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ting and picking SEGY-formatted seismic data (http://www.
soest.hawaii.edu/users/bzelt/zp/zp.html). After importing 
the SEGY files and converting them to the internal ZPlot for-
mat, I plotted the data using a reduction velocity of 6.5 km/s. 
I picked first arrivals on all the shot records used, though 
I did not pick the entirety of some records due to signal-
to-noise problems.ZPlot is capable of plotting the seismic 
traces by offset, so events retained their proportional spacing 
instead of being plotted equidistant by trace number. In order 
to accentuate the first arrival, I applied top and bottom mutes 
to the surrounding data, applied AGC with a window length 
between 500 and 1000 ms to the data, and band-pass filtered 
the data, generally between 4-40Hz.

Additionally, I was able to identify and pick reflections 
on several of the shot records. I aimed to pick the longest, 
most continuous reflections I could follow or the top and 
base of a highly reflective zone. Though reflections contin-
ued much deeper in the seismic record, I limited this study 
to modeling reflections which plotted five sec (approxi-
mately 20 km) deep or shallower in reduced time.

I performed trial-and-error velocity modeling of the 
data set using the programs VMED (http://www.soest.
hawaii.edu/users/bzelt/vmed/vmed.html) and RAYINVR 
(http://zephyr.rice.edu/department/faculty/zelt/rayinvr.
html) (Zelt and Smith, 1992). VMED is used to build and 
edit the velocity model, whereas RAYINVR performs ray 
tracing. Picks are easily exported from the ZPlot seismic 
display and picking program and converted to a format 
readable by VMED and RAYINVR.

I built my velocity model in VMED by constructing a 
text file specifying the x-coordinate, depth, velocity at the 
top of the layer and velocity at the bottom of the layer at 

nodes across a layer. Velocities can vary both vertically and 
laterally throughout the model or be held constant within 
a layer. The program allows for velocity discontinuities at 
layer boundaries but does not require them. Layers are also 
allowed to laterally pinchout by reducing the thickness to 
zero (Zelt and Smith, 1992). Rondot (2009) contains fur-
ther details on how to construct the model. 

RAYINVR traces rays in a 2-D isotropic medium using 
the model built in VMED and the picks chosen in ZPlot. 
RAYINVR is capable of tracing refracted, reflected, and 
head waves, including conversions. It performs both for-
ward modeling and inversion of refraction and reflection 
traveltimes. RAYINVR separates the model into irregular 
trapezoidal blocks with vertical left and right sides and 
sloping tops and bottoms. By extrapolating the velocities at 
each corner of the block, a linearly varying velocity field is 
created within each block and velocity discontinuities are 
smoothed. The ray angles may be specified by the user and 
can be shot at any angle (Zelt and Smith, 1992).

Velocity Model

My initial velocity model utilized geologic constraints 
from the literature and was based on simplified versions of 
the models of Hamilton (1989), Hsueh (1991), and Sulei-
man (1993). The thickness of the sedimentary fill overly-
ing the uplift was constrained by drilling results (Campbell 
and Weber, 2006). Depths to the major age divisions in the 
Anadarko Basin agree well with the depths encountered in 
the Lone Star No. 1 Bertha Rodgers well (sec. 27, T. 10 
N., R. 19 W.), located near 102 km along the model. The 
positions of the main faults bounding the uplift were con-

Figure 8. Close-up of reflectivity on shot H.22.
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Figure 9. Final seismic velocity model with “floating” reflection boundaries.

Figure 10. Refraction and head-wave coverage for layers 1 and 2 on shot H.22. Observed time picks are shown in 
color with the height scaled by the uncertainty calculated by ZP. Calculated times are shown as a thin black line. 
Every fourth ray is shown for clarity.
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strained using lines 1 and 2-2A of the 1970-1980 COCORP 
results (Brewer et al., 1981, 1983).

Through iterative trial-and-error modeling of observed 
times with calculated times, I refined and augmented the ini-
tial model to arrive at my final velocity model (Figure 9). 
The slope of the calculated times in relation to the slope of 
the observed picks indicated whether the trial velocity used 
was too fast, too slow, or accurate, whereas the position of 
the observed time indicated whether the trial boundary was 
too deep, too shallow, or accurate. I first attempted to fit the 
velocities with minimal adjustment of the boundary depths 
then refined the depths to match the calculated and observed 
times, though the two processes were not mutually exclu-
sive.

Ray coverage varied along the model, though layers 1 
and 2 were well covered overall. A ray-trace diagram for 
shot H.22 illustrates the typical level of refraction and head-
wave coverage across layers 1 and 2 of the model (Figure 

10). The depths and velocities along layers 1 and 2 of the 
model were constrained using refracted and head waves.

