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Disclaimer

This report was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States Government nor any agency thereof, nor any of
their employees, makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the United
States Government or any agency thereof.
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SUMMARY OF PROJECT ACCOMPLISHMENTS

INTRODUCTION

The Permian Basin is the richest hydrocarbon basin in the United States. To date, nearly
30 billion barrels of oil has been produced from an approximate original oil in place of 106
billion barrels (nearly one-fourth of the total discovered oil resource in the United States).
However, current annual production rates have fallen drastically from the peak of 665 million
barrels per year in the early 1970’s to less than 300 million barrels per year—half the peak
production. Despite the continuing fall in production, the Permian Basin still holds a significant
volume of oil. Studies by the Bureau of Economic Geology (Tyler and Banta, 1989) calculate
that as much as 30 billion barrels of mobile oil and 54 billion barrels of residual oil (accessible to
tertiary oil recovery technologies) remain in existing reservoirs. Such studies suggest that an
additional 3.5 billion barrels of oil and NGL resources remains to be discovered in the basin.

One of the critical barriers to generating new enthusiasm, interest, and commitment to
recovering this remaining resource has long been the lack of up-to-date, fully integrated and
synthesized, readily accessible data sets on the stratigraphic and depositional framework, facies
architecture, reservoir properties and characteristics, play boundaries, and applicable reservoir
models in the Permian Basin. The goal of this project was to fill this need by creating and
distributing a synthesis of Permian Basin data in readily accessible and usable digital formats.

Project Goals and Methodology

The goals of the project were to produce a detailed, comprehensive analysis and history
of Paleozoic depositional and reservoir systems in the Permian Basin and to create spatially
integrated databases of depositional, stratigraphic, lithologic, and petrophysical properties.

These goals were approached in two ways. The first objective was to develop
comprehensive syntheses of major hydrocarbon-bearing plays in the Permian Basin. These
syntheses have taken the form of written, illustrated summary reports on each depositional
episode in the Paleozoic section of the basin. Each report details the stratigraphy, facies,
structural and depositional history, diagenesis, causes of reservoir formation, and reservoir
distribution. Report text is supported by illustrations of important geological characteristics of
each system, including (1) maps of facies, thickness, and structure; (2) regional and reservoir-
specific cross sections; (3) illustrations of core facies and cyclicity; (4) reservoir and depositional
models; (5) depictions of wireline-log character; (6) seismic models; (7) photographs of
representative facies; and (8) representative outcrop data.

A second objective was to collect, interpret, synthesize, and distribute all available data
on hydrocarbon-bearing systems in the basin. Data collected include regional structure maps,
subcrop maps, thickness maps, paleogeographic maps, regional cross sections, reservoir cross
sections, reservoir and outcrop geological models, core descriptions, core analysis data, lists of
available cores, lists of publications, and copies of PowerPoint reports and posters.
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Both data and reports have been prepared for easy digital access and use and are available
digitally through the project website. Where possible, data have been integrated into a geospatial
database using an ARC/GIS-based format.

One of the keys to project success was the involvement of a large, multidisciplinary
group of geoscientists. The research team included 22 research professionals (17 affiliated with
the Bureau of Economic Geology) and 9 students (from The University of Texas at Austin).

Geologic and Geographic Scope

The project scope included nearly all hydrocarbon-producing rocks in the Permian Basin,
ranging from the Lower Ordovician Ellenburger Group to the Upper Permian Yates Formation,
nearly the entire Paleozoic stratigraphic succession (fig. 1). The geographic scope was largely
confined to the Permian Basin (fig. 2). However, interest and availability of data sets allowed
expansion eastward to the Fort Worth Basin for the Pennsylvanian and Mississippian parts of the
succession. We have also extended some mapping into Oklahoma.
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Figure 2. Map of west Texas and New Mexico showing primary study area.



WRITTEN GEOLOGIC PLAY SUMMARIES

Fourteen written play summaries have been completed and are currently available for
distribution. These include the following geologic successions: Ellenburger, Simpson, Montoya,
Fusselman, Wristen, Thirtyone, Mississippian, Morrow, Atoka, Strawn, Canyon/Cisco,
Wolfcamp, Artesia Group, Delaware Mountain Group. All of these reports are included in the
body of this final report.

Six other summaries are nearly complete and will be made available later in 2009. These
include the following successions: Woodford, Leonard (Clear Fork, Wichita, Abo, Glorieta),
Wolfcamp, Spraberry/Dean, Bone Spring, and San Andres. We expect that two additional
reports, one on the Yates and one on the Grayburg, will be completed and made available in
2010. When complete, these 22 reports will provide up-to-date and in-depth perspectives on all
producing reservoir successions in the Permian Basin.

In addition to play reports, we have compiled and completed several reports on detailed
studies of geological and engineering aspects of individual oil reservoirs. Finally, one report was
completed on outcrop studies; this work forms a fundamental basis for understanding many
subsurface reservoirs in the Permian Basin. These are not included in the Final Report (owing to
space limitations) but, like all data, are available for download from the project website.
Additional field studies will be made available through the website as they are completed.

In addition to these written reports, poster presentations and PowerPoints from oral
presentations are also available for access and download from the project website.

DATA

A wide variety of data have been collected, digitized, and made available for distribution.
These include the following: core analysis data (fig. 3), type logs (fig. 4), reservoir cross sections
(fig.5), regional cross sections (fig.6), structure maps (fig.7), distribution maps (fig.8),
paleogeographic maps (fig.9), and lists of available cores (fig.10). We also compiled
comprehensive lists of published papers for each play. These and all other data are available for
download from the project website. New data will be added to the website as they are obtained
on a continuing basis.

Figure 3. Example of core analysis data collected during the project.
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Figure 4. Example of type log produced during the project (Fullerton Clear Fork field).



Figure 5. Example of reservoir cross section produced during the project (Wolfcamp, Block 9
field, Andrews County, Texas).

Figure 6. Example of regional cross section (actual scale 33" x 80") depicting sequence
stratigraphy, facies architecture, and correlations (San Andres, Grayburg, and Queen Formations,
eastern Central Basin Platform, Ector County, Texas).



Figure 7. Example of structure map produced during the project (Ellenburger Group [Lower
Ordovician]).
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Figure 8. Example of distribution map (Woodford Formation).



Figure 9. Example of paleogeographic maps produced during the project (Lower Pennsylvanian
[Atokan]).

Figure 10. Example of lists of available cores compiled during the project.



DATA DISTRIBUTION

Data and reports created during the project are available for access and download at the
project website: [http://www.beg.utexas.edu/resprog/permianbasin/integsynthesis.htm] (fig. 11).

Figure 11. Front page, project website.

The project website provides access to project data in two formats: (1) as stand-alone
files and (2) as data in geospatially registered shape files that can be loaded into Arc/GIS
software. Most stand-alone data files are available in common file formats that can be read by
readily available software such as Acrobat (pdf files), Excel (data files), and PowerPoint. These
files are directly downloadable from the Data and Reports page (fig. 12).

Many data are also linked geospatially in ARC/GIS-based format. These files can be
downloaded and inserted into suitable data-viewing software. Instructions for downloading files
and obtaining access to a data viewer are given on the website (fig. 13).

10



Figure 12. Data and reports download page at the project website.

11



Figure 13. GIS data access page on the project website.

TECHNOLOGY TRANSFER

In addition to direct transfer of data by our website, we have delivered results of the
research to professional audiences through published papers, oral and poster presentations,
workshops, and direct interaction with oil and gas company scientists and engineers. These
activities include 29 published papers dealing with aspects of Permian Basin and Fort Worth
Basin Paleozoic geology, 35 oral and poster presentations given at professional society meetings,
and 116 oral and poster presentations given at the 10 workshops and short courses conducted
during the project. A complete list of these technology transfer activities is included in the
Appendix to this report.

CONCLUSIONS

The project has been highly successful in obtaining, interpreting, synthesizing, and
providing access to a large number of data on the geology of Paleozoic hydrocarbon-producing
successions of the Permian Basin that previously were unavailable. The availability of these data
and interpretations should greatly improve the existing knowledge base on Permian Basin
hydrocarbon systems and form the basis for new concepts and approaches to exploiting the
large volumes of oil and gas still remaining in this prolific basin.

12
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THE LOWER ORDOVICIAN ELLENBURGER GROUP, PERMIAN BASIN,

WEST TEXAS

Robert Loucks

Bureau of Economic Geology
Jackson School of Geosciences
The University of Texas at Austin

Austin, TX

ABSTRACT

The Ellenburger Group of the West Texas Permian Basin is part of a Lower
Ordovician carbonate platform sequence that covers a large area of the United States.
During the Early Ordovician, the Permian Basin area was located on the southwest edge
of the Laurentia plate between 20° and 30° latitude. The equator crossed northern
Canada, situating Texas in a tropical to subtropical latitude. The area of Texas was a
shallow-water shelf, with deeper water conditions to the south where it bordered the
Tapetus Ocean.

Shallow-water carbonates were deposited on the shelf, and deep-water shales and
carbonates were deposited on the slope and in the basin. The interior of the shelf
produced restricted environments, whereas the outer shelf produced open-marine
conditions. Diagenesis of the Ellenburger Group is complex, and the processes that
produced the diagenesis spanned millions of years. Three major diagenetic processes
strongly affected Ellenburger carbonates: (1) dolomitization, (2) karsting, and (3) tectonic
fracturing. Pore networks in the Ellenburger are complex because of the amount of
brecciation and fracturing associated with karsting. Networks can consist of any
combination of the following pore types, depending on depth of burial: (1) matrix, (2)
cavernous, (3) interclast, (4) crackle-/mosaic-breccia fractures, or (5) tectonic-related

fractures.
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The Ellenburger Group is an ongoing, important exploration target in West Texas.
Carbonate depositional systems within the Ellenburger Group are relatively simple;
however, the diagenetic overprint is complex, producing strong spatial heterogeneity

within the reservoir systems.

INTRODUCTION

The Ellenburger Group of the Permian Basin is part of a Lower Ordovician
carbonate platform sequence that covers a large area of the United States (Figures 1, 2)
(Ross, 1976; Kerans, 1988, 1990). It is well known for being one of the largest shallow-
water carbonate platforms in the geologic record (covering thousands of square miles and
as much as 500 mi wide in West Texas), being extensively karsted at the Sauk
unconformity, with its widespread hydrocarbon production. Hydrocarbon production
ranges from as shallow as 856 ft in West Era field in Cooke County, Texas, to as deep as
25,735 ft in McComb field in Pecos County, Texas. A review of the Ellenburger Group
will help explain the sedimentology and diagenesis that have resulted in this widespread
producing unit.

The first inclusive studies of the Ellenburger Group were completed by Cloud et
al. (1945), Cloud and Barnes (1948, 1957), and Barnes et al. (1959). These studies cover
many aspects of the group, ranging from stratigraphy to diagenesis to chemistry. Much
has been learned since then about carbonate sedimentology and diagenesis, and these new
concepts were integrated into later studies by Kerans (1988, 1989), which cover regional
geologic setting, depositional systems, facies analysis, depositional history, diagenesis,
and paleokarsting. Many other papers have described the local geology of fields (e.g.,
Loucks and Anderson, 1980, 1985; Combs et al., 2003) and outcrop areas (e.g.,
Goldhammer et al., 1992; Lucia, 1995, 1996; Loucks et al., 2004) or have elaborated on
paleokarsting (e.g., Lucia, 1971, 1995, 1996; Loucks and Anderson, 1985; Kerans, 1988,
1989, 1990; Candelaria and Reed, 1992; Loucks and Handford, 1992; Loucks, 1999;
Loucks et al., 2004; Loucks, 2007; McDonnell et al., 2007).

Major objectives of this paper are to review (1) regional geological setting and
general stratigraphy; (2) depositional systems, facies analysis, and depositional history;

(3) general regional diagenesis; (4) reservoir characteristics; and (5) the petroleum
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system. Many of the data are from published literature; however, new insights can be

derived by integrating these data.

REGIONAL GEOLOGICAL SETTING

At global plate scale during the Early Ordovician, the West Texas Permian Basin
area was located on the southwest edge of the Laurentia plate between 20° and 30°
latitude (Figure 1) (Blakey, 2005a, b). The equator crossed northern Canada (Figure 1),
situating Texas in a tropical to subtropical latitude (Lindsay and Koskelin, 1993). Much
of the United States was covered by a shallow sea. Most of Texas was a shallow-water
shelf with deeper water conditions to the south, where it bordered the Iapetus Ocean. The
Texas Arch (Figures 2), a large land complex, existed in North Texas and New Mexico.

Ross (1976) and Kerans (1990) pointed out that the main depositional settings
within the Permian Basin for the Ellenburger Group were the deeper water slope and the
shallower water carbonate platform. Ross (1976) presented the broad Lower Ordovician
carbonate platform as having an interior of dolomite and an outer area of limestone
(Figure 2). Seaward of the limestone he postulated black shale. Kerans (1990) interpreted
Ross’s map in terms of depositional settings (Figure 3), the dolomite being a restricted
shelf interior and the limestone being an outer rim of more open-shelf deposits. Seaward
of the platform was a deeper water slope system (shales), which Kerans (1990) claimed
to be represented by the Marathon Limestone. The Ellenburger Group in the south part of
Texas, where the deeper water equivalent strata would have been, was strongly affected
by the Ouachita Orogeny when the South American plate was thrust against the North
American plate (Figure 2). Basinal and slope facies strata were destroyed or extensively
structurally deformed. Ellenburger Group facies cannot be traced south of the slope
setting in southwest Texas because of the Ouachita Orogeny.

Kerans (1990) recognized that several peripheral structural features affected
deposition of Ellenburger sediments in the West Texas New Mexico area (Figure 4);
however, most of the platform was relatively flat. Major structural features in the area
that formed after Early Ordovician time include the Middle Ordovician Toboas Basin and

the Pennsylvanian Central Basin Platform (Galley, 1958).
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Structural maps of the top Ellenburger Group (Figure 5) and top Precambrian
intervals (Figure 6) show the Ellenburger Group as a structural low in the area of the
Permian Basin. In the Midland Basin area, the top of Ellenburger carbonate is as deep as
11,000 ft, shallower over the Central Basin Platform, and as deep as 25,000 ft in the
Delaware Basin. Isopach maps (Figure 4) by the Texas Water Development Board
(1972), Wilson (1993), and Lindsay and Koskelin (1993) show thickening of the

Ellenburger Group into the area of the Permian Basin.

GENERAL STRATIGRAPHY

The Ellenburger Group is equivalent to the El Paso Group in the Franklin
Mountains, the Arbuckle Group in northeast Texas and Midcontinent, the Knox Group in
the eastern United States, and the Beekmantown Group of the northeastern United States.
In West Texas the Ellenburger Group overlies the Cambrian Bliss subarkosic sandstone
(Loucks and Anderson, 1980). In the Llano area, Barnes et al. (1959) divided the
Ellenburger Group from bottom to top into the Tanyard, Gorman, and Honeycut
Formations. Kerans (1990) compared the Llano stratigraphic section to the subsurface
stratigraphy of West Texas (Figure 7). A worldwide hiatus appeared at the end of Early
Ordovician deposition, creating an extensive second-order unconformity (Sauk-
Tippecanoe Supersequence Boundary defined by Sloss [1963]; Figure 7). This
unconformity produced extensive karsting throughout the United States and is discussed
later in this paper. In West Texas, the upper Middle Ordovician Simpson Group was
deposited above this unconformity (Figure 7).

A general second-order sequence stratigraphic framework was proposed by
Kupecz (1992) for the Ellenburger Group in West Texas (Figure 8). The contact between
the Precambrian and the Lower Ordovician intervals represents a lowstand of sea level of
unknown duration; the Bliss Sandstone sediments are partly lowstand erosional deposits
(Loucks and Anderson, 1985). The lower second-order transgressive systems tract
includes the Bliss Sandstone and the lower Ellenburger alluvial fan to interbedded

shallow-subtidal paracycles. The second-order highstand systems tracts include the upper
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interbedded paracycles of peritidal deposits. The next second-order lowstand produced
the Sauk-Tippecanoe sequence boundary.

A detailed sequence stratigraphy of the Lower Ordovician of West Texas
(Figure 9) was worked out by Goldhammer et al. (1992), Goldhammer (1996), and
Goldhammer and Lehmann (1996), who worked in the Franklin Mountains in far West
Texas and who compared their work to that in other areas, including the Arbuckle
Mountains in Oklahoma (Figure 9). They divided the general Lower Ordovician section,
which they called the Sauk-C second-order supersequence, into nine third-order
sequences (Figure 9) on the basis of higher order stacking patterns. Each third-order
sequence had a duration of 1 to 10 million years. Goldhammer et al. (1992) stated that the
origin and control of third-order sequences in the Lower Ordovician remain problematic
because this period of time lacks evidence of major glaciation.

In the Franklin Mountains, Goldhammer et al. (1992), Goldhammer (1996), and
Goldhammer and Lehmann (1996) recognized only the lower seven sequences (Figure 9),
and they included the Bliss Sandstone as the lowest sequence. The sequences in this area
range from 2 to 6 million years in duration. Within the third-order sequences, these
researchers recognized numerous higher order sequences at the scale of fourth- and fifth-
order parasequences, which are detailed depositional units that consist of meter-scale
aggradational or progradational depositional cycles. This is the stratigraphic architectural
scale that is used for flow-unit modeling in reservoir characterization (Kerans et al.,

1994).

DEPOSITIONAL FACIES AND DEPOSITIONAL SYSTEMS
Ellenburger Platform Systems
Loucks and Anderson (1980, 1985) presented depositional models (Figures 10,
11) of the Ellenburger section in Puckett field, Pecos County, West Texas. Their data
consist of two cores that provide ~1,700 ft of overlapping, continuous coverage of the
section (Figure 12). They defined the lower Ellenburger section as being dominated by
alluvial fan/coastal sabkha paracycles, the middle Ellenburger as subtidal paracycles, and

the upper Ellenburger as supratidal/intertidal paracycles. Numerous fourth- and fifth-
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order cycles occur within this Puckett Ellenburger section. These researchers recognized
many solution-collapsed zones that they attributed to exposure surfaces of different
duration (Figure 12).

Kerans (1990) completed the most detailed and complete regional Ellenburger
depositional systems and facies analysis on the basis of wireline-log and core material.
Much of the rest of this section is a summary of Kerans’ work. (See Kerans [1990] for
complete description and interpretation of facies.) He recognized six general lithofacies
(Figure 7):

(1) Litharenite: fan delta — marginal marine depositional system

(2) Mixed siliciclastic-carbonate packstone/grainstone: lower tidal-flat depositional
system

(3) Ooid and peloid grainstone: high-energy restricted-shelf depositional system

(4) Mottled mudstone: low-energy restricted-shelf depositional system

(5) Laminated mudstone: upper tidal-flat depositional system

(6) Gastropod-intraclast-peloid packstone/grainstone: open shallow-water-shelf

depositional system

Fan Delta — Marginal Marine Depositional System
Description: Kerans (1990) noted that this system contains two prominent facies:

cross-stratified litharenite and massive to cross-stratified pebbly sandstone to
conglomerate. Sedimentary structures include thick trough and tabular crossbeds, parallel
current lamination, and graded and massive beds. Clastic grains are composed of granite
and quartzite rock fragments, feldspar, and quartz.

Interpretation: According to Kerans (1990) this unit was deposited as a fan delta —
marginal marine depositional system. It is a basal retrogradational clastic deposit where
the Ellenburger Group onlaps the Precambrian basement. Loucks and Anderson (1985)
presented a similar interpretation of a fan-delta complex prograding into a shallow

subtidal environment (Figure 11).
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Lower Tidal-Flat Depositional System

Description: Kerans (1990) stated that the dominant facies are mixed siliciclastic-
peloid packstone-grainstone, intraclastic breccia, stromatolitic boundstone containing
silicified nodular anhydrite, ooid grainstone, and carbonate mudstone. These facies are
mostly dolomitized. Kerans (1990) noted that the siliciclastic content is related to
distribution of the sandstone below. Sedimentary structures include relict cross-
stratification, scour channels, stromatolites, flat cryptalgal laminites, and silica-replaced
evaporate nodules.

Interpretation: According to Kerans (1990) this unit was deposited in a lower
tidal-flat depositional system in close association with the fan-delta depositional system
(Figure 10). Upward in the section carbonate tidal flats override the fan deltas. Kerans
(1990) presented the idealized cycle within this system as an upward-shoaling succession.
Tidal-flat complexes prograded across subtidal shoals and intervening lagoonal muds
(Figure 10). The relict evaporate nodules indicate an arid sabkha climate (Loucks and
Anderson, 1985; Kerans, 1990). Kerans (1990) pointed out that thin siliciclastic sand
laminae in tidal-flat laminites represent eolian deposits, whereas thicker sand units
represent periodic sheetflood deposits from adjacent alluvial fans. Loucks and Anderson

(1985) also recognized quartz sandstone units in the algal laminae.

High-Energy Restricted-Shelf Depositional System
Description: Kerans (1990) noted that this system is characterized by ooid

grainstone; ooid-peloid packstone-grainstone; laminated, massive, and mottled mudstone;
and minor cyanobacterial boundstone. It also contains coarse-crystalline white chert and
rare gastropod molds. Coarse dolomite fabric is common. Depositional structures include
cross-stratification, intraclastic breccias, small stromatolites, cryptalgal mats, and
silicified relict nodular anhydrite.

Interpretation: According to Kerans (1990) this unit was deposited in a high-
energy restricted-shelf depositional system. He stated that this system represents the
period of maximum marine inundation during the Ellenburger transgression. He noted
that extensive ooid shoals dominated the shelf and bioturbated mudstones formed in

protected settings between shoals (Figure 11). Cryptalgal laminites and mudstones (tidal
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flats) with relict evaporate nodules may mark local shoaling cycles or more extensive
upward-shoaling events. Kerans (1990) noted that the lack of fauna suggests restricted
circulation on the shelf produced by shoal-related restriction or by later destruction by

dolomitization.

Low-Energy Restricted-Shelf Depositional System
Description: Kerans (1990) described this widespread system as a “remarkably

homogeneous sequence of gray to dark-gray, fine- to medium-crystalline dolomite
containing irregular mottling and lesser parallel-laminated mudstone and peloid
wackestone.” He noted sparse fauna of a few gastropods and nautiloids. The facies is
highly dolomitized.

Interpretation: According to Kerans (1990) this unit was deposited in a low-
energy restricted-shelf depositional system (Figure 11). The mottling is considered to be
the result of bioturbation. It is a restricted shelf deposit ranging from subtidal mudstones
to shoaling areas with tidal flats. Kerans (1990) noted that seaward this system
interfingers with the open-marine, shallow-water shelf depositional system, fitting the

model of Ross (1976) (Figure 2).

Upper Tidal-Flat Depositional System
Description: Kerans (1990) noted that the dominant facies in this system is

smooth and parallel or irregular and crinkled laminated dolomite. Other facies include
mottled mudstone, current-laminated dolostone, and beds of intraclastic breccia.
Sedimentary structures include desiccation cracks, current laminations, nodular chert
(relict evaporates?), and stromatolites.

Interpretation: According to Kerans (1990) this unit was deposited in an upper
tidal-flat depositional system. A common cycle is composed of a basal bioturbated
mudstone passing through current-laminated mudstone and into cryptalgal laminated
mudstone, with desiccation structures and intraclastic breccias (Figure 11). Kerans (1990)
noted that the mottled and current-laminated mudstones intercalated with the laminites

are low-energy shelf deposits and intercalated ooid-peloid grainstone beds are storm
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deposits transported from high-energy shoals offshore (Figure 11). Kerans (1990)
suggested that the upper tidal-flat depositional system consisted of a broad tidal-flat
environment situated landward of the lagoon-mud shoal complex. This model is similar
to that presented by Loucks and Anderson (1985) (Figure 11). The depositional system

occurs near the top of the Ellenburger succession.

Open Shallow-Water-Shelf Depositional System

Description: Kerans (1990) noted that the rocks in this system are mainly
limestone, which is in contrast to many of the other sections of the Ellenburger interval.
Facies include peloid and ooid grainstones, mollusk-peloidal packstones, intraclastic
breccias, cryptalgal laminated mudstones, digitate stromatolitic boundstones, bioturbated
mudstones, and thin quartzarenite beds. Again, in general contrast to the other
depositional systems, this system has abundant fossils, including sponges, trilobites,
gastropods, bivalves, and cephalopods. Kerans (1990) described the grainstones and
packstones as massive or displaying parallel current laminations. He noted abundant
desiccation cracks in the laminites, as well as fenestral fabric.

Interpretation: According to Kerans (1990) this unit was deposited in an open,
shallow-water-shelf depositional system. He described the depositional setting as a
complex mosaic of tidal-flat subenvironments, shallow-water subtidal carbonate sand
bars, and locally thin stromatolite bioherms and biostromes (Figure 11). He interpreted
the greater diversity of fauna, lack of evaporate evidence, and presence of high-energy
grainstones and packstones as suggesting a moderate-current energy environment with
open-marine circulation. He speculated that this system may have occurred close to the

shelf edge or slope break.

Marathon Limestone Deeper Water System
The Marathon Limestone is the time-equivalent, deeper water slope facies of the
Ellenburger shallow-water-platform facies (Berry, 1960; Young, 1968; Ross, 1982;
Kerans, 1990). In West Texas, it occurs in the Marathon Basin (Young, 1968) and on the
west margin of the Diablo Platform (Lucia, 1968, 1969).
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Description: Kerans (1990) described the unit as containing graptolite-bearing
shale, siliciclastic siltstone, lime grainstone and lime mudstone, and debris-flow
megabreccia. Sedimentary structures consist of graded beds, horizontal laminations, sole
marks, flute casts, and soft-sediment deformation structures (slump folds).

Interpretation: According to Kerans (1990) this unit was deposited in a more
basinal setting than the laterally equivalent Ellenburger depositional systems. He defined
the setting as a distally steepened ramp. He recognized that the thin-bedded shale,
siltstone, and lime grainstone-mudstone packages are Bouma turbidite sequences
produced by turbidity currents on a deeper water slope. Both Young (1968) and Kerans
(1990) interpreted the massively bedded megabreccias as deeper water debris-flow

deposits.

General Depositional History of the Ellenburger Group

Kerans (1990) summarized the depositional history of the Ellenburger Group in
four stages (Figure 13).

Stage 1: Marked by retrogradational deposition of fan delta — marginal marine
depositional system continuous with Early Cambrian transgression (Kerans, 1990).
Kerans (1990) described interfingering of the basal siliciclastics with overlying tidal-flat
and shallow-water subtidal deposits of the lower tidal-flat depositional system. This
transition represents initial transgression and associated retrogradational sedimentation.
Kerans (1990) noted that this stage was followed by regional progradation and
aggradation of peritidal carbonate facies. This stage of deposition filled in existing
paleotopography resulting in a low-relief platform.

Stage 2: Kerans (1990) documented rapid transgression and widespread
aggradational deposition of the high-energy, restricted-shelf depositional system across
much of West and Central Texas during this stage. He noted that the transgression
produced an extensive carbonate sand sheet over much of the platform. He interpreted a
moderately hypersaline setting on the basis of rare macrofauna, evidence of evaporites,
and abundance of ooids.

Stage 3: Kerans (1990) stated that upward transition from the high-energy,

restricted-shelf depositional systems to the low-energy, restricted-shelf depositional

24



systems is evidence of a second regression across the Ellenburger shelf. Progradation
during this stage is marked by transition of landward upper tidal flats to more seaward,
low-energy, restricted subtidal to intertidal facies to farthest seaward, open-marine,
shallow-water-shelf facies. Kerans (1990) recognized that laminated mudstones of the
upper tidal-flat depositional system represent maximum regression across the Ellenburger
inner shelf.

Stage 4: Near the end of the Early Ordovician there was a worldwide eustatic
lowstand, the timing of which is reported to be Whiterockian in age (Sloss, 1963; Ham
and Wilson, 1967), and whose length of exposure covered several million years.
Throughout the United States, an extensive karst terrain formed on the Ellenburger
platform carbonates (Kerans, 1988, 1989, 1990). During this long period of exposure,
thick sections of cave developed, resulting in extensive paleocave collapse breccias
within the Ellenburger section (Lucia, 1971; Loucks and Anderson, 1980, 1985; Kerans,
1988, 1989, 1990; Wilson et al., 1992; Loucks 1999). The time-equivalent, slope-
deposited Marathon Limestone was not exposed during this sea-level drop (Kerans,
1990). The area appears to have had continuous deposition from the Early Ordovician

through the Middle Ordovician.

GENERAL REGIONAL DIAGENESIS

Diagenesis of the Ellenburger Group is complex, and the processes that produced
the diagenesis covered millions of years (e.g., Folk, 1959; Lucia, 1971; Loucks and
Anderson, 1985; Lee and Friedman, 1987; Kerans, 1988, 1989, 1990; Kupecz and Land,
1991; Amthor and Friedman, 1991; Loucks, 1999, 2003). Several studies have presented
detailed diagenetic analysis of the Ellenburger (Kerans, 1990; Kupecz and Land, 1991;
Amthor and Friedman, 1991). A paragenetic chart is presented in Figures 14. Three major
diagenetic processes are important to discuss: (1) dolomitization, (2) karsting, and
(3) tectonic fracturing. Other diagenetic features are present but do not impact the
appearance or reservoir quality of the Ellenburger as much as these three do. In the

following discussion of these diagenetic processes, only an overview will be presented,
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and the reader is referred to literature on Ellenburger diagenesis for a complete and

detailed discussion.

Understanding Diagenesis in the Ellenburger Group

As stated earlier, diagenesis of the Ellenburger Group is complex. Detailed
diagenesis can be worked out for any location, but trying to explain the complete
diagenetic history for the entire Ellenburger carbonate section in West Texas may be
beyond our reach because of relatively sparse subsurface data, length of time (£20
million years), thick stratigraphic section (possibly as many as six third-order sequences),
and the large area involved. Remember that carbonates generally undergo diagenesis
early in their history, especially if they are subjected to meteoric water. With the number
of third-order sequences in the section and the time represented by each sequence (2 to
5 million years), extensive early and shallow diagenesis probably occurred but was later
masked by intense dolomitization.

At the end of Early Ordovician time, a several-million-year hiatus occurred,
exposing the Ellenburger Group and subjecting it to meteoric karst processes. Several
authors have demonstrated that the karst affected strata at least 300 to 1,000 ft beneath
the unconformity (e.g., Kerans 1988, 1989; Lucia, 1995; Loucks, 1999). With the
occurrence of Ouachita thrusting from the Mississippian through the Pennsylvanian, vast
quantities of hydrothermal fluids moved though available permeable pathways within the
Ellenburger, producing late-stage diagenesis (e.g., Kupecz and Land, 1991). Following
lithification, different parts of the Ellenburger Group were subjected to tectonic stresses,
producing fractures and more late-stage diagenesis, which probably affected local areas
(e.g., Loucks and Anderson, 1985; Kearns, 1990; Loucks, 2003).

Loucks (2003) presented an overview of the origins of fractures in Ordovician
strata and concluded that in order to explain the complex diagenesis in these strata, one
must sort all events into a well-documented paragenetic sequence—the most reliable
method of delineating timing of events and features. He demonstrated that karsting and
paleocave collapse breccias and related fractures and some tectonic fractures had
occurred before the hydrothermal events that had produced saddle dolomite. But first he

had to establish well-documented paragenetic relationships.
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Dolomitization

Of the several authors (Kerans, 1990; Kupecz and Land, 1991; Amthor and
Friedman, 1991) that have attempted to understand the regional dolomite history, Kupecz
and Land (1991) appear to have made the most progress. This section will mainly address
findings of Kupecz and Land (1991) but will still include observations and conclusions
from the other authors. Kupecz and Land’s (1991) paragenetic sequence is presented in
Figure 14. Their study covered a large area of West Texas, as well as the Llano Uplift
area in Central Texas. They used both cores and outcrop as a data source and combined
petrography with carbon, oxygen, and strontium isotopes.

