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nvestigation of links between Precambrian basement structure
nd Paleozoic strata in the Fort Worth basin, Texas, U.S.A., using
igh-resolution aeromagnetic „HRAM… data and seismic attributes
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ABSTRACT

Effective hydraulic fracturing is critical for generating per-
meability within the Barnett Shale of the Fort Worth basin
�FWB�. Therefore, knowledge of the nature of the induced
and natural fractures, faults, and collapse features that may
form conduits to the underlying Ellenburger aquifer is vital.
We use coherence and curvature seismic attributes, which are
sensitive to faults, fractures, and collapse features, to map
sedimentary features. We then integrate high-resolution aer-
omagnetic �HRAM� data with the seismic attributes extract-
ed along the Ellenburger Formation and the top of basement
from the north-central portion of the FWB, thereby linking
features in the Precambrian basement to shallower sedimen-
tary structures. HRAM-derived maps, designed to enhance
basement structures, confirm that much of the sedimentary
faulting is basement controlled. Specifically, attribute linea-
ments are aligned parallel to HRAM anomaly lineaments,
consistent with regional tectonics. The northeast-southwest
and northwest-southeast orientations of folds and faults in the
sedimentary section parallel the northeast-trending Ouachita
orogenic belt and the northwest-trending Muenster arch,
which in turn correlate with reactivated Cambrian/late Pre-
cambrian basement faults. Mapping such features can aid in
the design of the hydraulic fracture program and ability to
predict structurally deformed areas of the basin.

INTRODUCTION

Almost all hydrocarbon production from the Barnett Shale of the
ort Worth basin �FWB� �Figure 1� requires inducing fractures while
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voiding natural fractures, faults, and karst collapse features that
orm conduits to the underlying Ellenburger aquifer. The natural
ractures tend to trend northwest and are thus subparallel to the

uenster arch, a reactivated older basement fault. The present-day
ortheast-trending stress field and induced fractures tend to parallel
he northeast-trending Ouachita thrust front �Simon, 2005�. Efforts
y Montgomery et al. �2005�, Sullivan et al. �2006�, Aktepe et al.
2008�, and Elebiju et al. �2008� suggest that Precambrian basement
tructures may be controlling some of the overlying Paleozoic fea-
ures, such as faulting and karsting of the Ellenburger Formation and
nfill by the overlying Barnett Shale.

The existence of links between basement structure, hydrocarbon
ccurrences, and structures within the sedimentary section is not a
ew concept �e.g., Wilson and Berendsen, 1998; Plotnikova, 2006;
erger et al., 2008�. Such relationships can be seen in the Paradox,
ardeman, Anadarko, Arkoma, Ardmore �Thomas and Baars,
992�, and Williston basins, among others �Gerhard and Anderson,
988�. However, using conventional seismic methods to establish
uch links is not trivial because basement structures may be difficult
r expensive to delineate using seismic methods.

Our objective is to investigate the use of high-resolution aeromag-
etic �HRAM� data to augment seismic images of basement and sed-
mentary structures within the north-central part of the FWB. We
lso explore the links and interactions between basement and sedi-
entary structures as well as how HRAM data can cost-effectively

xtrapolate seismic and drilling results into nearby regions without
uch control. We begin by reviewing HRAM methods and their use
n studying basement features. Next, we review the tectonic setting
f the FWB. After that, we present our methodology of linking
RAM anomalies to seismic attributes. This methodology includes

nhancement and filtering techniques applied to HRAM data to
ighlight anomalies of potential interest not directly seen in the orig-
nal data but caused by geologic features of interest. Using this meth-
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B158 Elebiju et al.
dology, we develop an integrated magnetic and seismic interpreta-
ion of the area. We conclude by discussing advantages and pitfalls
f our method.

