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Surface and subsurface data are integrated to characterize the structural architecture of the Marathon
fold and thrust belt in west Texas. Multiple detachment levels are present within the thrust belt and
result in distinct structural domains. In addition to the basal décollement, whose stratigraphic position
varies along strike, we recognize a regionally extensive detachment zone in the late Mississippian to
early Pennsylvanian lower Tesnus Formation. The Lower Tesnus Detachment forms a structural domain
boundary that can be observed along strike in the surface data and at depth in the subsurface. The
stratigraphic intervals above and below this detachment exhibit characteristic patterns of deformation.
The Lower Tesnus Detachment is folded by imbrication and the formation of duplexes in the early
Mississippian to Ordovician section, suggesting that the detachment may have initially formed as
a perched décollement in the foreland that was subsequently exploited as a roof thrust in a duplex
system as deformation progressed in a break-forward sequence and older strata were incorporated into
the toe of the allochthonous wedge. The structural model presented here for the Marathon region may be
applicable across much of the Ouachita orogenic system.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The Marathon fold and thrust belt is a salient in the Ouachita
orogenic system that is partially exposed inwest Texas. The interior
structure of the Marathon fold and thrust belt is locally exposed at
the northeast end of the Dagger Flat anticlinoriumwhere the thrust
belt plunges to the northeast (Fig. 1), providing a down-plunge
view through most of the stratigraphic section. Many researchers
have noted the presence of multiple detachments within the
stratigraphic section based on studies of the surface geology
(Muehlberger et al., 1984; Hickman et al., 2009; Tauvers, 1985; Reed
and Strickler, 1990). However, the extent and structural importance
of these detachments has not been fully realized with the limited
amount of data available at the surface.

In this paper, we present new data that highlights the signifi-
cance of a detachment in the lower Tesnus Formation, herein
referred to as the Lower Tesnus Detachment. We incorporate the
surface data with subsurface information recently acquired as part
of exploration efforts in the Marathon fold and thrust belt. Our
observations suggest that the Lower Tesnus Detachment extends
across much of the Marathon Fold and Thrust belt and that
a detachment within the shale-rich, late Mississippian to early
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Pennsylvanian strata, equivalent with and including the lower
Tesnus Formation, may be a fundamental feature of the external
Ouachita thrust system.

2. Regional stratigraphy and structural lithic units

The Marathon fold and thrust belt is a thin-skinned thrust belt
that contains late Cambrian to earliest Permian strata (Fig. 2). The
allochthonous sedimentary section is divided into three main
structural lithic units bounded by detachment zones (Muehlberger,
1979; Tauvers, 1985; Muehlberger and Tauvers, 1989; Reed and
Strickler, 1990). The lower structural lithic unit is defined by
a décollement at the base of the late Cambrian Dagger Flat Sand-
stone and an upper detachment in the middle Ordovician Woods
Hollow Shale (Muehlberger and Tauvers, 1989). King (1937) also
reports a local detachment in the middle Ordovician Alsate Shale,
which may replace the detachment in the Woods Hollow Shale as
themain detachment zone bounding the top of the lower structural
lithic unit in the study area for this report. Competent intervals
within the lower structural lithic unit include the Fort Peña For-
mation and to a lesser extent, the Marathon Limestone. The lower
structural lithic unit is characterized by numerous duplexes con-
taining tight to isoclinal folds with wavelengths �1 km and is
observed within the core of the Dagger Flat anticlinorium
(Muehlberger and Tauvers, 1989). Along strike from the Dagger Flat
anticlinorium to the northeast, the lower structural lithic unit is not
present at depth and the basal décollement steps upward into the
nt levels in the Marathon fold and thrust belt, west Texas, Journal of
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Fig. 1. Geologic map for part of the Marathon Fold and Thrust Belt showing main structures and location of cross sections. Geology modified from King (1937, 1980) and
Muehlberger et al. (1984). Eastern structural domain (ESD), Western structural domain (WSD), Lower Tesnus Detachment (LTD). Well information in Appendix 1.
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middle Ordovician Woods Hollow Shale (Tauvers, 1988) or Alsate
Shale (this study).

The middle structural lithic unit is bounded below by a detach-
ment in the Woods Hollow Shale or Alsate Shale and above by the
Lower Tesnus Detachment in the shale-rich, late Mississippian,
lower Tesnus Formation. The middle structural lithic unit includes
the late Ordovician Maravillas Chert and Devonian to early
Please cite this article in press as: Chapman, J.B., McCarty, R.S., Detachme
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Mississippian Caballos Novaculite (Fig. 2), which together form
a structurally competent couplet and are important structural
markers as well as significant hydrocarbon reservoirs throughout
the Marathon fold and thrust belt. Extensive styolitized bedding
surfaces in the Caballos Novaculite inhibit bedding plane slip and
deformation is achieved through pervasive brittle fracturing.
Duplexing and imbrication of the middle structural lithic unit is
nt levels in the Marathon fold and thrust belt, west Texas, Journal of
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Fig. 2. Stratigraphy of the Delaware Basin, Marathon Thrust Belt, and Ouachita Thrust Belt. Structural lithic units are shown for the Marathon Thrust Belt. Data presented modified
from King (1937, 1977; 1980), Reed and Strickler (1990), and Hickman et al. (2009).
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common with fold wavelengths up to a few kilometres
(Muehlberger et al., 1984; Hickman et al., 2009). Folds are often
concentric, although some large structures display considerable
hinge thickening including Horse Mountain (Fig. 1, Leason, 1985)
and structures observed in this study. The bounding detachment
faults and duplex structures in the middle structural lithic unit
were refolded by younger deformation in the lower structural lithic
unit in an overall break forward sequence (King, 1937).