Kupecz and Land (1991) recognized five general stages of dolomitization
(Figure 14). Generations of dolomite were separated into early-stage dolomitization,
which predated the Sauk unconformity, and late-stage dolomitization, which postdated
the Sauk unconformity. They attributed 90% of the dolomite as early stage and 10% as

late stage.

Kupecz and Land (1991) Dolomite Types:
(1) Stage 1 prekarstification early-stage dolomite (Dolomite E1)

a. Description: Crystal size ranges from 5 to 700 m but varies by facies. In
cryptalgal laminites crystal sizes range from 5 to 100 m. These euhedral
crystals have planar interfaces. In millimeter-laminated facies crystal size
ranges from 5 to 70 m and in the bioturbated mudstones crystal size ranges
from 5 to 700 m. Kupecz and Land (1991) thought that some of the
coarser crystals were a product of later recrystallization.

b. Interpretation: Kupecz and Land (1991) documented that this dolomite
replaced lime mud or mudstone and that the dolomite predated
karstification because it is found in nonkarsted rock as well as in clasts
created by karsting. Therefore, it must have formed before karsting for it
to have been brecciated. Probable source of Mg for dolomitization is
seawater (Kupecz and Land, 1991).

(2) Stage 2 postkarstification late-stage dolomite (Dolomite L1)
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a. Description: This replacement dolomite consists of coarse-crystalline
euhedral rhombs with crystal size ranging from 200 to 2,000 m. Its
homogeneous cathodoluminescence and homogeneous backscattered
imaging suggest that this dolomite type has undergone recrystallization
(Kupecz and Land, 1991). This stage of dolomitization is a regional event
and is related to hydrothermal fluids.

b. Interpretation: Late-stage origin is based on coarse-crystal size (Kupecz
and Land, 1991).

(3) Stage 3 postkarstification late-stage dolomite (Dolomite L2)

a. Description: Crystals have planar interfaces, sizes range from 100 to
3,500 m and crystals have subhedral to anhedral shapes. Extinction ranges
from straight to undulose.

b. Interpretation: This stage is a replacement type of dolomite (Kupecz and
Land, 1991). Late origin is based on relationship to a later stage chert and
its replacement of early-stage dolomite E1. Much of the grainstone facies
is replaced by this stage of dolomitization, which is related to
hydrothermal fluids. Probable source of Mg for dolomitization is
dissolution of previously precipitated dolomite (Kupecz and Land, 1991).

(4) Stage 4 postkarstification late-stage dolomite (Dolomite C1)

a. Description: Crystals are subhedral with undulose extinction
(saddle/baroque dolomite), and sizes range from 100 to 5,000 m.

b. Interpretation: Pore-filling cement (Kupecz and Land, 1991). Paragenetic
sequence is established by the fact that Dolomite C1 postdates Dolomite
L2 and was corroded before Dolomite C 2 was precipitated. Probable
source of Mg for dolomitization is dissolution of previously precipitated
dolomite (Kupecz and Land, 1991). This stage of dolomitization is a
regional event and is related to hydrothermal fluids.

(5) Stage 5 postkarstification late-stage dolomite (Dolomite C2)

a. Description: Subhedral white crystals with moderate to strong undulose

extinction (saddle/baroque dolomite), and crystal sizes range from 100 to

7,500 m. Contain abundant fluid inclusions.
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b. Interpretation: Pore-filling cement (Kupecz and Land, 1991). Occurred
after corrosion of Dolomite C1. Probable source of Mg for dolomitization
is dissolution of previously precipitated dolomite (Kupecz and Land,
1991). This stage of dolomitization is related to hydrothermal fluids.

Kupecz and Land (1991) provided the only integrated analysis of fluid-flow
pathways and sources of Mg for the different dolomitizing events. Early-stage
prekarstification dolomite is associated with muddier rocks, and the source of Mg was
probably seawater. Kerans (1990) similarly attributed these finer crystalline dolomites to
penecontemporaneous replacement of mud in tidal flats and to regionally extensive reflux
processes during deposition.

Late-stage postkarstification dolomites are attributed by Kupecz and Land (1991)
to warm, reactive fluids, which were expelled from basinal shales during the Ouachita
Orogeny. The fluids are thought to have been corrosive, as evidenced by corroded
dolomite rhombs (Kupecz and Land, 1991). This corrosion provided the Mg necessary
for dolomitization. The warm, overpressured fluids were episodically released and
migrated hundreds of miles from the foldbelt toward New Mexico (Figure 15). These
fluids migrated through high-permeability aquifers of the Bliss Sandstone, basal
subarkose facies of the Ellenburger, as well as grainstone facies and paleocave breccia
zones. Figure 15 from Kupecz and Land (1991) shows the regional isotopic composition
of late-stage Dolomite L2. The pattern of lighter to heavier delta-O'® away from the
foldbelt to the south suggests movement and cooling of fluids to the northwest. Kupecz
and Land’s (1991) regional dolomitization model is displayed in Figure 15. Figure 16
shows the tectonic setting that produced the hydrothermal fluids.

Kerans (1990) defined three major styles of dolomitization:

(1) Very fine crystalline dolomite that he considered as a replacement product
penecontemporaneous with deposition in a tidal-flat setting.

(2) Fine- to medium-crystalline dolomite appearing in all facies and that contributed
to regionally extensive reflux processes during Ellenburger deposition.

(3) Coarse-crystalline replacement mosaic dolomite and saddle (baroque) dolomite

associated with burial.
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Kerans’ first two types of dolomite are probably equivalent to Kupecz and Land’s
(1991) early-stage Dolomite E1. His coarse-crystalline replacement mosaic dolomite and
saddle dolomite are equivalent to Kupecz and Land’s (1991) late-stage dolomites.

Amthor and Friedman (1991) also recognized early- to late-stage dolomitization of
the Ellenburger Group (Figures 17, 18). Similar to Kerans (1990) and Kupecz and Land
(1991), Amthor and Friedman (1991) described early-stage, low-temperature, fine-
crystalline dolomites associated with lime muds, where the Mg was supplied by diffusion
from overlying seawater. Amthor and Friedman (1991) also described medium- to
coarse-crystalline dolomite that replaced grains and matrix in the depth range of 1,500 to
6,000 ft. These dolomites are postkarstification and are probably replacement Dolomite
L1 and L2 of Kupecz and Land (1991). Amthor and Friedman’s (1991) last stage of
dolomite is assigned a deep-burial origin (>6,000 ft) and consists of coarse-crystalline
saddle dolomite. Its occurrence is both pore filling and replacive, and it is Dolomite L2,
C1, and C2 of Kupecz and Land (1991). Amthor and Friedman (1991) also noticed
extensive corrosion of previously precipitated dolomite, and they invoked a fluid-flow
model similar to that of Kupecz and Land (1991), in which fluids were associated with
the Ouachita Orogeny.

Overall, much of the Ellenburger is dolomitized. Dolomitization favors preserving
open fractures and pores because it is mechanically and chemically more stable than
limestone. Pores within dolomites are commonly preserved to deeper burial depths and
higher temperatures than those of pores in limestone. Also, limestone breccia clasts tend
to undergo extensive pressure solution at their boundaries and lose all interclast pores
(Loucks and Handford, 1992), whereas dolomite breccia clasts are more chemically and

mechanically stable with burial.

Karsting
Karsting is a complex, large-scale diagenetic event that strongly affected the
Ellenburger Group. The process may affect only the surface of a carbonate terrain,
forming terra rosa, or extensively dissolve the carbonate surface, creating karst towers

(Figure 19). It can also produce extensive subsurface dissolution in the form of dolines,

30



caves, etc. (Figure 19). The next several paragraphs are meant to provide a background

on karst systems that are seen in the Ellenburger Group.

Review of Caves and Paleocaves

Loucks (1999) provided a review of paleocave carbonate reservoirs. He stressed
that to understand the features of paleocave systems, an understanding of how paleocave
systems form is necessary. The best approach to such an understanding is to review how
modern cave systems form at the surface and evolve into coalesced, collapsed-paleocave
systems in the subsurface. Loucks (1999) described this evolutionary process, and the
review presented here is mainly from that investigation.

To describe the features or elements of both modern and ancient cave systems,
Loucks (1999) proposed a ternary classification of breccias and clastic deposits in cave
systems based on relationships between crackle breccia, chaotic breccia, and cave-
sediment fill (Figure 20). Crackle breccias have thin fractures separating breccia clasts.
Individual clasts can be fitted back together. Mosaic breccias are similar to crackle
breccias, but displacement between clasts is greater and some clast rotation is evident.
Chaotic breccias are characterized by extensive rotation and displacement of clasts. The
clasts can be derived from multiple horizons, producing polymictic breccias. Chaotic
breccias grade from matrix-free, clast-supported breccias to matrix-supported breccias.

Loucks (1999) also showed that paleocave systems have complex histories of
formation (Figure 21). They are products of near-surface cave development, including
dissolutional excavation of passages, breakdown of passages, and sedimentation in cave
passages. These are followed by later-burial cave collapse, compaction, and coalescence.

Phreatic or vadose-zone dissolution creates cave passages (Figures 19, 21).
Passages are excavated where surface recharge is concentrated by preexisting pore
systems, such as bedding planes or fractures (Palmer, 1991), that extend continuously
between groundwater input, such as sinkholes, and groundwater output, such as springs
(Ford, 1988).

Cave ceilings and walls are under stress from the weight of overlying strata. A
tension dome—a zone of maximum shear stress—is induced by the presence of a cavity

(White, 1988), and stress is relieved by collapse of the rock mass within the stress zone,
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which commonly starts in the vadose zone. In the phreatic zone, water supplies 40% of
the ceiling support through buoyancy (White and White, 1968). Removal of this support
in the vadose zone weakens the ceiling and can result in its collapse. Major products of
collapsed ceiling and walls are chaotic breakdown breccia on the floor of the cave
passage (Figures 19, 21). In addition, stress release around cave passages produces
crackle breccias in cave-ceiling and cave-wall host rocks (Figures 19, 21).

Near-surface dissolutional excavation and cave sedimentation terminate as cave-
bearing strata are buried into the subsurface. Extensive mechanical compacting begins,
resulting in collapse of remaining passages and further brecciation of blocks and slabs
(Figure 21). Multiple stages of collapse occur over a broad depth range, and foot-scale bit
drops (cavernous pores) are not uncommon at depths of 6,000 to 7,000 ft (Loucks, 1999).
The areal cross-sectional extent of brecciation and fracturing after burial and collapse is
greater than that of the original passage (Figure 21). Collapsed, but relatively intact, strata
over the collapsed chamber are fractured and form burial cave-roof crackle and mosaic
breccias with loosely to tightly fitted clasts (Figure 21). Sag feature and faults
(suprastratal deformation) can occur over collapsed passages (Figure 21) (Lucia, 1971,
1995, 1996; Kerans, 1988, 1989, 1990; Hardage et al., 1996; Loucks, 1999, 2003, 2007;
McDonnell et al., 2007).

Development of a large collapsed paleocave reservoir is the result of several
stages of development (Figure 22). The more extensive coalesced, collapsed-paleocave
system originated at composite unconformities, where several cave systems may
overprint themselves during several million years of exposure to karst processes
(Figure 22) (Esteban 1991; Lucia, 1995; Loucks, 1999). As the multiple-episode cave
system subsides into the deeper subsurface, wall and ceiling rock adjoining open
passages collapses and forms breccias that radiate from the passage and may intersect
with fractures from other collapsed passages and older breccias within the system. This
process forms coalesced, collapsed-paleocave systems and associated reservoirs that are
hundreds to thousands of feet across, thousands of feet long, and tens to hundreds of feet
thick. Internal spatial complexity is high, resulting from the collapse and coalescing of
numerous passages and cave-wall and cave-ceiling strata. These breccias and fractures

are commonly major reservoirs in the Ellenburger Group. The reader is referred to
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Kerans (1988, 1989, 1990), Loucks and Handford (1992), Hammes et al. (1996), and
Loucks (1999, 2001, 2003) for discussions about paleocave systems in the Ellenburger
Group.

Loucks and Mescher (2001) developed a classification of paleocave facies (Figure
23, Table 1). Six basic cave facies are recognized in a paleocave system and are classified
by rock textures, fabrics, and structures: (1) undisturbed strata (undisturbed host rock),
(2) disturbed strata (disturbed host rock), (3) highly disturbed strata (collapsed roof and
wall rock), (4) coarse chaotic breccia (collapsed-breccia cavern fill), (5) fine chaotic
breccia (transported-breccia cavern fill), and (6) sediment fill (cave-sediment cavern fill).
Each paleocave facies can be distinct and adjoin sharply with adjacent facies, or they may
show gradation into adjacent facies within the coalesced, collapsed-paleocave system.
Pore networks associated with paleocave reservoirs can consist of cavernous pores,
interclast pores, crackle- and mosaic-breccia fractures, tectonic fractures, and, less
commonly, matrix pores. The paleocave facies classification, in conjunction with burial-
history data, can be used to describe the complex geology expressed in coalesced,
collapsed-paleocave systems and can be used to explain and predict pore-type

distribution and magnitude of reservoir quality.
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Ellenburger Karsting

In the Ellenburger Group, extensive cave systems formed at a composite
unconformity (Sauk unconformity) that lasted several million years to several tens of
million years. Many authors have recognized this karsting and associated features in the

Ellenburger Group. Barnes et al. (1959) recognized solution collapse in the Ellenburger
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Group, stating that “... a matrix composed of material foreign to the formation indicates
breccia formed by solution and collapse probably related to an erosional unconformity.”
Lucia (1971) was the first to promote that the extensive brecciation seen in the El Paso
Group (equivalent to the Ellenburger Group) was associated with karst dissolution and
was not the result of tectonic brecciation. Loucks and Anderson (1980, 1985) in Puckett
field in Pecos County also realized that many of the breccias in the Ellenburger Group
were related to solution collapse (Figure 11). They associated them with exposed
diagenetic terrains. Kerans (1988, 1989, 1990) strongly established karsting and cave
development in the Ellenburger Group. He proposed paleocave models (Figure 24) that
were immediately accepted and applied.

Lucia’s (1971, 1995, 1996) work in the El Paso Group in the Franklin Mountains
of far West Texas presents an excellent outcrop analog for coalesced, collapsed-
paleocave systems. He mapped a large paleocave system that was developed in the upper
1,000 ft of the El Paso Group during a 33-m.y. time gap (Figures 25, 26). Large fracture
systems and collapse-breccia zones 1,000 ft thick, 1,500 ft wide, and >1 mi long mark the
collapsed-paleocave system. Lucia (1995) noted that the cavernous porosity could have
been as high as 30% before infilling with cave-sediment fill and cement.

Within the southern Franklin Mountains, Lucia (1995) described the Great
McKelligon Sag in McKelligon Canyon along the eastern face (Figure 27). The sag,
~1,500 ft wide and ~150 ft deep, formed by collapse of paleocaves in the El Paso section
after the Montoya and Fusselman units were deposited, buried, and lithified. It is an
important feature that paints a complete picture of a coalesced, collapsed-paleocave
system (Loucks, 1999). Hardage et al. (1996), Loucks (2003), and McDonnell et al.
(2007) all stressed that collapse of a coalesced-paleocave system not only affects the
karsted unit, but also strongly affects the units above (Figure 22). Loucks (2003) called
the deformation of younger lithified units “suprastratal deformation.” Besides the
example of suprastratal deformation shown in the Great McKelligon Sag, examples of
suprastratal deformation from seismic in the Ellenburger Group can be seen in Hardage et
al. (1996), Loucks (1999, 2003), and McDonnell et al. (2007) and from wireline-log cross
sections by Kerans (1989) (his Figure 25).
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Kerans (1988, 1989, 1990) presented an excellent overview of paleokarst in the
Ellenburger Group. His paleocave models (Figure 24) were the first to define paleocave
floor, paleocave sediment fill, and paleocave roof. Figures 28 through 32 present several
cores and associated core slabs from collapsed-paleocave systems, which emphasize
Kerans’ paleocave model. Paleocave terrigenous-bearing sediment fill is strikingly
apparent from gamma-ray, spontaneous potential, and resistivity logs (Kerans, 1988,
1989, 1990). Paleocave fabrics can also be recognized on electrical imaging tools
(Hammes, 1997). Kerans (1988, 1989) discussed several breccia types, including (1) a
laterally persistent breccia association formed in the upper phreatic zone (water table)
karst and (2) a laterally restricted breccia association formed by deep phreatic dissolution
and collapse.

Kerans (1990), in his sequence of diagenetic events (his Figure 37), noted that the
Ellenburger section had been subjected to karsting during several periods of time. The
main karst event was at the Early Ordovician Sauk-Tippecanoe Supersequence boundary.
In local areas it was karsted several more times. In the Llano area of Texas, Kupecz and
Land (1991) showed that the Ellenburger stayed near the surface until deep burial during
Later Pennsylvanian subsidence (Figure 33A). Loucks et al. (2000) recognized conodonts
in cave-sediment fill from paleocaves in the Llano that would indicate exposure during
the Middle to Late Ordovician, Late Devonian, and Earliest Mississippian times. Also,
they established other strong periods of karsting during Pennsylvanian, Cretaceous, and
Tertiary times. Combs et al. (2003) noted a second period of karsting in the Ellenburger
interval in Barnhart field in Reagan County, where the Wolfcamp clastic overlies the
Ellenburger Group. Their burial-history diagram (Figure 33B) displays the two periods of

karsting.

Tectonic Fracturing
In the past there has been controversy on the origin of many of the breccias and
fractures in the Ellenburger Group. Some workers (e.g., [jirighoi and Schreiber, 1986)
wanted to assign most, if not all, fractures and breccias to a tectonic origin. They thought

that faulting could produce these widespread breccias. The extensive size and shape of
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most Ellenburger breccias and the inclusion of cave-sediment fill, speleothems, and
younger conodonts preclude a simple tectonic origin (Loucks, 2003).

However, several authors have noted tectonic fractures in the Ellenburger section
(e.g., Loucks and Anderson, 1985; Kerans, 1989; Holtz and Kerans, 1992; Combs et al.,
2003). Each of these authors recognized that tectonic fractures cut across lithified
breccias. Kerans (1989) noted the fractures cutting late saddle dolomite and suggested
that the Pennsylvanian foreland deformation that affected much of West and Central
Texas, as described by Budnik (1987), probably produced many tectonic-related
fractures. However, as pointed out by many authors, paleocave collapse can also produce
fractures that are not associated with tectonic events. Kerans (1990), Lucia (1996), and
Loucks (1999, 2003) showed that suprastratal deformation above collapsing paleocave
systems can create sags, faults, and numerous fractures (Figure 22).

Kerans (1989) pointed out several distinct ways to separate karst-related fractures

from tectonic-related fractures:

(1) Tectonic fractures are commonly the youngest fractures in the core and generally
crosscut karst-related fractures.

(2) Tectonic fractures postdate saddle dolomite. In the Llano area, however, saddle
dolomite fills in a well-developed Pennsylvanian fracture set (Loucks, 2003).

(3) Karst-related fractures are generally near the top of the Ellenburger section,
whereas tectonic-related fractures can occur throughout the Ellenburger section.

Loucks and Mescher (1998) presented additional criteria for separating karst-related

fractures from tectonic-related fractures:

(1) Tectonic fractures generally show a strong relationship to regional stress patterns
and have well-defined, oriented sets of fractures, whereas karst-related fractures
respond to near-field stresses and fracture orientation is more random than
tectonic fractures.

(2) Regional tectonic fractures are generally spaced at >1-inch scale and commonly at
1-ft or larger scale. Karst-related fractures (crackle-breccia fractures) can be
closely spaced—only a fraction of an inch apart.

(3) Breccias associated with tectonic-derived faults commonly form a narrow band

around the fault only a few feet wide but may be tens of feet wide. Karst-related
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breccias can be thousands of feet wide and hundreds of feet thick, contain a large
range of clast sizes, and show hydrodynamic sedimentary structures in the
sediment fill.
(4) Tectonic faults are linear or curved in map view. Karst-related faults are linear,
curved, or cylindrical (Hardage et al., 1996; Loucks, 1999, McDonnell et al.,
2007) in map view.
Tectonic- and karst-related fractures are both present in the Ellenburger section. Detailed

analysis of the fractures can commonly define their origin.

RESERVOIR CHARACTERISTICS
Pore Types

Pore networks in the Ellenburger are complex because of the amount of
dolomitization, brecciation, and fracturing associated with karsting and regional tectonic
deformation. Pore networks can consist of any combination of the following pore types,
depending on depth of burial (Loucks, 1999): (1) matrix, (2) cavernous, (3) interclast,
(4) crackle-/mosaic-breccia fractures, or (5) tectonic-related fractures.

Loucks (1999) presented an idealized plot of how karst-related Ellenburger pore
networks probably change with depth (Figure 34). Relative abundance of pore types and
relative depth of burial are estimates based on review of near-surface modern cave
systems and buried paleocave systems (see Table 2 in Loucks, 1999). Large voids may be
preserved down to 8,000 to 9,000 ft of burial, but they eventually collapse, forming
smaller interclast pores and fractures associated with crackle and mosaic breccias.
Coarse-interclast pores between large clasts are reduced by rotation of clasts to more
stable positions and by rebrecciation of clasts to smaller fragments (Figure 21). As
passages and large interclast pores in the cave system collapse, fine-interclast pores first
increase and then decrease, whereas fracture pore types become more abundant. Cave-
sediment fill is commonly cemented tight during burial diagenesis in the Ellenburger
carbonates, especially if it is terrigenous sediment or it has a terrigenous sediment
component. In the Ellenburger carbonates, matrix porosity is generally low (<5%),

consisting of common matrix pore types such as interparticle, moldic, intercrystalline, or
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micropores. See Table 1 (Loucks and Mescher, 2001) for a general estimate of reservoir

quality by paleocave facies types.

Three-Dimensional Architecture of an Ellenburger
Coalesced, Collapsed-Paleocave System

The three-dimensional, interwell-scale architecture of a Lower Ordovician
Ellenburger coalesced, collapsed-paleocave system was constructed through integration
of 7.8 mi of ground-penetrating radar (GPR), 29 shallow cores (~50 ft long), and outcrop
data within a large quarry (McMechan et al., 1998, 2002; Loucks et al., 2000; Loucks et
al., 2004). Data were collected near Marble Falls in Central Texas over an area (~2,600 x
~3,300 ft) that could cover several oil-well locations (~160 ac) typical of a region such as
West Texas (Figure 35). Integration of core-based facies descriptions with GPR-
reflection response identified several paleocave facies that could be deciphered and
mapped using GPR data alone (Figure 36): (1) continuous reflections image the
undisturbed strata, (2) relatively continuous reflections (more than tens of feet)
characterized by faults and folds image the disturbed strata, and (3) chaotic reflections
having little to no perceptible continuity image heterogeneous cave-related facies
recognized in core that cannot be individually resolved with GPR data. These latter facies
include highly disturbed strata, coarse-clast chaotic breccia, fine-clast chaotic breccia,
and cave-sediment fill.

The three-dimensional architecture of the coalesced, collapsed-paleocave system
based on core and GPR data indicates that trends of brecciated bodies are as much as
1,100 ft wide, >3300 ft long, and tens of feet high (Figures 37, 38). These brecciated
bodies are coalesced, collapsed paleocaves. Between the brecciated bodies are areas of
disturbed and undisturbed host rock that are jointly as much as 660 ft wide.
Representative cores from the study are presented in Figure 39.

As a cave system is buried, many structural features form by mechanical
compaction, and these features, including folds, sags, and faults, were documented in the
study by McMechan et al. (1998, 2002) and Loucks et al. (2004). Folds and sags measure
from ~10 ft to several hundred feet wide. Collapse-related faults are numerous and can

have several feet of throw. Most are normal faults, but some reverse faults also occur. See
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Figures 40 to 43 for examples of collapsed-paleocave features from GPR and outcrop

data.

Megascale Architecture

Coalesced, collapsed-paleocave systems are megascale geologic features that can
have dimensions of hundreds to thousands of square miles laterally and several thousand
feet vertically (Loucks, 1999, 2003). Strata above and below the unconformity are
affected by late collapse in the subsurface (Figure 22).

A coalesced, collapsed-paleocave system can be divided into two parts (Loucks,
2007): (1) a lower section of karsted strata that contains collapsed paleocaves and (2) an
upper section of strata that is deformed to various degrees (suprastratal deformation) by
the collapse and compaction of the lower section of paleocave-bearing strata (Figure 22).
The collapse and compaction of cave systems provide the potential for development of
large-scale fracture/fault systems that can extend from the collapsed interval upward
several thousand feet. These fracture/fault systems are not related to regional tectonic
stresses.

Both Kerans (1990) and Loucks (1999, 2007) speculated that the regional pattern of
karsted Ellenburger reservoirs probably follows a rectilinear pattern as a result of regional
fractures controlling cave development. Loucks (1999) presented data from subsurface
seismic and from mining areas that express the rectilinear pattern of paleocave systems
(Figure 44). Lucia (1995) presented a map of the paleocave system in the El Paso Group
that also displays a rectilinear pattern (Figure 26). The coalesced brecciated bodies
mapped by Loucks et al. (2004) in the Marble Falls area are rectilinear (Figure 37). At a
larger scale, Canter et al. (1993) showed a regional isopach map of Ellenburger paleocave
sediments over tens of square miles (Figure 45) having a strong rectilinear pattern. Also,
a modified map of Hardage et al. (1996) of rectilinear suprastratal deformation trends,
associated with Ellenburger subsurface paleocave collapse, in Wise County, Texas, lines
up in a rectilinear pattern (Figure 46). A later study of this area by McDonnell et al.
(2007) presents this pattern as well, but in more detail. Strong evidence therefore
suggests that coalesced, collapsed-paleocave systems have rectilinear patterns that may

be associated with regional fracture systems. However, at present no definitive study has
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shown an actual regional paleofracture system that has controlled these rectilinear

patterns.

HYDROCARBON PRODUCTION

Holtz and Kerans (1992) estimated that the original in-place oil in the Lower Ordovician
strata had been ~11 million barrels of oil equivalent (MMboe), 3.8 MMboe of which had
been produced at the time of their article. Production from the Ellenburger since 1970
from Railroad Commission of Texas files has been 488.5 million barrels (MMbbl) of oil
and 13.5 trillion cubic feet (Tcf) of gas (personal communication from Romulo Briceno,
Bureau of Economic Geology). Total hydrocarbons produced are
2, 249 billion barrels of oil equivalent (Bboe).

Holtz and Kerans (1992) tabulated 149 oil and/or gas reservoirs that each has
produced >1 MMbbl of oil equivalent. According to Railroad Commission of Texas files,
there are approximately 700 fields of various sizes within the Ellenburger Group in Texas
(personal communication from Romulo Briceno, Bureau of Economic Geology).

Holtz and Kerans (1992) divided Ellenburger reservoirs into three groups
(Figure 47):

(1) Karst-modified reservoirs: Reservoirs formed in the inner-ramp depositional
setting and affected by extensive dolomitization and karsting. Karst-related
fractures and interclast pores are the main pore types, with tectonic fractures
secondary. These reservoirs are characterized by moderately thick net pay, low
porosity, moderate permeability, low initial water saturation, and moderate
residual oil saturation.

(2) Ramp carbonates: Reservoirs formed in middle- to outer-ramp depositional
settings and dolomitized to various degrees. Predominant pores types are
intercrystalline and interparticle, with tectonic and karst fractures being
secondary. These reservoirs are characterized by thinnest net pay, highest
porosity, moderate permeability, highest initial water saturation, and highest
residual oil saturation.

(3) Tectonically fractured dolomites: Reservoirs formed in the inner-ramp

depositional environment, subsequently extensively dolomitized, karsted, and,
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lastly, extensively tectonically fractured. Tectonic-related fractures are the
dominant pore type, and the other pore types are commonly fractures. These
reservoirs are characterized by the thickest net pay, lowest porosity, lowest

permeability, and lowest initial water saturation.

Tables 2 and 3 from Holtz and Kerans (1992) summarize geologic and reservoir traits
of each group. Note that Ellenburger reservoirs generally have low porosities (a few
percent) and fair permeabilities (one to a few hundred millidarcys). The low porosities
and fair permeabilities are the result of permeability being related to fracture-type pores.
Figure 48 shows field averages of porosity and permeability for a number of Ellenburger
fields. Average porosities are low, whereas permeabilities are fair. This relationship is the
result of karst-related fracture pores. Figure 49 is a histogram of productive (past and
present) wells drilled into the Ellenburger Group. Producing wells show a range from
856 ft (Originala Petroleum #1 Gensler well in Archer County, Texas) to 25,735 ft
(Exxon Mobil McComb Gas Unit B well in Pecos County, Texas). A recent review of
Texas oil fields by Dutton et al. (2005) states that the Karst-Modified Reservoir play had
produced ~1.5 Bbbl of oil and the Ellenburger Ramp Carbonate play had produced
~164 MMbbl of oil as of 2005.

Figure 50 by Katz et al. (1994) is an event chart for the Simpson-Ellenburger
petroleum system, showing the temporal relationships of essential elements and
processes. Even though the source of the petroleum system is problematic, these workers
thought that the source rocks are shales within the Simpson Group. However, where the
Simpson is absent, Ellenburger oil appears to be sourced from the Woodford Shale or
younger strata (Pennsylvanian or Permian) (Kvenvolden and Squires, 1967). Katz et al.
(1994) mentioned that the level of organics within the Ellenburger section is too lean
(<0.5% total organic carbon [TOC]) to be capable of generating commercial quantities of
hydrocarbons. The Simpson has >1% TOC. These workers’ ideas about reservoir rock
type in Ellenburger carbonates come from articles cited earlier in this paper, and these
reservoir rocks within this petroleum system are buried between 8,530 and 13,240 ft
(Central Basin Platform area). Katz et al. (1994) stated that trap development was

associated with the collisional event that subdivided the Permian Basin into its major
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structural units ~290 m.y.a. Traps are predominately faulted anticlines (Figure 51). Seal
rocks are Simpson shales in the Central Basin Platform area. Traps formed about 50 m.y.

before peak generation at ~245 m.y.a. (Figure 50). Katz et al. (1994) mentioned that API

oil gravity ranges from 35° to 50°, thus allowing a recovery factor of 40%.

Table 2. Geologic characteristics of the three Ellenburger reservoir groups. From Holtz

and Kerans (1992).
Tectonically Fractured
Karst Modified Ramp Carbonate Dolostone
Lithology
Dolostone Dolostone Dolostone
Depositional
setting Inner ramp Mid- to outer ramp Inner ramp

Extensive sub-

Sub-Middle Ordovician,

sub-Silurian/Devonian,

Middle sub-Mississippian, sub- Variable intra-Ellenburger,
Karst facies Ordovician Permian/ Pennsylvanian sub-Middle Ordovician
Fault-related
fracturing Subsidiary Subsidiary Locally extensive

Dominant pore

Karst-related

fractures and

Intercrystalline in

type interbreccia dolomite Fault-related fractures
Partial, stratigraphic and
Dolomitization | Pervasive fracture-controlled Pervasive

Table 3. Petrophysical parameter of the three Ellenburger reservoir groups. From Holtz

and Kerans (1992).
Tectonically
Fractured
Parameter Karst Modified Ramp Carbonate Dolostone
Avg. =181, Range | Avg. =43 Avg. =293,
Net pay (ft) =20-410 Range =4 - 223 Range =7 - 790
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Avg. =3 Avg. =14 Avg. =4
Porosity (%) Range=1.6-7 Range =2 - 14 Range=1-8

Avg. =32 Avg. =12 Avg. =4
Permeability (md) Range =2 - 750 Range = 0.8 - 44 Range =1-100
Initial water Avg. =21 Avg. =32 Avg. =22, Range
saturation (%) Range =4 - 54 Range =20 - 60 =10-35
Residual oil Avg. =31 Avg. =36
saturation (%) Range =20 -44 Range =25 - 62 NA

APPROACHES TO EXPLORATION AND FIELD DEVELOPMENT
Exploration

The vast majority of Ellenburger fields are trapped in anticlinal or faulted
anticlinal structures (Figure 51). Because Ellenburger reservoirs are mainly structural
plays, seismic is needed to define these structural prospects. Complexities of the structure
must be delineated to focus on correct trapping geometry. Stratigraphic trapping in the
highly karsted and fractured Ellenburger carbonate is probably not common because
some level of communication is generally within the carbonate, although poor. After a
structure is defined, fault compartmentalization of the structure must be mapped. If 3-D
seismic analysis is able to display the sag features produced by collapse of the cave
system (Loucks, 1999), these collapsed zones may contain the highest reservoir quality
(Purves et al., 1992).