HRAM DATA AND PRECAMBRIAN BASEMENT

The aeromagnetic method has long been recognized as an effec-
ive tool for mapping structures within Precambrian basement rocks
here measured magnetic anomalies usually indicate magnetic sus-

eptibility contrasts within the crystalline basement. HRAM data
ypically are acquired at flight heights closer to the ground
125–150 m� and with closer flight line spacing than traditional aer-
magnetic surveys. Flight-line spacing for an HRAM survey can
ange from 200 to 800 m with a tie-line spacing of 600–2400 m,
chieving an accuracy of approximately 0.1 nT �Berger et al., 2008;
eirce et al., 1998�. Consequently, HRAM data improve the capabil-

ty of mapping basement structures.
Applications of HRAM surveys in hydrocarbon exploration have

ncreased because of the development of magnetometers that are
ore accurate, improved aircraft positioning using highly precise

lobal positioning systems �GPS�, and advances in data processing
Glenn and Badgery 1998; Peirce et al., 1998; Spaid-Reitz and Eick,
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igure 1. Map showing the Fort Worth basin province and major sur-
ounding structural features: the Mineral Wells fault, Bend arch, the
uachita thrust front, and the Muenster arch. The shaded rectangle

hows the location of the seismic and HRAM data used in this study.
Map adapted from Pollastro et al., 2007. Mineral Wells fault adapt-
d from Montgomery et al., 2005�.
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998�. Such improvements can be seen in applications to basement
tructure mapping �Gibson and Millegan, 1998� and intrasedimen-
ary structure mapping �Grauch et al., 2001; Berger et al., 2008�.

Algorithmic advances in extracting detailed information from
agnetic data also have gained wide acceptance �e.g., Grauch and
ordell, 1987; Verduzco et al., 2004; Nabighian et al., 2005; Salem
t al., 2007�. Modern processing techniques for aeromagnetic data
roduce a variety of derivative or enhancement maps �e.g., tilt deriv-
tive and gradients� that extract important details from the data. In-
erpretation of magnetic data is nonunique, so interpreting HRAM
ata calls for an approach that integrates calibration with drilling,
ravity, and/or seismic data.

Integrated approaches have been used in the FWB to establish a
ink between Precambrian basement structures and sedimentary ba-
in structures and features �Elebiju et al., 2008�. Other areas where
uch links have been established include Jonah field in the Green
iver basin, the Doig Sand play in the Horn River basin, and the
akken play from the Williston basin in Canada �Stone, 2008�.

onah field consists of an unconventional basin-centered gas accu-
ulation structurally controlled by a major northeast-trending base-
ent-controlled wrench system. The Doig play develops along the

ownthrown side of the basement fault around an uplifted basement
lock. The crosscutting and offsetting of the Buick Creek basement
lock by basement faulting during reactivation controls the develop-
ent and distribution of the Doig Sand play or sweet spots �Berger et

l., 2008�. Preferred trends of sedimentary structural traps that are
argely controlled by basement structures difficult to detect from
eismic or well-log data alone constitute the Bakken play.

HRAM surveys gradually are becoming a tool of choice for imag-
ng subtle, deep Precambrian and shallow sedimentary structures. In
he aforementioned basins, the HRAM data and its derivatives were
sed to image shallow structures and basement trends undetectable
y the seismic data. HRAM also has been used to extend interpreta-
ions beyond the limits of existing seismic data coverage. We believe
his approach can positively impact how basin-scale unconventional
lays are mapped and exploited.

GENERAL TECTONIC SETTING OF STUDY AREA

The FWB is one of the major late Paleozoic foreland basins asso-
iated with the Ouachita orogenic belt, located along the southern
argin of North America. The asymmetric basin’s structural axis is

ligned parallel to the east-bounding and advancing Ouachita struc-
ural front. The FWB is bounded on the west by the Bend arch, to the
outh by the Llano uplift, and to the north and northwest by basement
plifts of the Muenster and Red River arches, which were created by
he reactivation of southern Oklahoma aulacogen basement faults
uring the Ouachita orogeny �Figure 1� �Walper, 1982; Keller et al.,
989�. This classic failed rift intersects the early Paleozoic passive
ontinental margin, which was stable until Mississippian time when
he Ouachita orogeny began �e.g., Thomas, 1989�.

Prior to the late Paleozoic orogeny that affected the FWB, the
renville orogeny and Cambrian rifting affected the basement upon
hich the basin is deposited �Mosher, 1998�. However, the Ouachita
rogeny controlled the sedimentary history and structural setting of
he FWB. The subsidence and sedimentation from the uplifted Oua-
hita thrust belt resulted in a westward migration of the depocenter
ith time and the development of the northeast-trending faulted an-
SEG license or copyright; see Terms of Use at http://segdl.org/
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HRAM Basement study within the Ft. Worth Basin B159
iclinal flexure across the Llano uplift �Walper, 1982�. These north-
ast-trending features disappear to the northeast, where the FWB in-
ersects the Muenster arch. Deepening northward, the deepest part of
he basin is located at its northeast corner adjacent to the Muenster
rch, where the sediment thickness reaches about 3700 m �Mont-
omery et al., 2005�.