The upper structural lithic unit is floored by the Lower Tesnus
Detachment and contains a thick succession of synorogenic de-
posits including the Tesnus Formation, Dimple Limestone, Hay-
mond Formation, and Gaptank Formation (Fig. 2). The Tesnus
Formation thins dramatically from over 2000 m thick in the
southeast to less than 100 m thick in the northwest, near the front
of the Marathon Fold and Thrust belt (King, 1980; McBride, 1989).
The base of the Tesnus Formation consists of a w100 m thick,
incompetent shale interval present across the thrust belt (McBride,
1989). The Lower Tesnus Detachment resides within this shale in-
terval. The upper Tesnus Formation, Dimple Limestone, and Hay-
mond Formation form a thick (2e3 km) competent member in the
upper structural lithic unit (King, 1937). Reed and Strickler (1990)
suggested that the upper structural lithic unit may be bounded
by an upper detachment in shale beds within the earliest Permian,
lower Wolfcamp Formation, however, this possibility is difficult to
assess because of erosion. The upper structural lithic unit has fold
wavelengths of 3e5 km and deforms into a series of thrust sheets
defined by open synclines separated by narrow, steeply-dipping to
Please cite this article in press as: Chapman, J.B., McCarty, R.S., Detachme
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overturned anticlines that were breached by thrust faults. In map
pattern, the thrust faults are most readily identified by their broad,
footwall synclines (Fig. 1).

3. The Lower Tesnus Detachment

Poor exposures, thin gravel veneers, and complex flowage of
shale hinder direct observations of structure within the lower
Tesnus Formation. King (1937) noted a structural discontinuity
between the Caballos Novaculite and the upper Tesnus Formation
and later studies have recognized or interpreted a detachment zone
in the lower Tesnus Formation (Muehlberger et al., 1984; Coley,
1987; Reed and Strickler, 1990; Hickman et al., 2009). The Lower
Tesnus Detachment is most clearly shown in detailed structural
cross sections using down-plunge fold projections across the
Warwick Hills (Coley, 1987; Hickman et al., 2009) and Horse
Mountain (Muehlberger et al., 1984; Leason, 1985) that demon-
strate that the Lower Tesnus Detachment forms a roof thrust to
duplexes in the middle structural lithic unit. Many of these studies
focused on the complex duplex systems and imbricationwithin the
middle structural lithic unit (Leason, 1985; Coley, 1987; Hickman
et al., 2009). However, a few studies also correctly captured the
deformation style above the Lower Tesnus Detachment in the area
of outcrop exposure at the surface (Muehlberger et al., 1984; Reed
and Strickler, 1990).

East of the Dagger Flat anticlinorium, the Lower Tesnus
Detachment intersects topography and the sinuous surface trace of
nt levels in the Marathon fold and thrust belt, west Texas, Journal of
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the Lower Tesnus Detachment separates the surface exposures of
the middle and upper structural lithic units (Fig. 1). Muehlberger
(1979) used this intersection to divide the Marathon fold and
thrust belt into eastern and western structural domains. Subse-
quently, researchers have used the position of this structural
domain boundary in conjunction with other data to suggest the
presence of a basement fault (Tauvers, 1988), transverse/lateral
ramp (Muehlberger et al., 1984; Reed and Strickler, 1990), and
a paleotopographic feature representing a basin-to-platform tran-
sition (Muehlberger and Tauvers, 1989). These suggestions are not
mutually exclusive and may be interrelated features.

The middle structural lithic unit containing the Caballos
Novaculite is not exposed at the surface east of the boundary
between the eastern and western structural domains (Fig. 1).
Consequently, subsurface information becomes increasingly
important for understanding the structural configuration of the
thrust belt and determining whether the lithostructural classi-
fication and associated detachments of the western structural
domain are applicable or present to the east. In a series of cross-
sections across the Marathon fold and thrust belt, Reed and
Strickler (1990, their cross sections E, F, and G) suggested that
while faulting locally occurs in the lower Tesnus Formation, the
Lower Tesnus Detachment is not a fundamental feature of the
thrust belt and does not form a structural domain boundary in the
eastern structural domain. That analysis was supported by
Hickman et al. (2009) who suggested that multiple décollement
horizons are not present within the eastern structural domain.
The study presented here introduces new data that suggests the
Lower Tesnus Detachment is present within the eastern structural
domain and remains a fundamental structural feature of the
Marathon fold and thrust belt.