Many wells testing the Ellenburger section penetrate only the top of the interval to
prevent water from being encountered when drilling too deep (Kerans, 1990). Caution
must be taken to ensure that the full prospective section is tested and that any vertical
permeability barriers are penetrated (Loucks and Anderson, 1985; Kerans, 1990). Kerans
(1990) provided an excellent example from University Block 13 field in Andrews
County, Texas, where a series of wells drilled into the very top of the Ellenburger section
were produced and then later deepened (Figure 52). The deepened wells encountered new
hydrocarbons that had been separated from the upper unit by paleocave fill and tight

carbonate. The cave-fill-prone intervals are distinctive on wireline logs. Note that a cave
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fill by itself cannot be a laterally continuous permeability barrier because its limited
lateral extent is controlled by the size of the original cave itself (Loucks, 1999, 2001).

Kerans (1990), Loucks and Handford (1992), Hammes et al. (1996), and Loucks
(1999) all stressed that karsted reservoirs can have stacked porous brecciated zones
(Figure 29). These stacked reservoir zones are results of multiple cave passages forming
during base-level drop while a cave system is developing (Figure 19). Commonly each of
the paleocave passage levels will be in contact with one another because of cave collapse
and associated fracturing. However, as Kerans (1990) showed for University Block 13
field, this is not always the case.

In any test of the Ellenburger section, a core or image log is necessary to evaluate
the section properly. Commonly porosity will be low (<5%) as calculated from wireline
logs; however, permeability from karst-related fracturing may be in the hundreds of
millidarcys. Core will provide a proper reservoir quality analysis, and image logs will

provide a description of the fractured pore network in the rock (Hammes, 1997).

Field Development

Field development of paleocave reservoirs should be based on integrated studies
that include data from 3-D seismic surveys, cores, borehole image logs, conventional
wireline logs, and engineering data (Loucks, 1999). In some cases it might be possible to
identify cavernous or intraclast porosity from 3-D seismic data (Bouvier et al., 1990).
Cores and borehole image logs are necessary to recognize and describe paleocave
reservoir facies (Hammes, 1997). Whole-core data are recommended over core-plug data
because of the scale and complexity of pore systems in paleocave reservoirs. Sags
associated with cave collapse should be mapped because they may indicate location of
the best coalesced reservoirs (Purves et al., 1992; Lucia, 1996; Loucks, 1999). Different
cave passage levels of the paleocave system need to be identified and analyzed to
determine whether they are separate reservoirs or in vertical communication with one
another (Kerans, 1988, 1990). Because of the significant spatial complexity within
coalesced paleocave systems, horizontal wells may be an option for improving recovery.
Kerans (1988) stated that in the Mobil Block 36 lease of the Emma Ellenburger reservoir,

“Adjacent wells in this 40-acre-spaced reservoir have varied in production, one to the

45



other, anywhere from 0 to 900,000 barrels of oil from the lower collapse zone.” He noted
that this variability is probably related to changes in paleocave facies. The detailed
paleocave system maps provided by Loucks et al. (2004) would support this conclusion.
Kerans (1988) listed other fields, such as Shafter Lake and Big Lake fields, as showing
strong lateral reservoir heterogeneity. Other workers that addressed different aspects of
exploration and development are Kerans (1990), Wright et al. (1991), Mazzullo and
Mazzullo (1992), Hammes et al. (1996), Lucia (1996), Mazzullo and Chilingarian (1996),
and Loucks (1999).

CONCLUSIONS

The Ellenburger Group of the Permian Basin is part of a Lower Ordovician
carbonate platform succession that covered large areas of the United States. During the
Early Ordovician, the West Texas Permian Basin area was located on the southwest edge
of the Laurentia plate between 20° and 30° latitude. The equator crossed northern
Canada, situating Texas in a tropical to subtropical latitude. Texas was a shallow-water
shelf with deeper water conditions to the south where it bordered the lapetus Ocean. The
Ellenburger Group in the south part of the Permian Basin, where the deeper water
equivalent strata would have been, was strongly affected by the Ouachita Orogeny. The
basinal and slope facies strata were destroyed or extensively structurally deformed. A
worldwide hiatus appeared at the end of Early Ordovician deposition, creating an
extensive second-order unconformity (Sauk-Tippecanoe Supersequence Boundary). This
unconformity produced extensive karsting throughout the United States, including Texas.

The general depositional history of the Ellenburger was defined by Kerans (1990)
as (1) Marked by retrogradational deposition of a fan delta — marginal marine
depositional system continuous with the Early Cambrian transgression. This stage was
followed by regional progradation and aggradation of peritidal carbonate facies.

(2) Rapid transgression and widespread aggradational deposition of the high-energy
restricted-shelf depositional system across much of West and Central Texas during this
stage. It has been interpreted as a moderately hypersaline setting, given the rare
macrofauna, evidence of evaporites, and abundance of ooids. (3) Upward transition from

the high-energy restricted shelf depositional system to the low-energy restricted-shelf
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depositional systems as evidenced by a second regression across the Ellenburger shelf.
Progradation during this stage is marked by transition of landward upper tidal flats to
more seaward, low-energy restricted subtidal to intertidal facies to farthest seaward open-
marine, shallow-water shelf facies. (4) Near the end of the Early Ordovician there was a
worldwide eustatic lowstand—the exposure spanned several million years and exposed
the Ellenburger Platform in West Texas, producing an extensive karst terrain.

Diagenesis of the Ellenburger Group is complex, and the processes that produced
it spanned millions of years. Three major diagenetic processes are important to recognize:
(1) dolomitization, (2) karsting, and (3) tectonic fracturing. Five general stages of
dolomitization were recognized by Kupecz and Land (1991). Generations of dolomite
were separated into early-stage dolomitization, which predated the Sauk unconformity,
and late-stage dolomitization, which postdated the Sauk unconformity. They attributed
90% of the dolomite to prekarstification, early-stage dolomite, and 10% of the dolomite
to postkarstification, late-stage dolomite. Early-stage prekarstification dolomite is
associated with muddier rocks, and the source of Mg was probably seawater. Late-stage
postkarstification dolomites are attributed to warm, reactive fluids, which were expelled
from basinal shales during the Ouachita Orogeny. Fluids are thought to have been
corrosive, as evidenced by corroded dolomite rhombs. This corrosion provided the Mg
necessary for dolomitization. The fluids migrated through high-permeability aquifers of
the Bliss Sandstone, basal subarkose facies of the Ellenburger, as well as grainstone
facies and paleocave breccia zones. In the Ellenburger Group, extensive cave systems
formed at a composite unconformity (Sauk unconformity) that lasted several million
years to several tens of million years. These cave systems collapsed with burial, creating
widespread brecciated and fractured carbonate bodies that form many of the Ellenburger
reservoirs. As much as 1,000 ft of section can be affected, but more commonly only the
top 300 ft is affected. Lithified strata above the karsted Ellenburger are also affected by
suprastratal deformation. The West Texas area has been periodically tectonically active
following Ellenburger deposition, producing faults and fractures associated with these
tectonic periods.

Pore networks in the Ellenburger are complex because of the amount of

brecciation and fracturing associated with karsting. Pore networks can consist of any
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combination of the following pore types, depending on depth of burial (Loucks, 1999):
(1) matrix, (2) cavernous, (3) interclast, (4) crackle-/mosaic-breccia fractures, or
(5) tectonic-related fractures. The pore network evolved with burial and diagenesis.

Coalesced, collapsed-paleocave systems are megascale geologic features that can
have dimensions of hundreds to thousands of square miles laterally and several thousand
feet vertically. Strata above and below the unconformity are affected by late collapse in
the subsurface. A coalesced, collapsed-paleocave system can be divided into (1) a lower
section of karsted strata that contains collapsed paleocaves and (2) an upper section of
strata that is deformed to various degrees (suprastratal deformation) by the collapse and
compaction of the lower section of paleocave-bearing strata. The regional pattern of
karsted Ellenburger reservoirs probably follows a rectilinear pattern as a result of regional
fractures controlling original cave-system development.

The Ellenburger Group is an ongoing important exploration target in West Texas.
The structural play covers a depth interval of >25,000 ft. Carbonate depositional systems
within the Ellenburger Group are relatively simple; however, the diagenetic overprint is
complex and it is this complex diagenetic overprint that produces strong spatial

heterogeneity within the reservoir systems.
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Figure 1. Reconstruction of Laurenia Plate for the Lower Ordovician (480 Ma at top and
485 Ma at bottom). West Texas was located at the southwest edge of the continent bordering
the deep lapetus Occan. Upper map is from Blakey (2005a) and lower map is from Blakey
(2005b). The lower map is slightly modified by present author. The location of the equator
and 30 degrees latitude are estimated from the upper global diagram.
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Figure 5. Structure map on top of Ellenburger Group from Ruppel et al. (2005). Contours
arc subsca depths.
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Figure 6. Structure map on top of Precambrian strata from Ruppel et al. (2005). Contours
are subsea depths.
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Figure 7. Schematic representation of Ellenburger depositional systems in West Texas
compared with formalized Ellenburger stratigraphic units in the [lano area. Thickness of
descriptive Ellenburger section is approximate. From Kerans (1990) with minor additions,
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Figure 8. Interpretation of the second-order relative coastal and relative shoreline curves
for the Ellenburger Group. Modified from Kupecz (1992).
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Figure 10. Depositional model for the Bliss and lower
Ellenburger sections. Modified slightly from Loucks and

Anderson (1985).
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Figure 11. Depositional model for the middle and upper
Ellenburger sections. Modified slightly from Loucks and
Anderson (1985).
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Figure 12. Profiles of porosity and permeability versus depth in the Phillips #C'1 Puckett
and #1 Glenna wells. Both well-log depths and depth below top of Ellenburger section are
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cycles. From Loucks and Anderson (1980, 1985).
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Karst surface Filled cave

Stage 4. Exposure and erosion of the Ellenburger Group before the Middle Ordovician
transgression formed a karst terrain.

Upper tidal flat Low-energy restricted Open shallow shelf
o subtidal-intertidal P

Stage 3. Regressive sedimentation with low-energy restricted-shelf and upper tidal-flat
depositional systems prograding across the Ellenburger shelf. from northwest to east. southeast.
and south. The open shallow-water shelf depositional system was deposited where more
normal marine conditions prevailed, along the southern and eastern portions of the shelf.

High-energy restricted subtidal

e T 01200000000 0000060 000E 0RO 00 OO0 0 0000 0p00)

Stage 2. Rapid transgression and widespread aggradational deposition of the high-energy
restricted-shelf depositional system across much of” West and Central Texas.

Fan delta — marginal marine  Lower tidal flat

Stage 1. Regional deposition of fan delta — marginal marine depositional system continuous
with Early Cambrian transgression. Progradation of lower tidal-flat depositional system
followed.

~-=—| Low-energy restricted |=<=:: i
Open shallow sheff |~ subtidal to intertidal  |--ase| -OWer tidal flat
; High-energy restricted i ;
Upper tidal flat subtidal Fan delta — marginal marine

Figure 13. General depositional history of Ellenburger Group by stages. From Kerans
(1990). Description of stages is taken directly from Kerans original figure caption.
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Figure 14. Paragenetic sequence of regional Ellenburger diagenesis by Kupecz and Land

(1991). Figure from Kupecz and Land (1991).
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Figure 15. Fluid-flow model of Kupecz and Land (1991) for late-stage
replacement Dolomite-L2. Figures from Kupecz and Land (1991). (A) Contour
map of delta O'® isotopes of the late-stage replacement Dolomite-L2.
Hypothetical fluid pathway-flow lines added by present author. The map
indicates that hydrothermal fluids moved from the Ouachita Orogeny front
in the southeast toward New Mexico to the northwest. (B) Schematic diagram
showing the pathways for the hydrothermal fluids expelled by thrusting during
the Ouachita Orogeny. The fluids moved along permeable faults, fractures.
karst-breccia zones, and matrix pore-rich units.
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Figure 16. Plate reconstruction map of Early Pennsylvanian (315 Ma) by Blakey
(2005b). The Ouachita thrusting injected dolomitizing fluids into the Ellenburger Group

in the Central and West Texas areas. The yellow arrows indicate direction of thrust-
fault movement.
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Figure 17. Paragenctic sequence of Amthor and Friedman (1991) tor Ellenburger regional

diagenetic study. Figure from Amthor and Friedman (1991),
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Dolomite type 1: Unimodal, very fine to fine-
crystalline planar-s mosaic dolomite; dense,
dark mosaics, replacing lime mud, preserving
sedimentary structures.

Dolomite type 2: Unimodal, medium- to coarse-
crystalline planar-s mosaic dolomite; milky white
to clear or cloudy core, clear rim texture,
nonmimic replacement of grains.

Dolomite type 3: Coarse- to very coarse
crystalline planar-s dolomite; milky to clear
crystals; no replacement features; fills void space
and fractures.

Dolomite type 4: Medium- to coarse-crystalline
planar-e mosaic dolomite; clear or cloudy core,
clear rim texture; not replacement features;

occurs in mottles orbreccias or near stylolites.

Dolomite type 5: Medium- to coarse-crystalline
planar-e dolomite; clear crystals lining void space
and fractures filled by late dolomite and/or calcite.

Dolomite type 6: Coarse- to very coarse
crystalline nonplanar-a dolomite; dark, inclusion-
rich crystals, with serrated, irregular, curved, or
otherwise distinct boundaries; undulose
extinction; vague nonmimic replacement of
grains.

Dolomite type 7: Coarse- to very coarse
crystalline nonplanar-c dolomite milky white to
clear crystals with undulose extinction and
curved crystal faces (saddle dolomite); void
filling; associated with authigenic quartz and
late calcite.

Figure 18. Dolomite textures described by Amthor and Friedman (1991). Figure from
Amthor and Friedman (1991).
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Figure 19. Block diagram of a near-surface modern karst system. The diagram depicts
four levels of cave development (upper right corner of block model), with some older
passages (shallowest) having sediment fill and chaotic breakdown breccias. Breccia
and fracture development begin in a cave system while it is at the surface. As the water
table drops. increased stress develops around caverns promoting brecciation and
fracturing. Modified from Loucks (1999),
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Figure 20. Classification of breccias and cave-sediment fills. Shaded area in the lower
right of the diagram indicates that no cave features plot in this area. Cave-sediment
fills and breccias can be separated into three end members: crackle breccia. chaotic
breccia. and cave-sediment fill. Crackle breccias show slight separation and displacement.
Mosaic breccias display some displacement, but they can be fitted back together.

Chaotic breccias are composed of displaced clasts that

cannot be fitted back together.

and they can be composed of clasts of different origins (polymictic). Cave-sediment
fill can form a matrix within the breccia, as well as support individual clasts. The best

reservoir quality is in the matrix-free breccias. From L
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Figure 21. Schematic diagram showing evolution of a single cave passage from 1ts formation
in the phreatic zone of a near-surface karst environment to burial in the deeper subsurface.
In the near-surface. excavation and associated breakdown are major processes. Many near-
surface cave passages contain abundant breccias and cave-sediment fill, Crackle breccia
[racturing affects the wall and ceiling rock early in the history of the cave. Excavation
solution and cave sedimentation terminate as the cave-bearing strata subside into the
subsurface. Mechanical compaction increases and restructures the existing breccias and
remaining cavities. Most large voids collapse after several thousand feet of burial, forming
more chaotic breakdown breccia. Some large interclast pores may be preserved. Differentially
compacted but relatively intact strata over the collapsed chamber are fractured and form
burial cave-roof crackle and mosaic breccias with loosely to tightly fitted clasts. Continued
burial leads to more extensive mechanical compaction of the previously formed breakdown.
thus causing blocks with large void spaces between them to fracture and pack more closely
together. The resulting product is a rebrecciated chaotic breakdown breccia composed of
smaller clasts, Many of the clasts are overprinted by crackle fracture brecciation,

77



Active cave systems Unconformity

— |1 Phase1:
it Modern cave system

s e | S
A S e | Phase 2:
e . Multiple near-surface cave systems
= Ay developed at composite unconformity

<—100 to over 1000 m—-"
N [~ Composite

Long-term E:J = a‘_@ ~ Active - 7{;“@ unconformity
b

\;%-';TW“%

exposure prldee ’@
\ Sy R gy / == '
e _____Gi?m_______ et Phase 3:
systems-— | Coalesced, collapsed-

paleocave system

Burial and collapse

EXPLORATION TARGETS

Figure 22, Schematic diagram showing the stages of development of a coalesced, collapsed-
paleocave system. The development of a large collapsed-paleocave reservoir is the result
of several stages of development, Multiple cave-system development at a composite
unconformity may be necessary in order to produce a high density of passages. As the
multiple-episode cave system subsides mnto the deeper subsurface, wall and ceiling rocks
adjoining open passages collapse and form breccias that radiate out from the passage,
and may intersect with fractures from other collapsed passages and older breccias within
the system. The result is the coalescing of the cave system into a spatially complex
reservoir svstem. The resulting coalesced breccia/fractured bodies can be thousands of
feet ol across. thousands of Teet long, and hundreds of feet thick. Strata above the collapsed
cave system are deformed by brecciation. faulting, and sagging (suprastratal deformation)
Maodified from Loucks (1999).
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Figure 23, Paleocave facies classification by Loucks and Mescher (2001). See Table 1 for
details.
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Figure 24. Paleocave models of Kerans (1988, 1989). (A) Schematic block diagram of a
cave in the Lower Ordovician of West Texas showing cave floor, cave roof. cave-sediment
fill. and collapsed breccia. Simpson siliciclastic material is filling cave during later
transgression. (B) Schematic block model showing the collapsed Ellenburger paleocave
system buried by successive Ordovician and Silurian deposits. Burial resulted in fracture
brecciation of the roof and sagging of later units.
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Figure 25. Reconstruction of El Paso paleocave system by Lucia (1995). Figure caption is
directly from Lucia (1995). (A) Penecontemporaneous dolomitization of the Cindy Formation
and development of tabular, laterally continuous caverns in the Ranger Peak Formation and
vertical. laterally discontinuous caverns in the McKelligon Canyon Formation. (B) Collapse
of the El Paso caverns showing collapse of the Montoya. development of breccia pipes up

into the Fusselman Formation. and development of caverns in the Fusselman Formation.

(C) Late-stage dolomitization of the El Paso and Montoya groups controlled by fluid flow

through collapse breccia, fractures. and into adjacent carbonates.
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Figure 26. Reconstruction by Lucia (1995) of the different collapsed breccia in the Franklin
Mountains, Texas. Paleocave trend lines are by present author.
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Figure 27. (A) Photograph of the Great McKelligon Sag in the Franklin Mountains of far
West Texas. Photograph and general interpretation are from Lucia 1995 but modified by
present author. This is an outstanding outcrop example of a coalesced, collapsed paleocave
system with associated overlying suprastratal deformation. (B) Transported matrix-rich
chaotic breceia, (C) Broken collapsed ceiling slab embedded in transported matrix-rich
chaotic breccia.
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Figure 28. Core and wireline logs form the Gulf #000-1 TXL. Emma reservoir
(Andrews County, Texas). Upper photograph from 12.526 ft shows crackle-fracture
pores in collapse cave roof. Lower photograph from 12,610 ft shows cave-sediment
fill (debris flow) with clasts floating in matrix of chloritic shale and quartz sand. From
Kerans (1989).
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Figure 29. Core description and associated SP log for the Arco Block 31 core in Crane
County. Texas. Photograph A is from a debris flow of transported fine chaotic breccia (cave-
sediment fill in a passage). Photograph B from a debris flow of transported fine chaotic
breccia (cave-sediment fill in a passage). Photograph C is siliciclastic-rich sand and carbonate
clast cave-sediment fill (cave-sediment fill in a passage). Photograph D is a debris flow at
the base overlain by siliciclastic cross-bedded sandstone (cave-sediment fill in a passage).
Modified from Loucks and Handford (1992) and Loucks (2001)
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Figure 30. Core description and associated gamma-ray log for the Gulf #1 McElroy core
in Upton County.. Texas. Photograph A is from the cave-sediment fill in a passage. Photograph
B from a chaotic breccia pile in a passage. The clasts show late crackle brecciation.
Photograph C from a chaotic breccia pile in a passage. Because of the lack of matrix between
the clasts and incomplete filling by saddle dolomite, there are interclast pores present. From
Kerans (1989).
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W/—\pfﬁvv’\/\[”“w*“wf vy

Collapse breccias and cave-sediment fill

Y

CAL (|n} ILD {oh ) CPPZ (ft3/1t3)
Scale 00003 . -0.1
50 20.0 ft ___RILM(ohmm) ZDEN (g/cm3)
GR (gAPI) (ft) 20 2000.0(1.95 295
= i . T g RFOC (ohm.m) CNC (f3/ft3)
0.0 150.0 2.0 2000.0/0.3 -0.1
Top Ellenburger Group

Figure 3 1. Goldrus Producing Company Unit #3 core and associated wireline logs in Barnhart

field (Regan County. Texas) is extensively karsted. See Figure 32 for examples of rock
types. From Combs et al. (2003).
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Figure 32. Example of several Ellenburger paleocave facies from the Goldrus Unit #3
Barnhart core in Regan County, Texas. From Combs et al. (2003).
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Figure 33. (A) Schematic burial history plot for the Lower Ordovician Ellenburger
Group in the Llano Uplift area of Central Texas. From Kupecz and Land (1991). (B)
Generalized burial history of the Ellenburger Group within Barnhart field in Regan
Co., Texas. Barnhart field underwent several episodes of uplift. At least two of these
episodes exposed the Ellenburger Group to karstification and cave formation: (1) Early-
Middle Ordovician and, (2) Pennsylvanian times. The Ellenburger Group was also
brought close to the surface during the Devonian and Mississippian. and may have
experienced some karst influence here. During the Early Pennsylvanian time the
Ellenburger Group experienced hydrothermal processes and tectonic uplifi related to
the Ouachita Orogeny. From Combs et al. (2003).
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Figure 34. Generalized burial evolution of a cave-system pore network with relative
proportions of pore types. The dividing line between fine clast and coarse clasts is 6 cm.
The relative abundance of pore types and estimated burial depth are estimates based on
review of near-surface and buried paleocave systems presented in Tables 1 and 2 of Loucks
rial. the graph is very speculative. Figure modified from Loucks

(1999). After 20,000 1t of bu
(1999).
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Figure 35. Aerial photograph of Dean Word Quarry showing location of grid of ground-
penetrating radar (GPR) lines and cores. Locations of GPR lines illustrated later in the
paper are labeled. I'rom Loucks et al. (2004).
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Figure 36. Type ground-penetrating radar reflection patterns for different paleocave facies.
Each reflection pattern is matched to core. From Loucks et al. (2004).
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Figure 37. Integration of core and GPR data allows a three-dimensional interpretation
of the paleocave system. The mapped volume is divided into three depth zones to
display the distribution of paleocave facies. The brecciated bodies, which outline
the trends of former passages. are as much as 1100 ft wide. The intervening areas
between the breccias are as much as 660 ft wide. From Loucks et al. (2004).
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Figure 38. Simplified facies cross sections using core and GPR data. See Figure 35 for
location of wells used on lines of sections. From Loucks et al. (2004),
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Figure 39. Core examples paleocave facies. (A ) Cave roof showing extensive crackle breccia
fractures. (B) Cave-passage fill composed of large blocks of chaotic breccia blocks and
interbedded cave-sediment fill. (C) Cave-passage fill composed of large blocks of chaotic
breccia blocks and interbedded cave-sediment fill. From Loucks et al. (2004).
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igure 40. GPR section and core description showing a sequence of cave-fill breccias
overlain by undisturbed host rock. A few small faults occur in the host rock above the
collapsed cavern. See Figure 35 for location of GPR line and core. From Loucks et al.

(2004).
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Figure 41. Collapsed paleocavern in contact with undisturbed and disturbed host rock.
Several faults oceur in the disturbed host rock. Reflection patterns in the collapsed cavern
show probable fine breccia in the lower part of the chamber (no reflections) and coarser
breccia (slabs) near the top (higher amplitude events). A large broken cave-ceiling slab may
also be imaged. See Figure 35 for location of GPR line, From Loucks et al. (2004).
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Figure 42. (A) Very large, folded, cave-ceiling slab overlying a paleocavern filled with
chaotic breccia. The upper section of the cave ceiling appears to have collapsed after the
large slab below on the basis of the onlapping reflection pattern between the two sections.
See Figure 35 for location of GPR line. (B) Complex sag and fold feature along east wall
in Dean Word Quarry showing features similar to GPR line presented in Figure 42A above.
The lower part of the quarry face shows continuous tilted but folded bedding that is interpreted
to have sagged or collapsed into a lower paleocavern. The upper part of the tilted block dips
into a paleocavern filled with chaotic breccias and slabs. See Figure 35 for location of
photograph. From Loucks et al. (2004).
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Figure 43. Faults over collapsed paleocaverns. (A) Graben and associated fault system in
disturbed host rock overlying a collapsed paleocavern. Within the paleocavern. coarser slabs
appear to be at the top and finer breccia at the bottom on the basis of the change in reflection
pattern continuity. See Figure 35 for location of GPR line. (B) Example of faulted. disturbed
host rock over a collapsed paleocavern similar to GPR line in Figure 43A. Detail of the
collapsed paleocavern outlined in dashed box is shown in Figure 43C. (C) Close up of
collapsed cavern shown in Figure 43B. Large collapse blocks. up to several meters across,
are within the paleocavern (several prominent blocks are outlined). See Figure 35 for location
of photographs. From Loucks et al. (2004)
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Figure 44. 3-D seismic example over an Ellenburger paleocave system from the
Benedune field in West Texas. (A) Structure map on Fusselman Formation showing
cylindrical faults produced by burial collapse of the Ellenburger cave system. (B)
Second-order derivative map displaying sag zones produced by collapse in the
Ellenburger interval. (C) Seismic line showing missing sections (collapse in Ellenburger
section), cylindrical faults. and sag structures. Suprastratal deformation is over a
thousand feet thick in this section. Modified from Loucks (1999).
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Figure 45. Isopach map of cave-sediment-till prone interval in Ellenburger
Group from wireline logs. The map shows a strong rectilinear pattern that is
probably controlled by preSauk unconformity paleofractures. Hot colors are
the thicker sections of cave-sediment fill. Figure from Canter et al. (1993).
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Figure 46. Seismic example of buried collapsed karst features from Boonsville on the
line of Jack and Wise Counties in north Texas by Hardage et al. (1996). (A) Seismic
profile along line ABC (see figure below). which traverses these collapse zones. Figure
was stretched laterally by present author. Zones are up to 2000 ft thick. (B) Seismic
reflection amplitude response on the Vineyard surface. The red areas show continuity.
whereas the semicircular white areas show disruption of continuity. The white areas are
late burial collapse related to karsting of the Ellenburger Group. The blue lines drawn
by present author are meant to emphasize the northwest and northeast alignment of the
collapse features.
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Figure 48. Field data from a 1985 Nerhing database (exact reference not available). (A)
Map showing field locations. (B) Thickness of net pay. (C) Average reservoir porosity
versus depth. Note most porosity values are 5% of less. (D) Average reservoir permeability
versus net pay. Note good permeabilities despite low porosity values.
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Figure 49. Histogram of productive (past and present) wells drilled into the Ellenburger
Group. Producing wells show a range from 856 fi (Originala Petroleum #1 Gensler
well in Archer County. Texas) to 235, 735 ft (Exxon Mobil McComb Gas Unit B well
in Pecos County. Texas).
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Figure 50. Event chart for the Simpson-Ellenburger petroleum system in
the area of the Central Basin Platform showing the temporal relationships
of the essential elements and processes. From Katz et al. (1994).

104



Puckett field
Pecos County

-

2 Miles
Haolland (1966)

Shafter lake field
Andrews County

Entzminger (1994)

Block 31 field
Crane County

N_i

Hardwick (1257) 6 Miles

Pegasus field
Midland/Upton Counties

40,

Polar field

\Kent County

j\_/—\_sss

Nee—T 10 Miles

Custer {1957)

Andector field
Ector County

=

Kerans (1988) 10 Miles

Figure 51. Examples of structural trapping geometries of Ellenburger reservoirs.
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THE MIDDLE-UPPER ORDOVICIAN SIMPSON GROUP OF THE PERMIAN BASIN:
DEPOSITION, DIAGENESIS, AND RESERVOIR DEVELOPMENT

Rebecca H. Jones

Bureau of Economic Geology
Jackson School of Geosciences
The University of Texas at Austin
Austin, Texas

ABSTRACT

Middle Ordovician Simpson Group rocks were deposited in greenhouse conditions during
a period of overall sea-level rise and marine transgression following an extensive hiatus and
development of an irregular karst topography on the underlying Lower Ordovician Ellenburger
carbonates. Simpson Group production is from three sandstone units in the middle of the group,
each sourced from eroding highs to the north and east and transported to the cratonic margins by
eolian and fluvial processes. These sandstones represent lowstand and/or early transgressive
deposits of three third-order sequences; nonreservoir shales and clay-rich carbonates deposited
during maximum flooding, and normal marine and restricted carbonates deposited during
highstand comprise the balance of the sequences. Carbonate sequences are present above and
below these three reservoir-bearing sequences, for a total of five third-order Simpson Group
sequences within Sloss’s second-order Tippecanoe I sequence.

The three sandstone members of the Simpson Group—the Connell, Waddell, and
McKee—occur at the base of the Oil Creek, McLish, and Tulip Creek Formations, respectively,
from oldest to youngest. The Simpson Group also includes the underlying Joins and overlying
Bromide carbonate formations. Simpson rocks were deposited during the Rangerian to middle
Turinian stages of the Whiterockian and early Mohawkian series (North American) of the
Middle to Upper Ordovician.

Productive sandstones are quartz rich and typically 20 to 50 ft thick. Pore-filling
carbonate cements and pore-lining clays commonly reduce porosity. The Simpson play has

limited production in the Permian Basin of Texas and New Mexico compared with that in
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Oklahoma. In both areas, production is primarily from structural traps; despite favorable
depositional conditions, stratigraphic traps have not been widely explored. The Simpson has an
important nonreservoir role in Permian Basin production because its organic-carbon-rich shales
are the likely source of the Ordovician oil found in many Central Basin Platform area reservoirs,
including the Lower Ordovician Ellenburger. The Simpson is thickest in Pecos and Reeves
Counties in Texas and thins to the north and east, being absent over all but the southeasternmost

part of New Mexico and at the eastern edge of the Permian Basin region.
INTRODUCTION

The Simpson Group is a thick Middle to Upper Ordovician carbonate and clastic
succession present in two distinct depocenters in the southwestern U.S.: (1) West Texas and
southeastern New Mexico and (2) southern Oklahoma. This study focuses on the Texas/New
Mexico depocenter but employs observations and models from Oklahoma as analogs. Simpson
Group thickness reaches a maximum of more than 2,000 ft in Pecos County and more than
2,500 ft in Reeves County in West Texas. It thins to the west, north, and east, becoming absent in
Roosevelt County, New Mexico, and Cochran, Terry, Dawson, Howard, Glasscock, and Reagan
Counties, Texas.

Simpson Group production is relatively low, given its thickness. As a reservoir play in
Texas and New Mexico, the Simpson Group comprises 19 reservoirs having individual
cumulative production greater than 1 MMbbl of oil through 2000. Cumulative production from
these reservoirs totaled only 103.2 MMbbl (Dutton and others, 2005; fig. 1). Production comes
from three sandstone intervals that are quartz rich and typically 20 to 50 ft thick. These
sandstones are separated by nonreservoir intervals composed of mostly green shales (Galley,
1958). However, these organic-carbon-rich Simpson shales are significant because they are the
likely source of the Ordovician oil found in many Central Basin Platform area reservoirs,
including the Lower Ordovician Ellenburger. The Simpson Group is also significant because it
overlies a major hiatus in the Lower Ordovician and records a unique Middle Ordovician
depositional environment in which both clastics and carbonates were deposited during a period
of overall sea-level rise.

