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Abstract

A reservoir that appears to lack faults at one scale of resolution or at one sampling density may nevertheless contain faults that are below
the resolution of the observations. The area—depth relationship from a balanced cross-section is shown to contain the necessary information
for predicting the sub-resolution fault heave. Existing area—depth theory is extended to include growth units, allowing structural length and
thickness changes to be separated from the depositional changes. The technique is validated with a numerical model of a growth full graben
and a sand-box model of a half graben; then field tested in the Gilbertown graben, a growth structure within the regional peripheral fault trend
along the northern margin of the Gulf of Mexico. A cross-section developed from wells alone is used to infer the abundance of sub-resolution
faults by the area-balance technique. A small but significant amount of sub-resolution extension is predicted and then confirmed with a high-

resolution seismic line.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

A fault that is below the resolution of the observation
technique, regardless of the technique used, is a ‘sub-
resolution’ fault (Baxter, 1998). This is a generalization of
the concept of a ‘sub-seismic’ fault, a term widely used for
faults that are smaller than the resolution of a 2-D seismic
reflection profile. The concept is also appropriate for faults
that are too small to detect on conventional wire-line well
logs and for unsampled faults that fall between wells or
between 2-D seismic lines. Sub-resolution faults can be very
important for a variety of reasons. At the reservoir scale,
small faults may form either barriers or conduits within the
reservoir and therefore greatly affect reservoir performance
(e.g. Ellevset et al., 1998; Foley et al.,, 1998; Knai and
Knipe, 1998; Manzocchi et al., 1998; Walsh et al., 1998).
The magnitude and distribution of strain caused by small
faults is of great importance to broader questions related to
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the origin and evolution of the large-scale structures that
contain them (e.g. Marrett and Allmendinger, 1992;
Groshong, 1996; Baxter, 1998). It has been proposed that
the displacement on sub-resolution faults may add to the
total displacement by an amount up to that carried by the
visible faults, thereby potentially doubling the total exten-
sion (Kautz and Sclater, 1988; Walsh et al., 1991; Marrett
and Allmendinger, 1992). A valid structural interpretation
must, therefore, include the effects of all faults, including
those that are too small to be resolved (Wu, 1993).

How to infer the presence and importance of sub-
resolution faults remains a critical question. The abundance
of sub-resolution faulting is controlled by the physical
properties of the stratigraphy and the mechanics of
deformation. Thus the prediction of the importance of
sub-resolution faulting should ultimately be based on a
model of the mechanical process. The construction of a
mechanical model that will predict sub-resolution faults in
a specific reservoir requires a detailed knowledge of the
mechanical properties of the stratigraphy, the boundary
conditions, and the fracture criterion, along with analytical
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techniques that are capable of dealing with a high level of
detail while remaining practical in application. Making
specific predictions about individual field examples is often
impossible because some of the required mechanical
information is either not available or is not known to
sufficient accuracy to make reservoir-specific predictions
(Maerten et al., 2000). As a result, other approaches to the
prediction of sub-resolution faults have been applied in an
effort to make practical, reservoir-specific predictions.
One alternative is to greatly simplify the mechanical
model. A kinematic model represents such a simplification
in which a displacement field is specified (e.g. White et al.,
1986; Wickham and Moeckel, 1997) without explicitly
including all the boundary conditions or the mechanical
properties of the material that combine to cause the
displacement field. The value of kinematic models in
geometric analysis is well documented. Kinematic models
can also provide a quantitative link between the first-order
structural geometry and the sub-resolution fault strain as
shown by Groshong (1990) and Withjack et al. (1995).
Unfortunately, even though a kinematic model may provide
a good fit to one or more aspects of the geometry, it may fail
to provide an accurate representation of the strain
distribution at the scale of the sub-resolution faults (Chai,
1994; Chai and Groshong, 1994; Withjack et al., 1995).
Stochastic models take a different approach, one in which
the sub-resolution faults are inferred to be the missing part
of an otherwise continuous statistical size distribution. The
model is used to extrapolate an observed fault population
distribution to a different location or to a different size range
at the same location (e.g. King, 1983; Childs et al., 1990;
Scholz and Cowie, 1990; Marrett and Allmendinger, 1991,
1992; Walsh et al., 1991; Wu, 1993; Carter and Winter,
1995). The amount of layer-parallel strain that has been
predicted as resulting from sub-resolution faults can be
substantial, with estimates ranging from 25 to 60% of the
total (Walsh et al., 1991; Marrett and Allmendinger, 1992).
The relationships, however, are not necessarily invariant
with respect to fault size or geographic location (King and
Cisternas, 1991; Wojtal, 1994, 1996; Peacock and Sander-
son, 1994; Brooks et al., 1996; Nicol et al., 1996; Gross
et al., 1997). This renders problematical the predictions for
structures for which a scaling relationship is not available.
A third approach is adopted here, the calculation of sub-
resolution fault strain from an area-balanced cross-section.
The distribution of area within a structure is the mechanical
response to the process of deformation. The relationship
between area and depth captures key aspects of the
mechanical response without requiring knowledge of the
specific process, the mechanical properties, or the stresses.
If the locations of the boundaries between the deformed and
the undeformed regions are known, the boundary displace-
ment can be determined from the area—depth relationship
and, from this, the original bed lengths. Original and final
bed lengths are compared to determine layer-parallel
extension. This extension provides the estimate of the

heave on sub-resolution faults. Previous work (Hossack,
1979; Groshong and Epard, 1994; Groshong, 1994, 1996)
has demonstrated that the area-balance strain calculation
applies to area-constant pregrowth sequences in both
compressional and extensional structures.