4. Structural cross sections

4.1. Methods

We present an updated geologic map (Fig. 1) and cross sections
that demonstrate the presence of the Lower Tesnus Detachment in
Fig. 3. Cross Section A: interpreted 2D seismic line. Well 7 and 8 projected perpendicular to
projected perpendicular to the line of section using constant elevation. Lower Tesnus Deta
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the subsurface. The interpretations presented here benefit from
new data acquired by SandRidge Energy. These include w1500
square miles of 3D seismic data and over 600 wells drilled in the
Marathon fold and thrust belt since 2006 with standard electric
logging suites. The majority of these wells were drilled in and
around the Piñon natural gas field (Fig. 1). Approximately 75% of
these wells have microresistivity borehole image logs yielding
structural data. Over the formations of interest, we obtained bed-
ding measurements approximately every 20e30 cm. For this
report, we averaged this data over w5 m intervals. Our geologic
map is based on the excellent surface mapping of King (1937, 1980)
and Muehlberger et al. (1984), limited structural measurements in
the field, satellite imagery interpretation, and seismic data where
structural features are not exposed at the surface. Cross section A is
supported by surface data, well data, and 2D seismic data (Fig. 3).
2D seismic data was depth converted from pre-stack time migra-
tion data using a linear half-velocity profile of 2 km/s. Cross sec-
tions B and C are supported by surface data, well data, and 3D
seismic data (Figs. 4 and 6).

Cross section construction and restorationwas performed using
Midland Valley’s Move software suite. Restoration of Cross Section
B was performed separately for the upper and middle structural
lithic units and later combined. For the upper structural lithic unit,
we initially flattened on the top of the Tesnus Formation using
flexural slip unfolding and line length balancing. Cross Section B
appears unbalanced at the stratigraphic level of the Lower Tesnus
Formation across the Arden Draw Thrust and to a lesser degree, the
Haymond Thrust (Fig. 4). Cross section balancing for the Marathon
fold and thrust belt is notoriously difficult because of intense
localized deformation within incompetent units (Reed and
Strickler, 1990; Hickman et al., 2009). We suggest that the line
length discrepancies in Cross Section B are most likely related to
deformation in shale within the Lower Tesnus Formation in fold
hinge areas near the thrust faults, but the discrepancies may also
result from our time-depth conversion, or our interpretation may
be in error. Because our interpretation at depth is constrained by
seismic data, we decided not to adjust our thrust fault geometries
to remove line length overlap (Fig. 4). The middle structural lithic
the line of section using calculated plunge of nearby structures. Dip data from bedding
chment (LTD). Well information in Appendix 1.

nt levels in the Marathon fold and thrust belt, west Texas, Journal of



Fig. 4. Cross Section B: deformed and partially restored structural cross sections. Note different scale for deformed and restored cross sections. Lower Tesnus Detachment (LTD).
Well information in Appendix 1.
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unit was initially flattened on the top of the Caballos Novaculite
using flexural slip unfolding and line length balancing. After the
separate initial reconstructions, we flattened both structural lithic
units on the Lower Tesnus Detachment and combined them along
this common surface.

In the following investigation, there are several observations
that we suggest are indicative of the Lower Tesnus Detachment in
the subsurface. Evidence for duplexing or structural duplication of
the middle structural lithic unit that does not involve the upper
structural lithic unit provides evidence for a structural dis-
continuity in the lower Tesnus Formation. Correspondingly, struc-
tural duplication or transport in the upper structural lithic unit that
does not incorporate the middle structural lithic unit suggests the
presence of a structural discontinuity. In areas where there is no
structural duplication of the structural lithic units, it is difficult to
determine whether the Lower Tesnus Detachment, a bedding-
parallel detachment zone, is present in the subsurface. However,
where slip on discrete thrust faults can be demonstrated in the
upper structural lithic unit and a structural discontinuity at depth is
present; we infer that these thrust faults sole into the bed-parallel
Lower Tesnus Detachment and that slip along the detachment has
occurred.

4.2. Cross Section A

Cross Section A is located w10 km to the northeast of the
boundary between the eastern and western structural domains and
the surface trace of the Lower Tesnus Detachment (Figs. 1 and 3).
Duplexes in the middle structural lithic unit, structurally beneath
the Lower Tesnus Detachment, are exposed in the Warwick Hills
(Fig.1) (Coley,1987; Hickman et al., 2009). In the duplex system, the
Lower Tesnus Detachment forms the roof thrust, a detachment in
theWoods Hollow Formation forms the floor thrust, and imbricates
connect the two. These structures plunge towards the northeast
into the subsurface and project towards the line of section in Fig. 3.
We present a schematic interpretation of these structures at depth,
shown as the imbrication of themiddle structural lithic unit (Fig. 3).
While our interpretation of structural complexities in the middle
Please cite this article in press as: Chapman, J.B., McCarty, R.S., Detachme
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structural lithic unit is unlikely to be correct in detail, structural
duplication of the middle structural lithic unit is supported by the
divergence of reflectors interpreted to be associated with the upper
and lower structural lithic units (Fig. 3).

The thickness of the Tesnus Formation is reasonably well-
constrained at w1.5 km in Fig. 3 from a combination of surface
data and well 7 that penetrated the base of the Tesnus Formation at
1032 m measured depth. Constraints on the subsurface position of
the Stillwell Thrust from surface and seismic data suggest that there
is not enough space at depth for rocks older than the Tesnus For-
mation to be carried in the Stillwell Thrust in this location. In
addition, well 8, which reached a total measured depth of 1828 m,
did not encounter any rocks older than the Tesnus Formation and
appears to have drilled near or through the Stillwell Thrust (Fig. 3).
This interpretation is consistent with the surface data that does not
show rocks older than the Tesnus Formation in the hangingwall of
any thrust faults in the eastern structural domain (Fig. 1).