This report presents a synthesis of previous work and data from a new core study.

Additional core descriptions and new regional and local wireline-log correlations will be needed
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to fully establish a comprehensive sequence stratigraphic framework for the Middle to Upper
Ordovician Simpson Group in Texas and New Mexico. Such a framework will not only provide
a basis for new strategies in tapping this underexplored play, particularly through stratigraphic
traps, but will also improve our understanding of a relatively unknown unique depositional

setting and time.
PREVIOUS WORK

Decker and Merritt (1931) defined five formations within the Simpson Group in
Oklahoma. These formation names were later applied to Texas and the productive sandstones
named as members by Cole and others (1942). From oldest to youngest, the formations are the
Joins, Oil Creek, McLish, Tulip Creek, and Bromide (fig. 2). Sandstones are present at the base
of the Oil Creek, McLish, and Tulip Creek Formations in both Texas/New Mexico and
Oklahoma but only defined formally in Texas (as the Connell, Waddell, and McKee sandstone
members, respectively [fig. 2]; Wright, 1965). Simpson formation names are used consistently in
Oklahoma, Texas, and New Mexico in outcrop and the subsurface, with one exception: in the
Marathon Uplift region of Texas, the Woods Hollow Formation is equivalent to the Simpson
Group.

A wealth of state survey and regional geologic association reports and field-trip guides on
the Texas and New Mexico Simpson Group depocenter in the region known as the Permian
Basin were published from 1950 to 1965. These reports typically describe known outcrops and
subsurface penetrations in the context of lithostratigraphy and the developing nomenclature for
early exploration and production. Descriptions of the Simpson Group are contained within early
regional summaries by Jones (1953), Herald (1957), Galley (1958), Barnes and others (1959),
and Gibson (1965). More recent compilations, for example Wright (1979) and Frenzel and others
(1988), are mostly restatements of earlier interpretations with minor updates. Newer data and
interpretations have been brief (abstracts and short transactions) and narrow in scope.

In contrast to those of Texas and New Mexico, Simpson Group reservoirs are significant
contributors to total production in the southern Oklahoma depocenter. Accordingly, this
succession has been the subject of numerous reservoir-specific early investigations reported in
special volumes, such as the 1965 Tulsa Geological Society Symposium on the Simpson, as well

as more modern reports—for example, Candelaria and others (1997), O’Brien and Derby (1997),
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and Bosco and Mazzullo (2000). Simpson and Viola (Montoya-equivalent) Group reservoirs
account for much of Oklahoma’s production, and three Simpson Group fields have more than
500 MMbbl oil or 3.5 Tcf gas in place (Northcutt and Johnson, 1997). Most studies of the
Simpson Group in Oklahoma invoke parallelism with the equivalent sandstones of West Texas
(subsurface Permian Basin and Sierra Diablo region outcrops) but fail to cite specific examples.
Candelaria and others (1997) published one of very few reports that established a sequence
stratigraphic context for the formations and members in either depocenter. These authors noted
the importance of establishing such a framework to provide a better understanding of

stratigraphic traps for future exploration.
REGIONAL SETTING

Globally, the Ordovician was a time of one supercontinent, Gondwana, and three major
terranes; present-day North America was the Laurentian terrane (Cocks and Torsvik, 2004).
Laurentia was stable during this time—staying in a transequatorial position throughout the
Ordovician with little rotation or movement (Cocks and Torsvik, 2004).

Global plate reconstructions by Blakey (2004) indicate that present-day West Texas and
southeastern New Mexico were located near 30°S during the Middle Ordovician (fig. 3).
Regional highs were the Canadian Shield in northeastern North America and the Pedernal Massif
in the present-day southwestern U.S. (Blakey, 2004). Mountain building was occurring along the
northeastern coast of the present day U.S. and Canada as part of the Taconic Orogeny, resulting
in narrowing of the Iapetus Ocean to the east of Laurentia (Blakey, 2004).

The Middle and Upper Ordovician are included as part of the Tippecanoe I second-order
supersequence set (Sloss, 1988) of the Tippecanoe first-order megasequence (Sloss, 1963),
which spans the Middle Ordovician to the Lower Devonian (fig. 2). This was a time of
greenhouse climate conditions, when glaciation was relatively minor and sea-level changes were
relatively low amplitude and frequent (Read and others, 1995). The boundary with the earlier
Sauk megasequence is characterized by a major unconformity in the North American cratonic
interior and lacuna at the cratonic margins (Sloss, 1988). The boundary between the Upper
Ordovician and the Lower Silurian (Tippecanoe II supersequence set) is an indistinct

disconformity, likely related to Gondwana continental glaciation (Sloss, 1988).
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Expression of the Sauk—Tippecanoe unconformity ranges from a completely removed
underlying Sauk megasequence on higher parts of the craton, such as central Idaho, to a nearly
fully preserved underlying section in marginal basins, such as the Appalachian Basin (Sloss,
1963). Other areas with significant pre-Tippecanoe erosion include the Sweetgrass Arch (in
northwestern Montana and southern Alberta, Canada), Wyoming Shelf, Wisconsin Arch,
Kankakee Arch (in Indiana and Illinois), and Ozark Dome (in Arkansas and Oklahoma) (Sloss,
1963).

Exceptionally clean quartz sandstone is typical of the early transgressive leg of the
Tippecanoe megasequence and provides a sharp contrast to the underlying Sauk carbonates,
readily identifying the Sauk-Tippecanoe sequence boundary. In some areas, carbonates were
deposited prior to the clastics, such as in the subsiding basins of the south-central U.S.—in
Oklahoma and north Texas, West Texas, the Mississippi Valley, and the Illinois Basin (Sloss,
1988). Regularly interbedded quartz sand, marine shale, and minor carbonate followed
deposition of carbonates in Oklahoma (Sloss, 1988) and West Texas (Frenzel and others, 1988)
depocenters.

Marine transgression most likely occurred across the entire western craton, including the
Transcontinental Arch, and onlapping sandstones were deposited during continued overall sea-
level rise, punctuated by minor sea-level fall. Sandstones were subsequently eroded on cratonic
highs and preserved in lows. Evidence of this scenario is the absence of shorelines or
depositional limits in preserved strata (Sloss, 1988) and, in a New Mexico example, lack of a
known shoreline or nearshore deposits (Kottlowski, 1970). As a result, later Middle Ordovician
carbonates rest unconformably on the underlying Sauk in some areas without a basal clastic zone
(Sloss, 1963). A similar situation is present along the Appalachian cratonic margin. Early
Tippecanoe sandstone is not present along the margin; instead, Tippecanoe limestones rest
unconformably on Sauk dolostones (Sloss, 1963). By contrast, both clean quartz sandstones and
carbonate were deposited along the passive Cordilleran margin, but shale content greatly
increases to the west, indicating a shelf-to-slope transition (Sloss, 1988).

The Transcontinental Arch was a significant regional topographic high during the Middle
Ordovician and it, along with the Canadian Shield, has been invoked as the source of the clean

quartz sandstone of the Simpson in West Texas and Oklahoma (Sloss, 1988). The Pedernal
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Massif in central and north-central New Mexico was also a regional high and supplied sediment
for Simpson sandstones and siltstones in southeastern New Mexico (Kottlowski, 1970).

A local extension of the Transcontinental Arch, called the Texas Arch (fig. 4), was
present during the Middle to Late Ordovician (Wright, 1979) and acted as a boundary between
the two primary Simpson Group depocenters. These depocenters in Oklahoma and West Texas
have been described as having similar depositional patterns (Suhm and Ethington, 1975), despite
being at least partly separated by this broad (600 % 250 mi), low-relief feature (Wright, 1979).
The Texas Arch was the dominant positive topographic feature in the Permian Basin region
during Simpson time. There is no evidence that the Central Basin Platform was a positive feature
during deposition of the Simpson (Frenzel and others, 1988); it formed later during the late
Mississippian (Tai and Dorobek, 2000).

This Simpson Group depocenter has historically been referred to as the Tobosa Basin
(Wright, 1965). However, the mechanism for development of this basin has not been fully
explained, leaving open the possibility of alternate interpretations. The idea of a “basin” may
have originated from thickness maps showing thickening toward a central point. Perhaps the
most widely available Simpson Group isopach map was originally drafted by Galley (1958) and
then republished with some updates by Frenzel and others (1988). This map shows a central
thick of more than 2,000 ft in Ward, Reeves, and Pecos Counties and gradual, even thinning to a
zero line in north-central Texas and all but southeastern New Mexico. In contrast, a map with
documented well control and faults published by the Texas Water Development Board (1972)
and presented in simplified format (recontoured without faults) in figure 4, portrays irregular
thickness variations. Some of these variations occur across faults, indicating structurally
thickened strata, whereas others may be due to deposition on an irregular surface or
postdepositional erosion.

Because the Simpson Group was deposited when sea level rose in the Middle Ordovician
and marine transgression ended the period of exposure and karstification of the underlying
Ellenburger (Kerans, 1988), local thickening may be explained by the irregular accommodation
provided by the karsted surface. Thinning is also apparent over preexisting structures (for
example, at Midland Farms field in Andrews County), where much of the basal Joins Formation

thins on structure (Mears and Dufurrena, 1984).
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A significant unconformity also exists between the Simpson Group and the overlying
Montoya Group (fig. 2), suggesting that postdepositional erosion may have occurred. Outcrop
studies in the Beach and Baylor Mountains indicate that the Montoya directly overlies the Oil
Creek Formation, and a distinct unconformity exists between the two (Suhm and Ethington,
1975). This unconformity suggests that the McLish, Tulip Creek, and Bromide Formations were
either removed through erosion or never deposited in this area. This truncation occurs
progressively from SSW to NNE in a correlation section of subsurface wells in West Texas
(fig. 5; Wright, 1965). Postdepositional erosion also took place along the eastern and western
extents of the Simpson Group (Gibson, 1965). Whereas many published cross sections (fig. 5)
show all Simpson Group formations and members thinning equally, it is more likely that
thinning was accomplished through irregular accommodation, erosion, and/or nondeposition.
The apparent uniform thinning shown in figure 5 is in the direction of the Texas Arch (fig. 4), a
local arm of a regional high during the Tippecanoe sequence. Evidence of subaerial erosion of
the uppermost Simpson (Bromide Formation) has been documented at Midland Farms field in
Andrews County (Mears and Dufurrena, 1984). These local thinning trends are consistent with
widespread erosion of the Simpson Group and equivalent rocks on major arches at the first-order
sequence boundary between the Sauk and Kaskaskia sequences (Sloss, 1988).

Finally, structural complexity may be responsible for localized thickening shown on
isopach maps in Ward, Reeves, and Pecos Counties (fig. 4). At Waha field in this area,
overturned and therefore apparently thickened and repeated Simpson sections were encountered
in a vertical well bore and verified by 3-D seismic (Hardage and others, 1999). Fault-thickened
Simpson Group strata were also observed at Midland Farms field in Andrews County (Mears and

Dufurrena, 1984).
FACIES AND SEDIMENTOLOGY OF THE SIMPSON GROUP

Biostratigraphy and Age

Recent conodont biostratigraphy indicates that Simpson Group rocks were deposited
during the Rangerian to middle Turinian stages of the Whiterockian and early Mohawkian series
(North American) of the Middle to Late Ordovician (fig. 2). This level of precision has not
always been possible: Early Simpson Group biostratatigraphy was based on graptolites in the

Marathon region outcrops in southwestern Texas, and the succession was dated simply as Middle
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Ordovician (Jones, 1953). More precise modern biostratigraphic correlations (using graptolites,
trilobites, and conodonts) are now typically possible at the third-order sequence scale (Ross and
Ross, 1992) in localized areas. Because the Simpson Group consists of dominantly nonmarine or
marginally marine rocks with rare or poorly preserved diagnostic fossils, however,
biostratigraphic correlation across North America remains difficult (Ross and Ross, 1992)
despite extensive faunal studies (Sweet and others, 1971).

Derby and others (1991) presented what is perhaps the most comprehensive report of
conodont work in the Simpson. These authors synthesized more than 20 years of work on
Simpson outcrops in southern Oklahoma to define specific conodont zones for the
lithostratigraphic formations. Comparison of this synthesis with that of Webby and others (2004)
provides a basis for placing the Simpson in a global chronostratigraphic framework (fig. 2). The
species-based conodont zonation developed by Webby and others (2004) (fig. 2) now appears to
be the standard, rather than the previously proposed numbered zones established by Sweet and
others (1971). It is reasonable to assume that these zones are also applicable to West Texas/New
Mexico, given the facies similarity between the two depocenters and absence of any published
modern studies stating otherwise. The Marathon Uplift succession has also been recently
reevaluated using graptolite biostratigraphy. Biostratigraphy in this area has been especially
challenging because seemingly noncorrelative graptolite faunas in this area are a function of
deeper water depths and different water mass vs. graptolite faunas elsewhere in North America
and the world (Goldman and others, 1995). In addition, a significant hiatus occurred between
deposition of the Simpson-equivalent Woods Hollow Formation and the overlying Montoya-
equivalent Maravillas Formation. These findings were used to define the position of Marathon

equivalents in figure 2.

General Facies and Thickness

Rocks of the Simpson Group are composed of interbedded shale, limestone, and
sandstone. The Joins and Bromide Formations are sandy carbonates; intervening formations are
clay-rich carbonates and shales, each with a basal sandstone member. Sandstones make up only
approximately 5 percent of the total thickness of the Simpson Group in West Texas and

southeastern New Mexico. This sandstone volume increases toward the apparent source of the
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siliciclastics to the northwest: a Precambrian granitic and metamorphic outcrop in New Mexico
and the Pedernal Massif in southern Colorado (Wright, 1965).

Simpson Group outcrops in West Texas analogous to the subsurface Permian Basin have
been described in the Baylor, Beach, and Sierra Diablo Mountains in Culberson County and in
the Marathon Uplift and Solitario regions in Brewster and Presidio Counties in southwest Texas
(Jones, 1953; Wilson, 1954; Wright, 1965, 1979; Suhm and Ethington, 1975). This work is
primarily lithostratigraphic and biostratigraphic. Early workers described the Baylor and
northeastern Sierra Diablo outcrops as consisting of sandstone, dolomite, and green and dark
shale with a maximum total Simpson Group thickness of 137 ft in the Baylor Mountains (Jones,
1953; Wright, 1965). Several descriptions of the facies making up Simpson Group formations
and members in the subsurface have also been published. These include a summary of various
core descriptions from subsurface wells by Wright (1965) and a focused study of the McKee
sandstone in several cores from Crane, Andrews, and Lea (New Mexico) Counties by Bosco and
Mazzullo (2000).

Simpson Group thickness is highly variable throughout West Texas and New Mexico. A
summation of the maximum ranges (from Wright, 1965) for each formation yields a maximum
Simpson Group thickness of 1,650 ft. However, the total thickness of 400 to 320 ft reported in a
study of cuttings from Midland Farms field wells in Andrews County (Mears and Dufurrena,

1984) is probably more typical of fields outside the thickest part of the depocenter.

Joins Formation

Distribution and Age

The Joins Formation is Middle Ordovician (Whiterockian North American Stage),
according to age and conodont relationships in Pope (2004) and Webby and others (2004)
(fig. 2). Distribution is likely irregular, given that it was deposited on the karst topography of the
underlying Ellenburger; partial infilling relationships between the Joins and the underlying El
Paso/Ellenburger Groups support this hypothesis (Suhm and Ethington, 1975). The Joins appears
to be present in both Oklahoma and West Texas/New Mexico, given conodont biostratigraphic

correlations (Suhm and Ethington, 1975).
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Facies

The Joins is composed of slightly shaly limestone that grades into dolostone (Wright,
1965). The fine crystalline dolostone facies is argillaceous (silty to sandy), pale-orange, and thin
to medium bedded, and it contains trilobites and brachiopods (Suhm and Ethington, 1975). Both
lithofacies contain frosted quartz grains and clasts of the Ellenburger (cherty dolostone) below.
In addition, the basal Joins Formation is glauconitic and contains thin beds of shale and

sandstone in some areas (Wright, 1965).

Depositional Setting

Given the similarity in facies between the Texas/New Mexico and Oklahoma
depocenters, a depositional model proposed for Arbuckle Mountain outcrops in Oklahoma
should also be applicable to the Simpson Group in Texas and New Mexico. Denison (1997)
interpreted the Joins to have been deposited during relatively low sea level, with early shallow
marine conditions and subaerial exposure in some areas, followed by a transition to terrigenous

conditions.

Subsurface Recognition and Correlation

The Joins exhibits a high gamma-ray response and reverse or positive spontaneous
potential typical of shales and other clay-rich facies (figs. 6, 7). These log characteristics are
markedly different from those of the underlying Ellenburger carbonate. Because it was deposited
on the irregular Ellenburger topography, regional correlation is often not possible, although

widely published Simpson Group cross sections show it to be regionally present and correlative

(fig. 5).

Formations with a Basal Sandstone Member:
Oil Creek, McLish, and Tulip Creek

The middle three Simpson Group formations each contain a basal sandstone member
overlain by mud-rich carbonate and shale strata. From oldest to youngest (with basal sandstone
member) these are the Oil Creek Formation (Connell Sandstone Member), the McLish
Formation (Waddell Sandstone Member), and the Tulip Creek Formation (McKee Sandstone
Member) (fig. 2).
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Distribution and Age

Classic lithostratigraphic correlation sections depict all three formations areas present
over much of the subsurface (fig. 5, cross-section locations in fig. 4); however, it is likely that
the section is incomplete in many areas owing to erosion or nondeposition. For example, only the
Oil Creek Formation is present in the Beach and Baylor Mountain outcrops, where a distinct
unconformity separates the Oil Creek from the overlying Montoya carbonate (Suhm and
Ethington, 1975). This observation implies that the rest of the Simpson Group (McLish, Tulip
Creek, and Bromide) was removed by erosion or not deposited in this area. All three formations
are Middle Ordovician (Whiterockian North American Stage) according to age and conodont

relationships (Pope, 2004; Webby and others, 2004) (fig. 2).

Facies

The Oil Creek Formation is composed primarily of green, and locally red, shale with thin
limestone interbeds; the Connell Sandstone Member consists of medium to coarse, well-rounded,
calcareous sandstone in the subsurface and is locally iron rich and interbedded with red and gray
shale (Wright, 1965). In Beach and Baylor Mountain outcrops, this sandstone is fine to coarse
grained and contains frosted rounded quartz grains with variable amounts of dolomite cement
and quartz overgrowths (Suhm and Ethington, 1975) and, locally, thin beds of light-colored
dolostone. These authors noted that the Connell resembles equivalent Midcontinent sandstones in
containing 95 percent or more quartz and well-sorted, rounded, frosted grains. Overlying the
Connell, the Oil Creek Formation comprises a series of brownish-gray dolostone and
argillaceous dolostone intervals that range from 20 to 45 ft in thickness, exhibit very fine crystal
size, and contain local stromatolites, chert, and vugs (Suhm and Ethington, 1975).

The McLish Formation consists of gray-green shale interbedded with sandy limestone
and fine-grained sandstone; medium-coarse grained calcareous sandstones make up the Waddell
Member at the base of the McLish Formation in the subsurface (Wright, 1965). Shale dominates
the section north of Ward and Crane Counties, and shaly limestone dominates the subsurface
elsewhere outside of the main producing area.

Rocks of the Tulip Creek Formation are primarily thinly bedded, green shale thinly
interbedded with limestone in the subsurface. Two sandstone layers separated by green shale and

sandy limestone characterize the McKee; the sandstones are medium to coarse, white, green, or
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red in color, and they contain phosphate, as well as abundant frosted quartz (Wright, 1965). The
basal McKee Member comprises sandstone, muddy sandstone, and sandy mudstone lithologies
in cores from Andrews and Crane (Texas) and Lea (New Mexico) Counties (Bosco and Mazullo,
2000). The sandstones are subquartzose to quartzose (50—100 percent quartz) quartz arenites

(<2 percent feldspar) that are fine to fine grained and moderately well sorted. Deformed rounded
mudstone lithoclasts of varying sizes are present locally. Four distinct McKee facies were
observed in conventional cores in Andrews and Crane Counties, Texas, and Lea County, New
Mexico: (1) green-yellow laminated very fine to fine-grained muddy quartzose sandstones with
bioturbation and abundant clay and occasional phosphate grains; (2) sandstones similar to those
in 1 but containing common carbonate, phosphate, clay and lithoclasts, as well as scattered
fossils; (3) dark-colored, laminated, very fine to medium-grained muddy sandstone and sandy
mudstone with abundant fossils and common phosphate grains; and (4) laminated, very fine
grained, quartzose, yellow-brown sandstones with rare green-brown mudstone interlaminae,
bioturbation, and common fossils (Bosco and Mazzullo, 2000).

A new core description conducted during this study provides additional insight into the
McKee sandstone member of the Tulip Creek Formation (fig. 8). Four distinct facies and a range
of grain sizes and structures were observed, including (1) massive crossbedded, tan, locally
bioturbated sandstone (fig. 9a); (2) mixed carbonate and shale with carbonate lenses (fig. 9b)

(3) finely laminated gray carbonate and green-gray shale with bioturbation, roots, and limited
sand (fig. 10a); and (4) green-black carbonaceous shale (fig. 10b). All four facies occur over a

relatively short section of core (core in fig. 11 and corresponding log and core description in

fig. 8).

Depositional Setting

A depositional model proposed for the Simpson Group in the Arbuckle Mountain
outcrops in Oklahoma (Denison, 1997) appears applicable to the Simpson Group in West Texas.
This model proposes that basal Oil Creek, McLish, Tulip Creek, and Bromide Formation
sandstones were formed by the reworking of clean eolian sands from terrigenous sources during
marine transgression. During sea-level highstand, a peritidal carbonate platform developed,
accounting for the deposition of the carbonate units in the upper parts of each formation. This

model is consistent with outcrop observations in West Texas: the Connell sandstone was
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interpreted to have been deposited in high-energy shoreface and nearshore environments on the

basis of observations from Beach Mountain outcrops (Suhm and Ethington, 1975).

Diagenesis

Simpson Group sandstones are exceptionally clean. However, carbonate cementation is
locally common and can reduce porosity and permeability. Cementation ranges from absent to
pervasive in all three sandstone intervals (Wright, 1965). Detrital clays (dominantly illite) and
authigenic cements—carbonate, clay, and quartz—are also present in McKee sandstone cores
from Andrews and Crane (Texas) and Lea (New Mexico) Counties (Bosco and Mazullo, 2000).
The clays are grain lining, and the carbonate cements are pore filling in these cores. These
authors demonstrated that bioturbation and mineralogy are systematically related to color in
these sandstones. Brown and yellow sandstones are typically clay free and contain authigenic
quartz cement. Gray sandstones contain large amounts of micritic mud and carbonate cement.
Green sandstones contain glauconite and illite (lighter variations contain less clay and are
friable). Red sandstones owe their color to hematite-rich clay. In addition to detrital clays, white

and black phosphatic grains are also present in the McKee sandstone (Wright, 1965).

Subsurface Correlation

Published literature on modern subsurface wireline correlations and seismic interpretation
in the Simpson is sparse. Given the mixed lithology of the Simpson—including carbonate,
sandstone, and shale—both types of correlation present challenges.

Most published wireline correlations date to the discovery of the major Simpson Group
fields (1965 or earlier) and as such are based on spontaneous-potential-resistivity wireline logs
(fig. 7). Modern gamma-ray—neutron-porosity wireline logs are available from fields with
production above and below the Simpson, such as at Dollarhide field (fig. 6), but the Simpson is
typically not correlated on these logs in published cross sections.

Not only does the mixed lithology present challenges in seismic interpretation, but the
complexity of structures involving the Simpson Group can also further distort imaging of this
succession. Seismic data at Waha field in Reeves and Pecos Counties show that complex faulting

and overturned strata can be misleading when Simpson Group horizons are picked. Hardage and
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others (1999) observed that Simpson beds were overturned, highly faulted, and folded, resulting
in apparent thickening and repeat sections in vertical well bores.

Published gamma-ray—neutron type logs characterize the sandstone members as having a
low gamma response and high neutron response (fig. 6), and the mixed carbonate and shale parts
of the formations as having a mixed gamma response and low neutron response. Early electric
logs show upward-coarsening relationships (normal or negative spontaneous potential) in
Connell, Waddell, and Oil Creek type logs at productive fields (fig. 7) but lack truly diagnostic

log character in correlation sections (fig. 5).

Bromide Formation

Distribution and Age

Like the McLish and Tulip Creek Formations, the Bromide Formation is absent owing to
erosion or nondeposition in the Beach and Baylor Mountain outcrops, where a distinct
unconformity separates the Oil Creek from the overlying Montoya carbonate (Suhm and
Ethington, 1975), but it is present in much of the subsurface (Wright, 1965). The Bromide is
Middle to Late Ordovician (Whiterockian to Mohawkian North American Series) in age,
according to conodont relationships portrayed by Pope (2004) and Webby and others (2004)
(fig. 2).

Facies and Depositional Setting

The Bromide Formation comprises massive fossil-rich limestone that is thinly
interbedded with green shale and sandstone in the subsurface; the limestone is increasingly sandy
and shaly away from the Central Basin Platform, to the south, southeast, and west (Wright,
1979). During Bromide time, marine transgression was more extensive than during earlier
Simpson deposition (Oil Creek, McLish, and Tulip Creek), resulting in shallow subtidal to

supratidal marine conditions and less deposition of eolian sand (Denison, 1997).

Subsurface Recognition and Correlation

Because of similarities between lithologies of the Bromide and those of the underlying
upper Tulip Creek, the base of the Bromide is difficult to characterize on wireline logs. In

contrast, the top of the Bromide is readily defined on wireline logs; the clean, low-gamma-ray
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wireline response of the overlying Montoya Formation is distinct from the higher gamma-ray
response of the Bromide. A type log from Block 31 field in Crane County (fig. 7a) shows that the
Bromide has resistivity higher than that of the underlying Tulip Creek. However, this difference
is less distinct in many wells (figs. 5, 7b). On gamma-ray—neutron logs from Dollarhide field
(fig. 6), the Bromide shows the expected response for a primarily carbonate section with low
radioactivity and high apparent neutron porosity. Interbedded shale and sandstone are also

distinct (high radioactivity, low neutron) on these logs.

Woods Hollow Formation

The Woods Hollow Formation consists of Simpson Group-age outcrops in the Marathon
Uplift and Solitario regions of southwestern Texas (Jones, 1953) (fig. 2). In the Marathon region,
these rocks are green-black shale with thinly interbedded siltstone and limestone, and they
contain scattered conglomerate boulders; in the Solitario region, these rocks are green-black
shale and thin-bedded sandstone (Wright, 1965, 1979; Wilson, 1954). The Woods Hollow
Formation was deposited in deeper water than the Simpson Group. Graptolite-brachiopod-
pelagic trilobite assemblages characteristic of deep-water conditions typify Marathon-area
outcrops as compared with the shallow-water corals, bryozoans, sponges, calcareous brachiopods
and nektonic-benthic trilobites reported in West Texas and Oklahoma outcrops (Wilson, 1954).
Information from these outcrops is useful in understanding regional paleogeography but not as
relevant to Simpson Group production in the subsurface Permian Basin owing to marked

differences in facies.

Sequence Stratigraphy of the Simpson Group

It is important to keep in mind that Simpson Group formations and members are
lithostratigraphic units defined in outcrop, not chronostratigraphic units. Several authors have
recognized the time-transgressive nature of Simpson formations and members in Oklahoma,
where subsurface data and interpretations are more abundant owing to the greater economic
significance of Simpson reservoirs there. Statler (1965) published an early sequence stratigraphic
interpretation (fig. 12) that was then incorporated into the model proposed by Candelaria and
others (1997) (fig. 13). Candelaria and others (1997) presented perhaps the most complete

description of Simpson formations and members in terms of third-order sequences. This
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sequence stratigraphic framework developed for Oklahoma is likely applicable to the West Texas
subsurface, given the similarities in depositional setting.

The five Simpson Group lithostratigraphic formations have been interpreted to represent
four (fig. 13) or five third-order sequences suggested by sea-level curve (fig. 2). These sequences
represent the early parts of the second-order Tippecanoe I sequence (Middle and Upper
Ordovician) and the first-order Tippecanoe megasequence (Middle Ordovician to Lower
Devonian) (Sloss, 1988).

The Simpson Group was deposited on the Lower Ordovician Ellenburger, following a
hiatus during the Rangerian stage of the Middle Ordovician, and it was typically overlain by the
Upper Ordovician Montoya Group, following a hiatus during the Chatfieldian stage (fig. 2). The
basal Simpson unconformity is both a first- and second-order sequence boundary, and the upper
unconformity is a third-order sequence boundary (fig. 2). Locally, both the base and top of the
Simpson Group are composite unconformities. In southern New Mexico, for example, the
Simpson Group was deposited on Precambrian basement (Lower Ordovician Ellenburger
absent), and in the Central Basin Platform and Reagan uplift areas the Simpson Group is overlain
by Pennsylvanian and Lower Permian strata (Upper Ordovician-Mississippian absent and
Simpson somewhat eroded) (Wright, 1965).

Sea-level fluctuations defining third-order sequences in the Ordovician were given for
North America and Europe by Ross and Ross (1992) (sea-level curve in fig. 2). These cycles,
lasting 1 to 8 million years, were associated with sea-level changes typically of 66 to 328 ft
(Ross and Ross, 1992). An idealized Ordovician cratonic sequence consists of a transgressive
sandstone base followed by a maximum flooding condensed section, early highstand normal
marine limestones, and late highstand restricted carbonate and evaporate (Schutter, 1992).
Sandstones represent sequence bases in this area, consisting of quartz arenite (arkosic where
filling irregular lows) deposited by eolian to coastal processes. Green marine shales or evaporites
are locally present with these sandstones. Organic-rich green, pyritic, or brown shales were
commonly deposited next. Normal marine conditions followed during maximum flooding, with
deposition of bioturbated subtidal wackestones and packstones. High-energy grainstone shoal
facies were locally deposited next, followed by peritidal laminated and fenestral lime mudstones,
dolostones, and evaporites during later highstand, with evidence of subaerial exposure and

possible karst.
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Candelaria and others (1997) subdivided the Simpson Group into four third-order
sequences on the basis of Oklahoma subsurface data (fig. 13). In their mode, the Joins represents
the first of these third-order sequences (fig. 2, O5) and differs in style from the successive
sequences in that carbonate was deposited throughout the sequence (with some minor basal
clastics). These authors documented many 3- to 10-ft-thick fourth- or fifth-order sequences in the
Joins, each consisting of sandy siltstone overlain by coarse calcarenite and generally becoming
increasingly sand dominated up section in Arbuckle Mountain outcrops.

By contrast, the overlying three Simpson Group sequences contain basal sandstones
overlain by shale and much less carbonate. Simpson strandline fluvial and eolian sandstones
were deposited initially during sea-level lowstands and were then reworked into a series of
widespread, back-stepping, shoreface complexes representing the transgressive systems tract
during sea-level rise (Candelaria and others, 1997). Alternatively, the sandstones may represent
only the transgressive systems tract without initial fluvial or eolian deposits (Schutter, 1992). In
either case, increased clastic input from eroding regional highs was essential to the carbonate to
clastic facies change from the underlying Joins and restricted Ellenburger carbonate.

The Oil Creek Formation comprises the first sandstone-based Simpson sequence
(Candelaria and others, 1997); the basal Oil Creek sandstone (equivalent to the Connell member
in the Permian Basin) represents both a lowstand wedge and a transgressive shoreface complex
in this area (fig. 13). The top of O6 (polonicus zone, fig. 2) is represented by a hiatus across New
Mexico, Texas, and Oklahoma. The next sequence is composed of the McLish Formation
(Candelaria and others, 1997); basal McLish sandstones (equivalent to the Waddell member in
Texas/New Mexico) comprise transgressive shoreface complexes (without prior lowstand
deposition) (fig. 13), suggesting an overall decrease in accommodation in this area (fig. 2, O7).