In the FWB region, late Paleozoic-Mississippian movements pe-
iodically reactivated a northeast–southwest-trending Precambrian
tructure that was mapped across the Newark East field. This struc-
ure, termed the Mineral Wells fault, is important to exploration
ithin the FWB because it controls sediment deposition as well as
il and gas distribution. Specifically, it prohibits gas accumulation in
he Barnett Shale within the Newark East field, where it intercepts
losed fractures �Figure 1�. Other minor structures subparallel to the
ineral Wells fault and the Ouachita thrust front have been identi-

ed by Montgomery et al. �2005�.

METHODOLOGY

The integrated geophysical methodology used in this study con-
ists of 3D seismic data analysis supplemented by HRAM data anal-
sis. Figures 1 and 2 show the location of the HRAM and 3D seismic
ata used for the study. Within the FWB, we hypothesize that cali-
rating HRAM derivative images and HRAM Euler deconvolution
esults with scattered 3D seismic surveys can provide a means to ac-
urately map and study the relationships between the basement
tructures and the overlying sedimentary structures in areas where
eismic data are unavailable.

RAM and seismic data

Devon Energy, as part of its Barnett Shale exploitation program,
ontracted the acquisition and processing of the seismic data used
or this study. Airmag Surveys Inc. acquired the HRAM data on be-
alf of Mitchell Energy �Devon’s predecessor� during January and
ebruary 2000. The HRAM survey was flown at 152 m ground
learance, with an east-west profile separation of 402 m tied by
orth-south lines spaced at 805 m. A total of 31,000 line-kilometers
onstituted the mileage for the two areas.

Corrections applied to the HRAM data by Pearson, deRidder, and
ohnson Inc. included removing the international geomagnetic ref-
rence field �IGRF�, leveling, and adjusting for diurnal changes.
ultural noise was removed, and the data were interpolated to a
00-m grid.

eismic data

Conventional work flows for most seismic interpreters involve in-
egrating seismic data, well logs, production data, and geologic out-
rop data.Although seismic data can be areally extensive in terms of
ts denser coverage, it is often plagued with lower vertical resolution.
n the other hand, production data, well logs, and geologic outcrop
ata have a higher vertical resolution but are areally limited or re-
tricted. The seismic survey was designed and prestack time-migrat-
d to accurately map the relatively flat-lying target horizons in the
edimentary column. However, mapping below the Ellenburger un-
onformity and into the Precambrian basement requires prestack
epth migration �Aktepe et al., 2008�. Furthermore, very few wells
enetrate the Precambrian basement within the survey area.
Downloaded 11 Aug 2010 to 129.230.244.1. Redistribution subject to 
Using seismic data and seismic attributes, we adopted a conven-
ional seismic interpretation workflow for mapping structures. The
eismic attributes were generated in house, and we extracted the de-
ired attributes along the Ellenburger horizons and the top of base-
ent. The coherence and the most negative curvature attributes were

ery useful. Hakami et al. �2004�, Sullivan et al. �2006�, and Aktepe
t al. �2008� effectively use these kinds of attributes to study the sed-
mentary features within the FWB. The physical and geometric fea-
ures in these attributes use models or seismic characteristics of dip
nd azimuth, amplitude, phase, frequency content, and waveform
imilarity from adjacent seismic samples �Chopra and Marfurt,
007�.

Coherence is a measure of seismic waveform or trace similarity.
his attribute is sensitive to lateral changes in the physical models or
eismic characteristic mentioned above, and their lateral sensitivity
akes them suitable to map features such as faults �Lawrence, 1998�

nd fractures �Neves et al., 2004� effectively.
Curvature is a measure of reflector folding. Every sample in the

eismic survey is represented by a local dip and azimuth �e.g., Mar-
urt, 2006�. For a 2D cylindrical surface, curvature is the reciprocal
f the radius of a circle tangent to a surface. For 3D surfaces, we need
o define two orthogonal circles whose radii define the principal cur-
atures k1 and k2 of a local surface. The most negative principal cur-
ature k2 is always less than or equal to the signed value of the most
ositive principal curvature k1 �Mai et al., 2009�. Bowls and valleys
re represented by strongly negative k2 values; domes and ridges are
epresented by strongly positive k1 values. Curvature attributes facil-
tate the mapping of subtle folds and faults whose throw falls below
eismic resolution �Blumentritt et al., 2006�, karst-modified frac-
ures �Nissen et al., 2008�, and collapse features �Sullivan et al.,
006; Aktepe et al., 2008�.