The depths for layers 3, 4 and 5 were found by match-
ing reflections, particularly those that were identifiable on 
multiple record sections (Figure 11). Velocities in layers 3, 
4 and 5 are consequently less well constrained than in the 
upper two layers. Reflections that were only identifiable on 
one or two shot records or were part of a series bounded by 
more prominent reflections are modeled using short (<15 
km) “floating” boundaries. No velocity discontinuity in the 
model is associated with this type of boundary (Zelt and 
Forsyth, 1999).

The velocities determined in my final model indicate 
probable lithologies (Christensen, 1982). Layer 1, encom-
passing the surface of the model down to 1.5 km deep, is a 
loosely consolidated sedimentary layer based on its veloci-
ty range of 3.05 to 3.75 km/s. Layer 2 from 0 km to 28 km 
along the model corresponds to the Hardeman Basin. The 

Figure 11.  Raypaths of reflections from boundaries for layers 1-4 on shot H.22. Calculated times for floating bound-
aries are not shown. Observed time picks are shown in color with the height scaled by the uncertainty calculated by 
ZP. Calculated times are shown as a thin black line. Every fourth ray is shown for clarity.
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velocities range from 5.60 to 5.80 km/s, representing con-
solidated sediments. Layer 3 from 0 km to 30 km along the 
model represents the Proterozoic basin discussed by Brew-
er et al. (1981). A lithologic determination for this layer is 
ambiguous based on velocity data alone, as the velocities in 
the basin range from 5.80 to 6.40 km/s and could represent 
metasediments, granites, or interlayered graywackes and 
basalts (Brewer et al., 1981).

The Wichita Uplift extends from approximately 30 
km to 80 km along the model. Layer 2 exhibits velocities 
ranging from 5.80 to 6.10 km/s. In conjunction with out-
crop data, this layer can be identified as primarily granite 
and rhyolite. The high velocities of layer 3, ranging from 
6.50 to 7.00 km/s, are indicative of mafic igneous rocks 
such as gabbro and basalt. Velocities in Layer 4 in the dis-
tance range of 20 km to 47 km may be representative of 
Precambrian upper crust, though these values are poorly 
constrained. The region from 47 km to around 80 km along 
the model likely is a mafic layered complex based on the 
velocities ranging from 6.65 to 6.80 km/s and the numer-
ous reflections modeled.

The Anadarko Basin extends from 80 to 
120 km on my model, with the frontal fault 
zone from 78 km to 98 km serving as a transi-
tion zone between the uplift and the Anadarko 
Basin. Velocities of layer 2 range from 4.70 to 
5.20 km/s. Based on drilling data, this layer 
can be identified as primarily sandstones and 
shales. Layer 3 displays velocities from 5.20 
to 5.80 km/s and can be identified from drill-
ing results as primarily limestone. Layer 4 has 
velocities of 6.10 to 6.20 km/s, though these 
are not well constrained, which may represent 
either limestone or rift fill from the earliest 
history of the basin. Finally, layer 5, which ex-
tends across the entire model, has a velocity 
of 6.40 km/s and is interpreted as Precambrian 
upper crust.

I was unable to identify reflections in 
Layer 2 of the Wichita Uplift, confirming the 
observations of previous studies that this area 
is nearly seismically transparent (McMechan 
et al., 1985; Brewer et al., 1983). In addition 
to the reflections modeled, layer 3 contained 
several reflections that I did not pick. These 
reflections may be interfaces between distinct 
pulses of mafic material. Numerous reflections 
are present in layer 4, consistent with it con-
taining a layered mafic complex. Reflections 

beyond 76 km along the model correspond to sedimentary 
layering within the Anadarko Basin. Reflections from 0 to 
30 km are layering in the Proterozoic basin discussed by 
Brewer et al. (1981), but provide no new information to 
confirm lithologies.

Petroleum Geo-Services (PGS) Onshore, now owned 
by Geokinetics, generously provided screenshots of two 
vertical time slices approximately along my shotpoint lines 
from their Wichita Mountain Front 3D seismic-reflection 
surveys. The time-migrated data image complicated thrust 
structures across the frontal fault zone that are well below 
the resolution of my model, serving to constrain fault loca-
tions in my model. A positive flower structure can be iden-
tified on one of the lines, offering evidence of oblique slip 
along the frontal fault zone.

Gravity And Magnetic Data And Modeling

I used the Oasis Montaj software to map gravity and 
magnetic variations within the study area and GM-SYS 

Figure 12. Residual Bouguer gravity anomaly showing areas of dense 
igneous rocks corresponding to the SOA.
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to model the gravity variations along a pro-
file roughly coincident with the seismic line. 
The data came from several sources.  Gravity 
readings were downloaded from the PACES 
website (research.utep.edu/paces). Magnet-
ic readings for Oklahoma were downloaded 
from the USGS state compilations website. 
Digital elevation measurements also were 
downloaded from the USGS. All data were 
reprojected to the NAD27 datum, UTM zone 
14N.