Both the Tulip Creek Formation and its basal sandstone (McKee member in the Permian
Basin) (fig. 2, O8) and the Bromide Formation (fig. 2, O9) comprise the third sandstone-based
sequence (Candelaria and others, 1997). The basal sandstone is again interpreted to represent the
transgressive systems tract only. This grouping of both the Tulip Creek and Bromide into one
sequence is consistent with the interpretation of Statler (1965), but not the sea-level curve given
by Ross and Ross (1992) (fig. 2), which suggests two sea-level rise-and-fall events during this

time.
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Insights into the Tulip Creek cyclicity are provided by core from the McKee member in
Pecos County. Cycles within the McKee section here are upward fining (fig. 8). Cycle bases are
typically bioturbated, followed by high-energy planar, crossbedded, massive sandstone (facies 1,
fig. 9a). Cycles fine into mixed carbonate and shale (facies 2, fig. 9b), finely laminated carbonate
and shale (facies 3, fig. 10a) and, in some cases, green carbonaceous shale (facies 4, fig. 10b).
These cycles shallow consistently upward, as shown by an upward decrease in high-energy
planar crossbeds and an increase in bioturbation. Unfortunately, core coverage is too limited for
interpretations to be made about larger scale sequence stratigraphic patterns.

However, sequence stratigraphic interpretations of the Simpson Group have been
established in Oklahoma, and the similarity of facies stacking patterns between the Texas and
Oklahoma depocenters suggests that it is reasonable to extrapolate the sequence stratigraphic
model established by Candelaria and others (1997) to the Texas succession. This approach
implies that the Connell sandstone of sequence O6 represents both lowstand and stranded
transgressive shoreface deposits. The Waddell and McKee members represent transgressive
shoreface deposits of sequences O7 and O8, respectively (fig. 2). Whereas the general ideas
presented by Candelaria and others (1997) describe the facies observed in the Texas/New
Mexico depocenter, as well as that of Oklahoma, several variations are apparent from wireline-
log patterns and cores from Permian Basin successions.

Log patterns in the Texas/New Mexico depocenter depict a single, thin, upward-
coarsening sandstone typical of transgressive deposits picked as the Connell member and
representing the base of sequence O6 (fig. 2). In Crane and Pecos Counties at Abell, Block 31,
and McKee fields (fig. 7a), there is no evidence of the blocky, sharp-based pattern typical of
lowstand deposits, such as those described by Candelaria and others (1997). The Connell
sandstone is not definable in the logs from fields farther north (Keystone field in Winkler
County, TXL field in Ector County, or Martin field in Andrews County). Log patterns do show,
however, thin, upward-coarsening sandstone at Keystone and Martin (fig. 7b). The section at
TXL field, a bit farther to the east, appears shaly throughout the interval and may have been
deposited in a more distal shelf setting.

Similarly, in the next sequence (O7), logs from wells in the Texas/New Mexico
depocenter indicate a thin, upward-coarsening sandstone at the base of the sequence. This

sandstone is called the Waddell member and is present at both Bell and McKee fields in Pecos
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and Crane Counties and at Martin field in Andrews County (fig. 7b). Two thicker, upward-
coarsening sandstones also called the Waddell member are present at Block 31 (fig. 7a),
Keystone, and TXL fields. These patterns are consistent with the Candelaria and others (1997)
interpretation of transgressive deposits at the base of this sequence in the depocenter.

Log patterns and core descriptions in the Texas/New Mexico depocenter suggest that not
one but two (Candelaria and others, 1997) successive Simpson Group sequences were then
deposited. The first, sequence O8, mimics the previous sequence, containing two upward-
coarsening to serrate sandstones at the base of the sequence. These sandstones are assigned to the
McKee sandstone and are present in most Texas/New Mexico fields (fig. 7). These log-defined
facies patterns can also be interpreted as transgressive deposits, an interpretation that is
compatible with the Candelaria and others (1997) model. The next younger sequence, O9, shows
even greater marine transgression, with a decrease in clastic input and better development of
marine carbonates. It is difficult to ascertain the presence of a sequence boundary without cores,
but sea-level curves suggest a marked decrease, followed by increase, in sea-level change at this

boundary (fig. 2).

Reservoir Development

Simpson Group reservoirs are developed in the three sandstone members: the Connell,
Waddell, and McKee. Each succession has highly variable thickness and continuity. Increasing
thickness trends from north to south (eastern Lea County, NM, to eastern Ward County are 20 to
70 ft for the Connell, 20 to 120 ft for the Waddell, and 100 to 175 ft (central Winkler County) for
the McKee (Wright, 1979). The maximum thickness of the McKee sandstone in the Permian
Basin has been recently reported as approximately 230 ft (Bosco and Mazzullo, 2000). These
data suggest that a total of 420 ft of gross sandstone could be encountered in the Simpson Group
if the maximum thickness of each sandstone member occurred in the same location in the
Permian Basin. Conversely, a minimum Simpson gross sandstone thickness could be as little as
140 ft in the Permian Basin and even less where the Simpson has been eroded. The Simpson
Group as a whole is more sandstone dominated in Oklahoma and Arkansas: gross sandstone
thickness is more than 400 ft in south-central Oklahoma and more than 300 ft thick in western

Arkansas (Holden, 1965).
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Reported maximum thicknesses for the entire reservoir-bearing formations (sandstone
members and overlying shale) in the subsurface Permian Basin are 280 ft (Oil Creek), 475 ft
(McLish), and 400 ft (Tulip Creek) (Wright, 1979). The nonreservoir Bromide and Joins
Formations reach a maximum thickness of 375 and 120 ft in the subsurface Permian Basin,
respectively (Wright, 1965). The Woods Hollow Formation is 180 to 500 ft thick in the
Marathon region and 340 to 400 ft thick in the Solitario region (Wilson, 1954; Wright, 1965,
1979).

Reservoir Distribution

Simpson Group production in West Texas and southeastern New Mexico was developed
in the Waddell sandstone in Sand Hills field in Crane County in 1936. This field (fig. 1) remains
one of the top three producers in terms of cumulative production (Dutton and others, 2005). The
first McKee sandstone production occurred soon after, in 1938, in Pecos County, and Connell
sandstone production began in 1948 in Crane County (Wright, 1965). Production is developed in
the Waddell sandstone in Crane, Ector, and Pecos Counties; in McKee sandstones in Andrews,
Crane, Ector, Lea (New Mexico), Pecos, and Winkler Counties; and in Connell sandstones in
Andrews, Crane, Ector, Lea (New Mexico), Pecos, and Terrell Counties (Wright, 1979).

As a reservoir play in Texas and New Mexico, the Simpson Group comprises 19
reservoirs with individual cumulative production greater than 1 MMbbl of oil through 2000 that
totaled only 103.2 MMbbl of cumulative production (Dutton and others, 2005). The top three
fields accounting for most of this production include, in descending order, Running W field in
Crane County (25.3 MMbbl), Hare field in Lea County (New Mexico) (17.2 MMbbl); and Sand
Hills field in Crane County (13.1 MMbbl) (fig. 1). All other Simpson fields have produced less
than 10 MMbbl of cumulative production, and only two have produced more than 50 MMbb].
All of these fields were discovered prior to 1965. Note that the Simpson Group is present west,
east, and south of the production-based play area and especially thick to the west (play area

defined by Dutton and others, 2005, and shown in fig. 1; Simpson thickness shown in fig. 4).

Porosity Development

Simpson Group clastic reservoirs are composed of extremely mature quartz sandstones

with primary porosity (Schutter, 1992). Porosity varies from 7 percent at Connell Block 31 to
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16 percent at Martin McKee (Tyler and others, 1991). Permeability averages 45 md in Crawar
Waddell (Wojcik, 1990) and 164 md in Running W Waddell field (Galloway and others, 1983).
Reservoir quality is controlled by grain size, thickness, degree of carbonate cementation,
and interbedded silts or shales. The McKee member has the best reservoir quality of the three
Simpson Group sandstones. It is the coarsest, thickest, and cleanest in the Central Basin Platform
area (Wright, 1965). Porosity in the Connell sandstone is generally high, but permeability
decreases locally where sandstone grades into sandy shale (Wright, 1965). Permeability
reduction in the Waddell sandstone has also been observed locally where silt is present (Wright,
1965). Pore-filling carbonate cements and pore-lining clays can commonly reduce porosity
(Galley, 1958). No regional or stratigraphic patterns of cementation or clay presence have been

reported.

Traps, Seals, and Sources

Oil was trapped in the producing sandstones of the Simpson Group along the
postdepositionally folded and faulted structures of the Central Basin Platform, with Simpson
shales providing the seal (Dutton and others, 2005). High-angle faults on the flanks of the
anticlines also contributed to trap formation, as observed at Teague McKee field. Anticlinal
structural traps are responsible for reservoir accumulation in the following fields (and
formations): Block 31 (Connell) in Crane County, TXL (Waddell) in Ector County, and Warren
(McKee) in Lea County, New Mexico (Wright, 1965).

Other reservoirs produce where Simpson Group sandstones are truncated by erosion
along the flanks of anticlines underneath a major regional unconformity. The seal is provided by
overlying post-Simpson rocks, mainly Pennsylvanian and Permian shales and carbonates
(Gibson, 1965; Wright, 1979; Galloway and others, 1983). The unconformity was formed during
major late Paleozoic uplift that formed the Central Basin Platform and the smaller structures
associated with Simpson traps. The top-producing Running W field in Crane County (fig. 1)
produces where the Waddell sandstone has been erosionally truncated and overlain by Permian
rocks (Galloway and others, 1983). Permian strata similarly seal both Connell and McKee
sandstones at Hare field in Lea County, New Mexico (Wright, 1965)—another top producer
(fig. 1). Crawar Waddell field produces from a north-south-trending anticline that is bound on

the east by a northwest-southeast-trending reverse fault (Wojcik, 1990).
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The only documented purely stratigraphic traps in the Simpson Group are at Abell field
(Crane and Pecos Counties), owing to an updip decrease in porosity in tilted Waddell reservoir
sandstones, and at Tucker field (Crane County), where Waddell sandstones become increasingly
shaly and therefore less permeable updip.

Each producing sandstone interval in the Simpson Group has its own oil-water contact,
suggesting sealing and in situ generation of hydrocarbons by intervening shales (Williams,
1977). Where both Ellenburger and Simpson reservoirs are productive along the
postdepositionally folded and faulted structures of the Central Basin Platform region, similarities
in oil character also suggest a common source (Wright, 1965, 1979).

Simpson Group shales are considered primary pre-Permian source rocks (Williams,
1977). The source capabilities of the Simpson Group are supported by the presence of
Ordovician oil in Ellenburger reservoirs where overlain by Simpson shales and the lack thereof
in Ellenburger reservoirs where the Simpson Group is absent. The area of productive Ellenburger
reservoirs, in the Central Basin Platform and southwestern Midland Basin regions, coincides
with the thickest deposition of the Simpson Group, suggesting that the superjacent Simpson
Group shales provided the hydrocarbon source (Gibson, 1965). The oil-prone relationship
between total organic carbon (TOC) and total hydrocarbons in Simpson Group shales in both
west Texas and Oklahoma, compared with the lack of such a relationship in Ellenburger samples,
lends additional support to the idea that Simpson Group shale sourced Ordovician reservoirs
(Katz and others, 1994). Simpson Group shales reached the oil window of hydrocarbon
generation in the Late Permian and may have generated and expelled 180 to 540 Bbbl of oil for

migration into Central Basin Platform reservoirs (Katz and others, 1994).

Opportunities for Additional Resource Recovery

Simpson Group exploration strategies have focused almost exclusively on structural
traps. However, extensive stratigraphic traps are likely in this depositional setting. Thus, the
Simpson Group may contain a distributed but potentially significant remaining resource.
Simpson Group stratigraphic traps may have been created in three systems tracts: (1) lowstand
sandstones, (2) transgressive shoreface sandstones, and (3) aggradational carbonate shoal facies

and progradational carbonate banks (Candelaria and others, 1997).
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Stratigraphic traps are underexplored relative to structural Simpson Group traps
(Candelaria and others, 1997) and have potential for future exploration. To accomplish such
exploration, new regional and detailed wireline correlations using gamma-ray—neutron logs in a
sequence stratigraphic framework will be necessary. Whereas wireline logs are widely available
because of extensive underlying Ellenburger production, cores and core data are sparse and
discontinuous. Once stratigraphic traps are identified, Simpson Group production could be

accomplished through low-cost recompletion of existing Ellenburger wells.
SUMMARY AND CONCLUSIONS

The Middle Ordovician Simpson Group contains a highly varied mixture of both
reservoir and nonreservoir rocks that have been poorly examined owing to its relatively low
contribution to Permian Basin production. Simpson rocks were deposited in greenhouse
conditions during the early transgressive leg of the Tippecanoe megasequence, following an
extensive hiatus and development of a karst topography on the underlying Lower Ordovician
Ellenburger carbonates of the Sauk megasequence. Simpson production is from three sandstone
units in the middle of the group, each sourced from eroding highs to the north and east and
transported to the cratonic margins by eolian and fluvial processes. These sandstones represent
lowstand and/or early transgressive deposits of three third-order sequences; nonreservoir shales
and clay-rich carbonates deposited during maximum flooding and normal marine and restricted
carbonates deposited during highstand compose the balance of the sequences. Most published
interpretations for West Texas and New Mexico are based on lithostratigraphic analysis and
therefore do not depict the true reservoir geometry of these irregularly distributed reservoir
sandstones. Modern sequence stratigraphic interpretations are sparse and are generally based on
Simpson Group rocks in Oklahoma, where production is more significant. New regional and
detailed wireline correlations using gamma-ray—neutron logs and development of a sequence
stratigraphic framework are necessary for a better understanding of the remaining potential of
Simpson Group sandstones. Not all sandstones are likely present in all areas owing to their
depositional setting facies changes up- and downdip, and many of the remaining traps are likely
stratigraphic and therefore subtle. However, there are several reasons to reconsider the Simpson
Group: reservoir quality is generally adequate; the sandstones, although thin, can be stacked;

source rock is present within the group; and reservoir sandstones are well sealed. Extensive
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production of the underlying Ellenburger also means that wireline-log data are abundant, and
Simpson production could be accomplished through low-cost recompletions of existing

Ellenburger wells.
REFERENCES

Barnes, V. E., Cloud, P. E., Jr.,, Dixon, L. P., Folk, R. L., Jonas, E. C., Palmer, A. R., and Tynan,
E. J., 1959, Stratigraphy of the pre-Simpson Paleozoic subsurface rocks of Texas and

southeast New Mexico: University of Texas, Austin, Bureau of Economic Geology

Publication 5924, v. I-1, 836 p.

Blakey, R. C., 2004, Regional paleogeographic views of earth history, sedimentation, tectonics,
and paleogeography of the North Atlantic region, Mid-Ordovician: Northern Arizona
University, http://jan.ucc.nau.edu/~rcb7/470NAt.jpg.

Bosco, M. J. and Mazzullo, J., 2000, Lithology and cyclicity in Middle Ordovician McKee
Sandstone Member (Tulip Creek Formation, Simpson Group) in the Tobosa Basin,
Southeast New Mexico and West Texas, in Johnson, K. S., ed., Marine clastics in the

southern Midcontinent, 1997 Symposium, Oklahoma Geological Survey Circular 103,
p. 53-64.

Candelaria, M. P., Handford, C. R., and Reed, C. L., 1997, Sequence model for the Simpson
Group of the southern mid-continent: key to a new stratigraphic play, in Johnson, K. S.,

ed., Simpson and Viola groups in the southern Midcontinent, 1994 Symposium,

Oklahoma Geological Survey Circular 99, p. 218-223.

Cocks, L. R., and Torsvik, T. H., 2004, Major terranes in the Ordovician, in Webby,
B. D., Paris, F., Droser, M. L., and Percival, I. G., eds., The great Ordovician

biodiversification event: Columbia University Press, p. 61-67.

Cole, C. T., Cordry, C .D., and Hemphill, H. A., 1942, McKee and Waddell sands, Simpson
Group, West Texas: American Association of Petroleum Geologists Bulletin, v. 26, no. 2,

p. 279-282.

Decker, C. E. and Merritt, C. A., 1931, The stratigraphy and physical characteristics of the
Simpson Group: Oklahoma Geological Survey Bulletin 55, p. 5-49.

130


http://jan.ucc.nau.edu/%7Ercb7/470NAt.jpg

Denison, R. E., 1997, Contrasting sedimentation inside and outside the southern Oklahoma
aulacogen during the middle and late Ordovician, in Johnson, K. S., ed., Simpson and
Viola groups in the southern Midcontinent, 1994 Symposium, Oklahoma Geological

Survey Circular 99, p.39-47.

Derby, J. R., Bauer, J. A., Miller, M. A., Creath, W. B., Repetski, J. E., Dresbach, R. L.,
Ethington, R. L., Loch, J. D., Stitt, J. H., Sweet, W. C., McHargue. T. R., Taylor, J. F.,
Miller, J. F., and Williams, M., 1991, Biostratigraphy of the Timbered Hills, Arbuckle,
and Simpson Groups, Cambrian and Ordovician, Oklahoma: a review of the correlation

tools and techniques available to the explorationists: Oklahoma Geological Survey

Circular 92, p. 15-41.

Dutton, S. P., Kim, E. M., Broadhead, R. F., Breton, C. L., Raatz, W. D., Ruppel, S. C., and
Kerans, C., 2005, Play analysis and digital portfolio of major oil reservoirs in the Permian
Basin: The University of Texas at Austin, Bureau of Economic Geology Report of

Investigations No. 271, 287 p., CD-ROM.

Frenzel, H. N., Bloomer, R. R., Cline, R. B., Cys, J. M., Galley, J. E., Gibson, W. R., Hills, J. M.,
King, W. E., Seager, W. R., Kottlowski, F. E., Thompson, S., III, Luff, G. C., Pearson,
B. T., and Van Siclen, D. C., 1988, The Permian Basin region, in Sloss, L. L., ed.,
Sedimentary cover—North American Craton, U.S.: Boulder, Colorado, Geological

Society of America, The Geology of North America, v. D-2, p. 261-306.

Galley, J. D., 1958, Oil and gas geology in the Permian Basin in Texas and New Mexico, in
Weeks, L. G., ed., Habitat of oil—a symposium, Tulsa, Oklahoma: American Association

of Petroleum Geologists, p. 395-446.

Galloway, W. E., Ewing, T. E., Garrett, C. M., Jr., Tyler, N., and Bebout, D. G., 1983, Atlas of
major Texas oil reservoirs: The University of Texas at Austin, Bureau of Economic

Geology, 139 p.

Gibson, G. R., 1965, Oil and gas in southwestern region—geologic framework, in Young, A.,
and Galley, J. E., eds., Fluids in the subsurface environment: American Association of

Petroleum Geologists Memoir 4, p. 66—100.

131



Goldman, D., Bergstrom, S. M., and Mitchell, C.E., 1995, Revision of the Zone 13 graptolite
biostratigraphy in the Marathon, Texas, standard succession and its bearing on Upper
Ordovician graptolite biogeography: Lethaia, v. 28, no. 2,

p. 115-128.

Hardage, B. A., Pendleton, V. M., and Asquith, G. B., 1999, 3-D seismic interpretation of deep,
complex structures in the Delaware Basin, West Texas: The University of Texas at

Austin, Bureau of Economic Geology Geologic Circular 99-1, 42 p.

Herald, F. A., 1957, Occurrence of oil and gas in West Texas: University of Texas, Austin,

Bureau of Economic Geology Publication 5716, 442 p.

Holden, F. T., 1965, The Simpson Group of the Arkoma Basin, Oklahoma and Arkansas, in
Herndon, T. and Schramm Jr., M. W., eds., Symposium on the Simpson: Tulsa

Geological Society Digest, v. 33, p. 134-143.

Jones, T. S., 1953, Stratigraphy of the Permian Basin of West Texas: West Texas Geological
Society Publication 53-29, 63 p.

Katz, B. J., Robison, V. D., Dawson, W. C., and Elrod, L. W., 1994, Simpson-Ellenburger
petroleum system of the Central Basin Platform, West Texas, U.S.A., in Magoon, L. B.,
and Dow, W. G., eds., The petroleum system; from source to trap: American Association

of Petroleum Geologists Memoir, v. 60, p. 453—461.

Kerans, C., 1988, Karst-controlled reservoir heterogeneity in Ellenburger Group carbonates of
West Texas: American Association of Petroleum Geologists Bulletin, v. 72, p. 1160—

1183.

Kottlowski, F. E., 1970, Influence of the Pedernal uplift on sedimentation, in Basins of the
Southwest, v. 1, Symposium of the 10™ Annual Meeting Southwest Section of American
Association of Petroleum Geologists, February 7-9, 1968, Wichita Falls, Texas: West
Texas Geological Society Publication 70-68, p. 21-40.

Mears, C. E. and Dufurrena, C. K., 1984, Pre-Leonardian geology of Midland Farms field area,
Andrews County, Texas, in Transactions, Southwest Section AAPG, 1984 Convention,

Midland, Texas: West Texas Geological Society Publication 84-78, p. 111-123.

132



Northcutt, R. A. and Johnson, K. S., 1997, Major Simpson and Viola oil and gas reservoirs in
Oklahoma, in Johnson, K. S., ed., Simpson and Viola Groups in the southern

Midcontinent, 1994 Symposium: Oklahoma Geological Survey Circular 99, p. 48-57.

O’Brien, J. E., and Derby, J. R., 1997, Progress report on Simpson and Viola correlations from
the Arbuckles to the Ozarks, in Johnson, K. S., ed., Simpson and Viola Groups in the
southern Midcontinent, 1994 Symposium: Oklahoma Geological Survey Circular 99,

p. 260-266.

Pope, M. C., 2004, Cherty carbonate facies of the Montoya Group, southern New Mexico and
western Texas and its regional correlatives: a record of Late Ordovician
paleoceanography on southern Laurentia: Palacogeography, Palaeoclimatology,

Palaecoecology 210, p. 367-384.

Read, J. F., 1995, Part 1. Overview of carbonate platform sequences, cycle stratigraphy and
reservoirs in greenhouse and ice-house worlds, in Read, J. F., Kerans, C., and Weber,
L. J., eds., Milankovitch sea level changes, cycles and reservoirs on carbonate platforms

in greenhouse and ice-house worlds: SEPM Short Course Notes 35, p. 1-102.

Ross, J. R., and Ross, C. A., 1992, Ordovician sea-level fluctuations, in Webby, B.D., and
Laurie, J. R., eds., Global perspectives on Ordovician geology: Proceedings of the Sixth
Annual International Symposium on the Ordovician: University of Sydney, Australia,

July 15-19, 1991, p. 327-335.

Schutter, S. R., 1992, Ordovician hydrocarbon distribution in North America and its relationship
to eustatic cycles, in Webby, B. D. and Laurie, J. R., eds., Global perspectives on
Ordovician geology: Proceedings of the Sixth Annual International Symposium on the

Ordovician, University of Sydney, Australia, July 15-19, 1991, p. 421-432.

Sloss, L. L., 1963, Sequences in the cratonic interior of North America: Geological Society of

America Bulletin, v.74, no. 2, p. 93—113.

Sloss, L. L., 1988, Tectonic evolution of the craton in Phanerozoic time, in Sloss, L. L., ed.,
Sedimentary cover—North American Craton, U.S.: Boulder, Colorado, Geological

Society of America, The Geology of North America, v. D-2, p. 25-51.

133



Statler, A.T., 1965, Stratigraphy of the Simpson Group in Oklahoma, in Herndon, T., and
Schramm, M. W., Jr., eds., Symposium on the Simpson: Tulsa Geological Society Digest,
v. 33, p. 162-210.

Suhm, R. W., and Ethington, R. L., 1975, Stratigraphy and conodonts of Simpson Group (Middle
Ordovician), Beach and Baylor Mountains, West Texas: American Association of

Petroleum Geologists Bulletin, v. 59, p. 1126-1135.

Sweet, W. C., Ethington, R. L., and Barnes, C. R., 1971, North American Middle and Upper

Ordovician conodont faunas: Geological Society of America Memoir 127, p. 163—193.

Tai, P. C. and Dorobek, S. L., 2000, Tectonic model for late Paleozoic deformation of the
Central Basin Platform, Permian Basin region, West Texas, in DeMis, W. D., Nelis,
M. K., and Trentham, R. C., eds., The Permian Basin: proving ground for tomorrow’s
technologies: West Texas Geological Society Publication 00-109,
p. 157-176.

Texas Water Development Board, 1972, A survey of the subsurface saline water of Texas, v. 1,

113 p.

Tyler, N., Bebout, D. G., Garrett, C. M., Jr., Guevara, E. H., Hocott, C. R., Holtz, M. H.,
Hovorka, S. D., Kerans, C., Lucia, F. J., Major, R. P., Ruppel, S. C., and Vander Stoep,
G. W., 1991, Integrated characterization of Permian Basin reservoirs, University Lands,
West Texas: targeting the remaining resource for advanced oil recovery: The University

of Texas at Austin, Bureau of Economic Geology Report of Investigations No. 203, 42 p.

Webby, B. D., Cooper, R. A., Bergstrom, S. M., and Paris, F. 2004, Stratigraphic framework and
time slices, in Webby, B. D., Paris, F., Droser, M. L., and Percival, 1. G., eds., The great

Ordovician biodiversification event: Columbia University Press, p. 41-47.

Williams, J. A., 1977, Characterization of oil types in the Permian Basin: text of talk presented to
Southwest Section, American Association of Petroleum Geologists, Abilene, Texas,

March 7, 1977.

Wilson, J. L., 1954, Ordovician stratigraphy in the Marathon folded belt, West Texas: American
Association of Petroleum Geologists Bulletin, v. 38, no. 12, p. 2455-2475.

134



Wojcik, R., 1990, Crawar (Waddell), in Grace, R. M., ed., Oil and Gas Fields in West Texas
Symposium, v. 5: West Texas Geological Society Publication 90-86, p. 71-72.

Wright, W. F., 1965, Petroleum geology of the Simpson Group, West Texas and Southeast New
Mexico, in Herndon, T. and Schramm, M. W., Jr., eds., Symposium on the Simpson:

Tulsa Geological Society Digest, v. 33, p. 62-73.

Wright, W. F., 1979, Petroleum geology of the Permian Basin: West Texas Geological Society
Publication 79-71, 98 p.

Young, S. A., Saltzman, M. R., and Bergstrom, S. M., 2005, Upper Ordovician (Mohawkian)
carbon isotope (8"°C) stratigraphy in eastern and central North America: regional
expression of a perturbation of the global carbon cycle: Palaecogeography,

Palaeoclimatology, Palaeoecology, v. 222, p. 53-76.

135



Figure 1. Location map showing Simpson fields with production greater than 1 MMbbl, top three
cumulative producing fields, and present geological features. Modified from Dutton and others
(2005).
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Figure 2. Stratigraphic column. Data sources include Webby and others (2004) (North American
stages, conodonts, and time scale); Young and others (2005) and Derby and others (1991);
Goldman and others (1995); Pope (2004); Sloss (1988, 1963); and Ross and Ross (1992).
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Figure 3. Global plate reconstruction for Ordovician (Blakey, 2004).
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Figure 4. Thickness map of Simpson Group modified from Texas Water Development Board
(1972), Frenzel and others (1988), and Northcutt and Johnson (1997). Thousand-foot contour
lines and locations of figure 5 cross sections shown in heavy red and blue lines, respectively.
Note that contour interval is 100 ft for Oklahoma and 250 ft for Texas and New Mexico.
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Figure 5. Cross sections showing thickness trends of Simpson Group (Wright, 1965). Cross-
section locations shown in figure 4.
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Figure 6. Type wireline log with gamma-ray
neutron logs and lithology, Dollarhide field,
Andrews County, Texas, and Lea County,
New Mexico (Herald, 1957).

141



(@) (b)

b

i

1L

GROUR

ELECTRIC CURVES g ELECTRIC CURVES
i § ano
i

]

= ;
I |-

e fle |1
. =
A0l

; ¥

‘ e ——

g P[P e B > R

il 31 F |-

_%u. z — :

o ence 2 S{ | e

JOINS - F — j ‘‘‘‘‘‘

3 2
il | | =T

(3 | 15he Z ......
I I T |

Figure 7. Type wireline logs with electric logs: (a) Block 31 field, Crane County, Texas, and
(b) Martin field, Andrews County, Texas (Herald, 1957).
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Figure 8. Core description and interpreted cycles from section assigned to McKee Member,
Tulip Creek Formation, Shell C.C. Cannon 3-10 well, Pecos County, Texas.
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Figure 9. Core photos of McKee Member, Tulip Creek Formation, Shell C.C. Cannon 3-10 well,
Pecos County, Texas. Slab width is approximately 4 inches. (a) Facies 1: massive crossbedded
tan sandstone with some bioturbation. Depth: 8,483 ft. (b) Facies 2: mixed carbonate and shale
with carbonate lenses. Depth: 8,464 ft.
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Figure 10. Core photos of McKee Member, Tulip Creek Formation, Shell C.C. Cannon 3-10
well, Pecos County, Texas. Slab width is approximately 4 inches. (a) Facies 3: finely laminated

gray carbonate and green-gray shale with bioturbation, roots, and minor sandstone. Depth:
8,501 ft. (b) Facies 4: green-black carbonaceous shale. Depth: 8,479 ft.
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Figure 11. Photo of core from 8,412 to 8,464 ft (described in fig. 8), Shell C.C. Cannon 3-10
well, Pecos County, Texas. Slab width is approximately 4 inches. Core depth increases from left
to right.

Figure 12. Simpson Group sequence stratigraphic model for Oklahoma constructed by Statler
(1965). Figure as modified by Candelaria and others (1997). Red lines highlight timelines.
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Figure 13. Simpson Group sequence stratigraphic model for Oklahoma production redrafted
from Candelaria and others (1997). Note that this model focuses only on the productive area and
does not show up- or downdip facies changes.
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PATTERNS OF MONTOYA GROUP DEPOSITION, DIAGENESIS, AND
RESERVOIR DEVELOPMENT IN THE PERMIAN BASIN

Rebecca H. Jones

ABSTRACT

Rocks composing both the Montoya (Upper Ordovician) and Fusselman (Lower
Silurian) Formations were deposited during the global climate transition from greenhouse
conditions to unusually short-lived icehouse conditions on a broad, shallow-water
platform. The Montoya and the Fusselman also share many reservoir characteristics and
have historically been grouped together in terms of production and plays. Recently,
however, the Montoya has garnered attention on its own, with new gas production in the
Permian Basin and increased interest in global Ordovician climate. Recent outcrop work
has yielded new lithologic and biostratigraphic constraints and an interpretation of four
third-order Montoya sequences within Sloss’s second-order Tippecanoe I sequence.

The Montoya Group comprises the Upham, Aleman, and Cutter Formations, from
oldest to youngest. The Upham contains a basal, irregularly present sandstone member
called the Cable Canyon. The boundary between the Montoya and the Fusselman is
readily definable where a thin shale called the Sylvan is present but can be difficult to
discern where the Sylvan is absent. Montoya rocks were deposited from the latest
Chatfieldian to the end of the Richmondian stage of the late Mohawkian and Cincinnatian
series (North American) of the Upper Ordovician.

Montoya reservoir quality is generally better in the northern part of the Permian
Basin where it is primarily dolomite compared to limestone Montoya reservoirs in the
south. Reservoir quality is also better in the lower part of the unit compared to the upper,
owing to a predominance of porous and permeable subtidal ooid grainstones and skeletal

packstones in the former and peritidal facies in the latter.
INTRODUCTION

The Montoya Group comprises a moderately thick (100 to 600 ft) Upper

Ordovician carbonate ramp succession present in both outcrop and the subsurface of
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West Texas and southeastern New Mexico. The four Montoya Group formations, the
Upham (and Cable Canyon Member sandstone), Aleman, and Cutter have been defined
and well-studied in outcrop but are generally not correlated to the subsurface. Montoya
Group thickness reaches a maximum of 590 ft thick in outcrop (Pope, 2004a) and 600 ft
thick in the subsurface in Loving, Pecos, Ward, and Winkler Counties and as the
Montoya-equivalent Maravillas Formation in Brewster County (Texas Water
Development Board, 1972). The subsurface distribution limit is reached in Garza,
Borden, Howard, Glasscock, and Reagan counties to the east, Culberson and Jeff David
counties to the west and Hockley and Lynn Counties to the north (Figure 1) (Texas Water
Development Board, 1972). In southeastern New Mexico, the Montoya’s presence
extends to Chaves and Roosevelt Counties in the north and Dona Ana County in the west
(Wright, 1979). The Montoya Group was largely deposited on the Middle-Upper
Ordovician Simpson Group but locally overlies on the Lower Ordovician Ellenburger or
equivalent. The Sylvan Shale, where present, and the Fusselman Formation generally
overlie the Montoya.

