(e.g., Erickson et al., 2001) of fault-bend folding support this rela-
tionship between ramp-related deformation and mechanical
stratigraphy.

3.2. Constant BLT methods

Some level of uncertainty exists in identifying faulted versus
folded bedding in the sand model. For the analysis presented here

(Fig. 4a), we interpret narrow shear zones as discrete fault zones
(e.g., the thrust ramp and the narrow shear zones that cutmarker 8)
and wide shear zones as asymmetric folds. For the line-length
calculations, we measure the complete bed lengths. Whether the
beds are bounded by discrete faults or by folded surfaces does not
change the enclosed areas, and, therefore, has no effect on the
excess areas.

3.2.1. Excess-area/depth-to-detachment
The Chamberlin (1910) excess-area calculation should give the

correct depth to detachment for anymarker stratigraphically below
the upper detachment. For example, marker 5 in the sand model
(Fig. 4a) has an excess area of S5 ¼ 20.28 cm2, a bed length above
regional of L5 ¼ 25.93 cm, and width of the anticline at regional,
W5 ¼ 18.21 cm. From these measurements, the boundary
displacement, D, is L5 e W5 ¼ 7.72 cm, and the calculated depth to
detachment, H5, is 2.63 cm (Eq. (1)). Both values are incorrect. The
boundary displacement for the sand model is D¼ 10.00 cm and the
true depth to detachment below the regional of marker 5 is
H5 ¼ 1.82 cm. Groshong (2006) showed that the Chamberlin
calculation is very sensitive to layer-parallel strain and that the

Fig. 3. Experimental sand model of a ramp anticline (model S1, modified from Hidayah, 2010). a. Boundary conditions shown in map (top) and cross-section views (bottom). Arrow
indicates displacement direction of lower rigid plate relative to upper rigid plate. b. Photo of final map view of sand model showing anticline bounded by main thrust-fault zone and
backlimb shear zones. The solid black line shows location of cross section in (c). D is boundary displacement magnitude. c. Cross section (CS37 of Hidayah, 2010) through model at
location shown in (b). Black box shows area of line drawing in (d). The top layer was added after deformation to preserve the surface geometry during sectioning. d. Line drawing of
central part of cross section in (c). Shaded regions are the main thrust-fault zone and backlimb shear zones. e. Interpreted map views at 5.00 cm (left) and 10.00 cm (right,
corresponding to photo in b) of boundary displacement (D). Inactive shear zones are shown in gray. In (d) and (e), the numbers show the order of backlimb shear-zone formation (1
is oldest).
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constant BLT assumption produces the deepest possible detach-
ment depth. Either penetrative shortening strain, unobserved (sub-
resolution) structures, or both, result in the calculated detachment
being too deep for the sand model.

3.2.2. Displacement measurement
Measured between the footwall cutoff of the lowest unit

(marker 0) and the corresponding hangingwall cutoff (Fig. 4a), the
direct measure of fault displacement on the ramp is D ¼ 5.22 cm
and should equal the displacement on the lower detachment (i.e.,
the boundary displacement). This measured value differs signifi-
cantly from the actual boundary displacement of 10.00 cm, indi-
cating the presence of either penetrative shortening strain and/or
sub-resolution deformation in the sand model. The measured
displacement on the upper detachment (the original surface of the
model) is d ¼ 4.25 cm.

3.2.3. Flexural-slip restoration
The restored loose line in the constant BLT flexural-slip resto-

ration is non-vertical for the sand model (Fig. 4b). One possible
explanation for a non-vertical loose line is that layer-parallel
simple shear has offset the pin line or loose line (e.g., Mitra,
1992). Following this explanation, the section is correct as
shown without any layer-parallel shortening strain. The length
differences would represent different displacements of the
boundary at different levels. Alternatively, the deviation of the
loose line from the vertical might be interpreted as a lack of
balance. For a section generated from sparse or poorly imaged
seismic data, an interpreter would probably look for ways to
shorten the upper bed lengths and/or increase the lower bed
lengths to create a more nearly vertical loose line. The displace-
ment recorded by the structure is uncertain, given the non-vertical
loose line. The boundary displacement must be at least 5.54 cm,
the value measured at the base of the restoration (Fig. 4b). This
value is close to the displacement measured directly along the
fault. If the loose line were straightened to an average value, then
the displacement would be approximately 7 or 8 cm. The
conundrum is that the model was shortened 10.00 cm between
vertical boundaries. The measured fault displacement substan-
tially underestimates the boundary displacement, and the loose-
line geometry does not reflect the geometry of the moving
boundary.