Our interpretation suggests 1e1.5 km of slip on the Stillwell
Thrust and w2 km of slip on the Frog Creek Thrust at this location.
The SantiagoThrust is located just to the northwest of Cross Section
A (Fig. 1) and we estimate w400 m of slip on that thrust from
surface data and seismic data not presented here. We did not have
enough data to confidently evaluate deformation in the upper
structural lithic unit northwest of the Santiago Thrust and do not
know if the Lower Tesnus Detachment extends to the northwest or
ends. Displacement on the Santiago, Stillwell, and Frog Creek thrust
faults indicates deformation and transport of the upper structural
lithic unit along the Lower Tesnus Detachment. The anticline
southeast of well 8 in Fig. 3 indicates that the Lower Tesnus
Detachment is folded alongwith the upper structural lithic unit and
suggests that displacement on the Lower Tesnus Detachment pre-
ceded or was concurrent with deformation in the middle structural
lithic unit.

4.3. Cross Section B

Along strike to the east, the structural grain of the thrust belt
changes from northeast-southwest to east-west (Fig. 1). The bend
nt levels in the Marathon fold and thrust belt, west Texas, Journal of
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in Cross Section B reflects this change (Figs. 1 and 4). The northern
half of the cross section crosses the western edge of Piñon field and
is located sub-perpendicular to strike. The southern half is oriented
sub-parallel to the transport direction as determined from sub-
surface mapping. Like Cross Section A, we find evidence in Cross
Section B that the Marathon Fold and Thrust belt is divided into
structural lithic units in the eastern structural domain. Along the
frontal portion of the Marathon Fold and Thrust belt, rocks in the
middle structural lithic unit are deformed into several duplexes of
Please cite this article in press as: Chapman, J.B., McCarty, R.S., Detachme
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varying lengths. These duplexes are generally defined by a floor
thrust in middle Ordovician Alsate Shale and a roof thrust in the
lower Tesnus Formation.

The lower structural lithic unit is not present at this location
(Reed and Strickler, 1990; this study) and the middle structural
lithic unit is thrust over deformed Pennsylvanian rocks (Figs. 4 and
5). We interpret the Pennsylvanian rocks below the middle struc-
tural lithic unit as distal foreland equivalents to the synorogenic
Pennsylvanian formations carried in the upper structural lithic unit
(Fig. 2), however, erosion at the toe of the thrust belt prevents
subsurface correlation on a regional scale. A similar interval of
deformed Pennsylvanian foreland rocks is present beneath the
middle structural lithic unit in the outcrop area and was called the
Dugout allochthon by Ross and Ross (1985). The thrust fault sepa-
rating the middle structural lithic unit from the foreland Pennsyl-
vanian rocks in the outcrop area is the Dugout Creek Thrust (King,
1937; Muehlberger and Tauvers, 1989) and we adopt that termi-
nology here as well. The basal décollement likely resides near the
base of the Pennsylvanian foreland rocks.

Silurian and Ordovician carbonate rocks of the Southern Dela-
ware Basin platform including the Fusselman and Ellenburger
Formations (map symbol SO in Fig. 4), consistently produce a strong
seismic response, even where they are overridden by thrust sheets
of the Marathon fold and thrust belt. In addition, the broadly folded
rocks of the upper structural lithic unit are well-imaged in 2D and
3D seismic data and interpretation is aided by well data, including
a handful of well penetrations towards the interior of the thrust
belt. However, below the upper structural lithic unit and above the
autochthonous carbonate rocks, seismic interpretation is difficult
and few reflectors can be traced over appreciable distances. We
suggest that deformation in the middle and lower structural lithic
units, which contains numerous folds with short wavelengths and
short imbricate spacing relative to the upper structural lithic unit,
results in the reduced clarity. Where well data is not available
(below wells 4e6), our interpretation of structures in the middle
and lower structural lithic unit is informed solely by analogy to the
style of deformation present in the outcrop data.

The spacing between the autochthonous carbonates and the
upper structural lithic unit provides clues to which units and what
types of structures may be present at depth. Beneath wells 4 and 5
in Cross Section B, there is not enough space at depth for more than
a single thickness of the middle structural lithic unit. To the
southeast, beneath well 6 in Cross Section B, the distance between
the autochthonous carbonate rocks and upper structural lithic unit
increases such that structural thickening of the middle structural
lithic unit and/or the presence of the lower structural lithic unit is
required.

Rocks of the upper structural lithic unit are deformed into a se-
ries of broad footwall synclines and narrow anticlines with steeply
dipping to overturned northern limbs (Fig. 4). Wells 4 and 5 drilled
near or through the Haymond Thrust and did not encounter any
rocks of the middle structural lithic unit, suggesting that the thrust
sheet carried by the Haymond Thrust may contain only rocks of the
upper structural lithic unit. Well 3 drilled through the base of the
upper structural lithic unit near the intersection of the Frog Creek
Thrust and the Lower Tesnus Detachment and then encountered
two duplexes containing only rocks of the middle structural lithic
unit. The first occurrence of the Caballos Novaculite in well 3 is at
872 m below sea level. Well 2 encountered the same two duplexes
at a higher elevation with the first occurrence of the Caballos
Novaculite at 243 m below sea level. Although well 2 encountered
the Caballos Novaculite is at a higher structural position, well 2 is
located in the footwall of the Frog Creek Thrust, at a lower struc-
tural position than well 3 relative to the upper structural lithic unit
(Fig. 4). As a result, it is unlikely that the Caballos Novaculite or
nt levels in the Marathon fold and thrust belt, west Texas, Journal of
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other rocks of the middle structural lithic unit were carried in the
Frog Creek Thrust sheet.