Montoya reservoirs are better known for their recent gas production than their
relatively low cumulative oil production. From 1993- 2007, 497 BCF of gas and 16.6
MMbbl of oil were produced from Montoya reservoirs (Drilling Info, 2007). Notable gas
fields include Block 16 (109.9 BCF) and R.O.C. (27.8 BCF) in Ward County and Waha
(40.0 BCF) in Pecos/Reeves Counties (all amounts produced from 1993-2007), and Beall
(31.3 BCF produced from 1999-2007) in Ward County (Texas Railroad Commission,
2008). Top producing oil fields with production clearly attributed to reservoirs developed
in Montoya rocks (and cumulative production as of the year 2000) include Abell field in
Pecos and Crane Counties, Texas (12.6 MMbbl), Tex-Hamon in Dawson County, Texas
(4.8 MMbbl), Halley (3.0 MMbbl) and Monahans North (1.0 MMbb]) fields in Winkler
County, Texas, and Justis field in Lea County, New Mexico (11.0 MMbbl) (Dutton and
others, 2005) (Figure 2).

Other Texas fields (and counties) with Montoya production include Martin
(Andrews); East Tank (Borden); Abell Northeast (Crane); Tippett North and Tippett
West (Crockett); Effort (Dawson); TXL (Ector); Azalea East (Midland); Abell West,
GMW, Heiner, Lehn-Apco, Lehn-Apco North, Mesa Vista, Oates Southwest, Pecos
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Valley, Pecos Valley East, Pecos Valley South, and Pikes Peak (Pecos); Worsham-Bayer
(Reeves); McEntire, WAM, WAM South, and Westbrook (Sterling); Tokio (Terry); Beall
East, and Halley South, and Wink South (Ward).

Distinguishing oil production from rocks in the Montoya Group vs. that from
rocks in the Fusselman Formation in the Permian Basin is difficult due to the practice of
reporting Montoya and Fusselman production together, the lack of seal between the
Montoya and Fusselman, and potential commingling with production from the
Ellenberger Formation in places where there is an unconformable contact between
Montoya and Ellenburger rocks.

Outcrops studies from the mountains of West Texas and New Mexico and in the
Marathon Region in southwestern Texas describe the Montoya Group as a series of
subtidal carbonate facies deposited in inner- to outer-ramp settings during waning
greenhouse conditions. Very little has been published on the subsurface. This report
synthesizes previous work and describes new core and outcrop data with the aim of
improving the understanding of Montoya reservoirs and their relationship to outcrops in

West Texas and southeastern New Mexico.

PREVIOUS WORK

General accounts of the Montoya reservoir were included in early publications by
Jones (1953), Herald (1957), Galley (1958), Howe (1959), and Pratt and Jones (1961).
Outcrop descriptions were also published early, by Pray (1958) and Pratt and Jones
(1961), and have continued with publications by McBride (1970), Measures (1984,
1985a, and 1985b), and Brimberry (1991). Pope and Steffen (2003) and Pope (2002a,
2002b, 2004a, 2004b, and 2004c¢) recently developed a sequence stratigraphic model
based on outcrop observations and related Montoya facies to regional climatic events.
Several authors have described cores taken during recent Montoya exploration: Ball
(2002 and 2003) and Behnken (2003) described a core from Dollarhide field and Thomas
and Liu (2003) presented observations from cores in a study area including Ward, Pecos,

and Reeves Counties.
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REGIONAL SETTING

Paleogeography and Climate

In the Late Ordovician, the relatively stable conditions that had prevailed for most
of the Ordovician began to change. Landmasses were assembled into a supercontinent,
Gondwana, and three major terranes; North America was the Laurentian terrane (Cocks
and Torsvik, 2004). Within Laurentia, present-day West Texas and southeastern New
Mexico were located near 30°S (Blakey, 2004) (Figure 3). Gondwana began to migrate
across the South Pole in the Late Ordovician — a move that likely caused a unique,
short-lived episode of glaciation during this waning period of greenhouse conditions
(Crowley and Baum, 1995, Pope, 2004b).

Based on Webby (2004), the Montoya Group was deposited from about 452-448
Ma in a mature passive margin setting characterized by fluctuating climatic conditions.
The nearest highlands were located in northern New Mexico (Figure 3). The subtidal,
gently dipping ramp carbonates making up the Montoya formed during the transitional
period to an unusual, short-lived Gondwana glaciation within a longer period of overall
greenhouse conditions characterized by high CO, concentrations (Pope, 2004b). Global
sea-level was at or near the Paleozoic maximum and an extensive oceanic upwelling zone
along the southern margin of Laurentia, in what now is New Mexico, Texas, and
Oklahoma, resulted in deposition of subtidal ramp carbonates continuing up to 70%
spiculitic chert by volume and 1 to 5 weight percent phosphate (Pope and Steffen, 2003).
Faunal assemblages suggest that a deep marine basin occupied the area basinward of the
Ouachita-Marathon overthrust (Figure 4). Glaciation of the region reached a maximum
during the Hirnantian Stage (Figure 5), following deposition of the Montoya (Saltzman
and Young, 2005; Young and others, 2005). Greenhouse conditions would again prevail

by the end of the Silurian.

Isotopic Evidence for Climate Change

Carbon isotope stratigraphy of K-bentonite-bound horizons, biostratigraphy, and

facies analysis has been used to identify the onset of oceanic upwelling that was
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associated with cooling and glaciation. Upwelling of cooler nutrient-rich waters (Si and
PO,), increased primary productivity and resulted in preferential sequestration of
isotopically light ('*C) carbon during the Hirnantian.. (Young and others, 2005).
Following a period of upwelling and carbon sequestration, disproportionately more heavy
carbon (°C) was sequestered in the seawater causing fewer nutrients to be available for
carbonate production. Seawater with higher 5'"°C ratios circulated onto the carbonate
platform and became incorporated into skeletal packstones and grainstones, resulting in a
distinct isotopic enrichment in these skeletal-rich strata compared to the mud- and chert-
rich strata below.

Two isotope excursions have been documented in the Late Ordovician: the first
occurred at during the early Chatfieldian stage and has been referred to as the Guttenberg
carbon isotope excursion (GICE); the second occurred in the Hirnantian. Both events
have been associated with glaciation of Gondwana and tied to changes in ocean
circulation. During the GICE, 3'°C ratios were enriched by ~3%o in Upper Ordovician
strata from numerous locations throughout North America, including the Viola Group in
the Arbuckle Mountains of Oklahoma, equivalent intervals in Kentucky, Virginia, and
West Virginia (Young and others, 2005), and the Nashville Dome area in Tennessee
(Holland and Patzkowsky, 1997). The GICE marks a fundamental change in the style of
carbonate deposition, the cause of which has been interpreted as a minor episode of
Gondwana glaciation. These locations also have similar eng ratios, indicating that they are
from the same continuous body of water (Holmden and others, 1998), eliminating the
possibility that the 8'°C excursions are due to geochemically-distinct epicontinental
masses of water, rather than climatic changes. The Hirnantian isotope excursion included
enrichment of both 8'°C and §'*0 by ~2%. in brachiopod samples from around the world,
suggesting a short-lived period of global glaciation lasting approximately 0.5-1 million
years (Brenchley and others, 1994).

Thus, the Montoya Group was deposited between two short-lived episodes of
continental glaciation during an overall greenhouse climate. Most Montoya facies reflect
the upwelling and sea-level rise associated with the transitional conditions preceding
Hirnantian glaciation; however, the siliciclastic basal Cable Canyon Member was likely

deposited during lowstand conditions that prevailed immediately following the first,
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minor glaciation event. Evidence for this conclusion comes from recent work on the
Eureka Quartzite in Nevada, which is approximately time equivalent to the Cable Canyon
in West Texas and southeastern New Mexico outcrops (Pope and Steffen, 2003). Eureka
Quartzite workers concluded that the GICE was followed by a significant fall in sea level
with deposition of lowstand clastics as a result of continental glaciation (Saltzman and

Young, 2005).

Structure

A cratonic origin has been invoked by both historical and contemporary authors
for Cambrian — Ordovician clastics, including the Middle-Late Ordovician Simpson
Group. Exposed Precambrian basement and Cambrian granitic plutons formed
paleotopographic highs (Pedernal Uplift, Diablo Arch) that sourced the Cambrian Bliss
Sandstone (Goldhammer and others, 1993). The Pedernal Massif in central and north-
central New Mexico was also a regional high and supplied sediment for Simpson
sandstones and silts in southeastern New Mexico (Kottlowski, 1970) and likely the
southeastern extension of these deposits into West Texas. By ca. 450 Ma, the cratonic
sediment supply no longer reached the area south of Ouachita-Marathon fold belt,
according to neodymium isotope analysis of Maravillas Formation sediments from this
area (Gleason and others, 1995). Prior to this time, siliciclastics were transported from
eroding highs in the northwest and deposited as the Cable Canyon Member sandstone.
The lack of local highs in this shallow marine platform setting eliminates the possibility
of a local provenance for these siliciclastics (Figure 4). An isopach map of the Cable
Canyon sandstone in southeastern New Mexico (Figure 6) lends further support to this
idea by depicting a northwest-southeast-striking locus of deposition and thickening
towards the northwest.

Post-depositional structural thickening of both Montoya and Simpson Group
rocks in front of the Ouachita-Marathon overthrust (Reeves, Pecos, and Ward Counties)
was observed in 3-D seismic (Hardage, 1999), reprocessed 2-D seismic (Swift and others,
1994), and well data from this area, with repeated section created through both high-
angle reverse faults (Figure 7) and overturned structures (Figure 8). Not only are these

observations relevant to wireline correlations, but they also may explain the discrepancy

153



between modern and historical interpretations of depositional environment; without
seismic data, the structurally thickened strata may have misled previous workers into
interpreting a basin setting for the Montoya Group, e.g., figure 11 in Galley, 1958.
Deeper water conditions were likely present basinward of the Ouachita-Marathon
overthrust (Figure 3) where the Maravillas Formation is present, but not landward, where

the Montoya facies are characteristic of a shallow carbonate platform setting.
FACIES AND SEDIMENTOLOGY OF THE MONTOYA GROUP

The Montoya Group was initially described as a formation with two members, the
Second Value and the Par Value, before being renamed as a group with four
subdivisions: the Cable Canyon Sandstone, the Upham Dolomite, the Aleman Formation,
and the Cutter Formation (Kottlowski et al., 1956). The Cable Canyon is now referred to
as a member of the Upham Formation in both outcrop and the subsurface, (Pope 2004a
and Thomas and Lui, 2003) (Figure 5). Montoya Group equivalents include the
Maravillas Formation in the Marathon region of Texas and the Viola Group in Oklahoma
and northern Texas (Anadarko Basin).

Unconformities are present both above and below the Montoya Group. Conodont
data (Sweet, 1979) indicate major breaks in sedimentation at both boundaries; however,
the basal unconformity has not been observed in Oklahoma (Dennison, 1997). The
Montoya Group was deposited on Simpson Group carbonates and sandstones in the
center of the Montoya subcrop area in West Texas and southeastern New Mexico (Figure
1). Where the Simpson is absent, i.e., in the eastern and the very northern Midland Basin,
western Delaware Basin, and far western Texas and New Mexico outcrops (Figure 1), the
Montoya overlies the Ellenburger or the equivalent El Paso Group. The upper
unconformity marks a significant period of erosion related to post-depositional uplift
(Mears and Dufurrena, 1984); in some cases large portions of the upper Montoya Group
were removed . Montoya rocks reach a maximum of 590 ft of thickness in outcrop (Pope,
2004a) and over 600 ft in subcrop (Wright, 1979). Outcrops are present in the Beach,
Hueco, and Franklin Ranges of West Texas and the Sacramento, San Andres, Franklin,
and Caballo Ranges of southeastern New Mexico (Pope, 2004a). Montoya outcrops have

also been reported in the Baylor and Sierra Diablo Ranges in Texas (Jones, 1953).
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The Montoya is Cincinnatian series in age, having been deposited during the
Edenian and Richmondian stages of the Upper Ordovician, based on conodont
biostratigraphy (Sweet, 1979) and ages assigned to conodont species zones (Webby,
2004) (Figure 5). The Viola Group in Oklahoma has been often discussed as equivalent;
however, conodont data from outcrops in this region (Derby and others, 1991) indicate
that only the Upper Viola Springs Formation, the Welling Member, and the Sylvan
Formation are truly age-equivalent (Figure 5). Even more problematic are correlations
with the Maravillas Formation in the Marathon Uplift region of West Texas. Graptolite
biostratigraphy (Goldman and others, 1995) and graptolite-conodont age equivalents
(Webby, 2004) indicate that these strata are Richmondian and therefore only overlap with
the latter half of Montoya deposition (part of the Aleman through Cutter deposits) in
Texas/New Mexico and latest Sylvan deposits in Oklahoma.

The Montoya Group was largely deposited in a shallow-water platform setting
characterized by normal marine conditions. Cool water currents from both the north and
south were present along the western coast of Laurentia (Figure 3) related to the pending
Hirnantian glaciation. The southerly ocean currents resulted in upwelling of cool waters
in present day West Texas and New Mexico with deposition of cherty carbonate updip
and cherty shale downdip as observed in outcrop (Pope, 2004a). These chert trends are
also interpreted to be present in the subsurface of the northwestern and southwestern

Permian Basin, respectively (Figure 4).

Upham Formation and Cable Canyon Member

The Upham Formation, including the Cable Canyon Member sandstone where
present, rests unconformably on the karsted surface of the Lower Ordovician El Paso
Group in most outcrops and on the Simpson or Ellenburger in subcrop and in outcrops
east of the Hueco Range. The Cable Canyon member is thin (10 cm or less) and
irregularly present in the Franklin Mountains, ranges from less than 0.5 m to over 2 m in
the Sacramento Mountains (Brimberry, 1991), and is greater than 15 m thick in the Cooks
Range (Pope, 2002) (outcrop locations shown in Figure 1). It is poorly documented in the
subsurface, but similarly thin (2 to 20 ft) (Thomas and Liu, 2003). The Cable Canyon

Member and Upham Formation are both exposed at the Scenic Drive and McKelligon
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Canyon outcrops in the Franklin Mountains on the northern edge of El Paso, Texas
(Figure 9).

The Cable Canyon and Upham are interpreted to have been deposited from 452-
451 Ma during the Edenian stage, a period of time corresponding to the late confluens
and velicuspis conodont zones. These units comprise one third-order sequence and
document the start of marine transgression following a significant hiatus in deposition
(Figures 5 and 10). Cable Canyon siliciclastics were likely deposited during lowstand and

then reworked during transgression.

Facies

Cable Canyon lithofacies include gravel conglomerate and carbonate-cemented
(primarily dolomite) quartz sandstone (Pope, 2004a; Bruno and Chafetz, 1988) that are
poorly sorted with grains ranging from 0.1 mm to >2.0 mm in outcrop (Brimberry, 1991).
This unit is dominantly medium-grained but coarsens where more thickly deposited, with
a grain-size profile that increases from the base to middle and then decreases from the
middle to top of the unit in New Mexico outcrops (Bruno and Chafetz, 1988). This
carbonate-rich siliclastic unit was originally deposited by traction transport, i.e. fluvial or
aeolian, processes (Bruno and Chafetz, 1988), but most of the original cross-bedding has
been masked by extensive burrows, which can include 1.5 m deep vertical Skolithos
burrows that are filled with quartz sandstone (Pope, 2002b). Quartz grains are well-
rounded; the plentiful fossil fragments include crinoids, gastropods, brachiopods, and
bryozoans (Pope, 2002b). At Scenic Drive outcrops in the Franklin Mountains, the Cable
Canyon/Upham contact is gradational, with sand incorporated into the lowermost Upham
(Figure 11a). This contact is much sharper at McKelligon Canyon, where the Cable
Canyon comprises sandstone with thin lenses of carbonate, which appear to have been
reworked from the underlying El Paso Group (Figure 11b). In subsurface Permian Basin
cores, the Cable Canyon consists of poorly sorted, well-rounded, variable coarseness
sandstone and sandy packstone with skeletal fragments (Thomas and Liu, 2003).

The Upham comprises coarse-grained skeletal wackestones-packstones and
grainstones that are variably colored, massive, and can be highly bioturbated in outcrop

(Pope, 2004a; Pope and Steffen, 2003). This basal Upham can contain up to 30% quartz
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at the very base in places where a distinct Cable Canyon unit is absent. Faunal
assemblages include corals, crinoids, brachiopods, bryozoans, gastropods, receptaculitid
algae, and nautiloids. The dominant skeletal wackestones-packstones are punctuated and
capped by coarse-grained crinoidal grainstone beds and a massive unit with rare cross-
bedding, respectively. Phosphate (pellets and replacement of bryozoans) and hardgrounds
were also observed in outcrop (Pope, 2002b).

Bioturbated skeletal wackestones containing large coral (Figure 12) were
observed at the Scenic Drive outcrop and color variation was observed at the McKelligon
Canyon outcrop (Figure 13), both in the Franklin Mountains. These dolostones and
locally present limestones contain phosphate (pellets, encrusted hard grounds, and
replaced skeletal grains) and chert (irregular nodules, diagenetic replacement) (Pope and
Steffen, 2003). The fauna at Scenic Drive include a distinct species of solitary rugose
coral, neotryplasma floweri, that are known only to exist in this area and the Ural region
of Russia (Elias, 1986). In subsurface cores from the Permian Basin, the lower Upham
comprises dark-colored chert bearing skeletal packstones, wackestones, and mudstones
and the upper Upham comprises light-colored packstones and grainstones with a coarser

texture and more diverse fauna (Thomas and Liu, 2003).

Depositional Setting

The Cable Canyon Member, Upham Formation, and the lower part of the Aleman
Formation represent inner-, mid-, and outer-ramp facies within a second-order
transgressive systems tract (Figure 14a). The Cable Canyon was deposited in waters 5-15
m deep as a sand-wave complex deposited by asymmetrical tidal currents (Bruno and
Chafetz, 1988) during initial sea-level rise and may represent reworked siliciclastics from
earlier traction deposits (Bruno and Chafetz, 1988) or sand dune deposits (Pope, 2002b)
deposited during lowstand following a very brief, pre-Montoya episode of glaciation
described earlier. The source of siliciclastics was likely eroding Precambrian basement
highs to the northwest, a source also invoked for the Middle Ordovician Simpson Group.
The Cable Canyon isopach map over southern New Mexico (Figure 6) lends support to
this idea, in that the locus of deposition trends northwest-southeast with thickening

towards the interpreted sediment source in the northwest. This thickness variation is
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interpreted to be purely depositional, rather than evidence for erosion because the contact
between the Cable Canyon and the overlying Upham Formation is gradational (Bruno
and Chafetz, 1988). Contacts observed in the Franklin Mountains were also gradational
and characterized by high sand content in the lower Upham (Figure 11). The Upham
burrowed skeletal wackestones-packstones were deposited in the shallow subtidal mid-
ramp with warm waters, that developed during continued sea-level rise within the same
3" order sequence (Pope, 2004c, Figure 10). Energy levels increased and shoals likely
developed, in which the crinoid-rich grainstones were deposited. The hardgrounds and
phosphate and iron coatings were likely created subaqueously under anoxic conditions,
when frequent sea-level rises and upwelling currents brought phosphate-rich waters into

this dominantly shallow ramp (Pope, 2002b).

Aleman Formation

The Aleman Formation overlies the Upham Formation in West Texas and New
Mexico outcrops (outcrop locations shown in Figure 1) and is exposed at the McKelligon
Canyon outcrops in the Franklin Mountains on the northern edge of El Paso, Texas
(Figure 9). Several described cores have been assigned to the Aleman formation,
including cores from the southern Delaware Basin (Thomas and Liu, 2003) and a recent
core from Dollarhide field in Andrews County (Ball, 2002 and Behnken, 2003), which
was also examined in this study and will be discussed in the Reservoir Geology section.
The Aleman Formation is Maysvillian to Richmondian in stage, corresponds to the
robustus and early grandis conodont zones, and was deposited from 451-449.5 Ma.

Portions of the Aleman are contained within two 3™-order sequences (Figures 5 and 10)

Facies

The Aleman Formation comprises interbedded carbonate and chert. The carbonate
has been extensively dolomitized with the exception of a locally present basal limestone.
In outcrop, chert is abundant (30-40%) and phosphate content is similar to that of the
Upham Formation (Pope and Steffen, 2003).

A thin-bedded chert interval (Figure 15), overlain by a middle grain-rich interval

(Figure 16), and an upper nodular chert interval (Figure 17) were observed at outcrops in
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McKelligon Canyon in the Franklin Mountains (Figure 9). These patterns have been
observed in other West Texas and New Mexico outcrops, €.g., Pope 2002a, 2002b,
2004a, 2004b, 2004c, and Pope and Steffen, 2003. These workers describe three facies in
the Aleman: 1) even-bedded laminated calcisiltite or mudstone and spiculitic chert, 2)
skeletal wackestones to packstones with discontinuous bedded to nodular chert, and 3)
skeletal packstone to grainstone with abundant crinoids, bryozoans and brachiopods
interbedded with thin coral bafflestones. The lower Aleman is dominantly facies 1 with
some overlying facies 2, the middle Aleman is facies 3, and the upper Aleman is facies 2.
Three types of chert have been interpreted from these outcrops by Pope (2004a):
primary, early diagenetic and late diagenetic. Primary chert was deposited as thin beds or
lenses of sponge spicules, between layers of mudstone and calcisiltite. The lack of
sedimentary structure suggests that the spicules were deposited below storm wave base.
Most chert nodules observed in outcrop were surrounded by bent laminations, suggesting
that they formed on the seafloor before complete lithification and therefore represent an
early stage of diagenesis. Relict sponge spicules were also observed within chert nodules
in Aleman Formation outcrops in the Silver City Range in southwestern New Mexico
(Geeslin and Chafetz, 1982). Late diagenetic chert formed through three mechanisms: 1)
as replacement of evaporate nodules in tidal flat facies, 2) replacement of evaporates in
subtidal facies, which were likely formed by burial brines during reexposure of platform,

or 3) veins or tabular beds.

Depositional Setting

The lower bedded chert facies in Aleman Formation were deposited in a deep
ramp setting characterized by cool waters and rare storm waves. Sponge spicules were
likely transported into this setting from up ramp and interbedded with the in situ
calcisiltite and mudstone (Pope, 2002b). The middle Aleman skeletal packstone to
grainstone facies was deposited in a warm-water high-energy shoal, as evidenced by
cross-bedding (Pope, 2002b). Both the lower and upper Aleman contain skeletal
wackestones to packstones with bedded and nodular chert, which are representative of a

slightly shallower setting between the deep ramp calcisiltite and grainstone shoals. The
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chert breccia facies rarely encountered in the Aleman represents slumping of early-

formed chert (Pope, 2002b).

Cutter Formation

The Cutter Formation overlies the Aleman Formation in West Texas and New
Mexico outcrops (outcrop locations shown in Figure 1) and is exposed at the McKelligon
Canyon outcrops in the Franklin Mountains on the northern edge of El Paso, Texas
(Figure 9). It is eroded in some places in the subsurface, at least partially owing to post-
depositional structural uplift (Mears and Dufurrena, 1984). The Cutter Formation is
Richmondian stage, corresponds to the grandis conodont zone, and was deposited from
450-448 Ma. It comprises one full and one partial third-order sequence (Figures 5 and
10).

Facies

Bioturbated skeletal wackestones and laminated mudstones, evaporates, and rare
secondary silica nodules (evaporate replacement) comprise the Cutter Formation (Pope
and Steffen, 2003). Distinct facies include skeletal packstones (bryozoans, brachiopods,
and crinoids abundant), burrowed mudstone with locally interbedded green-brown shale,
and laminated and fenestral mudstone (Pope, 2002). This overall light-colored fine-
grained interval consists of dolomite with minor chert (Pope, 2004a). Brachiopod
wackestone with lenses of crinoidal packstone (Figure 18), overlain by wackestone to
laminated mudstone (Figure 19) were observed at outcrops in McKelligon Canyon in the
Franklin Mountains (Figure 9). In core from the subsurface Permian Basin, dark-colored
chert-bearing wackestones and mudstones of the Lower Cutter are overlain by packstones

and grainstones with decreasing chert content (Thomas and Liu, 2003).

Depositional Setting

These facies are interpreted to represent shallow subtidal to peritidal deposition.
Skeletal packstones were deposited during a relatively brief period of open marine

conditions; burrowed mudstones were deposited in a restricted subtidal setting (lagoon);
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and laminated and fenestral mudstones were deposited in a tidal flat setting, with semi-

arid and humid climates, respectively (Pope, 2002b).

The Viola Group and Sylvan Formation in Oklahoma

The Viola Group and Sylvan Shale are approximate Montoya Group equivalents
in eastern Texas, Oklahoma, and Arkansas. Age-equivalency based on the latest conodont
biostratigraphy and age data (Figure 5) show that the lower part of this group, the Lower
Viola Springs Formation, does not have age-equivalent Montoya formations, and that the
upper part of the group, the Upper Viola Springs Formation, including the Welling
Formation, is equivalent to the Cable Canyon Member and Upham and lower Aleman
Formations in the Montoya Group. The Sylvan Shale was deposited at the same time as
the upper Aleman and Cutter Formations. Duration of deposition of the Sylvan has been
estimated at 3 million years and there is no evidence of an unconformity at its base
(Dennison, 1997), but age relationships suggest that a significant hiatus occurred between

deposition of the Sylvan and the overlying Keel Formation (Figure 5).

Facies

The lower Viola Springs Formation comprises interbedded laminated calcisiltite
or carbonate mudstone and bedded and nodular chert in the Arbuckle Mountains
(Mitchell, 2003). This is overlain by bioturbated thinly-bedded calcisiltite and mudstone
with nodular chert. Skeletal wackestone-packstone with chert nodules and medium to
thick bedding characterize the upper Viola Springs Formation and skeletal packstones
and grainstones with thick bedding characterize the Welling Formation (Mitchell, 2003).
Primary porosity is present in the grainstones and closely spaced post-depositional
(Pennsylvanian) fractures are present in the mud-rich rocks of the Viola Springs
(Dennison, 1997). The consistent thickness (100-300 ft) and clay-richness of the Sylvan
create an effective seal for the highly productive Viola Group (Dennison, 1997).

Depositional Setting

The depositional setting of the Viola Group has been interpreted to be similar to

that of the Montoya (Mitchell, 2003). The group comprises an overall shallowing-upward
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succession with deeper water mudstones grading into shallow water grainstones
(Dennison, 1997). Contourite and turbidite sedimentary structures suggest that the
carbonate ramp was steep (Pope, 2002b). The Sylvan shale was deposited in a shallow
subtidal marine setting with low energy (Sternbach, 1984) when a new sediment source

of clay abruptly ended carbonate deposition (Dennison, 1997).

Sylvan Formation in Texas

The Sylvan Formation in Texas is not age equivalent to that in Oklahoma (Figure
5) and therefore may represent entirely different shale. The Sylvan nomenclature has
been applied to an irregularly present thin shale has been used as a high gamma-ray
wireline log pick to separate the Montoya Group from the overlying Fusselman in the
subsurface. There can be numerous high gamma-ray responses in the upper portions of
the Montoya (Figure 20) that do not represent shales, as we discovered when logging the
upper part of the Montoya in a core from Dollarhide field in Andrews County, Texas.
Distinct Montoya and Fusselman facies were recognizable in core, but the portion of core
that would have contained the formation boundary was missing, so any shale/gamma ray
relationships could not be confirmed by this core. Nonetheless, the lack of correlation
between shale and high gamma ray wireline response in the upper Montoya suggest that
caution should be used in picking the Montoya/Fusselman boundary on the basis of high

gamma-ray wireline log responses alone.

The Maravillas Formation

The Maravillas outcrops in the Marathon Uplift area of southwestern Texas are
considered equivalent to the Montoya (McBride, 1970) although biostratigraphy indicates
both a significant hiatus during the early period of Montoya deposition and an overall
deeper depositional environment setting for a distinct biofacies when compared to the
Montoya Group and equivalents in the rest of North America (Goldman and others,
1995). This formation describes facies deposited in the area in West Texas labeled “deep
marine basin” in Figure 4. Neodymium isotope analysis of sediments from this area
suggests that sediments in this area were not derived from the Laurentian craton; rather,

passive margin shales with strongly negative exq values gave way to less negative eng
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orogenic turbidites from the emerging Appalachian orogen at this time (Gleason and
others, 1995).

The Maravillas is a 60-500 ft thick chert-rich formation with three informal
members based on variations in lithology (McBride, 1970). The lowermost member
contains dominantly limestone with chert, the middle member contains dominantly chert
with limestone, and the thin upper member contains chert and shale. The upper member
has been previously called the Solitario and the Persimmon Gap Members. The upper
shale is likely correlative with the Sylvan in West Texas and New Mexico where present
and in southeastern Oklahoma (Wilson, 1954).

The Maravillas comprises 40% black chert, 30% limestone (calcarenite, micrite,
and marlstone), 14% shale, 10% non-black chert, 5% limestone pebble conglomerate, and
1% dolomite (McBride, 1970). Bedding is regular with thickness varying from three to
12 inches. Whereas some earlier authors invoke a shallow-marine setting invoked on the
basis of bryozoans and primary chert, McBride (1970) suggests that the depositional
setting of these rocks was deep-water slope to basin floor and concludes that the
bryozoans were transported and the chert was secondary. Additional evidence for a deep-
water depositional environment include the lack of typical shallow water structures, such
as wave formed ripples and bedding, coupled with the presence of characteristic deep
water features, including slump structures, coarse conglomerates, and anoxic conditions

indicated by high organic matter and lack of bioturbation (McBride, 1970).

Sequence Stratigraphy of the Montoya Group

The Upper Ordovician is part of the Tippecanoe I second-order supersequence set
(Sloss, 1988) of the Tippecanoe first-order megasequence (Sloss, 1963) (Figure 5). As
described early, the Montoya Group was deposited between two short-lived episodes of
Gondwana glaciation and therefore most facies were strongly influenced by the
transitional greenhouse-icehouse climate. Sea level changes were therefore higher
amplitude (20-50 m) and more frequent than would be expected during normal
greenhouse conditions (Read and others, 1995). Montoya deposition following a
significant mid-Tippecanoe I hiatus after deposition of the Middle-Upper Ordovician
Simpson Group and was fully deposited before the beginning of the Tippecanoe I1
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second-order sequence in the Silurian (Figure 5). This depositional hiatus occurred
throughout the study area and is interpreted to have had a particularly long duration in the
Marathon Uplift area (Goldman and others, 1995). Montoya facies are interpreted to have
been deposited during a 2nd-order highstand systems tract (HST) and transgressive
systems tract (TST) (Figure 14). The Montoya Group comprises four complete 3rd-order

sequences and portions of two others (Figure 10).

First and Second-Order Sequences

The Montoya Group was deposited during the transgressive leg of the Tippecanoe
first-order megasequence (Sloss, 1963), called the Tippecanoe I second-order
supersequence set (Sloss, 1988). Within this second-order sequence, skeletal sandstone
and granule conglomerate were deposited in an inner ramp setting (likely reworked
lowstand deposits) followed by mid-ramp transgressive systems tract packstones and
grainstones, and then deep ramp calcisiltite and spiculitic chert (Figure 14a) Continued
deep ramp deposition continued followed by chert-bearing wackestones and packstones
as conditions shallowed to mid-ramp. Then, packstones and grainstones were deposited
followed by burrowed skeletal wackestones and laminated and fenestral mudstones
during the highstand systems tract (Figure 14b). A simple link can be made between
second-order systems tracts and formation names: the Upham was deposited during
initial transgression across the ramp, the Aleman during major deepening (late TST/early
HST), and the Cutter during widespread highstand peritidal conditions (Pope and Steffen,
2003).