3.3. Area-depth relationship and layer-parallel strain (ADS method)

An interpretation technique that is not affected by deformation-
related length and thickness changes is required, and is provided by
the ADS method. Excess area above the regional (Fig. 5a) is
measured for each of the ninemarkers and plotted versus the depth
from the reference level to produce an area-depth graph (Fig. 5b).
The best-fit area-depth line (line B, Fig. 5b) is a straight line with R2

close to 1, indicating that the section is balanced, although it is
clearly not line-length balanced (Fig. 4b). There is no upper area-
depth line as in Fig. 2b because the upper detachment is the orig-
inal surface of the model. The predicted depth to detachment
is �6.60 cm below the reference level, compared to the directly
measured value of�6.65 cm. The displacement (D) indicated by the
inverse slope of the area-depth line is 11.10 cm, larger than the
boundary displacement of 10.00 cm, not smaller as was inferred
from the conventional measures of fault displacement. As discussed
next, we attribute the difference to an area increase of the sand
caused by deformation.

The expected area-depth line for a displacement of 10.00 cm is
shown as line A in Fig. 5b. The measured areas are larger than their
expected values, a difference interpreted as being caused by dila-
tion during deformation. This is an expected and observed process
in low-pressure deformation of unconsolidated granular aggre-
gates (e.g., Mead, 1925; Colletta et al., 1991). A theoretical
maximum value is 22%, the area increase from the closest-packed
geometry of a uniform-sized spherical aggregate (rhombohedral
packing with a porosity of 26%), to the most open packing (cubic
packing with a porosity of 48%) (Coogan and Manus, 1975). Colletta
et al. (1991) observed a bulk density decrease of w30% along fault
zones in X-ray tomography of experimental models using glass
spheres. The 30% value may be explained by the observation that
deformation in shear zones can create grain bridges that lead to
large voids (Oda and Kazama, 1998). Thus, it appears that any value
of positive dilation up to 30% is reasonable for well-sorted sand.

The dilation is (A � A0)/A0, where A0 is the original area and A is
the deformed area (Fig. 5c). Both the original and the deformed
areas include the deformed area below the regional (B in Fig. 5c).
The boundary of the deformed area below the regional (Fig. 5c) is
marked by the points where a marker departs from its regional. The
irregular shape of this boundary probably reflects the difficulties
with precisely locating the regionals. The original area (A0) is the

Fig. 4. Restoration of experimental sand model of ramp anticline (modified from Hidayah, 2010). a. Interpreted photo of a cross section (location shown in Fig. 3b). Heavy white
lines show fault displacements on ramp (D) and upper detachment (d). The boundary displacement on the lower detachment is 10.00 cm. b. Constant BLT flexural-slip restoration of
numbered markers and fault.
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sum of the deformed area below the reference regional (B) and the
expected-value area (S0) as given by the marker’s area-depth point
on line A in Fig. 5b. The final deformed area is the sum of the
deformed area below the reference regional (B) and the measured
area (S) of the marker. For marker 8 in the model, A0 ¼ 79.75 cm2,
A ¼ 83.28 cm2, and the area increase is w4%. This represents an
average value because the deformed area probably consists of
zones of higher and lower dilation. Because of the possible uncer-
tainty in the outline of the deformed area below the regional, the
dilation is less precise than other calculated values reported here.
The area-depth relationship is very sensitive to dilation, with the
4% area increase leading to a calculated displacement that is 11%
larger.

The layer-parallel strains in the anticline are shortening strains
(negative values) that increase in magnitude downward (Table 2).
Calculated from the boundary displacement (10.00 cm), they range
from 0 to�19%. If the strains are calculated based on the computed
(and incorrect) displacement of 11.11 cm, they are about 4% larger.
Layer-parallel shortening dominates even though deformation
causes an overall area increase. An important caveat associated

with the strain calculations is that the strain is an average for the
uplifted length of the bed. A magnitude of zero strain does not
necessarily mean that a marker is undeformed, although that is the
usual case, but it may mean that the net elongation and contraction
are equal. This is illustrated by the strain for interval 7e8 of
approximately zero. The interval is somewhat thicker on the
backlimb and thinner on the forelimb, yet the net length change is
approximately zero. The calculated bed-length strain places an
important constraint on the interpretation, but is not a substitute
for a bed-by-bed examination of thickness changes in the search for
sub-resolution deformation.