Our interpretation that the Haymond Thrust and Frog Creek
Thrust do not involve the middle structural lithic unit is consistent
with previous interpretations of these two thrust faults along strike
to the southwest where these faults are exposed at the surface
(Muehlberger et al., 1984; Reed and Strickler, 1990). Based on
seismic interpretation, we suggest that the Pendleton Thrust is
a splay to the Arden Draw Thrust and that neither of these thrust
faults involve the middle structural lithic unit (Fig. 4). Our inter-
pretation is consistent with the interpretations of Muehlberger
et al. (1984) and Leason (1985), but differs from Reed and
Strickler (1990), who suggested that the Pendleton Thrust does
not intersect or share a common décollement with the Arden Draw
Thrust and that the Arden Draw Thrust carries rocks of the middle
structural lithic unit, but the Pendleton Thrust does not.

The Dimple Limestone and Haymond Formation were encoun-
tered by wells 12, 13, and14 in a duplex near the toe of the thrust
belt (Figs. 4 and 5). In this duplex, the roof thrust ramps up-section
from the Lower Tesnus Formation into the Haymond Formation in
less than 1 km. This frontal ramp marks the foreland limit of the
Lower Tesnus Detachment. Previous structural interpretations of
the outcrop area have suggested a similar relationship where no
detachment separates the middle and upper structural lithic units
at toe of the Marathon Fold and Thrust belt (Muehlberger and
Tauvers, 1989; Reed and Strickler, 1990). We suggest that the
abrupt thinning of the Tesnus Formation in the foreland direction is
likely responsible for the frontal ramp in the Lower Tesnus
Detachment (Fig. 4). Duplexes containing only the middle struc-
tural lithic unit are thrust over the frontal ramp in Cross Section B,
indicating that deformation in the middle structural lithic unit
occurred after deformation and translation of the upper structural
lithic unit along the Lower Tesnus Detachment (Fig. 4).

We estimate 1.5 km slip on the Frog Creek Thrust, 3.7 km slip on
the Haymond Thrust, and 6.1 km slip on the Arden Draw Thrust in
the line of Cross Section B (Fig. 4). Any thrust faults that existed
within the upper structural lithic unit north of the Frog Creek
Thrust in Cross Section B are eroded and as a result it is unclear how
much slip was transferred north along the Lower Tesnus Detach-
ment. In places where the entire upper or middle structural lithic
units are eroded, we chose deliberately small lengths for the eroded
segment (marked by queries, Fig. 4). The minimum total shortening
for the middle structural lithic unit for the area between well 10
and well 5 is 20.0 km. The minimum total shortening for the upper
structural lithic unit between well 10 and the southeast end of
Cross Section B is 12.2 km. Transport on the basal décollement is at
least several tens of kilometres and is much greater than the in-
ternal shortening recorded within the structural lithic units.

4.4. Cross Section C

Cross Section C presents a detailed examination of a portion of
the duplexes in Cross Section B (Fig. 6). Cross Section C shows an
overturned, tight to isoclinal anticline-syncline pair with back-
vergence in the middle duplex. The large majority of folding
within the duplexes of the middle structural lithic unit shows
forward-vergence and is related to movement along ramps and
flats in the imbricate faults that connect the floor thrust in the
Alsate Shale to the roof thrust in the Lower Tesnus Detachment or
splay faults within these duplexes that at one time may have at one
time been true imbricate faults defining a duplex before becoming
entrained in a larger duplex system (Mitra, 1986). We estimate that
less than 5% if the shortening within the middle structural lithic
unit is related to folding and the remainder is accommodated by
thrust displacement. We chose to illustrate Cross Section C because
Please cite this article in press as: Chapman, J.B., McCarty, R.S., Detachme
Structural Geology (2013), http://dx.doi.org/10.1016/j.jsg.2013.01.007
it represents a unique opportunity to demonstrate the different
structural style between the upper andmiddle structural lithic unit.
There is also the possibility that some of the folding in Cross Section
C predates duplex development and is a result of disharmonic
folding between the two structural lithic units. Data for well 23 in
Fig. 6 is presented in Fig. 7 and illustrates the structural differences
between the back-vergent anticline-syncline pair in the middle
structural lithic unit and the upper structural lithic unit. Significant
hinge thickening occurs within the Caballos Novaculite and bore-
hole image data reveals that this thickening is achieved through
pervasive low-displacement fractures and occasional intrabed
folds. Intraformational, metre-scale folding is common throughout
the Tesnus Formation, but it is often difficult to distinguish whether
the folds are tectonic in origin or result from soft-sediment defor-
mation and slumping, which is also common in the Tesnus For-
mation (McBride, 1989). The variable thickness of the Tesnus
Formation above the Lower Tesnus Detachment in Fig. 6 is partially
a result of these metre-scale folds. Folds with wavelengths of sev-
eral tens to hundreds of metres in the middle structural lithic unit
are not present within the Tesnus Formation above the Lower
Tesnus Detachment (well 17, 22, and 23, Fig. 6). Structural data from
well 24 also confirms that the overturned anticline-syncline fold
pair does not extend into the upper structural lithic unit.