RAM data and derivative maps

We regridded the HRAM data to 400-m grid spacing using a mini-
um-curvature algorithm available in a commercial gravity and
agnetic processing and interpretation software package. This grid

pacing is appropriate for selecting a window size for our Euler de-
onvolution depth estimation. The window size indicates the grid
ell area used to compute the Euler solutions. The size of anomaly of
nterest and the grid size determine the window size. The window

ust be large enough to include the anomaly of interest but not mul-
iple anomalies. Because we want to map anomalies of about 5 km
ide and 3–5 km in depth, the grid spacing of 0.4 km requires a
indow of about 13 grid cells �Phillips, 2007�.
Before any interpretation is done on the HRAM data, the data
ust be reduced to the pole �RTP� to remove magnetic anomaly dis-

ortion caused by varying magnetization inclination and azimuth
Kis, 1990�. To highlight local anomalies, we generate an RTP resid-
al total magnetic intensity �TMI� map �Figure 2a� by subtracting
rid values calculated by upward continuing the original RTP
RAM data to 5 km �to represent regional anomalies; Figure 2b�

rom the original TMI HRAM grid. Maps for several upward-con-
inuation heights �e.g., 1 km, 10 km, etc.� were generated and evalu-
ted before we chose the height that we felt best represented the re-
ional anomaly.

To highlight lateral or abrupt changes in magnetization that can
uggest faults or source contacts, we computed the horizontal gradi-
nt magnitude �HGM�, tilt derivative, and horizontal derivative of
he tilt derivative from the HRAM data �Figure 3�. These processes
SEG license or copyright; see Terms of Use at http://segdl.org/
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B160 Elebiju et al.
re edge-detecting derivatives that enhance lateral discontinuities in
TMI grid �e.g., Grauch and Cordell, 1987; Roest et al., 1992;
lakely, 1996; Verduzco et al., 2004�. In addition to source shape
nd edge detection, the horizontal derivative of the tilt derivative can
ffectively map shallow basement structures, delineating induced or
emanent magnetized bodies with anomalies centered over the body
dges �Verduzco et al., 2004�. The interpreter still has the responsi-
ility of providing a geologically meaningful interpretation of what
s seen on these maps.
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igure 2. �a� RTP residual TMI map generated by subtracting the
-km upward-continuation grid from the original TMI HRAM grid.
yan boxes show the location of the two seismic data sets used for
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MI map to produce the RTP map in �a�. Broad anomalies �indicated
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Euler deconvolution �Thompson, 1982� estimates the location
nd upper and lower bounds on the depth of hypothesized dikes,
aults, magnetic contacts, and extrusives �Phillips, 2007�. The Euler
econvolution structural index N describes the geometry of the de-
ired geologic structure �Reid et al., 1990; Barbosa et al., 1999�. For
ach assumed shape �i.e., structural indices of 0.0, 0.5, and 1.0�, the
nterpreter examines a suite of analysis window sizes that balances
ccuracy and lateral resolution �Phillips, 2007�. The analysis win-
ow should be large enough to contain the curvature of the anomaly
f interest without compromising lateral resolution, yet small
nough to reduce interference from an adjacent anomaly that would
ield poor results �Reid et al., 1990�.

We display Euler deconvolution images for N�1 �delineating
mall-vertical-offset faults; Figure 4a� and N�0 �delineating larger
ertical-offset faults; Figure 4b�. Only solutions with less than 25%
rror are plotted. Following Reid �1990�, we used the HRAM data
without RTP� to estimate the magnetic anomaly source type and
ault trend at the top of the Precambrian basement as well as to esti-
ate the overlying sediment thickness �Li, 2003�.

INTEGRATED ANALYSIS AND INTEGRATED
INTERPRETATION

rea of seismic survey A

Our integrated analysis and interpretation were based on areas
here seismic and HRAM data are available �Figure 2�. In seismic

urvey A, a coherence time slice extracted along the Ellenburger
hows major faults F1 –F1�, F2 –F2�, and F3 –F3� �Figure 5a�. The
aults that trend east-west and northeast-southwest agree with inter-
retations by Sullivan et al. �2006�; in fact, some of our seismic inter-
retation conclusions are extracted from their work. Sullivan et al.
2006� interpret a wrench �normal� fault �F2 –F2� and F3 –F3� on Fig-
re 5a� and antithetic strike-slip faults �F1 –F1� on Figure 5a� that
enetrate the Precambrian basement.