In this paper we extend the previous area-balance work to
include the common situation of units that have variable
thicknesses due to deposition during deformation. The
necessary relationships are derived and verified by appli-
cation to both analytical and experimental models. We
conclude with a field example from the Gilbertown graben
system, a large structure located along the northern margin
of the Gulf of Mexico. A cross-section of the graben has
been constructed from well-log data. This cross-section is
not expected to resolve small faults, especially those
occurring between wells. The area—depth relationship
from the cross-section is used to predict the amount of
extension due to sub-resolution faults. The prediction is
corrected for the effects of compaction, as will usually be
necessary in growth structures. The predicted extension is
then compared with the measured results obtained from a
high-resolution seismic line. The line shows faults not
detected in the wells and the area-balance extension
prediction is a remarkably close match to the additional
fault extension seen on the seismic line.

2. Area-balance strain and fault prediction

Area balancing (Chamberlain, 1910) has traditionally
been used to determine the depth to detachment (e.g.
Chamberlain, 1910; Hansen, 1965; Gibbs, 1983; Groshong,
1996, and references cited therein). The procedure can be
reversed, however, so that if the depth to detachment is
known, it becomes possible to find the layer-parallel strain.
The position of the lower detachment may be known either
from direct observation or from the area intercept of the
area—depth curve (Epard and Groshong, 1993; Groshong,
1996, 1999). Displacement on a lower detachment results in
areas being uplifted or downdropped from their original
elevations. The displaced area is the area enclosed between
a given horizon in its deformed position and its original
undeformed position (Fig. 1). The original regional
elevation of a horizon before deformation is generally
referred to simply as the regional (McClay, 1992). To find
the layer-parallel strain in any unit, the following must be
known: (1) the boundaries of the deformed area, (2) the
regional, and (3) the position of the lower detachment. Area
change caused by the deformation is not allowed, although
stratigraphic thickness changes caused by variations in
accommodation space are acceptable. Compaction due to
the weight of the overburden will be considered later.

2.1. Area-balance strain

The displacement that formed the structure (D) is found
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Fig. 1. Cross-section of an area-balanced full graben that includes a growth
bed (dot pattern). The diagonally ruled areas are the displaced areas caused
by an incremental displacement (—d) on the lower detachment.

from the displaced area (S) and the distance (H) between the
lower detachment and the regional:

D= S/H, ey

where D is negative if extensional and S is negative if below
regional. A lowercase d is used here for a post-growth
displacement and an uppercase D for the total displacement;
the equation has the same form for both. The length of a
particular horizon as seen on a cross-section is its final
length L, which may include bed-length changes. From the
geometry of Fig. 1, the original length of the horizon (L) is:

Ly=W+d=W+S/H )

where W is the width of the structure at the regional of the
horizon and d is the displacement of a growth horizon. The
final dip of the horizon need not be horizontal as it is in Fig. 1
and the equation applies equally well to a half graben. W is
always measured parallel to the regional and can be tilted if
the regional is tilted. The value of L, calculated from the
displaced area, is independent of the stratigraphic growth of
the unit because it depends only on the length along the
upper surface of the unit, not on the thickness. The bed-
length change is:

AL=L, —Ly=L, — (W + SIH) 3)

The length difference can be converted to layer-parallel
strain, e, by dividing Eq. (3) by Eq. (2):

_( HL, \
e_(HW—i-S) ! @)

The computed value of AL or e is the requisite layer-
parallel length change or strain, respectively, which is the
amount required for the cross-section, as shown, to be area-
balanced (Groshong and Epard, 1994; Groshong, 1994,
1996). Requisite length change and strain are so named in
order to distinguish them from values that have been
directly measured or inferred by some other technique.

2.2. Sub-resolution fault prediction

Sub-resolution faults will change the apparent geometry

of a bed in different ways, depending on the resolution of the
observations. Consider a faulted bed in which all the faults
are perfectly resolved (Fig. 2a). The final length (L) of the
deformed unit is the sum of the original bed lengths between
the faults (Lg), plus the sum of the layer-parallel components
of displacement on all the faults (D). Now consider the
effects of differing levels of resolution on the observed
geometry. At low resolution, the shape of a faulted bed
might be given either by a curved-bed approximation (Fig.
2b), for which the apparent bed boundaries include parts of
the fault traces (Fig. 2c), or by an average-surface
approximation (Fig. 2d), for which the apparent bed
boundaries smooth out the fault offsets to approximate a
plane bed (Fig. 2e). For low-resolution observations (Fig. 2¢
and e), the apparent bed length L, will be equal to or even
greater than the length that includes the original bed length
plus the total extension, for which L; = Ly+ D. The
opposite will be true if the bed is shortened; it will appear
shorter than its original length.

The amount of extension or contraction of a bed cut by
sub-resolution faults can be given as the change in bed
length:

AL=1L, — L, &)
or as a layer-parallel strain, e:
e = AL/Ly = (L4/Ly) — 1, (6)

for which extension is positive and contraction negative. If
the bed-length change is accomplished by faults, as in Fig. 2,
then the number of faults of a given size that are required to
accomplish a particular layer-parallel extension or contrac-
tion can be estimated. In cross-section, the layer-parallel
displacement caused by one fault is 6L, the layer-normal
displacement is &v, the dip of the fault is 6, and
tanf = 6v/6L, where all measurements are made in
coordinates parallel and perpendicular to layering. The
total bed-length change is N6L, where N is the number of
faults. From the definition of strain (Eq. (6)), the layer
parallel strain is:

e = NSL/Ly = N&v/Lytané, 7)
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Fig. 2. Representative segment of a bed deformed by distributed normal
faulting. The total extension of each is identical. (a) Constant bed length
deformation on discrete, resolvable faults. (b) Curved-bed approximation to
the faulted surfaces. (c) Average-surface approximation to the faulted
surfaces. (d) Apparent geometry of curved-bed approximation. (e)
Apparent geometry of average-surface approximation. Ly, = original length
of bed, L; = final length of bed, D = sum of layer-parallel component of
fault displacements.
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which is solved for N to give:

N = (eLytan6)/év, (8)
or, in terms of the total bed-length change, AL:

N = (ALtan#8)/dv. )

As an example of the number of sub-resolution faults
required to accomplish a given extension, suppose the
smallest resolvable fault throw is 30 m (a typical value for a
2-D petroleum-industry seismic line), the total extension is
0.10 (10%), the fault dip is 60°, and the original bed length is
1 km. From Eq. (9), N=5.8 sub-resolution faults per
kilometer of original bed length will produce 10%
extension. This is the minimum number of sub-resolution
faults required for the given amount of strain. A larger
number of smaller faults could accomplish the same amount
of strain.

3. Area-balance strain prediction applied to models

To illustrate and confirm the area—depth prediction of
bed-length change, the technique is applied to a numerical
model of a growth full graben and to an experimental model
of a half graben. In addition, the numerical model provides
an example of the complete area—depth analysis of the
cross-section of a growth structure. Measurements of
lengths and areas are done utilizing the program Canvas
(Groshong and Epard, 1996). The measurements are
accurate to three significant figures. Requisite strains as
percentages measured in Canvas are accurate to about = 2—
3 tenths of a percent.

3.1. Numerical experiment

The area—depth-strain relationships in a growth graben
system are first illustrated by application to an analytical
area-balanced forward model of a full graben (Fig. 3). The
model represents pure-shear extension above a planar
detachment in which the original graben area remains
constant, expanding laterally and subsiding uniformly to
remain in contact with the lower detachment and with the
footwall blocks as they move apart. Beds are horizontal both
before and after deformation. The strain in the graben is a
downward-increasing, horizontal, pure-shear extension.
Field examples of detached full grabens are relatively
common, for example, in the Appalachian Black Warrior
basin (Groshong, 1994) as well as along the up-dip rim of
the Gulf of Mexico (the Gilbertown graben example later in
this paper). The model was constructed by incrementally
extending the cross-section while maintaining the original
area of the graben trapezoids bounded by the regional, the
lower detachment and the bounding faults for the top of
each unit in the graben. The faults form and propagate with
a dip of 60°. The pregrowth sequence (Fig. 3a) consists of
units with thicknesses that were constant prior to extension.

Growth sediments are deposited in steps (b)—(f), overfilling
the graben in each step and producing a horizontal upper
surface. Compaction is not included in the model. An
increment of displacement without deposition in step (g)
completes the model. All units within the graben are
stretched and structurally thinned in the process of graben
formation. The extension and thinning are obvious in the
pregrowth units by a simple visual comparison between Fig.
3a and g. The thinning is masked in the growth units by the
depositional thickening, but layer-parallel extension is
nevertheless present. The model represents the deformation
as being homogeneous at the bed scale.

To illustrate the technique and demonstrate its validity,
the layer-parallel extension of the growth bed deposited in
step (e) (Fig. 3) is determined from its original and final bed
lengths, and this ‘ground-truth’ value is compared with that
determined from the area-balance of the final-stage cross-
section alone (Fig. 3g). The two stages are shown separately
and the measurements labeled in Fig. 4. The direct measure
of Ly for horizon 2 is the bed length at the surface between
the projections of the two boundary faults (Fig. 4a). The
final bed length, L, is measured directly in Fig. 4b. The
strain of horizon 2 is then found from Eq. (6) to be 3.1%
layer-parallel extension. The requisite strain for horizon 2 is
obtained from measurements made only on the final
deformed state cross-section (Fig. 4b) and calculated from
Eq. (4). The result is a requisite extension of 2.8%. The
difference between the two values (0.3%) represents the
accumulated measurement errors, not a significant differ-
ence, thereby confirming the area—depth relationship for
strain calculation. The complete area—depth relationship for
the model is given in Appendix A.

3.2. Physical experiment

The requisite-strain calculation is next tested with an
experimental sand-box model of a half graben (Fig. 5). This
test shows that the technique is not restricted to analytical
models or to full grabens. The hanging wall of the normal
fault in the model has been displaced along a pre-formed
listric fault. Following the experimental design of McClay
and Ellis (1987), a mylar sheet at the base of the sand is
attached to the moving wall in order to ensure that the entire
hanging wall shares in the displacement. The experimental
material is well-sorted dry sand of 350 wm grain size. The
dark layers consist of colored sand of the same size.
Measurements on the whole model reveal that the entire
model has been extended, not just the region over the curved
portion of the fault, and that there is an area increase of
5.6 cm? or 2.5% caused by the deformation (Chai, 1994).
An area increase is expected because the sand grains change
to a looser packing arrangement during deformation. The
sand was not compacted during model construction and so
the area increase is small. The uppermost dark band in the
model was extended 10.8% in the rollover, as determined
by locating the hinge point in the model relative to
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Fig. 3. Area-constant forward model of a growth graben. Pregrowth beds are solid black or white, growth beds are patterned. (a) Before deformation, zero
displacement. (b)—(g) Sequential extension and deposition of growth beds. Displacement increments: (a)—(b) 0.5 units; (b)—(c) 1.0 units; (c)—(d) 0.5 units;

(d)—(e) 1.0 units; (e)—(f) 0.5 units; (f)—(g) 1.0 units.

pre-deformation markers and measuring the bed length
between the hinge point and the fault before and after
deformation (Chai, 1994).