4. Rosario field, Venezuela

In the previous examples, we compared the results of constant
BLTmethods to those of the ADSmethod for a kinematic model and
an experimental sand model. In both examples, the geometries of
the fault surfaces and the deformed beds are well constrained. In
this final example, we compare the constant BLT methods to those
of the ADS method for a geologic example (the Rosario field) where

Fig. 5. Area-depth relationship for cross section of sand model from Hidayah (2010). a. Interpretation of model cross section (location shown in Fig. 3b). Thin, dashed, horizontal
lines are regionals of marker horizons. All depths were measured directly below the small triangle at the top center of the section. b. Area-depth graph. Line A is the boundary
displacement (D ¼ 10.00 cm); the slope is 1/D (0.10). Line B is the measured area-depth line showing data points for all nine horizons. The slope is 0.090, and the calculated
displacement is D ¼ 11.11 cm. The greater calculated displacement is attributed to an area increase (dilation) of w4%. c. Parameters for dilation calculation based on marker 8 in (a).
All parameters are defined on figure except S0, the expected excess area based on the boundary displacement (10.00 cm).

Table 2
Layer-parallel strains for sand model (Fig. 5a).

Marker number 8 7 6 5 4 3 2 1

Strain (%) for D ¼ 10.00 cm �0.15 þ0.43 �4.61 �8.07 �12.57 �15.24 �16.99 �18.76
Strain (%) for D ¼ 11.11 cm �4.41 �3.51 �7.95 �11.52 �15.85 �18.91 �20.50 �22.37
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many fault surface and bedding geometries are not well
constrained.

The Rosario field, located in the Maracaibo basin of Venezuela, is
an approximately 50-million-barrel oil field (Molina, 1992; Apotria
and Wilkerson, 2002, 2005). The main reservoir is the Lower
Cretaceous Aguardiente Formation and the underlying Mercedes
Member of the Apon Formation (Molina, 1992), located about
halfway between the La Luna and Rio Negro formations (Fig. 6b). A
secondary reservoir is in the basal Eocene Mirador Formation
(Molina, 1992). As shown by seismic line CCT-90c-14 (Fig. 6a,b), the
structural trap is a fault-bend fold above the Rosario thrust fault.
The thrust fault has a well-imaged upper detachment, but its ramp
and lower detachment are not well imaged. The seismic line
(Fig. 6a,b) is displayed with approximately no vertical exaggeration
assuming a seismic velocity of 3.5 km/s, a reasonable average
velocity (Apotria and Wilkerson, 2002, 2005). With this display,
however, the vertical exaggeration for the low-velocity Colon
Formation is slightly greater than 1:1, whereas the vertical exag-
geration for the high-velocity La Luna and Rio Negro formations is
slightly less than 1:1. Furthermore, the repeated section of the
high-velocity La Luna Formation likely produces a velocity pull-up
beneath the upper detachment, distorting the geometry of the
footwall beds (Apotria and Wilkerson, 2002, 2005).

We have constructed numerous variations of the interpretation
published by Apotria and Wilkerson (2002, 2005) (Fig. 6b) to test
the sensitivity of the analysis to the seismic interpretation. Only the
results for the published interpretation (Version 1) (Fig. 6c1) and
our preferred interpretation (Version 2) (Fig. 6c2) are presented
here. The differences between the two interpretations, although
seemingly small, have significant structural and economic impli-
cations. This example reveals the resolving power of the ADS
method in which lengths, areas, detachment levels, and displace-
ments are constrained simultaneously.

4.1. Version 1

The first interpretation (Fig. 6c1ee1) follows that of Apotria and
Wilkerson (Fig. 6b) with the assumption that the footwall uplift
below the upper detachment is a velocity pull-up associated with
the repeated section of the high-velocity La Luna Formation, not an
actual fold. We have added a newmarker (2a) between the La Luna
and Rio Negro markers to increase the resolution in the section
stratigraphically below the upper detachment.

4.1.1. Constant BLT methods
Our direct measurement of the displacement on the upper

detachment is 2.48 km (Fig. 6c1); Apotria and Wilkerson (2005)
measured 2.40 km. This slight difference (0.08 km) reflects the
uncertainties in locating the fault cutoffs. In the flexural-slip
restoration (Fig. 6d1), the restored loose line is vertical for the
shallow markers 4 through 6 but tilted for the deep markers (2, 2a,
3). Thus, given the tilted loose line at depth, the displacements
measured on the flexural-slip restoration are uncertain. The
potential range of displacement on the lower detachment (D) is
2.33e2.86 km, and on the upper detachment (d) is 2.07e2.58 km
(Fig. 6d1, Table 3). The measured displacement on the upper
detachment (2.48 km) falls within the range predicted from the
flexural-slip restoration.