Third-Order Sequences

The four Montoya Group lithostratigraphic formations can be fit into four
widespread, plus two irregularly present, third-order sequences (1 to 3 m.y.) (Figure 10).
Workers in the subsurface Permian Basin have defined four third-order sequences in the
Montoya Group: the first sequence comprises the Cable Canyon member (lowstand
deposits) and the Upham (transgressive and highstand systems); the second sequence
comprises the lower part of the Aleman shallowing-upward succession; the third

sequence comprises the upper part of the Aleman shallowing-upward succession; and the
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fourth sequence comprises the Cutter Formation (Thomas and Liu, 2003). The north-
south outcrop section scheme developed by Pope (2004a) (Figures 1 and 10) places the
Cable Canyon and Upham facies in the initial transgressive sequence, the lower Aleman
cherty facies and the lower part of the medial subtidal grain-rich Aleman facies in the
second sequence, the upper part of the medial subtidal grain-rich Aleman facies, the
upper Aleman cherty facies, and part of the Cutter peritidal facies in the third sequence,
and the Cutter peritidal facies in the fourth sequence. An additional sequence of Cable
Canyon and Upham facies is present locally at the base and an additional sequence of
shallow subtidal mid-ramp carbonates with open marine fauna is present locally at the

top.

Reservoir Geology

In cores from a study area including Ward, Pecos, and Reeves Counties, facies
consists of dark-colored chert-bearing wackestones and mudstones overlain by chert-free
packstones with a grainstone cap, overlain by numerous coarsening-upward cycles of
chert-bearing packstone to grainstone (Thomas and Liu, 2003). These facies were
interpreted to correspond to the lower, middle, and upper Aleman, respectively.

A core at Dollarhide field in Andrews County (from the Dollarhide 25 2-S well)
has also been assigned to the Aleman Formation by Ball (2002 and 2003) and Behnken
(2003). This core was also examined by this study, but correlation to the outcrop
formations not made. Incomplete coring of the Montoya interval (including no coverage
of the Montoya/Fusselman boundary) and known unconformities at both the base and top
of the Montoya were factors in deciding not to attempt these correlations without
additional data.

Facies observed in the Dollarhide core (Figure 20 and 21) include chert mudstone
(Figure 22), mudstone, dolowackestone (Figure 23), and dolopackstone — grain-
dominated dolopackstone (Figures 24 and 25). A section of chert-bearing mudstone is
present from 8457-8479 ft; chert is also present in wackestones at the base of the core.
Chert nodules contain relict sponge spicules and fracturing and microporosity are
developed around their rims (Figure 26). Interpretation of depositional environments

from this core has been difficult. The lack of diagnostic exposure surfaces coupled with
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abundant chert and numerous thin grain-rich intervals make definitive assignment of
facies to a peritidal vs. subtidal environment challenging. This base of the core is clearly
subtidal, with upward-shallowing cycles comprised of peloidal packstone or wackestone
(Figures 24 and 23) at cycle bases and grain-dominated dolopackstones (Figure 25) at
cycle tops; however, the upper part of the core has been interpreted as both peritidal
((Ball, 2002 and Behnken, 2003) and restricted subtidal to transitional (this study). We
were not convinced that there were sufficient exposure surfaces or diagnostic peritidal
features, such as development of fenestral porosity, to definitively place this core in a
peritidal setting. We also were not convinced that an interpretation of karst (Behnken,
2003) could be supported by this core. The limited areas of intensely fractured strata
could represent local deformational features, similar to those observed in outcrop.
Additional studies of nearby cores to provide context will be necessary to resolve the
ambiguity about the depositional environment of this core.

Further compounding the problem of subsurface-outcrop correlations is the lack
of distinct wireline log characteristics. Wireline log correlations are generally
problematic in the Montoya, particularly in differentiating the Montoya from the
overlying Fusselman. Both units have low gamma ray responses and wireline porosity is
often related to dolomitization, rather than facies. Examination of picks from a database
provided by Geological Data Services and published wireline correlations suggests that
the combined thickness of the Fusselman and Montoya is often simply halved to make a
top Montoya pick where the Sylvan shale is absent. The wireline data give little if any
indication of facies, so it is difficult to get away from this approach; however, it is far
from ideal. Isopach maps constructed from such picks show neither the true deposition
thickness nor the magnitude of unconformities.

Whole core porosity and permeability data from the Dollarhide core show that the
best reservoir facies are grain-dominated dolopackstones, located in the lower third of the
core (Figures 20 and 25). Porosity ranges from 7-13.2% and permeability from 1.5-183
md in these fabrics. Porosity ranges from 0.3-16.1% and permeability ranges from 0.01-
183 md permeability (k90) throughout the cored interval. Porosity and permeability are
highest in dolomitized rocks, making mineralogy prediction important; however,

predicting mineralogy with grain density data alone can be misleading in this core. Thin
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sections demonstrate that many intervals contain a mix of dolomite and chert with grain
densities ranging from 2.71- 2.79 g/cc. This range reflects a mix of dolomite grain
density of 2.85 g/cc and chert (quartz) grain density of 2.65 g/cc (Klein, 1993).
Limestones composed of calcite with a grain density of 2.71 g/cc (Klein, 1993) and a

small amount of dolomite could also fall into this range.

Reservoir Development

Many Montoya reservoirs have been recently developed for gas production,
which has now far surpassed production from the limited number of oil reservoirs. As of
2007, 497 BCF of gas and 16.6 MMDbbl of oil have been cumulatively produced from
Montoya reservoirs (Drilling Info, 2007). Notable gas fields include Block 16 (109.9
BCF) and R.O.C. (27.8 BCF) in Ward County and Waha (40.0 BCF) in Pecos/Reeves
Counties (all amounts produced from 1993-2007), and Beall (31.3 BCF produced from
1999-2007) in Ward County (Texas Railroad Commission, 2008). Top producing oil
fields with production clearly attributed to reservoirs developed in Montoya rocks (and
cumulative production as of the year 2000) include Abell field in Pecos and Crane
Counties, Texas (12.6 MMbbl), Tex-Hamon in Dawson County, Texas (4.8 MMbbl),
Halley (3.0 MMbbl) and Monahans North (1.0 MMbb]) fields in Winkler County, Texas,
and Justis field in Lea County, New Mexico (11.0 MMbbl) (Dutton and others, 2005)
(Figure 2).

Reservoir Distribution

The Montoya is thickest in Pecos, Reeves, and Ward Counties, Counties, as
shown by an isopach generated from a database of picks supplied by Geological Data
Services (Figure 27). This is a structurally complex area, as mentioned earlier, and
thicknesses are probably not representative of deposition, but rather may reflect repeat
section through high angle reverse faulting and overturned structures (see Figures 7 and
8). Representative maximum depositional thicknesses are present in part of Ward,
Loving, Winkler, and Culberson counties. The group thins quickly to the east (becoming
absent in Borden Howard, Glasscock, and Reagan Counties) but oversteps the underlying

Simpson group to the west (extending as far as Otero County, New Mexico) (Galley,
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1958). Post-depositional erosion due to structural uplift is at least in part responsible for
this thinning; up to 17% of the original section has been removed in some areas (Mears
and Dufurrena, 1984).

Oil reservoirs are developed predominantly in the dolomitized subtidal facies
(skeletal grain-dominated packstones and packstones) located in the northern part of the
Permian Basin; gas reservoirs are developed in areas with sufficiently hydrocarbon
maturity to yield gas. In both cases, traps are structural. Commingling with the overlying
Fusselman is common, but the Sylvan shale, where present, and tight peritidal facies of
Cutter Formation can sufficient seal the reservoir interval, as exemplified by Dollarhide
field, where the Fusselman reservoir has watered out but the Montoya produces (Ball,

2003).

Porosity Development

Porosity development in the Montoya Group is controlled by both facies and
diagenesis. The highest porosity has been developed in dolostones, which are more
abundant in the northern part of the Permian Basin, whereas limestones are dominant in
the Marathon region outcrops and southern Permian Basin. The transition from limestone
to dolostone occurs in Hudspeth, Culberson, Reeves, Andrews, Martin, and Howard
Counties and in the Franklin Mountain outcrops (Jones, 1953). Porosity is also better
developed in subtidal ramp facies of the lower Montoya (average 6.2%) than in the
dominantly peritidal facies of the upper Montoya (average 2.5%) at Dollarhide field in
Andrews County (Behnken, 2003). The highest reservoir quality occurs in the lower part
of the reservoir where dolomitized ooid grainstones and skeletal packstones have both
moldic and intercrystalline porosity; however, lower quality chert-bearing dolomudstones
with intercrystalline and fenestral porosity in the upper part of the reservoir are also
productive (Behnken, 2003). Chert intervals are also productive at Waha field (Reeves
County), where moldic spicules, small pores (< 0.05 mm pore throats), microporosity in
fine-grained skeletal grainstone with chert, and slightly dolomitized skeletal packstone
with chert constitute part of the Aleman pay zone (Thomas and Liu, 2003).

Coarse dolomite with intercrystalline porosity was observed in thin sections taken

from dolopackstones and grain-dominated dolopackstones in the Dollarhide core
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described in this study (Figures 24 and 25). These samples are likely represent of the
highest unfractured reservoir properties, with whole core porosity of 8.1 and 8.4% and
permeability of 40.9 and 6.33 md, respectively. Higher porosity and permeability values
were observed in chert mudstones but likely represent fracture, not matrix properties.
Some microporosity was observed around chert nodule rims (Figure 26), but its
contribution to reservoir porosity is relatively minor.

Pore lining and poikilotopic dolomite and tabular to acicular anhydrite have
reduced reservoir porosity, as has late calcite, which is present in oomolds and fractures
at Dollarhide field (Behnken, 2003). By contrast, caverns and fractures have enhanced
porosity and permeability in some Montoya reservoirs (Gibson, 1965). Natural fractures
are a key component of porosity and permeability development in horizontal wells

producing from the Viola Group in southern Oklahoma (Candelaria and Roux, 1997).

Traps, Seals, and Sources

Most Montoya trap include structural and/or fault closure. The trap at Dollarhide
field is a fault-bounded anticline structural trap (Figure 21); however, stratigraphic
trapping may occur through changes from subtidal to peritidal facies upsection and
dolomitization and several karsting events (Ball, 2002). A lack of effective barrier (shale
or porosity change) between the Montoya and the overlying Fusselman in many areas
(for example, where the Sylvan is absent) has allowed hydrocarbons to migrate upwards
into the Fusselman (Wright, 1979) and in some cases the Montoya reservoir is connected
to the underlying Ellenburger (Gibson, 1965). Given the continuous Montoya/Fusselman
oil column observed in many fields, it seems likely that Montoya would share the
Fusselman oil source, which has been clearly identified as the Upper Devonian Woodford

shale (Williams, 1977).

Opportunities for Additional Resource Recovery

The location of currently producing gas fields overlaps with the area of greatest
thickness and deepest burial, as well as greatest structural complexity. Additional gas

resources may be recoverable from the southern Delaware Basin with detailed 3-D
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seismic interpretation. This will be necessary to understand the complex structural traps
and repeat section characteristic of the area (Figures 7 and 8).

Careful mapping of facies and mineralogy may also lead to identification of
bypassed pay. As shown in the model developed from outcrop (Figure 10), the mid-ramp
subtidal facies (skeletal grain-dominated packstones with the highest reservoir quality)
are thickest in medial positions on a landward-basinward transect. Placing subsurface
data in terms of this model would allow for identification of the mid-ramp facies fairway
and thereby the best locations for recompletions or new drilling. The outer ramp chert
mudstones and wackestones are lower reservoir quality, but may also hold bypassed
resources in areas where the grain-dominated packstones have been produced or

waterflooded with the appropriate reservoir management strategies.
SUMMARY AND CONCLUSIONS

The Montoya Group of the Permian Basin reflects a unique transitional climate,
during which greenhouse conditions were changing to reflect the pending glaciation of
Gondwana, which would occur immediately following deposition. This changing climate
had a profound effect on sea-level fluctuations and facies, including 1) high-amplitude,
frequent sea-level changes (four complete and two partial third-order sequences), 2)
carbonate depositional environments ranging from peritidal to outer ramp, and 3) an
abundance of chert and phosphate from upwelling waters. Montoya oil reservoirs are
dominantly developed in mid-ramp skeletal grain-dominated packstones, particularly in
the northern part of the Permian Basin, where porosity has been enhanced through
dolomitization. Gas production has superseded oil, in terms of both quantity and recent
interest, and 1s focused in the southern part of the Delaware Basin, where reservoir
quality is likely lower due to more distal facies, but hydrocarbon maturity obviously more
advanced. A deep marine equivalent, the Maravillas Formation, is present in the
Marathon Uplift area but not known to be productive. The Viola Group of Oklahoma is
also considered an equivalent, although facies/age relationships do not exactly match.

Extensive work in Montoya Group outcrops in West Texas and New Mexico has
resulted in a sequence stratigraphic context for the formations. The limited core examined

in this report suggests that outcrop models can be applied to the subsurface; however,
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additional core work is needed to fully establish this relationship and utilize these models
for reservoir development. Further rock-based will also be necessary to establish the
reservoir architecture, facies patterns, and porosity/permeability relationships required for

recovery of the remaining oil and gas resources in Montoya reservoirs.
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Figure 1. Montoya Group outcrop/subcrop map Outcrop locations after Pope, 2004;
subcrop data from published maps in the following regions: Marathon area (Texas Water
Development Board, 1972); New Mexico (Frenzel and others, 1988); and Oklahoma
(Huffman, 1959, Chenoweth, 1966, and Adler and others, 1971). Line of section shows
outcrop transect used to develop the model in Figure 5.
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Figure 2. Map showing Montoya fields with production greater than 1 MMbbl.
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Figure 3. Global plate reconstruction/paleogeography for the Late Ordovician (Blakey,
2004).
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Figure 4. Paleogeography of Texas, New Mexico, and Oklahoma during the Middle to
Late Ordovician. After Ross, 1976.
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Figure 5. Stratigraphic column. In addition to our own interpretations, sources of
information include: Webby and others, 2004 (North American stages, conodonts and
time scale); Young and others, 2005 and Derby and others, 1991 (Oklahoma outcrop);
Goldman and others, 1995; Bergstrom and others, 1986 (Marathon Uplift outcrop); Pope,
2004 and Sweet, 1979 (Permian Basin subsurface); Sloss, 1988 and 1963 (sequence
stratigraphic megasequences); and Ross and Ross, 1992 (global sea level change, note
time rescaled to fit biostratigraphy).
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Figure 6. Thickness contours of the Cable Canyon Member in southern New Mexico
(after Bruno and Chafetz, 1988) superimposed on paleogeography of the Late Ordovician
(after Ross, 1976). Arrows denote interpreted transport direction of sediment eroding
from Precambrian basement exposed in the NW to deposition in the SE.
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Figure 7. Example of repeated section created through high-angle reverse faulting at
Waha Field, Pecos County, Texas (Hardage and others, 1999).
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Figure 8. Example of repeated section created through overturned structure at Waha
Field, Pecos County, Texas (Hardage and others, 1999).
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Figure 9. Geologic map of the Franklin Mountains showing Montoya distribution (Om)
and field locations (geology from Collins and Raney, 2000).
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Figure 10. Third-order sequence stratigraphic model based on Montoya Group outcrops
(after Pope, 2004a). Outcrop line of section shown in Figure 1.
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Figure 11. Outcrop photo of contact between the more resistant Upham Formation of the
Montoya Group overlies the more recessive sandstones of the thin Cable Canyon
Member, Franklin Mountains, McKelligon Canyon, El Paso, Texas.
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QAdBE34
Figure 12. Outcrop photos of large coral in the Upham Formation, Murchison Park stop
along Scenic Drive, Franklin Mountains, El Paso, Texas.
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Figure 13. Outcrop photos and corresponding photomicrographs of thin sections in the
lower Upham Formation, McKelligon Canyon, Franklin Mountains, El Paso, Texas.
Black box in ridge pan denotes area of close-up and thin sections.
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Figure 14. (a) Second-order transgressive systems tract facies related to Montoya Group
Formations (after Pope, 2004a). (b) Second-order highstand systems tract facies related to
Montoya Group Formations (after Pope, 2004a).
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Figure 15. Outcrop photos and corresponding photomicrographs of thin sections of the
lower Aleman Formation thin-bedded chert, McKelligon Canyon, Franklin Mountains, El
Paso, Texas. Thin section photomicrographs show complete dolomitization with no
preservation of porosity.
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Figure 16. Outcrop photo and corresponding thin section photomicrographs of the
Aleman Formation medial bryozoan-rich skeletal packstone, McKelligon Canyon,
Franklin Mountains, El Paso, Texas. Note presence of bryozoans both on surface of
outcrop and in thin section. Late calcite (stained pink with Alizarin red) partially fills
bryozoan molds, but some porosity has been preserved.
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Figure 17. Outcrop photo and corresponding thin section photomicrographs of the upper
Aleman Formation chert (chaotic, nodular), McKelligon Canyon, Franklin Mountains, El
Paso, Texas. Note sponge spicules, minor microporosity, and dolomite rhombs within
chert nodules in photomicrographs.
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Figure 18. Outcrop photo and corresponding thin section photomicrographs of the lower
Cutter Formation, McKelligon Canyon, Franklin Mountains, El Paso, Texas.
Photomicrographs show calcite (pink, stained with Alizarin red) filling molds and a
fracture.
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Figure 19. Outcrop photo and corresponding thin section photomicrograph of the lower
Cutter Formation, McKelligon Canyon, Franklin Mountains, El Paso, Texas. This
location is above Figure 26, but still in the lower Cutter Formation. The outcrop consists
of finely laminated mudstone, with laminae more resistant to weathering. The thin section
photomicrograph shows laminated fine crystalline dolomite with rare molds.
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Figure 20. Description of the Montoya cored section in the Dollarhide 25-2-S well.
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Figure 21. Map of Dollarhide field showing field location, structure (top Fusselman), and
core location.
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Figure 22. Core photo and thin section photomicrograph of cherty mudstone/chert,
Dollarhide field 25-2-S, 8541 ft. Photomicrograph shows fine dolomite and fracture
partially filled with chert.
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Figure 23. Core photo and thin section photomicrograph of crinoid wackestone,
Dollarhide field 25-2-S, 8452 ft. Note crinoid fragment (pleochroic in polarized light) and
a lack of porosity.
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Figure 24. Core photo and thin section photomicrographs of dolopackstone, Dollarhide
field 25-2-S, 8487 ft. Coarse dolomite obscures most grains, but peloidal shapes and
grain-supported structure are visible. Both photomicrographs show abundant
intercrystalline porosity. Whole core porosity = 8.1%, permeability = 40.9 md.
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Figure 25. Core photo and thin section photomicrograph of grain-dominate
dolopackstone, Dollarhide field 25-2 S, 8527 ft. Grain ghosts are apparent despite coarse
crystalline dolomite and abundant intercrystalline porosity. Whole core porosity = 8.4%,
permeability = 6.33 md.
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Figure 26. Core photo and thin section photomicrographs of chert mudstone, Dollarhide
field 25-2, 8467 ft. Thin section was taken to image chert nodule rim (black box denotes
location of section). Top photomicrograph is in plane light and shows microporosity
(light blue) along the lower rim of the chert nodule and hints of sponge spicules within
the chert nodule. Sponge spicules are more obvious in polarized light (bottom
photomicrograph).
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Figure 27. Regional thickness map of Montoya. Data based in part on tops provided by
Geological Data Services, Inc.
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THE FUSSELMAN OF THE PERMIAN BASIN: PATTERNS IN DEPOSITIONAL AND
DIAGENETIC FACIES DEVELOPMENT ON A STABLE PLATFORM DURING THE LATE
ORDOVICIAN—EARLY SILURIAN ICEHOUSE

Stephen C. Ruppel

Bureau of Economic Geology
Jackson School of Geosciences
The University of Texas at Austin
Austin, Texas

ABSTRACT

The Fusselman Formation of the Permian Basin consists of shallow-water carbonate
sediments that were deposited on a regionally extensive, relatively stable platform along the
southern margin of the Laurentian paleocontinent during the Late Ordovician to Early Silurian.
Core studies show that the Fusselman is dominated by typical normal marine facies throughout
most of its extent. Reservoirs are developed principally in basal ooid grainstones and overlying
pelmatozoan packstones, both of which are areally extensive. Porosity development is largely
associated with original interparticle porosity in ooid grainstones and leaching of carbonate mud
fractions in pelmatozoan packstones. Evidence of karst processes, ranging from large, cave-fill
successions to minor dissolution features, is locally apparent across the Permian Basin. Global
studies indicate that the Fusselman was deposited during a period of icehouse climatic
conditions, when high-amplitude sea-level rises and falls were common. Although there has been
relatively little documentation of the sequence and cycle stratigraphy of these rocks, it seems
certain that patterns of facies stacking and diagenesis within the Fusselman are tied to these
icehouse eustatic fluctuations and that these patterns, although poorly known, are important keys

to the reservoir heterogeneity.
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INTRODUCTION

As of the year 2000, reservoirs developed in rocks assigned to the Fusselman Formation in
the subsurface of the Permian Basin of West Texas and New Mexico had accounted for more
than 356 million barrels of oil production (Dutton and others, 2005). Despite the economic
significance of this geologic succession, relatively little detailed geological information is
available about these rocks or the key aspects of reservoir development. Published data from
subsurface regional and field-specific studies are generally limited in scope, and the thick
outcrop succession of Fusselman rocks (in southern New Mexico) has been studied only
superficially. Available global and regional data suggest that the Fusselman, which contains
rocks deposited during the Late Ordovician to Early Silurian icehouse to waning icehouse
climatic period, contains a depositionally and diagenetically complex succession of carbonate
platform deposits. This report synthesizes existing global, regional, and reservoir specific data to
describe the major controls on deposition, diagenesis, and reservoir development within this

important carbonate succession in the Permian Basin.

PREVIOUS WORK

Early descriptions of the Fusselman were published by Jones (1953) and Galley (1958).
McGlasson (1967), Wright (1979), and Canfield (1985) provided additional data on facies and
stratigraphy. More recent studies by Geesaman and Scott (1989) and Garfield and Longman
(1989) focus on local variations in facies and depositional setting in the Fusselman Formation in
a small area in the Midland Basin. Canter and others (1992) proposed a model for sequence
stratigraphic correlation of the subsurface Fusselman. Ruppel and Holtz (1994) described
regional geological characteristics of the Fusselman and provided play-specific data on
engineering attributes. Barrick (1995) demonstrated, on the basis of conodont biostratigraphy,
that the Fusselman comprises a lower Upper Ordovician part and an upper Lower Silurian part
(fig. 1). Lemone (1992), Lucia (1995), and Mazzullo (1993) described karst features in
Fusselman outcrops. Several authors have concluded on the basis of wireline-log evidence that

subsurface Fusselman rocks also display evidence of karsting (Mazzullo and others, 1989;
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Mazzullo and Mazzullo, 1992). Mear (1989) and Garfield and Longman (1989) documented

cave breccia deposits from cores.

REGIONAL SETTING

During deposition of the Fusselman Formation, the Permian Basin area lay in a tropical to
low subtropical setting along the southern margin of the Laurentian continent (fig. 2). Although
the eastern margin of Laurentia underwent tectonic deformation (the Taconic Orogeny)
associated with the approaching continental landmass of Baltica at this time, the southern margin
appears to have been an area of relative tectonic quiescence. This conclusion is consistent with
the apparent widespread distribution and relatively uniform persistent facies character of the
Fusselman throughout the region.

Deposition of rocks included in the Fusselman Formation of West Texas and New Mexico
began during the Late Ordovician on an extensive shallow-water platform, whose development
began with deposition of the Montoya Group during the Cincinnatian. Fusselman Formation
carbonate deposits reflect the continued growth and development of this shallow-water platform
from the Late Ordovician into the Early Silurian. The similarity of depositional facies across the
region indicates that conditions were relatively uniform over great distances. Equivalent rocks in
Oklahoma, for example, are lithologically similar (fig. 1; Barrick, 1995). Johnson (1987)
presented data suggesting that this Early Silurian platform extended across most of the North
American continent. Depositional analyses and worldwide stratigraphic equivalents of the
Fusselman demonstrate that accumulation of these rocks was punctuated by at least five major
rise and fall cycles of relative sea level (McKerrow, 1979; Johnson, 1987, 1996) of about 2-m.y.
duration. Globally these eustatic events are reflected in unconformities and associated diagenetic
alteration of these shallow-water carbonate facies. Clearly these hiatuses were associated with
considerable erosion and/or long periods of nondeposition. Biostratigraphic evidence indicates
that the 100 to 300 ft of preserved Fusselman in the subsurface of the Permian Basin spans an

interval of about 10 m.y. (fig. 1; Barrick and others, 2005).
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Widespread, shallow-water platform conditions characteristic of Fusselman deposition
were abruptly terminated by sea-level rise probably associated with tectonic downwarping and
drowning of the platform, most likely during the early Wenlockian (Ruppel and Holtz, 1994).
This event and its impact of sedimentation in the Permian Basin are discussed more fully in the
chapter on the Middle and Upper Silurian Wristen Group. Downwarping of the Fusselman
Platform in Texas, and equivalent successions in Oklahoma and the Illinois Basin, may have
been a product of early foreland deformation along the southern margin of the North American
plate, which was associated with plate convergence that preceded later Ouachita tectonism in the
region. Walper (1977) suggested that convergence of the North American and South

American/African plates began as early as the Late Ordovician.

Distribution and Age

The Fusselman Formation was named by Richardson (1909) for thick intervals of
dolostone of presumed Middle Silurian age that outcrop in the vicinity of El Paso, Texas. As
defined in the subsurface, the Fusselman is much thinner but relatively continuous across much
of West Texas. The Fusselman is readily recognized and mapped where underlain by the Sylvan
Formation (shale of Late Ordovician age) and overlain by the Wink Formation of the Wristen
Group (figs. 3, 4). Where the Wink and Frame Formations are absent (north of central Andrews
County), it is very difficult to distinguish the top of the Fusselman from overlying shallow-water
carbonates of the overlying Fasken Formation (Wristen Group). Similarly, where the Sylvan
shale is absent (in the western part of the region), the Fusselman is difficult to separate from the
underlying Montoya Formation.

The Fusselman attains maximum thicknesses of more than 600 ft in southeasternmost New
Mexico and far West Texas and thins eastward (fig. 5). Average thicknesses where the Sylvan is
present range from 50 to 200 ft. The northwest-trending subcrop margin of the Fusselman (fig. 5)
coincides with the western margin of what is widely referred to as the Concho Arch, an assumed

axis of intermittent and frequent uplift during the Paleozoic. However, it is unclear whether
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truncation of the Fusselman along this trend represents postdepositional truncation,
penecontemporaneous thinning, or both.

On the basis of studies of faunas in outcrops at the type section in the Franklin Mountains,
the Fusselman has long been considered of Early to Middle Silurian age (Wilson and Majewski,
1960; Harbour, 1972). More recent studies based on conodonts, however, reveal that the
subsurface Fusselman is actually Late Ordovician (Hirnantian) to Early Silurian (Llandoverian)
in age (J. Barrick, personal communication, 1989). This interpretation is consistent with ages
established for nearly identical lithological successions in Oklahoma (Amsden and Barrick,
1986) and further suggests that the nearly 1,000 ft of section assigned to the Fusselman at the
type section is equivalent to the Fusselman and the overlying Wristen Group in the subsurface
(Wilson and Majewski, 1960). Faunal studies in the Marathon Basin of southern West Texas
show that the subsurface Fusselman is equivalent to the Lower Caballos Novaculite of the
Ouachita overthrust belt and that the Wristen correlates with the middle chert and shale member

(Noble, 1993, 1994; Barrick and Noble, 1995).

Facies

The Fusselman comprises a diverse succession of shallow-water carbonate facies.
Throughout the central part of the study area (for example, Andrews, Midland, Ector, Upton,
Crane Counties) the Fusselman is composed of a consistent series of lithofacies (fig. 3). The base
of the Fusselman is typically formed by a thin (>10-ft-thick) interval of ooid grainstone (fig. 6a,
b). These deposits, which are of Late Ordovician (Hirnantian) age (Barrick, 1995), are typically
well sorted and in some instances crossbedded. Basal ooid grainstone is widely distributed across
the region (Canfield, 1985; Ruppel and Holtz, 1994; Barrick 1995). The equivalent Keel
Formation in the Texas Panhandle and Oklahoma is virtually identical in lithology, as are coeval

deposits in Arkansas and Missouri (Amsden and Barrick, 1986; Barrick, 1995).
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Overlying the lower Fusselman ooid grainstone facies is an interval of fenestral mudstone
(fig. 3) that locally displays shale-filled solution/erosion pits at its upper surface. This unit is
generally thin (>3 ft) and is locally absent.

The upper Fusselman is most characteristically composed of gray to pink pelmatozoan
grainstone and packstone (fig. 6¢). These rocks, which are generally well sorted and locally
crossbedded, are composed of pelmatozoans and subordinate bryozoans; brachiopods,
ostracodes, corals and mollusks are locally present (fig. 6¢, d). These grain-rich packstones and
grainstones, which in some areas grade laterally into skeletal wackestone containing
pelmatozoans, brachiopods, and ostracodes, overlie fenestral mudstone facies or rest directly on
a basal ooid grainstone-packstone unit. Typically these deposits are composed of well-sorted
skeletal sands; however, in some areas (for example, Winkler County) they are represented by
poorly sorted rudstones that contain corals. Locally the pelmatozoan facies contains sediment-
and spar-filled geopetal structures, some of which resemble stromatactoid structures. Some of
these structures may indicate local carbonate buildup in this part of the Fusselman section
(fig. 8). Other sediment- and cement-filled geopetal voids are also locally common within this
facies (fig. 6¢). These voids appear to be vugs produced by secondary leaching and subsequent
sediment infill and cementation. In some instances, multiple successions of these voids appear to
exhibit crosscutting relationships.

The upper Fusselman pelmatozoan facies is present across most of the study area except
near the Fusselman subcrop margin (for example, in Terry and Glasscock Counties). Geesaman
and Scott (1989) also reported the local absence of this facies in the Glasscock County area,
where the unit apparently thins onto paleohighs (fig. 7). Thickness of the pelmatozoan
grainstone-packstone facies appears to increase in parallel with total Fusselman thickness trends
(that is, toward far West Texas and New Mexico). Grain size also increases to the west.

The upper pelmatozoan, grainstone-packstone facies of the Fusselman grades upward into
more mud-rich facies, including wispy-laminated to nodular-bedded, locally siliceous

wackestone containing ostracodes and less common pelmatozoans (fig. 3). These deposits
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resemble those typical of the overlying Wink Formation of the Wristen Group (Canfield, 1985;
Mear, 1989; Ruppel and Holtz, 1994).

The contact of the Fusselman Formation with the overlying Wink Formation of the
Wristen Group appears unconformable. This likelihood, suggested by thickness variations
apparent on cross sections, is confirmed by core data. In central Andrews County (Austral Oil
Co., University No. 1) for example, the uppermost Fusselman is a dolomitized and partly
silicified breccia that is sharply overlain by burrowed siltstone (Ruppel and Holtz, 1994).
Canfield (1985) described cores from Pecos and Midland County wells in which the upper
Fusselman was sharply overlain by reported shales of the basal Wink. Small amounts of
greenish-colored shale are locally common in the upper Fusselman, as are zones of multiple-
stage, geopetal cavity fills (fig. 8b). Garfield and Longman (1989) also documented truncation of
the Fusselman beneath the Wristen Group in the Martin/Midland/Glasscock County area. This
hiatus, which has also been defined in temporally equivalent rocks in Oklahoma, corresponds to

the Llandoverian/Wenlockian boundary (fig. 1).