The overturned anticline has an interlimb angle of w12� in well
17 and the overturned syncline has an interlimb angle of w16� in
well 23. Axial planes for the two folds were estimated by fitting
a plane to the calculated fold axis and fold bisector (Fig. 7). The dip
of the axial planes for the overturned anticline (w16�) and syncline
(w8�) in well 23 is relatively low and the axial planes themselves
are folded into sub-parallelism with the floor thrust in the duplex
they occupy (Figs. 6 and 7). Axial planes calculated for additional
wells drilled on the back-vergent fold confirm that the axial plane
itself was folded by later deformation, potentially by the develop-
ment and emplacement of the duplex structurally below the fold in
a forward-breaking sequence (Figs. 4 and 6). The orientation of the
axial planes suggests rotation and flattening of the folds with
progressive displacement and translation of the duplex. This his-
tory of displacement and deformation is not recorded in the upper
structural lithic unit and slip along the Lower Tesnus Detachment
appears to have accommodated the resulting strain (Fig. 6). The
axial planes also suggest that if there was any early disharmonic
folding prior to duplex development, it was overprinted by later
duplexing of the middle structural lithic unit. To the south of the
overturned anticline-syncline fold pair, structural thickening and
imbrication in themiddle structural lithic unit has folded the Lower
Tesnus Detachment and the upper structural lithic unit into a broad
anticline with an axial trace near well 1 (Figs. 1 and 4). This sup-
ports evidence presented above that suggests that deformation and
translation of the upper structural lithic unit preceded deformation
and imbrication of the middle structural lithic unit.

5. Discussion of structural architecture

5.1. The Marathon Fold and Thrust belt

A clearer understanding of the geometry of the Marathon Fold
and Thrust belt bolsters exploration efforts and aids in untangling
the structural evolution of the thrust belt. Unlike the Ouachita
salient in Oklahoma and Arkansas, only a small fraction of the
Marathon Fold and Thrust belt is exposed at the surface and
structural models rely heavily on subsurface information. A key
characteristic of the Marathon Fold and Thrust belt is the presence
of multiple detachment zones within the allochthonous strati-
graphic section that divide the thrust belt into distinct structural
lithic units (Muehlberger and Tauvers, 1989; Reed and Strickler,
nt levels in the Marathon fold and thrust belt, west Texas, Journal of



Fig. 6. Cross Section C: Detailed portion of Cross Section B. Lower Tesnus Detachment (LTD). Well information in Appendix 1.
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1990; Tauvers, 1985). These structural lithic units are well-defined
where the Marathon Fold and Thrust belt is exposed at the surface,
however, their existence in the subsurface, east of where rocks in
the middle structural lithic unit are exposed, is uncertain (Reed and
Strickler, 1990; Hickman et al., 2009). The data presented here in-
dicates that the structural lithic classification that has been suc-
cessfully applied to the surface exposures of the Marathon Fold and
Thrust belt (Muehlberger and Tauvers, 1989) is also valid in the
subsurface to the east. In particular, we suggest that the Lower
Tesnus Detachment, separating the upper and middle structural
lithic units, is present within the subsurface and is an important
structural feature.

We observe structural discontinuity between the upper and
middle structural lithic units with complex folding and imbrication
of the middle structural lithic unit inside of kilometre-scale du-
plexes that utilize the Lower Tesnus Detachment as a roof thrust
and the Alsate Shale as a floor thrust (Figs. 3, 4 and 6). Structurally
above the Lower Tesnus Detachment, the upper structural lithic
unit deforms independently into a series of footwall synclines and
hangingwall anticlines separated by widely-spaced thrust faults
that root into the Lower Tesnus Detachment. The larger fold
wavelength and fault spacing in the upper structural lithic unit is
reflective of its greater relative thickness. Separate structural cross
section restorations of the upper and middle structural lithic units
indicates significant differences in percent shortening over a given
length and further supports a structural discontinuity across the
Lower Tesnus Detachment. Furthermore, differences in percent
shortening suggest a partially decoupled structural history be-
tween the upper and middle structural lithic units because addi-
tional shortening is required within the upper structural lithic unit
and that shortening occurs elsewhere in the thrust belt.

Slip on thrust faults in the upper structural lithic unit decreases
towards the foreland in a remarkably consistent pattern (Fig. 8).
This pattern suggests that the upper structural lithic unit was
transported by bed-parallel slip along the Lower Tesnus Detach-
ment and that this slip was partitioned onto thrust faults. In con-
trast, shortening within themiddle structural lithic unit is clustered
spatially andmay be related to the autochthonous paleotopography
or other factors. Towards the hinterland, the Lower Tesnus
Detachment extends to the Hells Half Acre Thrust which carries
Ordovician through Pennsylvanian rocks (Muehlberger and
Tauvers, 1989) (Fig. 9). Towards the foreland, the Lower Tesnus
Detachment extends to a frontal ramp that is preserved within
a duplex beneath Piñon field (Fig. 4).
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The duplex containing the frontal ramp of the Lower Tesnus
Detachment is overridden by other duplexes containing only the
middle structural lithic unit (Fig. 4). The structural configuration of
these duplexes suggests that transport and deformation in the
upper structural lithic unit at least locally preceded deformation of
the middle structural lithic unit. Broad folding of the upper struc-
tural lithic unit above duplexes at depth in the middle structural
lithic unit also suggests a difference in timing of deformation
(Figs. 3 and 4). We propose that early in the evolution of the
nt levels in the Marathon fold and thrust belt, west Texas, Journal of