The tilted loose line at depth might indicate an unbalanced
constant BLT section, requiring revision of the deeper structure to
correct the interpretation. With this explanation, the seismic
interpretation would require a modification that either shortened
marker 3 and/or lengthened markers 2 and 2a to create a vertical
loose line. Another explanation for the tilted loose line is that layer-
parallel simple shear has offset the pin line and/or the loose line

(e.g., Mitra, 1992). With this explanation, the differences in the
lengths of markers 2, 2a, and 3 reflect different boundary
displacements at different levels. A third explanation is that the
constant BLT assumption is inappropriate, and markers have
changed length during deformation. We test these alternatives
with the ADS method and with Version 2 of the interpretation.

4.1.2. Area-depth relationship
The area-depth graph (Fig. 6e1) yields two straight-line

segments, as expected for a complete fault-bend fold. Both lines
have R2 values close to 1, indicating that the interpretation,
although not line-length balanced, is area balanced between
parallel pin lines. The calculated upper detachment displacement
(2.64 km) is similar to, but 0.16 km more, than the measured value
of 2.48 km (Table 3, Fig. 6c1). The calculated elevations of the upper
and lower detachments are both w0.20 km too shallow compared
to themeasured values (Table 3). Themost significant problemwith
Version 1 is that the two line segments in the area-depth graph
(Fig. 6e1) fail to intersect at the known upper detachment level (i.e.,
marker 3, the top of the La Luna Formation). Based on the area-
depth graph, the excess area for marker 3 should be about
0.6 km2 larger for the intersection to occur at marker 3.

4.1.3. Discussion
The Version 1 interpretation follows that of Apotria and

Wilkerson (2002, 2005) with respect to the fold and fault geome-
tries and the assumption that the footwall uplift is a velocity pull-
up. With this interpretation, the ADS-calculated displacements
and detachment depths differ slightly from the measured values.
More importantly, the excess area for marker 3 is about 0.6 km2 too
small. These discrepancies are fairly small and, in a regional study,
might not be worth further consideration; yet, in the analysis of
a single structure, they point to the possibility of useful improve-
ments in the interpretation. We have tested whether reasonable
modifications of the interpretation (i.e., the ramp location, the
ramp dip, the geometry of hangingwall beds, conversion to depth)
eliminate these discrepancies. Our sensitivity analysis shows that
none of these modifications solves these problems without the
introduction of new problems. As discussed below, we then
examined the assumption that the footwall structure is entirely
a velocity pull-up.

4.2. Version 2

The Version 2 interpretation (Fig. 6c2) differs from the Version 1
interpretation (Fig. 6c1) in twoways. Firstly, the forelimb geometry
of marker 3 differs slightly from that in Version 1 (i.e., its forelimb
dip is slightly steeper). Secondly, and more significantly, the foot-
wall uplift is assumed to be a fold, not a velocity pull-up.

4.2.1. Constant BLT methods
For Version 2, our direct measurement of the displacement on

the upper detachment is 2.26 km (Fig. 6c2). For the flexural-slip
restoration of Version 2 (Fig. 6d2), we measure the actual bed
lengths in the footwall, not the distances along the regionals as we
did for Version 1 (Fig. 6d1). As a result, the footwall bed lengths are
shorter in Version 2 than in Version 1 because the footwall beds
intersect the ramp at higher levels. The restored loose line is
vertical for shallow markers 4 through 6 and tilted for the deep
markers (2, 2a, 3) for Version 2 (as they were for Version 1). Thus,
given the tilted loose line at depth, the displacements measured on
the flexural-slip restoration are uncertain. The potential range of
displacement on the lower detachment (D) is 2.02e2.81 km and on
the upper detachment (d) is 1.74e2.54 km. The measured

R.H. Groshong Jr. et al. / Journal of Structural Geology 41 (2012) 86e97 93



Author's personal copy

R.H. Groshong Jr. et al. / Journal of Structural Geology 41 (2012) 86e9794



Author's personal copy

displacement on the upper detachment (2.26 km) (Fig. 6c2) falls
within the range predicted from the flexural-slip restoration.