Gridding and contouring the complete 
Bouguer anomaly (CBA) reveals a variation 
of approximately 170 mGals across the south-
western Oklahoma and northwestern Texas 
region, with the SOA delineated as a north-
west-trending gravity high. Next, I upward 
continued the data to 20 km above the Earth’s 
surface. Upward continuation acts as a type 
of low-pass filter to attenuate shorter-wave-
length anomalies and smooth the data (Blake-
ly, 1996). The residual Bouguer anomaly grid 
was calculated by point-by-point subtraction 
of the upward continued grid from the CBA 
grid, thus removing the long-wavelength 
deep anomalies from the data and accentu-
ating shallower features. As shown in Figure 
12, the range of the gravity anomalies is nar-
rowed to 42 mGals, though the Wichita Uplift 
still appears as a strong northwest-trending 
high. Strong gravity lows corresponding to 
the Anadarko and Ardmore Basins are visible 
on the northern side of the Wichita Uplift, and a low cor-
responding to the shallower Hardeman Basin occurs to the 
south of the uplift.

In an attempt to delineate the faults surrounding the 
Wichita Uplift, I calculated the horizontal gradient magni-
tude (HGM) on the Bouguer gravity residual (Figure 13). 
The HGM takes the first derivative of the gravity or magnet-
ic measurement with respect to both the x and y directions. 
It is sensitive to lateral discontinuities, making it a useful 
edge detector. The steepest gradients tend to correspond to 
the edges of a body (Blakely, 1996). The HGM map shows 
that the Wichita Uplift is not a single homogeneous anomaly 
as suggested by the CBA residual map, but is rather made up 
of discrete igneous bodies and separated by complex fault 
zones. In particular, the location of the Mountain View Fault 
can be interpreted from the map. I also calculated the tilt de-
rivative, a ratio of the first vertical and total horizontal deriv-

atives, on the Bouguer gravity residual to further delineate 
structures.

Next, I gridded the total magnetic intensity (TMI) and 
reduced it to the pole (Figure 14). Unlike the gravity field, 
the direction of the magnetic vector differs with latitude and 
does not always point vertically. Reduction-to-pole centers 
the magnetic anomaly over its causative source (Blake-
ly, 1996) as long as any remnant magnetism is weak. The 
TMI-reduced-to-pole map displays a less homogeneous 
anomaly corresponding to the SOA than does the CBA 
gravity residual map, likely corresponding to the locations 
of mafic blocks adjacent to felsic or sedimentary bodies.

The main value of the maps was to help locate litho-
logic and fault boundaries in my gravity model. The maps 
based on magnetic data provided information on the loca-
tions and edges of mafic bodies in particular, which tend 
to have a higher magnetic susceptibility than felsic or sed-

Figure 13. Horizontal gradient magnitude calculated on the Bougu-
er gravity residual. Edges corresponding to discrete igneous bodies 
are enhanced as maxima. Interpreted location of the Mountain View 
Fault is shown by the thick black line.
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imentary rocks. The gravity maps help define the boundar-
ies of igneous rocks associated with the SOA. The horizon-
tal-gradient-maximum and the tilt-derivative maps were 
particularly useful for defining fault locations.

I constructed a preliminary gravity model approxi-
mately halfway through the seismic modeling process and 
used this to guide my seismic modeling, and then the final 
gravity model was built using the depth boundaries I found 
in my final seismic model. I held these depths constant in 
the gravity model, so the only variables were density and 
the locations of boundaries between blocks. Densities were 
first assigned using an empirical formula relating density 
with velocities found in my seismic model (Brocher, 2005). 
Lateral boundaries between blocks corresponding to faults 
or lithologic changes were added based on boundaries ob-
served on the gravity and magnetic maps. I then adjusted 
the locations of these boundaries within approximately ± 2 
km, adjusted densities within approximately ±0.1 g/cm3, and 

added more blocks as needed until the observed 
and calculated gravity fit within 10 mGals. I did 
not attempt to model the observed magnetic data 
as magnetic susceptibilities for a given rock type 
often vary over several orders of magnitude, but 
rather used these data to understand where small 
shallow mafic bodies may be located.

My final gravity model shows my lithologic 
interpretations based on densities (Christensen, 
1982) and the known geological history of the 
SOA (Figure 15). The “metasediments” and “rift 
fill” designations are tentative identifications of 
these units. The deep (10 km) metasedimentary 
block 40-65 km along the model may instead be 
Precambrian upper crust deformed during rift-
ing and subsequent inversion of the SOA, as the 
bottom and southwest boundaries used were not 
constrained in the seismic modeling. Additional-
ly, the lithologies of the blocks in the frontal fault 
zone from approximately 85 km to 110 km along 
the model are ambiguous. Based on the seismic 
data provided by PGS, they are probably granite 
and rhyolite mixed with the adjacent sedimentary 
rocks, juxtaposed by the many faults in the area.