Circular to elliptical collapse features, which appear as low-co-
erence fingerprints on the coherence image �Figure 5a�, also have a
trong bowl shape �Figure 5c�. Many of these collapse features are
ligned along northeast and northwest orientation �Figure 5a� and
orrelate with the intersection of the valley-shaped lineaments �Fig-
re 5a and c� that continue into the basement, suggesting basement
ontrol of the collapse features �Sullivan et al., 2006�. Faults inter-
reted on the coherence time slice �Figure 5a� are also seen on the k2

rincipal-curvature time slice �Figure 5b�.
To compare structures seen within the sedimentary section via

eismic attributes with Precambrian basement structures, we gener-
ted a series of Euler deconvolution plots and derivative magnetic
aps �Figure 6�. Within the area occupied by seismic survey A, the

orizontal gradient magnitude �Figure 6a�, the tilt derivative �Figure
b�, and the horizontal derivative of the tilt derivative �Figure 6c�
nomaly maps generated from the HRAM data show a lineament
rend parallel to the wrench fault interpreted from the seismic data.
he maxima of the horizontal gradient magnitude and the horizontal
erivative of the tilt-derivative grid and value close to zero on the tilt
erivative indicate the magnetic-source shapes and edges. However,
he east-west strike-slip fault interpreted on the seismic data cannot
e identified on the derivative anomaly maps �Figures 5 and 6�. This
nability to image the strike-slip fault on the derivative maps sug-
ests that the fault does not have sufficient vertical or lateral dis-
lacement to cause a magnetic-susceptibility contrast.
SEG license or copyright; see Terms of Use at http://segdl.org/
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his location based on seismic data �Perez et al., 2009�.
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Within the area of seismic surveyA, we notice linear clustering of
uler depth solutions �N�1.0� that trend northeast and northwest

Figure 6d�. The northeast-trending lineaments indicated by the
lack arrow close to F2 –F2� and F3 –F3� are parallel with the north-
ast regional wrench fault identified on the seismic attribute data
Figure 5�. The linear clusters represented by the blue and green cir-
les suggest two source depths that correspond to between 3 and
km, which in turn correlate to a seismic depth of basement of
km. The crystalline Precambrian basement is suggested to be the
agnetic source.
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The lateral offset of the deeper magnetic anomalies �black arrows,
igure 6d� from the shallower regional wrench fault interpreted on
eismic data suggests that the fault dips to the northwest within the
asement. Other linear clusters located in the southwest corner and
pper half of seismic surveyAarea do not correlate with any seismic
ineaments. However, they terminate against the east-west seismic
ineament interpreted as an antithetic strike-slip fault �Sullivan et al.,
006�.

In an independent study �Perez et al., 2009�, a strike-slip fault lo-
ated 25 km east and southeast of seismic surveys A and B, respec-
ively, was found to run parallel to another northeast-trending deriv-
tive anomaly lineament, indicated by northeast-trending white ar-
ows in Figure 3. Based on our work flow, we predict that a north-
ast-trending fault will be present within the sedimentary section
bove these anomalies. Although the seismic data for that location
ere not available for this study, a northeast-trending basement pen-

trating the sedimentary Mineral Wells fault �Montgomery et al.,
005� has been interpreted on seismic data at this location �Perez et
l., 2009�. Thus, our interpretation further suggests that HRAM data
an be used to predict sedimentary features where seismic data are
navailable or limited.