4.2.2. Area-depth relationship
Inclusion of the area of the footwall uplift in the area-depth

graph (Fig. 6e2) shifts the Version 2 area-depth points 2, 2a, and
3 to the right compared to Version 1 (Fig. 6e1). With this shift, the
Version 2 area-depth line segments correctly intersect at the
position of the upper detachment (marker 3) and the calculated
upper-detachment displacement nowmatches the measured value
towithin 0.03 km (Fig. 6e2 and Table 3). The calculated depth of the
lower detachment for Version 2 is 0.24 km deeper than the
measured depth, which is a significant amount. As stated previ-
ously, however, the exact location of the lower detachment is
poorly constrained by the seismic data, and this greater depth is
consistent with the seismic data.

4.2.3. Discussion
The ADS analysis shows that including the footwall uplift in the

area balance considerably improves the results. Specifically, the
area-depth calculated displacements and the upper detachment
elevation closely match the measured values. Several factors, in
addition to the above ADS analysis, support the presence of actual
footwall folding beneath the Rosario structure. Firstly, the seismic
data clearly show that the footwall uplift extends to the east beyond
the repeated section of high-velocity La Luna Formation. This uplift
cannot be velocity pull-up and must be actual footwall folding.
Secondly, the experimental sand model (Section 3) has footwall
uplift that reflects folding before faulting. Thus, footwall folding is
not an unexpected process. The best interpretation of the Rosario
structure probably lies between the two end-member interpreta-
tions presented here (Versions 1 and 2). Some footwall uplift
imaged on the seismic data may be a localized velocity pull-up
beneath the repeated La Luna section, but most is actual footwall
folding. In the context of oil-field development, the recognition
of footwall uplift is important because it indicates the possible
presence of a new hydrocarbon trap.

5. Summary, discussion and conclusions

We have applied three constant BLT methods (i.e., the excess-
area/depth-to-detachment relationship, direct displacement
measurement, and flexural-slip restoration) and the ADSmethod to
a kinematic model of a fault-bend fold with constant bed lengths
and thicknesses, an experimental sand model of a ramp anticline

with variable bed lengths and thicknesses, and a seismically
imaged fault-bend fold from the Rosario oil field, Venezuela. Our
work suggests the following:

1) The constant BLT methods and the ADS method correctly
reproduce detachment depths and displacements for the
kinematic model but yield substantially different predictions
for the sand model. The difference is the result of changes in
bed lengths and thicknesses during the deformation of the
sand. The ADS method shows that the sand model underwent
large layer-parallel shortening that increases with depth (from
0 to �19%). The measured displacement on the thrust fault is
only about half the total boundary displacement. The Rosario
structure shows much less bed length and thickness change
than the sand model, i.e., it is closer to constant BLT. Never-
theless, the ADS method indicates layer-parallel shortening at
depth (�2 to �4%) (Table 3). Variable BLT observed in the sand
model and the Rosario structure are as expected from
mechanical models (e.g., Dieterich, 1969, 1970; Smart and
Couzens-Schultz, 2001) and direct observations on real struc-
tures (e.g., Chamberlin, 1910; Spang et al., 1981; Dunne, 1996;
and references cited previously) that indicate that layer-
parallel shortening and a corresponding layer-normal thick-
ening are expected, in greater or lesser amounts, depending on
the physical properties of the stratigraphy.

2) Cross sections inferred to be unbalanced by a flexural-slip
restoration can, in fact, be area-balanced as shown by the
ADS method. The discrepancy is caused by bed length and
thickness changes not recognized in the flexural-slip restora-
tion. If the thin-section to outcrop-scale strains are known, the
small-scale strains can be used to correctly restore a cross
section (Ramsay and Huber, 1987; McNaught and Mitra, 1996).
In many circumstances, however, the small-scale data are not
available. Then, the issues become whether bed-length
changes are recognizable, whether they have a significant
effect on the structural-interpretation techniques that neglect
them, and whether the presence of bed-length changes have
important geologic implications (e.g., fluid flow and porosity).

3) The difference in displacements predicted by the flexural-slip
restoration versus those calculated from the ADS method
appears to be a robust indicator of the importance of bed-
length changes during deformation. Small differences indi-
cate nearly constant BLT deformation, whereas large differ-
ences indicate significant changes in bed length and thickness
with attendant implications for reservoir volume and

Table 3
Data for Version 1 and Version 2 interpretations of seismic line CCT-90c-14 across Rosario field (Fig. 6). Error of layer-parallel strain is þ/�1%, extension is positive, D is
displacement on lower detachment, d is displacement on upper detachment, hu is depth to upper detachment, hL is depth to lower detachment. Calculated values are from the
ADS relationship.