Although the granite and rhyolite are identi-
fied as separate blocks based on geological con-
straints, a similar fit would have been achieved 
by treating them as one unit. Conversely, the 
magnetic data indicate that the shallow (~ 1 km 
deep) mafic body located at 75 km along the 
model is actually a series of separate bodies in-

stead of the continuous body I modeled to fit to the gravity 
data. The two deeper mafic complexes account for much of 
the gravity high across the profile.

Interpretations And Conclusions

Using modern software packages and processing tech-
niques, I was able to identify more phases and reflections 
in the 1985 UTEP-UTD seismic data set than had been pre-
viously been possible. By including several offline shots in 
my ray-trace model, I produced a generalized pseudo-3D 
model of the upper crustal structure under the Wichita 
Uplift and the adjoining portions of the Hardeman and 
Anadarko Basins.

I integrated the results from my seismic-velocity mod-
el with my gravity model, the high-quality industry seis-
mic-reflection images from PGS, and prior geological con-
straints to arrive at a geological interpretation of the study 

Figure 14. Total magnetic intensity reduced to the pole. Areas of high 
magnetic susceptibility, corresponding to primarily mafic rocks, are 
outlined along a northwest trend.
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area (Figure 16). Depth boundaries were found using my 
seismic data set, and lithologies were determined using 
both the seismic velocities and densities of the rocks. The 
gravity mapping and modeling helped locate faults and the 
boundaries between lithologic units, and fault locations in 
the northern half of the model are further constrained from 
the PGS reflection lines.

The final geologic model shows that the sequence of 
granite and rhyolite sequence present beneath the uplift is 
thicker than previously modeled, 2.5 km thick in my model 
versus 1.5 km thick in Hsueh’s (1991) model. Thick sequenc-
es of what may be the 1.2-1.4 Ga Tillman metasediments are 
present adjacent to the Proterozoic basin at the southern end 
of the model. Dense mafic layers extending to a depth of 15 
km form the core of the uplift, revealing the impressive scale 
of crustal modification in the rifting process.

Using the industry reflection data, I was able to more 
accurately identify fault locations within the frontal fault 
zone on the northern end of the model than had been done 

on previous models. High-resolution gravity and magnet-
ic maps assisted greatly in confirming fault locations. Al-
though I identified the fault with the most vertical separa-
tion as the Mountain View Fault, the area is a fault zone 
with complex branching faults. Over 12 km of relief exists 
between the Wichita Uplift and the Anadarko Basin, attest-
ing to the large scale of movement along this fault system. 
The location of the Mountain View Fault and surrounding 
fault zone corresponds within with the location determined 
by Brewer et al. (1983) and Chang et al. (1989). Further-
more, I identified a large fault at x=100 km along the mod-
el, well into the Anadarko Basin, that clearly shows evi-
dence of oblique motion.

Brewer et al. (1983) interpreted a fault, which they 
identified as the Meers Fault, at a position equivalent to 
x=76 km along my model. However, I found no evidence 
in the gravity or magnetic maps to indicate that the Meers 
Fault continues into the study area from its mapped loca-
tion to the east.

Figure 15. Gravity model across the profile indicated on the preceding maps. Densities are given in grams per cubic 
centimeter, and the likely composition is listed for most blocks. Observed magnetic data are shown but not modeled.
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The synthesis of fault interpretations by Campbell 
(2007) assisted in identifying fault locations to the south 
of the uplift. Drilling data indicates that the Burch Fault is 
a small-scale down-to-the-south normal fault, not a reverse 
fault like the faults north of the uplift. Consistent with 
Campbell’s (2007) interpretation, my results show that the 
main boundary between the Wichita Uplift and the basins 
to the south is the fault identified as a back thrust rather 
than the Burch Fault as indicated by Brewer at al. (1981).

By overlaying the PGS reflection lines on the bound-
aries and reflectors from my velocity mode, I was able to 
confirm the accuracy of my model in the Anadarko Basin 
for a series of reflectors 6.5 to 10 km deep. The orientation 
and approximate locations of three short reflectors located 
below shotpoint L match well with the reflectivity series 
shown on the reflection data, increasing my confidence in 
the fit of the model in other locations.

The primary new results of my analysis are: 1) I em-
ployed more shots records than previously used in a sin-
gle study of this dataset, 2) I used modern software and 
techniques to identify more phases in the data, including 
reflections, than done in previous studies, 3) I identified 
more fault locations with greater accuracy, and 4) I inte-
grated more data types to constrain the model. As a result, 
I produced a considerably more detailed geologic model of 
the upper crust than had previously been done using this 
data set.
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