Here we interpret the model as if it were a field example
for which only the deformed state is known. The
measurements are shown in Fig. 5. Uncorrected for area
increase, the requisite strain from Eq. (4) is 8.3% extension
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Fig. 4. Data for area balance and strain calculation for a growth unit in the
full graben model. (a) Cross-section from Fig. 3e, representing the
geometry at the time of deposition of horizon 2. (b) Cross-section from
Fig. 3g, representing the geometry after deposition of horizon 1 and an
additional increment of displacement. Diagonal pattern is the lost area of
horizon 2. Scale bar is 5 units.

along the top bed in the rollover. The deformation-induced
area increase of the model reduces the lost area in the
graben, relative to a constant-area-model. Correcting for the
area increase by assuming that all the increase occurred
entirely in the rollover has the effect of reducing the lost
area of the graben by 5.6 cm?, and the requisite strain in the
rollover (Eq. (4)) would then be 12.7% extension.
Deformation occurred throughout the entire model, not
just in the rollover (Chai, 1994), and so the deformation-
related area change should also be distributed over the entire
model, not just restricted to the rollover. The reduction of
lost area in the graben caused by the area increase of the
sand should therefore be somewhat less than 5.6 cm?® but
more than zero. Thus the true amount of requisite strain
must lie between the corrected (12.7%) and uncorrected
(8.3%) values. The average of the two values is 10.5%, very
close to the layer-parallel extension in the rollover
determined by direct measurement on the entire bed
(10.8%). This confirms the ability of the lost-area
calculation technique to determine the sub-resolution strain
to a relatively high degree of accuracy.

Fig. 5. Experimental model of a half graben (after Chai, 1994). The hanging
wall is homogeneous sand with lines of dark sand as marker layers. The
scale divisions are 1 cm, HP = hinge point.
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4. Sub-resolution faulting in the Gilbertown graben

We now apply the area—depth relationship to predict the
sub-resolution faulting in a large field example. The
structure is the Gilbertown Graben system located in
southern Alabama (Fig. 6). This structure is particularly
suitable for a test of the technique because an interpretation
based exclusively on well logs (Pashin et al., 2000) was
completed prior to a 3-D seismic survey becoming available
over a portion of the area. The original well-based
interpretations can thus be compared with the 3-D seismic
interpretation in a completely independent test.

The Gilbertown graben system occurs near the updip
limit of salt along the regional peripheral fault trend of the
Gulf Coast basin. Down-dip gliding on the salt is the
probable cause of the extension at this location (Cloos,
1968). The salt can be identified on seismic lines as pinching
out in the vicinity. The graben system is developed between
the north-dipping West Gilbertown and Langsdale faults
and the south-dipping West Melvin fault (Fig. 6). The
Gilbertown oil field occurs parallel to the trace of the West
Gilbertown fault. Reservoirs in this field are Cretaceous in
age and occur in glauconitic sandstone of the Eutaw
Formation in the footwall and the fractured chalk of the
Selma Group in the hanging wall (Current, 1948; Braun-
stein, 1953; Bolin et al., 1989; Pashin et al., 2000). Because
the permeability of the Selma chalk is entirely a function of
fracturing, the presence or absence of sub-resolution faults
has a practical as well as a theoretical significance.

4.1. Cross-section

The cross-section (Fig. 7) is controlled by a regional 3-D
model and locally by the wells closest to the line of section.
The 3-D interpretation of the graben system was developed
in GeoSec3D using the logs from over 625 wells (Pashin

Gilbertown

|
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| | = cross section v loi Fy
s IT.
HA J 110
N,

0.1 2 3 4 5mi
012 3 4 5km

@ well used in section construction

=Bem Normal fault at base of Selma chalk
bar on downthrown side

Fig. 6. Index map to the western part of the Gilbertown graben system.
Faults are shown as they occur at the top of the Selma Group (after Pashin
et al., 2000). Cross-section A—A’ is given in Fig. 7. Thick dashed lines
show the boundary of the Gilbertown oil field.
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Fig. 7. Cross-section A—A’ from the Gilbertown graben system (after
Pashin et al., 2000). The location of the cross-section is shown in Fig. 6. No
vertical exaggeration. The width (W) of the graben at the top Selma is
shown. S = lost area of Selma, H = distance between top of Selma and
detachment, WM = West Melvin fault, L = Langsdale fault, WG = West
Gilbertown fault. Units between the Eutaw Formation and the Louann Salt
are, from youngest to oldest, Ktl = lower Tuscaloosa Group, Klu = Lower
Cretaceous undifferentiated, KJcv = Cotton Valley Group, Jhu = upper
Haynesville Formation, Jhl = lower Haynesville Formation, Jsn =
Smackover and Norphlett Formations.

et al., 2000). Within a given fault block the thickness of
most units is nearly constant in adjacent wells. Thus, in the
interpretation process, stratigraphic thicknesses were main-
tained as constant as possible where horizons were projected
into faults. All mappable fault surfaces were intersected
with multiple stratigraphic horizons in order to ensure the
internal consistency of both the beds and the fault surfaces,
following the methods of Groshong (1999). To be mapped
we required that a fault be found in more than one well. This
criterion leads to the omission of small faults and faults on
the edges of the data set, in other words, it allows sub-
resolution faults to be present. In the vicinity of the cross-
section, the structure of the Selma Group and the Eutaw
Formation is controlled by numerous wells. The deep
structure is controlled by a few key wells and by the
stratigraphic separations on faults. We retain the original
units (feet) on the cross-section and on all measurements in
order to retain the original accuracy of the measurements
(1 m = 0.3048 ft).