Version Layer-parallel strain (%) for numbered horizons Displacements (km) Depth to detachment (km)

6 5 4 3 2a 2 D d hu hL

1 calculated þ0.64 þ1.18 þ1.13 þ2.87 �3.33 �6.98 2.86 2.64 �5.32 �6.78
1 measured 2.48 �5.52 �6.97
2 calculated þ0.64 þ1.18 þ1.13 þ0.76 �2.11 �3.73 2.46 2.23 �5.52 �7.21
2 measured 2.26 �5.52 �6.97

Fig. 6. Interpretations of Rosario oil field, Venezuela, based on seismic-reflection line CCT-90c-14 from Apotria and Wilkerson (2002, 2005). a. Uninterpreted seismic line. b. Seismic
line with interpretation by Apotria and Wilkerson (2002, 2005). RF ¼ Rosario fault. The bedding-parallel backthrust on the top of the La Luna Formation represents cryptic upper-
detachment displacement. c. Two alternative versions of the seismic interpretation with addition of marker 2a. Horizontal lines are regionals. Underlined dimensions are measured
on the profile; other dimensions are from area-depth graphs in e. The small arrow at the top of the section marks the location of the depth measurements. c1. Version 1 inter-
pretation with velocity pull-up in the footwall of the Rosario fault (Apotria and Wilkerson, 2002, 2005). Footwall line lengths are the straight-line distances along the regionals.
Because the cutoff location of the marker just above the lower detachment is uncertain, the base of the fault ramp is restored by including the calculated displacement (2.54 km) in
the total line length and, thus, is an approximation. c2. Version 2 interpretation with no velocity pull-up; footwall line lengths are curved-bed lengths. The dashed fault trace is
based on the calculated displacement on the lower detachment (2.46 km). d. Constant BLT restoration for Version 1 (d1) and Version 2 (d2). e. Area-depth relationship for Version 1
(e1) and Version 2 (e2). Labeled points correspond to markers in c.
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heterogeneity. Mismatches between themeasured detachment
elevations and those calculated from the area-depth relation-
ship provide another good indicator of interpretation prob-
lems. Changes in the absolute values of excess areas or relative
changes in values along an area-depth line will change the
predicted detachment elevations and suggest the types of
changes that can improve the geometric interpretation.

4) A profile that appears to be balanced may nevertheless have
undergone dilation. The large layer-parallel shortening strains
in the sand model cause it to appear to have lost area when
interpreted with constant BLT methods. In contrast, an area
increase is indicated by the difference between the ADS-
calculated displacement and the known boundary displace-
ment. The ADS method is appropriate because the calculated
displacement is unaffected by bed-length changes. Area
increase of loose sand during deformation is a well-established
phenomenon (Mead, 1925; Colletta et al., 1991). The ADS
method is very sensitive to dilation, with the 4% area increase
in the sand model leading to a calculated displacement that is
11% more than the known boundary displacement.

5) Fault displacement measurements on cross sections and
seismic profiles are potentially unreliable measures of total
displacement unless confirmed by the ADS method. This
conclusion is important for balancing sections and for calcu-
lating the orogenic shortening values used in geodynamic and
basin modeling.

6) The Chamberlin (1910) excess area method is too sensitive to
small layer-parallel strains and the position of the regional to
be a practical method for balancing cross sections. It is a useful
tool for revealing discrepancies, however, because bed length
must be constant and the regional chosen correctly for the
calculated lower detachment to match the observed detach-
ment. The same sensitivity probably affects conclusions based
on the relief-versus-shortening method of Poblet et al. (2004).

7) Although bed-length changes significantly alter some tradi-
tional conclusions based on section balancing, other uses are
unaffected. Matching hangingwall and footwall cutoffs across
faults remains a valuable validation and interpretation tech-
nique in restoration and balancing (Geiser et al., 1988; Marshak
and Woodward, 1988; Woodward et al., 1989; Wilkerson and
Dicken, 2001). Interpreting thickness changes across restored
faults as the result of syn-deformational sedimentation (i.e.,
growth beds), however, should be carefully considered because
of possible deformation-related changes in thickness (e.g.,
Withjack and Schlische, 2006). The use of experimental sand or
clay models to interpret structural styles is relatively unaf-
fected by unrecognized bed length, bed thickness, and area
changes, but quantitative analyses of models must accurately
include such changes.
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