J.B. Chapman, R.S. McCarty / Journal of Structural Geology xxx (2013) 1e1210
Marathon Fold and Thrust belt, the Lower Tesnus Detachment
extended into the undeformed foreland basin as a perched
décollement. A stratigraphically higher décollement at the toe of
a thrust belt compared to the stratigraphic position of the basal
décollement towards the interior of the thrust belt is a common
feature of many foreland fold and thrust belts including the Cana-
dian Cordillera (Price, 1981) and the Central Appalachians (Perry,
1978; Rodgers, 1990). As deformation progressed in the Marathon
Fold and Thrust belt, we propose that rocks of the middle structural
lithic unit at the toe of the thrust belt were mobilized and incor-
porated into the orogenic wedge by the formation of multiple du-
plexes which overprinted previous deformation in the upper
structural lithic unit.

While this study attempts to demonstrate that the Lower Tesnus
Detachment extends in the subsurface w40 km east of the surface
exposure of the Lower Tesnus Detachment, there is scattered evi-
dence from well and seismic data that suggests the Lower Tesnus
Detachment could extend across most of the Marathon Fold and
Thrust belt salient. For example, Reed and Strickler (1990) present
cross sections across Thistle field andMcKay Creek field (Fig. 9) that
suggest the presence of a bed-parallel thrust fault in the lower
Tesnus Formation that separates the middle structural lithic unit
from the upper structural lithic unit across all or most of the cross
section. Deformation of the middle structural lithic unit in these
fields is characterized by closely spaced structural duplication and
imbrication that does not involve rocks of the upper structural lithic
unit.

Towards the hinterland, a few deep wells have drilled through
major thrust faults in the upper structural lithic unit, but did not
encounter any rocks of themiddle structural lithic unit within these
thrust sheets (Fig. 9). Well 26 was drilled to a total measured depth
of 7337 m and penetrated a large thrust fault, which we tentatively
correlate to the Arden Draw Thrust. The Dimple Limestone was
structurally duplicated across this fault and was encountered at
3366 m measured depth and again at 5446 m measured depth.
Similarly, well 27 penetrated a large thrust fault that structurally
duplicated a productive sandstone in the Tesnus Formation. The
sandstone is well 27 was encountered at 1945 m measured depth
and again at 3151 m measured depth. Neither well 26 nor well 27
encountered any rocks of the middle structural lithic unit. These
Fig. 10. Cross section through the Ouachita Thrust Belt showing the structural relationship
Arbenz (2008).
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data are not conclusive and additional studies are needed to help
assess the possibility that the Lower Tesnus Detachment extends
across the Marathon Fold and Thrust belt salient, however, the
available data is congruent with the model presented here.

5.2. The Ouachita orogenic system

The Ouachita salient, exposed in Oklahoma and Arkansas, and
the Marathon salient in west Texas share a common tectonic his-
tory and hence have remarkably similar stratigraphic and structural
features (Flawn et al., 1961; Thomas, 1977; King, 1977; Viele and
Thomas, 1989) (Figs. 2 and 10). Both areas record a transition
from deep-water, condensed, starved basin deposition of the Cab-
allos and Arkansas Novaculite in the Devonian to rapid accumu-
lation and deposition of clastic rocks in the Carboniferous (McBride,
1989; Viele and Thomas,1989). The rapidly deposited, syn-orogenic
rocks in the Carboniferous include a basal shale member; the
Stanley Group and the lower Tesnus Formation. These shale de-
posits coarsen upwards into the Jackfork Sandstone and the upper
Tesnus Formation (Fig. 2).

Like the Marathon Fold and Thrust belt, the Carboniferous and
younger strata in the Ouachita salient have structural characteris-
tics that are distinct from the Devonian and older strata (Arbenz,
1989, 2008; Babaei and Viele, 1992) (Figs. 4 and 10). These two
successions in the Ouachita salient are stratigraphically and struc-
turally equivalent with the upper and middle structural lithic units
in the Marathon Fold and Thrust belt and Allen (1993) has sug-
gested similar terminology for the Ouachita salient. In other pub-
lications, the units have been referred to as structural “levels” or
“decks” (Arbenz, 1989, 2008; Babaei and Viele, 1992). A 100e200 m
thick detachment zone in shale of the middle to upper Stanley
Group separates the two units (Arbenz, 2008). We propose that this
detachment zone in the Stanley Group is equivalent with the Lower
Tesnus Detachment in the Marathon Fold and Thrust belt (Figs. 4
and 10). Although Arbenz (2008) suggests that minor bed-parallel
displacement is likely to locally occur across this detachment
zone, significant transport of the upper structural lithic unit in the
Ouachita fold and thrust belt relative to the unit below the
detachment zone has not been unequivocally demonstrated or
observed. Most researchers prefer the interpretation that the
across the detachment zone in the Stanley Group. Modified from cross section OK1 in
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detachment zone in the Stanley Group is a result of disharmonic
folding (Arbenz, 1989, 2008; Allen, 1993).