Regionally, the shallow-marine Smackover through
Cotton Valley Formations maintain relatively constant
thickness and so are interpreted as forming the pregrowth
stratigraphy (Fig. 7). This interpretation does not rule out
minor amounts of growth below the resolution of the cross-
section. The graben began to form during the deposition of
the lower Cretaceous clastic sequence, as demonstrated by
the substantial expansion of section across the master faults.
A downward shift of the hanging wall regional across the
graben is apparent in the KJcv and older units on the south
side of the cross-section (Fig. 7). This downward shift could
be caused by either salt withdrawal from the south side or
displacement on a lower detachment that dips south at a low
angle, which is steeper than the dip of bedding. Regional
seismic lines show no evidence of a low-angle fault below
the Louann salt, implying that the lower detachment is in the
salt. Depth-to-detachment determinations from multiple
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cross-sections across the fault system also indicate that the
lower detachment is in the salt (Pashin et al., 2000). See
Appendix B for a model of the kinematics and area balance
of the salt evacuation. Salt that evacuated from adjacent to
the Gilbertown graben system migrated laterally to the south
to form the Hatchetigbee anticline, a turtle structure (Pashin
et al., 2000). Regional elevations of horizons are relatively
constant across the graben at the top of the lower Cretaceous
Ktl and for all younger units, indicating that salt withdrawal
had ceased and that extension during deposition of the
Eutaw and Selma occurred on a bedding-parallel lower
detachment in the salt.

Here we focus on the faults in the Selma Group and
Eutaw Formations because the well control is best for these
units and because they produce the clearest (highest
amplitude, most continuous) reflectors on the 3-D seismic
profile, allowing a detailed comparison between the cross-
section and the seismic profile. The units are nearly
horizontal, and as a result the horizontal component of
fault separation is equal to the fault heave. The measured
heaves on individual faults and the total heave are given in
Table 1.

4.2. Fault prediction from area—depth relationship

Predicting the abundance of sub-resolution faults from
the area—depth relationship requires selecting the appro-
priate regional elevations, locating the lower detachment,
and making a correction for compaction before performing
the final calculation. Because of the salt-related subsidence
of the south flank of the graben, the south-side regionals are
appropriate. The area-balance of the graben is not affected
by the salt-related subsidence as long as the subsided
regional is selected (Appendix B). The lower detachment is
placed at the top of the salt, based on the results of the area—
depth graphs of all the cross-sections constructed by Pashin
et al. (2000) and results given in Appendix B. The areas and
length parameters are measured directly in Fig. 7 and given
in Table 2.

Compaction can have an important effect on the lost
areas of growth units. Without correction for compaction,
the calculated requisite strains for the cross-section are
small negative numbers, which implies layer-parallel
contraction in the graben. This is not a realistic result in
an extensional environment and underscores the need for the
compaction corrections. The measured lost area must be

Table 1

Measured fault heaves (ft) on unit tops, measured on cross-section section
A-A’ (Fig. 7). WM = West Melvin fault, N = northern unnamed fault,
L = Langsdale fault, WG = West Gilbertown fault, S = southern unnamed
fault

Unit WM N L WG S Total (ft)
Selma 90 60 170 70 - 410
Eutaw 120 170 230 30 60 610

Table 2

Area—depth measurements on cross-section A—A’ (Fig. 7)

Unit top Lost area (ft%) H (ft) W (ft) L, (ft)
Selma Group — 7,560,000 10,800 24,100 23,200
Eutaw Formation —7,000,000 9680 22,500 21,600

corrected for both regional compaction and for differential
compaction caused by the greater thickness of sediments in
the graben. The details of the compaction corrections are
given in Appendix C and the results summarized in Table 3.
The constants in Table 3 are the values for chalk (Selma)
and shaley sand (Eutaw) given by Sclater and Christie
(1980) except that the final porosity (¢,) of the Eutaw is
estimated from local well data. The average porosity of
Eutaw reservoir sandstone calculated from well logs by
Pashin et al. (2000) for the Gilbertown area is ¢; = 0.255
and the shale porosity, although unmeasured, is perhaps a
tenth of that amount because the shale is the seal for oil
reservoirs in the sandstone. Shale constitutes on the order of
half the formation, giving an estimate of the final bulk
porosity of 0.14, the value given in Table 3.

The compaction-corrected lost areas, requisite strains
and length changes are given in Table 4. Requisite strain and
length change are obtained from Eqgs. (3) and (4) using the
net lost area. The requisite strains and length changes
represent small but significant extensions (Table 4). The
greatest numerical uncertainty in the strain and length-
change calculation is in the compaction correction. Greater
compaction will result in greater amounts of requisite
extension. To judge the sensitivity of the requisite strain and
length changes to the amount of compaction, the compac-
tion values (C) have been changed = 25% from the values in
Table 3. For the Selma this causes the requisite strain to
range from 0.1 to 1.5% and the requisite length change to be
35-240 ft. For the Eutaw this causes the requisite strain to
range from 0.7 to 3.4% and the requisite length change to be
150-711 ft. These ranges are comparable with the ranges
estimated from the seismic reflection profiles (Table 5). The
requisite extension calculated from the cross-section could
represent a homogeneous strain within the beds, heave on
unrecognized faults, or some combination of the two.

The plus and minus values given for the requisite strains
and requisite length changes in Table 4 are the amounts
associated with the probable measurement errors. The value
of 0.3% requisite strain difference, interpreted as a
difference due to cumulative measurement errors in the
numerical model, is thought to be a reasonable estimate of
the measurement error. It is applied here as giving a range of
*0.15% on the measured values.