rea of seismic survey B

Seismic survey B �Figure 7� shows more diverse lineament orien-
ations than survey A. On the coherence and k2 time slices extracted
long the top of the Ellenburger Formation, we identified three linea-
ents: two orthogonal lineaments trend northeast �F4 –F4�� and

orthwest �F6 –F6�� and one lineament trends east–west �F5 –F5��
Figure 7�. On similar attributes extracted near the top of basement,
e also observed trends of lineaments similar to what was described
ear the top of the Ellenburger Formation. These lineaments appear
n the time slices shown in Figure 7c and d. Because of the limits of
ime migration below the high-velocity Ellenburger Formation, the
eismic data quality becomes more incoherent as we approach base-
ent �Figure 7�. Nonetheless, lineaments interpreted from the top of

he Ellenburger Formation can be extrapolated on the coherence and

2 time slices extracted near the top of basement.
Evaluation and comparison of aeromagnetic anomaly trends seen

n the horizontal gradient magnitude map �Figure 8a�, tilt derivative
Figure 8b�, and horizontal derivative of the tilt derivative �Figure
c� with lineament trends from seismic interpretation and Euler
epth plot �Figure 8d� reveal similarities in the azimuths of the linea-
ents on these maps. From the Euler depth plot, we could identify

hree lineament trends that are not easily distinguishable on the de-
ivative maps. We interpret the lineaments seen on the attribute data
s faults. These faults, which trend northeast, northwest, and east-
est, parallel anomaly trends seen on the horizontal derivative of the

ilt-derivative map. Similarly, the linear clustering of some of the
uler depth solutions is parallel to these faults �Figure 8d�.
Borehole information within the study area shows healed frac-

ures to exhibit trends synonymous with these lineaments �Rich,
008�. Simon �2005� also uses borehole breakout measurements
rom image logs to identify fractures that trend northeast. In those
SEG license or copyright; see Terms of Use at http://segdl.org/
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HRAM Basement study within the Ft. Worth Basin B163
ells with image logs, the maximum horizontal stress estimated by
elocity anisotropy and the hydraulic fractures examined using mi-
roseismic data propagate predominantly northeast. In other, more
sotropic areas, the hydraulic fractures form a relatively uniform
ortheast-northwest trend.

These similarities in orientation between sedimentary and Pre-
ambrian basement structures are common to both survey areas
tudied �Figures 6d and 8d�. Although the anomalies from the Pre-
ambrian basement are not coincidental with sedimentary features,
hey are coupled. We interpret the northeast-trending features in Fig-
re 6b to be basement-penetrating faults with a northwest dip. In Fig-
re 8d, we observe southeast and northeast dipping of the northeast-
nd northwest-trending basement penetrating faults, respectively.
ecause of the close proximity of these structures to the northeast-

rending Ouachita thrust front, we expect a preponderance of south-
ipping structures. Nonetheless, the presence of northwest- and
outheast-dipping features is not surprising. The Ouachita thrust
ystem has a limited exposure but widespread effect within the FWB
Keller et al., 1989�. According to Harry and Londono �2004�, the
hin-skinned �nonbasement involved� and thick-skinned �basement
nvolved� thrusting of the Ouachita thrust system share common
long-strike structural changes. The southeast-dipping, thick-
kinned thrust systems are common within the Ouachita system.
owever, near the southern edge of the system, north-dipping, thin-

kinned systems are emplaced �Harry and Londono, 2004�.
Some structures and deposits found within the FWB are con-

rolled by the northwest-directed Ouachita orogenic compression. In
remotely sensed surface lineament study conducted east of the

WB near the Ouachita thrust front subcrop, northeast faults and
urface lineaments documented from Landsat images were subpar-
llel to the Ouachita basement structural fabric �Caran et al., 1981�.
n addition, northeast-trending normal faults and anticlinal flexures
fAtokan age that offset the basement developed across the exposed
lano uplift to the south of the FWB. These northeast-trending fea-

ures disappear to the northeast toward the Muenster arch �Ewing,
991�.

In contrast, the natural fractures have orientations parallel to the
orthwest-trending lineaments that are parallel to the Muenster arch,
reactivated basement fault. Preexisting basement faults associated
ith the formation of the Cambrian-rifted southern edge of the North
merican craton may be related to the Muenster arch and the Ouach-

ta thrust �Hale-Erlich and Coleman, 1993�.
Faults within the sedimentary section often indicate basement re-

ctivation. Locally, sedimentary zones of weakness follow those
hat existed within the basement rocks. On a regional scale, strains
enerally are related to deep crustal movements during reactivation
nd may be directly expressed as faults and shear zones in the over-
ying sedimentary cover �Jacques, 2003�.