Arguments against significant thrust displacement along the
Stanley Group detachment zone include the north-dip of the
detachment zone from the Broken Bow and Benton uplifts towards
the foreland (Babaei and Viele, 1992) and the sub-parallelism be-
tween the detachment zone and bedding in the in the overlying
Carboniferous strata (Arbenz, 2008). However, if displacement
along a bed-parallel detachment in the Stanley Group preceded
deformation of the Devonian and older structural lithic units, as we
have suggested for the timing of slip along the Lower Tesnus
Detachment in the Marathon Fold and Thrust belt, then both the
north-dip of the Stanley Group detachment zone and sub-
parallelism with younger strata can be readily explained. While
the possibility of a similar thrust detachment in the Marathon and
Ouachita salients, separated by over 1000 km along strike, is
intriguing, we note that the relationship is speculative and more
work is needed to understand the complex structural geometries
and relationships in both areas.

The Ouachita and Marathon salients share a common orogenic
historywith theAppalachianMountains (Flawnet al.,1961; Thomas,
1977). The structural style discussed here for theMarathon Fold and
Thrust belt is in many ways similar to the Valley and Ridge Province
in the Appalachian orogen (Perry, 1978; Boyer and Elliott, 1982;
Mitra, 1986; Ferrill and Dunne, 1989). Multiple bed-parallel
décollement are present in the Appalachian system. The basal
décollement steps up from a flat in the basal Cambrian system to
shale beds of the Ordovician system, again to shale in the Devonian
system (Perry, 1978; Boyer and Elliott, 1982; Mitra, 1986). Where
exposed to the south andnot removedbyerosion, there is additional
evidence that a décollement steps up again to a flat within the
Pennsylvanian system (Roeder et al., 1978). Like the Marathon Fold
and Thrust belt, duplex systemswith distinct imbricate spacing and
wavelengths are present between these detachments in the Valley
and Ridge Province (Perry, 1978; Boyer and Elliott, 1982; Mitra,
1986). Furthermore, structural studies by Ferrill and Dunne (1989)
suggest that deformation of an upper structural lithic unit (“Dev-
onian and younger cover sequence”) was a result of the emplace-
ment of horses in a lower structural lithic unit (“Cambro-Ordovician
carbonates”) in the hinterland. Thus, deformation along a higher
stratigraphic décollement was achieved in the foreland before the
lower duplex system grew into the foreland (Ferrill and Dunne,
1989). This structural arrangement and sequence of deformation is
similar to the model of a perched décollement presented here.

6. Conclusions

The Lower Tesnus Detachment is a bed-parallel detachment in
the lower Tesnus Formation that was previously recognized from
surface exposures of the Marathon Fold and Thrust belt
(Muehlberger, 1979; Muehlberger et al., 1984). The Lower Tesnus
Detachment separates two structural lithic units, the middle and
upper structural lithic unit, which have characteristic patterns of
deformation (Fig. 2). The Lower Tesnus Detachment forms a roof
thrust to a duplex system in the middle structural lithic unit and
serves as a common detachment zone for thrust faults in the upper
structural lithic unit (Fig. 4). The relationship between the middle
structural lithic unit, Lower Tesnus Detachment, and upper struc-
tural lithic unit is observable at the surface at the northeast end of
the Dagger Flat anticlinoriumwhere these structures plunge to the
northeast (Fig. 1). We present new data indicating that the Lower
Tesnus Detachment is present in the subsurface east of the surface
trace of the Lower Tesnus Detachment and we propose that the
Lower Tesnus Detachmentmay extend acrossmost of theMarathon
Fold and Thrust belt salient (Fig. 9).
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The Lower Tesnus Detachment extends from the Hells Half Acre
Thrust in the hinterland to a frontal ramp near the toe of the thrust
belt (Figs. 4 and 9). The Lower Tesnus Detachment frontal ramp is
overridden by duplexes of the middle structural lithic unit and
elsewhere, the Lower Tesnus Detachment is folded by deformation
in the middle structural lithic unit (Figs. 3 and 4). These observa-
tions suggest that deformation and transport of the upper struc-
tural lithic unit along the Lower Tesnus Detachment preceded
deformation in the middle structural lithic unit. We propose that in
the early history of the Marathon Fold and Thrust belt, the basal
décollement ramped up to a higher stratigraphic level in the fore-
land ahead of the deforming orogenic wedge to form a perched
décollement in shale of the lower Tesnus Formation. As shortening
increased and deformation progressed, we propose that rocks of
the middle structural lithic unit were incorporated into the wedge
as duplex structures beneath the Lower Tesnus Detachment.

The Marathon Fold and Thrust belt shares many characteristics
with the fold and thrust belt in the Ouachita salient (Figs. 4, 9 and
10) including an equivalent stratigraphic succession that can be
divided into structural lithic units separated by a bed-parallel
detachment or detachment zone at the same stratigraphic posi-
tion. The similarities between the two salients highlight the need
for further investigation and raise the possibility that the structural
model presented here could serve as a template for reexamination
of the structural architecture and evolution of the Ouachita oro-
genic system.
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