4.3. Faults observed on 3-D seismic

A seismic line (Fig. 8) has been selected from a 3-D
survey at a location close to the cross-section of Fig. 7. The
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Table 3

Data for compaction corrections for the Gilbertown cross-section A—A’ See Appendix C for an explanation of the symbols

Unit Midpoint depth (ft) W, () Ly, (ft) 1 (f0) 1, () do ¢ (km™h) & c D.R.
Selma 2560 13,800 12,200 1050 1160 0.68 0.47 0.51 0.39 1.64
Eutaw 3800 12,200 10,100 1250 1390 0.56 0.39 0.14 0.41 1.69

line crosses approximately the north half of the graben at the
level of the Selma and Eutaw (Fig. 6). The top of the Selma
Group and the top of the Eutaw Formation produce seismic
reflections that can be unambiguously correlated to the well
logs.

The seismic profile reveals a number of small faults that
were not interpreted on the cross-section (Fig. 8b), and
somewhat different heaves on the faults that are on the
cross-section. Four new faults were discovered in the Selma
Chalk with a total of 90 ft of heave and the Eutaw Formation
shows six new faults (one of which also cuts the Selma) with
a total heave of about 270 ft. Where the fault throw is clear
but the fault itself is not, the fault heave is based on the
observation that most well-documented faults in this area
dip about 60°.

4.4. Comparison between predictions and observations

Because the seismic line crosses only the northern
half of the graben, it presumably records only part of
the total sub-resolution fault heave predicted from the
area-balance of the whole graben. If the sub-resolution
faults are equally distributed across the graben, then the
seismically observed fault heave should be doubled to
represent the entire graben. The southern half of the
graben, not sampled by the 3-D survey, includes the
Gilbertown oil field where the structure is better
controlled by closer well spacing than in the area of
the seismic survey. Thus the southern half of the graben
should contain fewer sub-resolution faults than the
northern half. A range of extension from an amount
equal to that on the seismic line to twice that on the
seismic line is reasonable for the amount of sub-
resolution fault heave for the whole cross-section (Table
5). The predicted values of sub-resolution extension for
both the Selma and the Eutaw are in the middle of the
range of the additional heave observed on the seismic
profile. Thus the predictions are consistent with the
observations.

Table 4
Calculated values for the Gilbertown cross-section A—A’

5. Discussion

Insight gained from the seismic profile shows that the
construction of cross-section A—A’ underestimated the
presence of small faults and faults on the edge of the data
set. The small panel of south dip in the center of the cross-
section should have been interpreted as a fault offset. The
northernmost fault seen on the seismic line, in the footwall
of the Melvin fault, was observed in one well but could not
be found in any other well and so was not shown on the
section. Because all the localized elevation changes are
evidently the result of faults, the stratigraphic sequence is
clearly very brittle. This is true even though stratigraphic
growth in both the Selma and the Eutaw shows that they
were deformed while very young and at shallow depth.

The Gilbertown graben in cross-section A—A’ (Fig. 7) is
a full graben containing nearly horizontal beds and
represents a structural style to which the most commonly
used kinematic models do not apply. The kinematic models
most commonly applied to extensional structures, e.g.
oblique simple shear, flexural slip, and rigid-body displace-
ment (Groshong, 1999), predict zero layer-parallel exten-
sion for horizontal beds. Oblique simple-shear models
require a dip change of bedding for strain to develop.
Flexural-slip models maintain constant bed length, regard-
less of dip. Of course, by definition, a rigid-block
displacement model does not include layer-parallel strain
between the faults. The graben has a small but significant
amount of layer-parallel extension at the shallow levels
where the Selma Chalk and the Eutaw Formation are
located. The amount of layer-parallel extension could be
much greater at deeper levels where the graben must widen
at its contact with the lower detachment. As shown by the
area-balanced pure-shear model (Fig. 4 and Appendix A), if
the beds remain horizontal as the detachment is approached,
very large strains are required. The lack of a large amount of
small-scale faulting at the Selma and Eutaw levels in the
Gilbertown graben does not preclude the occurrence of
many more sub-resolution faults deep in the graben.

Unit top  Decompacted lost area (ft)  Lost area of differential compaction (ft®)  Net lost area (ft>)  Lq (ft) Requisite e (%)  Requisite AL (ft)
Selma —12,393,443 +914,262 — 11,479,180 23,037 0.7 £0.15 163 £ 24
Eutaw —13,725,490 41,499,784 —12,225,706 21,237 1.7 £0.15 363 = 54
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Table 5
Predicted sub-resolution fault heave and seismically observed fault heave

Unit Fault heave (ft)

Predicted requisite extension

Additional heave from 3-D seismic profile (observed and 2 X observed)

Selma 163 = 24
Eutaw 363 + 54

90-180
270-540

If the fault-size scaling relationship given by Walsh et al.
(1991) applies to this structure, their figures indicate that
40% of the extension seen on the visible faults could be
present on sub-resolution faults. Forty percent of the
extension on the mapped faults (Table 1) is 164 ft for the
Selma Chalk and 244 ft for the Eutaw formation. The total
extension on sub-resolution faults predicted from the
scaling relationship is nearly the same as from the area
balance and falls within the range of observed values (Table
5), indicating that the Walsh et al. (1991) scaling
relationship might apply to the Gilbertown graben.