We therefore interpret the HRAM lineaments within the study
rea as zones of weakness within the basement. The lineaments in
he seismic illuminated sedimentary section are interpreted as a
roduct of basement reactivation and surface expression of potential
ones of weakness within the basement. The lateral offset of the
hallower sedimentary features from the deeper basement features is
he result of dip associated with fault planes of faults that extend
own into the Precambrian basement.
 l
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igure 5. Ellenburger time slices �at approximately 1.2 s� through
a� coherence and �b� k2 most-negative principal curvature time slic-
s, computed from seismic survey A. Line A–A� is shown on �c�.
ault F1 –F1� is an east-west strike-slip fault; faults F2 –F2� and
3 –F3� are normal faults consistent with the interpretation of
akami et al. �2004� and Sullivan et al. �2006�. Low-coherence el-

iptical anomalies correlate to collapse features. �c� Vertical slice
–A� through the seismic amplitude volume, showing the strike-

lip fault F1 –F1� and two of the larger normal faults, F2 –F2� and
3 –F3� that propagate into the basement. The yellow line indicates

he time slice shown on the previous figures. Note the series of col-
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igure 6. The �a� horizontal gradient magnitude, �b� tilt derivative, �c� horizontal derivative of the tilt derivative, and �d� Euler deconvolution
luster plot with N�1.0 for the area of seismic surveyA. Lineaments F1 –F1�, F2 –F2�, and F3 –F3� are the sedimentary faults interpreted on seis-
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arallel to a linear trend �black arrow� from the Euler deconvolution estimation, which reflects basement structures. These linear clusters suggest
hat the source body dips to the northwest.
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igure 7. Ellenburger time slices �at approximately 1.34 s� through �a� coherence and �b� k2 most-negative principal curvature time slice, com-
uted from seismic survey B. Time slices near the top of basement �at approximately 1.8 s� through �c� coherence and �d� most-negative curva-
ure horizon slice, computed from seismic survey B. The F5 –F5� �east-west�, F4 –F4� �northeast�, and F6 –F6� �northwest� lineaments are the ma-

or faults interpreted. Intrasedimentary structures interpreted on the Ellenburger Formation appear to penetrate the Precambrian basement.
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igure 8. The �a� horizontal gradient magnitude, �b� tilt derivative, �c� horizontal derivative of the tilt derivative, and �d� Euler deconvolution
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ic data. Black arrows on �d� are lineament trends interpreted from the Euler plot. The clusters of lineaments from the Euler plot appear offset to
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CONCLUSIONS

The orientation of faults and collapse features mapped using seis-
ic attributes are parallel to trends mapped using HRAM data in the
WB. The northeast-southwest and northwest-southeast orientation
f these features are consistently parallel with Precambrian structur-
l fabric that forms large-scale structures such as the northeast-
rending Ouachita orogenic belt and the northwest-trending Muen-
ter arch. We interpret the propagation of the Precambrian structural
abric through the sedimentary section along zones of weakness as
esponsible for creating the linear faults and joints in the Paleozoic
ection. The resulting dip associated with the fault plane is responsi-
le for the lateral offset seen between the sedimentary features seen
n the seismic attribute data and aeromagnetic lineaments

Calibrating nonunique, large-scale, lower-resolution, less-expen-
ive HRAM data with moderate-scale, higher-resolution, expensive
eismic data enhances our prediction of interaction between base-
ent structures and sedimentary structures where seismic data are

navailable or limited. Based on our analysis of the HRAM data, we
redict the occurrence of the northeast fault systems beneath the
ineral Wells fault, where seismic data are absent, and confirm this

rediction with an independent seismic study.
Although dozens of 3D seismic surveys cover the FWB, basin-

cale shale reservoirs are being developed throughout North Ameri-
a as well as in eastern Europe and southern Africa. We believe our
ethodology will be useful in mapping basement structures that,

oupled with an appropriate geologic model, can help identify loca-
ions for more expensive 3D seismic surveys. In frontiers areas
here seismic data are limited, HRAM data can be used inexpen-

ively to determine the lateral extent of structures interpreted on
eismic data. HRAM data are also faster to acquire than seismic data,
ignificantly reducing exploration cycle time.

Our results show that the integration of derivative images from
igh-resolution aeromagnetic data with scattered 3D seismic sur-
eys can provide a means of effectively mapping basement features
nd establishing a link between the basement and sedimentary struc-
ures within the north-central part of the FWB. The knowledge
ained will positively influence oil and gas exploration and develop-
ent within the study area because the orientation of natural frac-

ures can be predicted even if seismic data are limited or unavailable.
apping such features can aid in designing the hydraulic fracture

rogram and predicting areas of the basin that may be more structur-
lly deformed.
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