Could substantially more fault displacement occur on
cross-section A—A’ below the resolution of the seismic line?
The general agreement of the area-balance prediction with
the seismic observations suggests that the 3-D seismic
profile has detected essentially all the sub-resolution
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Fig. 8. Seismic reflection profile corresponding approximately to the
northern half of cross-section A—A’ (Fig. 7). It is a time-migrated profile
from a 3D data survey. V.E. about 1:1. (a) Uninterpreted. (b) Interpreted.
The faults indicated with heavy lines are also recognized in Fig. 7. The
numbers next to the faults are fault heaves in feet. Only the most obvious
faults are interpreted below the top of the Eutaw because faults at deeper
levels do not influence the results in this paper.

extension on cross-section A—A’ If even smaller sub-
resolution faults exist, their total heave should be very
small. High-resolution SCAT analysis (Groshong, 1999) of
the few dipmeter logs that are available in the Gilbertown
oil field on the south side of the graben indicates that
additional small faults occur very close to the master faults
(Jin et al., 1999; Pashin et al., 2000). At the scale of cross-
section A—A’, the heave on these sub-resolution faults is
included with that of the master faults and therefore does not
appear in the requisite strain calculation. SCAT analysis
indicates essentially no faulting in most wells away from the
master faults.

6. Conclusions

The geometry of a cross-section contains the information
necessary to predict the magnitude of sub-resolution fault
extension using the area—depth—strain relationship. Layer-
parallel strain can be predicted from a cross-section based
on measurements of bed length, width of the structure at
regional, displaced area, and depth to detachment. The
method applies directly to pre-growth units and, when
corrected for compaction, applies to the growth beds as
well. With this method, no assumptions are required about
the mechanical properties of the stratigraphy, the kinematic
model, or the fault scaling relationship. In order to apply the
method, the horizons of interest must return to their regional
elevations on at least one side of the structure and the
position of the lower detachment must be known. The
requisite strain represents the total layer-parallel strain over
the length of the displaced bed and hence can be directly
compared with the total sub-resolution fault heave. The
method is illustrated and confirmed with both a numerical
and a physical model. Although the technique is presented
here in the context of structures formed in extension, it is
equally applicable to structures formed in contraction.

The method is field tested with a cross-section across the
Gilbertown graben system, a growth structure formed at the
approximate up-dip limit of the salt along the northern
margin of the Gulf of Mexico. The section was constructed
from good well control and the calculations show small
requisite extensions in the Selma Group and the Eutaw
Formation, both growth units. The predicted extensions are
small compared with the length of the cross-section but
represent a significant amount of heave when compared
with the observed fault heave. The predictions have been
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tested utilizing an independent data set provided by a
seismic reflection profile in which the tops of the Selma and
the Eutaw produce good reflectors. The additional fault
heave that is seen on the seismic line is nearly the same as
that predicted from the area-balance model.

The distribution of excess or lost area on a cross-section
contains sufficient information to allow the accurate
prediction of sub-resolution fault strain. The closer a
cross-section of brittle rocks is to being perfect, in the
sense of showing all the faults, the smaller will be the
predicted requisite strain. The area-balance approach can
provide an independent check on the predictions made by
other methods.
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Appendix A. Area—-depth-strain relationship for
analytical model

The complete area—depth graph of the analytical model
in Fig. 4b (Fig. Al) illustrates the properties of a cross-
section that includes growth and pregrowth units (Groshong
and Pashin, 1997; Groshong et al., 2001). The reference
level has been placed at the top of the cross-section, at the
regional elevation of horizon 1. The boundary between the
growth and pregrowth intervals is clearly identified by
the sharp inflection point in the area-depth graph at the
position of horizon 6. The points representing the pregrowth
interval fall on a straight line because they all have the same
displacement. The inverse slope of the best-fitting straight
line (—4.5 units) is the total displacement on the lower
detachment used to generate the model. The point at which
the lost area goes to zero is the location of the lower
detachment (— 9.62 units below the reference level), which
is the position of the lower detachment in the model. The
growth beds (horizons 1-5) have lost areas that decrease
upward (Fig. Al). The lost area of the youngest bed is not
zero because an increment of extension has occurred after
the deposition of this unit. The total displacements have
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Fig. Al. Area—depth graph of the model in Fig. 4b pointing out the values
for horizon 2. § = lost area, H = depth to detachment for a particular
horizon, D = displacement of pregrowth units, H, = elevation of the lower
detachment.

been determined from Eq. (1), given the position of the
lower detachment (Table A1), and match the input values.
The layer-parallel requisite strain for the model in Fig.
4b, calculated from Eq. (4), is an extension that increases
downward in the graben to a maximum at the lower
detachment (Table A1). The layer-normal strain, e, is:

e, = (/ty) — 1. (A1)
For constant area:
tlLl = [()Lo, (AIZ)

where t; and f; are the thicknesses before and after
deformation, respectively. The value of e, can be found in
terms of the layer-parallel requisite strain, e (Eq. (4)), by
substituting Eqgs. (6) and (A1.2) into Eq. (Al.1) to obtain:

e, = —elle +1). (A1.3)

The pregrowth sequence is significantly stretched
horizontally and thinned vertically by the deformation, as
is obvious on the cross-section. The growth sequence
includes depositional thickening, which is greater than the
structural thinning, giving a net thickness increase in each
growth unit. The structural thinning can be recognized from
the area balance (Egs. (4) and (A1.3)) in spite of the net
thickness increase because the lost area and hence the strain
is a function only of the displacement and the depth to
detachment.

Appendix B. Model of extension plus salt withdrawal

Withdrawal of salt from beneath one side of a graben
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Table Al
Structural data calculated from the full graben model in Fig. 4b

Unit top Total displacement (units) Layer-parallel requisite strain (%) Layer-normal requisite strain (%)
1 1.0 +0.9 -0.9
2 1.5 +2.6 —25
3 2.5 +4.6 —44
4 3.0 +7.0 —6.5
5 4.0 +10.3 -93
6 4.5 +15.2 —132
7 45 +24.0 -194
8 4.5 +37.5 —-273
9 4.5 +66.2 —39.8
10 45 +104.2 -51.0

the model are identical to those used to create Fig. 3 with the
addition of salt-related subsidence.

(Fig. A2a and b) along with extensional displacement
produces two components of deformation in the graben, a

rigid-block displacement associated with the salt with-
drawal, and an internal strain associated with extension. The
rigid-block component causes a change in the elevation of
the regional. The internal strain component is obtained from
the area—depth relationship of the graben using the
displaced regional. Construction techniques used to produce

The model (Fig. A2a) begins with a layer of salt of
uniform thickness beneath one side of the future graben.
This is believed to resemble the geometry of the Gilbertown
graben system before extension and salt movement.
Extension coupled to salt withdrawal (Fig. A2b) causes
both the graben and its adjacent footwall to subside.
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Fig. A2. Full graben associated with withdrawal of salt (* pattern) plus extension. (a) Undeformed. (b) After 1 unit of extension and salt extrusion. Extruded salt
is removed from the cross-section. HW = hanging wall, FW = footwall of master fault. (c) Area—depth diagram based on hanging wall regional projects to
zero area at detachment.
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Additional subsidence of the graben is caused by pure shear
thinning within the graben. We refer to the subsided region
as the hanging wall of the resulting graben system, the
unsubsided region as the footwall of the system (Fig. A2b),
and the fault that separates them as the master fault. The
difference in elevation of the regionals across the master
fault is the vertical component of the rigid-block displace-
ment (throw) due to salt withdrawal. The horizontal
component (heave) depends on the dip of the master fault
and is:

R = Vtang (A2.1)

where R is the horizontal component of displacement, V is
the vertical component of displacement, and ¢ is the fault
dip (Fig. A2b).

The properties of the graben are defined on an area—
depth graph that uses the hanging wall regional (Fig. A2c).
In the model, the area—depth relationship is a straight line
because only pregrowth units are present. The line projects
to zero area at the inferred location of the lower detachment.
This is the elevation of the top of the evacuated salt or,
equivalently, the base of the rigid block that forms the
subsided boundary of the graben. The inverse slope of the
area—depth line, D, gives the displacement associated with
the internal strain of the graben beds. The total bed-parallel
displacement across the graben system is the sum of the
rigid-block component, R, and the extensional displacement
of the graben, D. The requisite strains within the graben
could be calculated from the area—depth relationship,
exactly as done for the example in Fig. 4.

Appendix C. Compaction corrections

The effect of compaction on the lost area can be
important for growth units. The total effect of compaction
includes two components, a lost-area decrease due to the
uniform compaction of the unit containing the graben (Fig.
A3a and b), and a lost-area increase due to differential
compaction of the thicker sequence in the graben relative to
the thinner sequence outside the graben (Fig. A3c). The lost
area of the graben in the uncompacted unit (Fig. A3a) is:

Ay =T(W + L)12, (A3.1a)

and the lost area of the graben in the compacted unit (Fig.
A3b) is:
A =(01-0OTW+L)2, (A3.1b)

where C is compaction as a fraction. Dividing Eq. (A3.1b)

by Eq. (A3.1a) and solving for the original lost area gives:
Ag =A/(1 —O), (A3.2)

where the coefficient of A; will be called the decompaction
ratio, D.R. that is applied to the measured lost area to restore

Ao T W —>,(1-C)T
< | > W22 v
A )
s ol M e L

A
\

o]

Fig. A3. Effects of compaction on a graben in a growth unit. (a) and (b)
Graben in a thick compacting interval. A, = area of graben before
compaction, W = width of graben at regional, L = width of graben at top
of hanging wall, T = original depth of graben, A; = area of graben after
compaction, C = fractional compaction. (a) Before compaction. (b) After
compaction. (c) Differential compaction of growth graben. S, = lost area of
differential compaction (shaded); ¢ and fy = compacted and original
thicknesses outside the graben, respectively; f, and fy, = compacted and
original thicknesses inside the graben, respectively; v = vertical dimension
of differential compaction; W, = width of graben between hanging wall
cutoffs of the base of unit, L, = maximum width of graben at base of unit.

it to its pre-compaction area:

DR.=1/(1 - O). (A3.3)

Compaction of the thicker growth sequence in the graben
(Fig. A3c) results in a lost area of differential compaction,
S.. The thicknesses after compaction outside and inside the
graben are, respectively:

t=(1— Oy,
tg = (1 - C)IOg;

(A3.4a)
(A3.4b)

where ¢ and #; are compacted and uncompacted thicknesses,
respectively, outside the graben and #, and ¢, are compacted
and uncompacted thicknesses, respectively, inside the
graben. The vertical dimension of the lost area of
differential compaction, v, is:

v=Ag — Ah = (1, — 1)(C/(1 = C)), (A3.5)

where Ag =1ty, —t, and Ah =1, —t. The lost area of
differential compaction is then:

Se = v(Ly, — Wp)/2, (A3.6)

where L, is the maximum width of the graben at the base of
the unit and W, is the width of the graben between hanging
wall cutoffs of the base of the unit, and v is given by Eq.
(A3.5). The lost area of differential compaction (Eq. (A3.6))
must be removed from the total displaced area to find the
amount of displaced area caused by extension or contraction
alone. If #, is not constant, then the average value should
provide a good estimate.
The fractional compaction, C, is given by:

C=1-[1— ¢l — ¢ (A3.7)



R.H. Groshong Jr et al. / Journal of Structural Geology 25 (2003) 1645-1658 1657

where ¢; is final porosity and ¢y is initial porosity. If the
final porosity is unknown, it can be estimated from the
Rubey and Hubbert (1959) exponential compaction curve:

1 = doe “. (A3.8)

where z is depth and ¢ is compaction coefficient. The values
of ¢ and ¢ are determined from compaction curves (e.g.
Sclater and Christie, 1980).
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