Depositional Setting

The Fusselman Formation documents deposition on an open-marine, shallow-water
carbonate platform that probably formed during Late Ordovician time. Underlying Montoya
Group deposits represent the earlier development of this platform that extended across much of
West Texas and New Mexico. Basal Fusselman ooid grainstones represent deposition in
relatively high-energy tidal-flat to shallow subtidal conditions. The extent of these deposits
indicates that the platform was broad and flat and extended across much of West Texas. Capping
fenestral mudstones indicate at least local exposure of these deposits, which is supported by the
occurrence of meniscus and pendant cements that are indicative of vadose diagenesis (fig. 8a).
Virtually identical facies and cements have been reported from modern ooid sand shoals that
have developed on intermittently exposed shallow water in the Bahamas (Harris, 1979). Regional

data indicate that basal Fusselman ooid deposits may have experienced much longer periods of
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exposure. Biostratigraphic studies of coeval and overlying Silurian deposits in Oklahoma and
elsewhere document a widespread late Llandoverian hiatus between the Fusselman and overlying
Wenlockian strata (Amsden and Barrick, 1986; fig. 1).

The Fusselman pelmatozoan grainstone/packstone facies is thicker and more widespread
than the underlying ooid facies, indicating that these deposits occupied an even broader area of
the Early Silurian platform. The paucity of carbonate mud and good sorting in these facies
suggest that much of this facies was deposited in high-energy shoals or bars. Deposits exhibiting
stromatactis and sediment- and cement-filled geopetal cavities suggest local development of
carbonate buildups. Coarser-grained, more poorly sorted sections of pelmatozoan/coral
packstone in the western part of the study area (for example, Emperor field in Winkler County,
Texas) may reflect buildup development in somewhat deeper water conditions. Fusselman
encrinites are very similar to correlative rocks in Oklahoma (Cochrane and Clarita Formations;
see Amsden, 1980), indicating development of a continuous, broad, shallow platform.

The overall continuity of Fusselman facies across the region indicates development of
widely continuous depositional environments. There is evidence, however, that locally these
extensive, sheetlike environments were interrupted by more complex depositional regimes
created around topographic highs. Such relationships were documented by Garfield and
Longman (1989) over paleotopographic highs in the Midland/Glasscock County area and are
also common along the eastern subcrop margin of the Fusselman. On the basis of regional core
studies, Canter and others (1992) inferred the presence of a general east-west platform margin
with gradually shallower water middle- and inner-shelf conditions prevailing progressively to the
north (fig. 9).

Stratigraphic and diagenetic patterns in the Fusselman indicate that deposition was
punctuated by episodic rise and fall of relative sea level. Johnson (1987) documented five major
sea-level falls during the time represented by Fusselman deposition. These sea-level rise/fall
cycles (sequences) are well chronicled in the biostratigraphically well constrained Fusselman-

equivalent outcrops in Oklahoma (Amsden and Barrick, 1986, 1988). This interpretation implies
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that (1) the lower ooid grainstone member of the Fusselman (which is equivalent to the Keel in
Oklahoma) is separated from the upper pelmatozoan facies (equivalent to the Cochrane) by a
long-duration hiatus (~4-5 m.y.) and (2) the upper pelmatozoan facies experienced at least four
significant falls in relative sea level, including a hiatus of 1 to 2 m.y. at the end of Fusselman
deposition (fig. 1). These conclusions are supported by diagenetic features recognized in
Fusselman core successions (Ruppel and Holtz, 1994) and from correlative biostratigraphic and
facies studies of Fusselman equivalents in Oklahoma outcrops (Barrick, 1995). The multiple
generations of geopetally filled vugs in the pelmatozoan facies may be a record of both of these
late Llandoverian sea-level falls. There is good evidence that episodic eustatic fall during the
Late Ordovician and Early Silurian, which may be related to continental glaciation in North
Africa at that time (Amsden and Barrick, 1986), left a strong depositional and diagenetic imprint

on Fusselman rocks in the Permian Basin.

Mineralogy and Diagenesis

Mapping of the Fusselman by several authors (McGlasson, 1967; Wright, 1979; Mear,
1989) illustrates that the section is largely dolostone in the northern part of its extent but is
predominantly limestone in the south (fig. 10). Ruppel and Holtz (1994) pointed out that the
distribution of dolostone in the Fusselman closely parallels the extent of largely dolomitized
shallow-water platform facies (Fasken Formation) in the overlying Wristen Group. This
relationship suggests that dolomitization may have been associated with the repeated sea-level
falls that characterized Wristen shallow-water platform sedimentation.

It is likely that parts of the Fusselman had already been subjected to variable degrees of
diagenesis or alteration prior to the Wristen and post-Wristen dolomitization events discussed
earlier. Evidence of meteoric diagenesis in the basal ooid grainstone/packstone facies, combined
with regional indications of a widespread hiatus, indicates that these basal deposits may have
locally undergone significant diagenetic alteration. In many instances, the ooid grainstone facies

is dolomitized, and overlying Fusselman facies are not. This alteration may be related to episodic
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sea-level fall during Fusselman deposition. Successive generations of geopetally filled
dissolution vugs in the upper Fusselman may record similar events. Such eustatic fluctuations are
supported by studies of the Early Silurian worldwide (McKerrow, 1979; Johnson, 1987; 1996).
Sharp contacts between Fusselman dolostones and basal Wristen limestones in some areas
suggest that dolomitization may have also occurred during the last Fusselman sea-level fall event
(before the onset of Wristen deposition).

There is good evidence that the Fusselman has undergone karst-related diagenesis.
Sediment- and breccia- filled karst features are common in outcrops of the Fusselman in the
Franklin Mountains (McGlasson, 1967; Lemone, 1992). (Note that outcrops assigned to the
Fusselman almost certainly include Wristen rocks as well.) As previously discussed, dissolution
features and breccias possibly related to karsting have been reported from several cores in the

Fusselman (Mear, 1989; Mazzullo and Mazzullo, 1992; Troschinetz, 1989).

Sequence Stratigraphy

Global studies document one Ordovician and four Silurian sea level rise/fall cycles during
the time represented by the subsurface Fusselman (fig. 1). The oldest of these cycles corresponds
well with the lower Fusselman ooid-bearing succession of late Ordovician age. The upper
Fusselman spans much of the Llandovery and thus may include as many as four sequences. Each
of the sea-level drops that created these sequence boundaries was potentially associated with
exposure-related diagenesis that may have enhanced or reduced reservoir quality. Thus,
definition of the number and location of these events is important to accurate reservoir
characterization in the upper Fusselman. Canter and others (1992) recognized two sequence
boundaries within the upper Fusselman on the basis of apparent karst horizons. However, it is
clear that further work based on well-dated cores will be necessary to accurately define both the

number and placement of Fusselman depositional sequences.
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Reservoir Development
Fusselman reservoirs in the Permian Basin have been assigned to the Fusselman Shallow
Platform Carbonate Play (Ruppel and Holtz, 1994; Dutton and others, 2005). Ruppel and Holtz
(1994) documented a total of 233 productive reservoirs in the Fusselman in 1989, only 47 of
which had produced more than 1 MMbbl at that time. As of 2000, 63 Fusselman reservoirs had
produced more than 1 MMbbl of oil (fig. 11); cumulative production from the play was

356.3 MMbbl (Dutton and others, 2005).

Reservoir Distribution

Fusselman rocks are productive in two major end-member settings (fig. 11): (1) on major,
typically fault-bounded structures on the Central Basin Platform and adjacent Midland Basin and
(2) along the Fusselman subcrop margin. Reservoirs developed along the subcrop margin can be
considered a distinct subplay, in which production is developed primarily where the Wristen has
been removed by erosion and the Woodford directly overlies the Fusselman (Ruppel and Holtz,

1994).

Porosity Development

Three general styles of pore development are observed in the Fusselman: (1) primary
intergranular pores in basal ooid grainstones, (2) leached intergranular pores in pelmatozoan
packstones, and (3) strongly leached, predominantly vuggy and intercrystalline pores at the top
of the Fusselman (Ruppel and Holtz, 1994).

As discussed previously, primary intergranular porosity is developed locally in basal
Fusselman ooid grainstones (figs. 3, 6a, b). Where these pores are preserved, these deposits make
excellent reservoirs (for example, in Mound Lake, Emma, Warfield, and SW Midland fields).

Highest porosity is commonly developed in the upper Fusselman pelmatozoan packstone
facies (Canfield, 1985). These rocks contain secondary porosity owing to leaching of skeletal
packstone. Examples include Good SE, Lowe, Emma, Emperor, Pegasus, and SW Midland

fields. This secondary porosity takes the form of intergranular pores, molds, and small vugs

217



formed by meteoric leaching during one or more of the falls in relative sea level during and
following Fusselman deposition.

Both styles of pore development are probably mostly associated with very early diagenesis,
either during deposition of the Fusselman or shortly thereafter. Accordingly, this type of
reservoir development can be observed throughout the Fusselman subcrop (Ruppel and Holtz,
1994). Much more extensive diagenesis is encountered where the Fusselman has been unroofed
by erosion or faulted and fractured. In these reservoirs, which are located primarily in the
northern part of the Fusselman subcrop and along the eastern subcrop margin (fig. 11), the top of
the Fusselman section commonly displays more extensively leached zones. Reservoirs developed
in these areas are commonly dolomitized (fig. 10) by processes of matrix replacement and partial
pore filling by dolomite cements. Leaching and associated fabric-destructive dolomitization is
most common where removal of the Fasken has allowed meteoric fluids more frequent access
during Silurian and Devonian exposure events. This leaching is less strongly controlled by
depositional facies and more a function of paleotopography and paleohydrology. Porosity in
these highly leached and altered rocks typically takes the form of intercrystalline pores and large
vugs. Strongly leached and altered reservoir successions are also encountered on major structural
highs, where faulting has provided fluid conduits for entrance of diagenetic fluids (for example,

Dollarhide field).

Traps, Seals, and Sources

Fusselman reservoir traps are both structural and stratigraphic. Most larger fields on the
Central Basin Platform and in the Midland Basin are dominantly structural (for example,
Dollarhide and Keystone). Structures that form most traps were formed during late
Carboniferous foreland basin deformation associated with the collision of Gondwana and
Laurussia plates. However, Mazzullo and others (1989) showed that there is good evidence that
the Fusselman and overlying Wristen Group (and Thirtyone Formation) underwent significant

deformation during Middle Devonian (pre-Woodford) time. Fields developed in this setting are
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actually compound structural traps (for example, Tex-Hamon and Wells). As Mazzullo and
others (1989) pointed out, such structural traps are not reflected in the structure of the Woodford
Formation and can thus be cryptic.

In most Fusselman fields, the top seal is provided by shales and mudstones of the Frame
and Wink Formations of the Wristen Group (for example, Dollarhide and Keystone). In many
fields along the eastern subcrop, the Fusselman is overlain and sealed by the Woodford
(Mazzullo and others, 1989; Comer, 1991). Where the Woodford has been removed by erosion,
Permian shales provide the seal (for example, Abell and Pecos Valley). On the basis of a
comparison of produced Fusselman oil types and Permian Basin source rock character, Williams
(1977) concluded that most of the oil charge in the Fusselman came from the Woodford

Formation.

Opportunities for Additional Resource Recovery

Although basic Fusselman facies types and pore types are fairly well known, insufficient
information is available regarding controls of cyclicity and diagenesis on reservoir development
and architecture. A better understanding of these processes could elucidate new opportunities for
focused field redevelopment. For example, facies stacking patterns, facies continuity, and the
relative importance of depositional facies versus diagenesis on porosity are not well understood.
Especially needed is a sequence stratigraphic framework, within which both depositional facies
and diagenesis can be defined and modeled. Such a framework would lead to a better
appreciation for the development and significance of Early Silurian global sea-level-fall events
and their impact on reservoir architecture and porosity development. A detailed study of the
excellently exposed Fusselman section in the Franklin Mountains would provide fundamental
data and models needed for better interpretation of existing core and wireline-log data in the

subsurface.
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SUMMARY AND CONCLUSIONS

As conventionally defined in the subsurface of the Permian Basin, the Fusselman consists
of shallow-water carbonate platform deposits of Late Ordovician and Early Silurian age. Lower
Fusselman (Ordovician-age) rocks comprise ooid grainstones and interbedded mudstones. The
upper Fusselman (Early Silurian age) commonly consists of deeper-water, more open marine
facies, most typically crinoid grainstones and packstones. Evidence of exposure-related digenesis
is present at several horizons within the Fusselman and is consistent with multiple episodes of
high-amplitude, sea-level oscillation documented in deposits of similar age around the world.
Reservoir porosity is most commonly associated with primary interparticle pore space in lower
Fusselman grainstones and with dissolution-related interparticle porosity in the upper Fusselman
crinoid packstones. Internal reservoir architecture is poorly known because of the general
scarcity of cores and absence of detailed outcrop study. Large-scale karst features are common in
some Fusselman reservoirs, but the timing, origin, cause, and geometry of these features and

their impact on reservoir performance is known.
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Figure 1. Correlation of Silurian Devonian strata in West Texas with successions in
Oklahoma and the Illinois Basin (Indiana-Illinois). Age dates are from Kaufmann (2006).
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Figure 2. Global reconstruction of the Laurentian continent for the Late Ordovician. Note
that the Permian Basin area occupied the southern margin of the continent facing the open
Iapetus Ocean. From Blakey (2004).
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Figure 3. Typical log and facies succession for the Fusselman and adjacent deposits,
Standard of Texas, Simms No. 2, Midland County, Texas. Facies are typical of the
Fusselman throughout much of the area. Modified from Ruppel and Holtz (1994).
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Figure 4. Cross sections showing thickness trends of Fusselman Formation and
relationships to underlying and overlying Silurian and Devonian units. Both sections show
the eastward thinning of the Fusselman. Lines of section shown on figure 5. Modified from
Ruppel and Holtz (1994).
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Figure 5. Thickness of Fusselman Formation in West Texas. Contours in the eastern part
of the area are modified from Geesaman and Scott (1989).
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Figure 6. Typical facies of the Fusselman Formation. (A) Slab photograph of ooid grainstone
facies showing large, well-sorted ooids with well-developed intergranular porosity. Depth:
12,536 ft. Slab is 6 cm wide. Standard of Texas, Simms No. 2, Midland County, Texas.

(B) Cathodoluminescence photomicrograph of ooid grainstone facies. These rocks contain
common interparticle porosity. Standard of Texas, Simms No. 2, Midland County, Texas.
Depth: 12,536 ft. Field of view is 7 mm. (C) Slab of typical pelmatozoan grainstone-
packstone facies. These light-colored encrinites are the most common lithology in the
Fusselman throughout most of West Texas and constitute a major reservoir lithofacies.
Large, geopetally filled vugs and smaller vugs containing dead oil are commonly developed
below intrareservoir unconformities. Porosity is rare in grainstones but is developed as
intergranular and intragranular pores in leached packstones. Slab is 8 cm wide. Seaboard,
Meiners No. 1, Upton County, Texas. Depth: 12,693 ft. (D) Photomicrograph of pelmatozoan
packstone facies. Standard of Texas, Simms No. 2, Midland County, Texas. Depth: 12,536 ft.
Field of view is 3.5 mm. (E) Slab photograph of pelmatozoan packstone facies showing
abundant geopetally-filled vugs. Many of these vugs are filled with sediment and cement, but
some are open and contain hydrocarbons. Seaboard Meiners No. 1, Upton County, Texas.
Depth: 12,690 ft. Slab is 8 cm wide.
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Figure 7. West-east cross section depicting facies changes associated with a
paleotopographic high near the eastern subcrop margin of the Fusselman. Modified from
Garfield and Longman (1989).
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Figure 8. Styles of early and late diagenesis in the Fusselman. (A) Cathodoluminescence
photomicrograph of Fusselman ooid grainstone showing well-developed intergranular
pores and early fringing meniscus cement. Standard of Texas, Simms No. 2, Midland
County, Texas. Depth: 12,536 ft. Width is 4 mm. (B) Slab photograph of upper
Fusselman Formation showing multiple, late-stage dissolution and geopetal infilling
sediment and cements. Rock is composed almost entirely of cavity fills that consist of
greenish-gray silt/clay and drusy cements. Such fabrics are striking evidence of
dissolution and karsting of the top of the Fusselman produced during sea-level fall prior to
Wristen deposition. Austral Oil Co., University No. 1, Andrews County, Texas. Depth:
12,114 ft. Slab is 8 cm wide.
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Figure 9. Paleogeographic reconstruction of middle to late Fusselman time.
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Figure 10. Distribution of dolostone and limestone in the Fusselman Formation. Although
this map is highly generalized, the boundary between predominantly dolostone and
limestone shown here follows the trend of the Wristen carbonate platform margin,
suggesting that some diagenesis leading to dolomitization of the Fusselman was
associated with sea-level fall prior to Wristen deposition and/or episodic fall during
Wristen deposition (see text). Modified from McGlasson (1967) and Wright (1979).
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Figure 11. Map of West Texas and New Mexico showing location of Fusselman
reservoirs, from which more than 1 MMbb] of oil has been produced (as of 1/1/2000).
Cross sections are illustrated in figures 5 and 6. From Dutton and others (2005).

236



THE WRISTEN OF THE PERMIAN BASIN:
EFFECT OF TECTONICS ON PATTERNS OF DEPOSITION, DIAGENESIS, AND
RESERVOIR DEVELOPMENT IN THE LATE SILURIAN

Stephen C. Ruppel

Bureau of Economic Geology
Jackson School of Geosciences
The University of Texas at Austin
Austin, Texas

ABSTRACT

Rocks of the Upper Silurian Wristen Group display a range in facies and depositional
style that contrasts markedly with the more homogeneous character of the underlying Middle to
Lower Silurian Fusselman Formation. The Wristen contains distinct (1) shallow-water platform
(Fasken Formation) and (2) deeper water, outer platform to slope carbonate facies (Frame and
Wink Formations) that document crustal downwarping of the southern margin of the Laurentian
paleocontinent during the Middle Silurian.

Deeper water facies of the Frame and Wink Formations dominate the more southerly
areas of the Wristen subcrop in the Permian Basin and consist of nodular mudstones and
wackestones (Wink) and carbonate debris flows and shales (Frame). Wristen platform facies are
assigned to the Fasken Formation and include platform-margin carbonate buildup successions
and a complex variety of middle to inner platform facies ranging from small carbonate buildup
facies to skeletal wackestones and packstones to tidal-flat complexes.

Hydrocarbon reservoirs are restricted to the Fasken Formation; more than 1.2 billion
barrels of oil has been produced. A large volume of oil (more than 1.8 billion barrels) remains as
a target for improved characterization of reservoir facies and architecture. The models and data
presented here provide an important basis for better understanding of this complex depositional

system.
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INTRODUCTION

The Silurian of the Permian Basin constitutes a thick section (as much as 2,000 ft) of
carbonate platform, platform-margin, and slope rocks. Most of this section (locally as much as
1,800 ft) is assigned to the Upper Silurian Wristen Group (fig.1), from which more than 1.2
billion barrels of oil had been produced as of 2000 (Dutton and others, 2005). Despite the
economic significance of this reservoir play, relatively little detailed information exists regarding
its stratigraphy, lithology, and reservoir character. This report documents the depositional and
diagenetic history of the Wristen on the basis of available data and describes the controls on

reservoir development, distribution, and heterogeneity.
PREVIOUS WORK

Early stratigraphic studies of Silurian rocks in West Texas (Jones, 1953; Galley, 1958)
generally subdivided the Silurian and Devonian section in the Permian Basin into three parts: a
lower Fusselman Formation, an overlying, unnamed “Silurian/Devonian” (or “Siluro-Devonian™)
carbonate section, and an uppermost Woodford Formation. Wilson and Majewske (1960)
recognized some the distinctive differences between Silurian and Devonian depositional units,
and McGlasson (1967) published a very accurate characterization of the basic architecture and
character of these units. Hills and Hoenig (1979) formally named the component depositional
units within the Siluro-Devonian. They assigned the term “Wristen” for the post-Fusselman/pre-
Devonian part of the section. They further subdivided the interval locally into an upper Frame
Member and a lower Wink Member. Ruppel and Holtz (1994) elevated the Wristen to group rank
and the Frame and Wink to formation status. They also defined the Fasken Formation to
represent the extensive oil-bearing succession of platform carbonates in the Wristen Group (fig.
1). Canfield (1985) presented an excellent analysis of the Frame and Wink facies. Barrick (1995)
demonstrated, on the basis of conodont biostratigraphy, that the Wristen Group is dominantly
Wenlockian to Pridolian (Late Silurian) (fig. 1). Ruppel and Holtz (1994) also provided detailed
documentation on the extent and geological character of the Wristen, along with information on

the reservoir attributes of producing Wristen fields in the Permian Basin.
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REGIONAL SETTING

The Late Silurian (Wenlockian to Pridolian) was a period of significant global variability
in terms of climate, sea level, and ocean chemistry. During the Late Ordovician and Early
Silurian, icehouse conditions, caused by episodic advance and retreat of glacial ice in Gondwana
(what is now Africa and South America), prevailed. This setting is well documented by
numerous globally correlative unconformities in Early Silurian platform deposits (Caputo, 1998).
Glaciation diminished during the Middle Silurian, and by the end of the period a greenhouse
climate appears to have prevailed. Global paleogeographic reconstructions indicate that during
the Silurian the U.S. Midcontinent was part of a broad, subtropical platform that occupied much
of the western part of the Laurentian paleocontinent (fig. 2). In the Early Silurian, the area of the
Permian Basin was bordered on the south by the Iapetus Ocean. Continuing collision between
the Baltic and Laurentian plates along this margin during the Late Silurian resulted in closure of
the Iapetus by the beginning of the Devonian. Deposits of the Wristen Group reflect the interplay
between climatic, eustatic, and global tectonic drivers in the Permian Basin area during the
Middle and Late Silurian.

In contrast to the underlying Late Ordovician to Early Silurian Fusselman Formation,
which displays relatively widespread facies continuity indicating deposition on a regionally
extensive, more-or-less flat platform, Wristen Group rocks display regional systematic variations
in facies that document major tectonic downwarping and drowning of the platform in the
Permian Basin area (Ruppel and Holtz, 1994; Ruppel and Hovorka, 1995). This downwarping of
the distal part of the platform appears to have begun during the early Wenlockian (fig. 3B).
Drowning is indicated by the shift from extensive shallow-water platform deposition reflected in
the underlying Fusselman. A tectonic mechanism is implicated by the absence of evidence of a
major world-wide eustatic rise event at this time (McKerrow, 1979; Johnson and others, 1998).
Differential subsidence is documented by the rapid shift to outer platform and slope deposition in
the southern part of the Permian Basin area while shallow-water platform conditions were
maintained in the north. Successions in Oklahoma and the Illinois Basin show similar facies and
subsidence patterns (Becker and Droste, 1978; Amsden and Barrick, 1988; Droste and Shaver,
1987). Further support for a tectonic subsidence event comes from a subsidence analysis of the
Illinois Basin succession by Heidlauff and others (1986). Downwarping of the Fusselman

platform in Texas, and equivalent successions in Oklahoma and the Illinois Basin, may have
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been a product of foreland deformation along the southern margin of the North American plate
associated with plate convergence and the closing of the Iapetus Ocean. Walper (1977) suggested
that convergence of the North American and South American/African plates began as early as
the Late Ordovician.

Drowning of the southern part of the platform was associated with the deposition of deep-
water ramp/outer platform sediments of the Wristen Group (Wink and Frame Formations). These
rocks contrast with the shallow-water platform Wristen Group deposits (Fasken Formation) that
accumulated in the northern part of the area (fig. 3C). Deeper water Wink and Frame deposits
document a classic drowning succession with outer ramp nodular wackestones and mudstones of
the Wink Formation being overlain by more distal, deeper water, carbonate mudstones and
shales of the Frame Formation. The increasing abundance of skeletal debris, in many cases in the
form of carbonate turbidites, upward and northward in the Frame section attests to the
aggradation of the Fasken platform to the north and downslope transport of platform material
southward into the basin. Despite the evidence of basinward transport of platform-derived
carbonate detritus, however, facies geometries in the Fasken and Frame Formations indicate that
relatively little progradation occurred during Middle to Late Silurian Wristen Group deposition.
Platform-margin buildups in the Fasken, for example, exhibit predominantly aggradational
geometries and are confined to a relatively narrow belt through central Andrews County (Ruppel
and Holtz, 1994; Ruppel and Hovorka, 1995).

The Middle to Late Silurian was punctuated on the Wristen platform by episodic rise and
fall of relative sea level similar to that which affected Fusselman deposition. This cyclicity is
reflected in both repetitive, upward-shallowing facies stacking patterns, recording sea-level rise
and selectively leached cycle tops, associated with sea-level fall. Although Middle to Late
Silurian eustasy is presently poorly defined, evidence from the Wristen platform succession
suggests a record similar to that observed in the Early Silurian (Ruppel and Holtz, 1994).

Sedimentologic and stratigraphic relationships between the Wristen Group and overlying
Lower Devonian Thirtyone Formation suggest that a major rise in relative sea level or major
change in ocean chemistry or circulation occurred in West Texas and New Mexico in Early
Devonian time (Ruppel and Holtz, 1994). Relative rise is suggested by the distinctly deeper
water character of basal Thirtyone Formation chert-rich deposits compared with immediately

underlying Wristen Group carbonates rocks. This is especially apparent in central Andrews
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County (Andrews South field, for example), where deeper water Thirtyone chert deposits overlie
Fasken reef successions (F. J. Lucia, personal communication, 1992; Canter and others, 1992; D.
Entzminger, personal communication, 2005). A similar relationship is observed farther
basinward where basal Thirtyone shales, and carbonate-chert mudstones of pelagic origin,
sharply overlie more proximal deep-water deposits of the Frame Formation. The causes of this
relative rise in sea level are uncertain. Evidence of global sea-level rise at this time is equivocal
(cf., Vail and others, 1977; McKerrow, 1979). It seems more likely that deepening at the
Silurian-Devonian boundary in West Texas may be in part related to a second pulse of foreland
deformation associated with the continued convergence of the Laurentian and Gondwanan plates

and the closure of the lapetus Ocean.
FACIES AND SEDIMENTOLOGY OF THE WRISTEN GROUP

The Wristen Formation was designated by Hills and Hoenig (1979) for Silurian rocks
overlying the Fusselman and underlying Devonian rocks assigned to the Thirtyone Formation
(fig. 1). Hills and Hoenig (1979) divided the formation into a basal Wink Member, an overlying
Frame Member, and an unnamed “carbonate facies” (which is laterally equivalent to the Wink
and Frame). Because of the importance of the unnamed carbonate unit in terms of its thickness
and importance as a major hydrocarbon-producing reservoir interval, Ruppel and Holtz (1994)
assigned the name Fasken Formation to this unit. They also elevated the Wink and Frame
Members to formation status and the Wristen to group status (fig. 1).

Studies of the Fusselman Formation suggest that the contact between the Wristen Group
and the underlying Fusselman Formation is unconformable. Preliminary studies of the conodont
faunas across this boundary (Barrick, 1995) indicate, however, that the unconformity does not
represent a major hiatus. This conclusion is supported by regional data that suggest a short-
duration exposure event (Amsden and Barrick, 1988).

The Wristen is overlain by the Lower Devonian Thirtyone Formation, except where the
latter has been removed by erosion. This contact is commonly sharp, but it is unclear whether it
represents a hiatus. Recent biostratigraphic studies have in fact shown that the top of the Frame
Formation is Early Devonian in age (Barrick, 1995). This age assignment implies that the Fasken
(the apparent updip equivalent of the Frame) is also of Early Devonian age at its top. Although

some authors have suggested a major sea-level fall the end of the Silurian from world-wide data
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(for example, Vail and others, 1977; Johnson and others, 1998), data from the Frame appear to
contradict this notion. There is abundant evidence of karsting within the Fasken, but these
features are usually developed where the Thirtyone has been removed. So it seems more likely
that karsting of the Fasken is a younger event (perhaps Middle Devonian).

The Wristen subcrop margins are controlled by postdepositional erosion on the west
(Baldonado and Broadhead, 2002), north, and probably east. Wristen rocks are thickest in
western Gaines and Andrews Counties, Texas, and southeastern Lea County, New Mexico.
According to Canter and others (1992) the Wristen reaches a maximum thickness of more than

1,500 ft in southeastern Lea County, New Mexico (fig. 4).

Wink Formation

Distribution and Age

The Wink Formation overlies the Fusselman across most of the southern half of the
Silurian subcrop area (fig. 5). The Wink is relatively easily definable using gamma-ray wireline
logs in this area where it and the Frame Formation underlie the Thirtyone Formation (Hills and
Hoenig, 1979). Northward in central Andrews County, the Wink is difficult to distinguish from
the Fasken Formation (fig. 5). In the mapped area (fig. 6) the Wink ranges from less than 50 ft in
the southeastern part of the area to about 300 ft in the north where it grades into the Fasken.

On the basis of conodonts, Barrick (1995) showed that the Wink is Early Upper Silurian

(Wenlockian) in age and equivalent to the Clarita Formation in Oklahoma (Amsden, 1980).

Facies

Hills and Hoenig (1979) defined the Wink as a gray limestone. Examination of cores
indicates that these rocks are characteristically nodular-bedded, gray, lime wackestones and
mudstones (fig. 7; Ruppel and Holtz, 1994). Thin-walled brachiopods and ostracodes are locally
common, but other skeletal allochems are rare. The Wink contains small volumes of terrigenous
clay and silt, which, as is apparent on gamma-ray logs (fig. 8), generally increase upsection as it
grades into the siltier and more argillaceous Frame Formation. Canfield (1985) divided the Wink
into a lower limestone section composed of skeletal packstones and wackestones and an upper

dolostone unit dominated by silt-bearing wackestones.
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Depositional Setting

Nodular wackestones and mudstones of the Wink Formation (fig. 7) represent deposition
in outer platform, probably below-wave-base, conditions. These deposits document the
beginning of drowning of the extensive shallow-water Fusselman platform during the Middle
Silurian. As discussed earlier, this drowning was associated with the formation of a
well-developed, platform-to-basin topography whose geometry controlled deposition for much of

the remainder of the Silurian and the Early Devonian (Ruppel and Holtz, 1994).

Subsurface Recognition and Correlation

In cores, the Wink is usually readily distinguishable from the underlying Fusselman by its
darker colored, more mud-rich, commonly nodular character and its sparser faunal content. The
lighter colored Fusselman typically contains abundant pelmatozoan ossicles and much more
grain-rich texture. The contact between the Wink and the Fusselman is also relatively easily
defined on wireline logs. In most areas, the base of the Wink consists of a shaly mudstone whose
high gamma-ray character makes recognition and correlation of this contact straightforward (fig.
8). The upper contact of the formation is more problematic. The upward-deepening nature of the
Wink is marked on logs by a gradual upward increase in gamma-ray log response, reflecting an
increase in mud-donated facies and shale. The base of the overlying Frame is typically placed at

the first occurrence of high-gamma-ray shales and mudstones (fig. 8).

Frame Formation

Distribution and Age

The Frame Formation (in part, the “Silurian shale” of some earlier workers) overlies the
Wink and exhibits essentially the same distribution pattern as the latter (fig. 9). The unit can be
recognized as far north as central Andrews County, where it grades into the Fasken Formation
(fig. 5). It reaches maximum thicknesses of about 700 to 800 ft in this area (fig. 9). Like the
Wink, the Frame is thinnest in the southeast.

Graptolite data (Decker, 1952) suggest that the Frame is probably equivalent to the
Henryhouse Formation (Hunton Group) in Oklahoma and the Texas Panhandle (Amsden, 1980).
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As mentioned, new conodont data (Barrick, 1995) show that the Frame ranges in age from Late

Silurian to Early Devonian (Ludlovian-Lochkovian) (fig. 1).

Facies

According to Hills and Hoenig (1979) the Frame is largely shale in the type area in Pecos
County. In much of the subcrop area, however, the unit consists of greenish-brown, argillaceous
lime mudstone and wackestone (fig. 10d); fragments of pelmatozoans and pentamerid
brachiopods are locally common, along with ostracodes and trilobites (Ruppel and Holtz, 1994).
Also common, are rocks containing interlaminated mudstone and skeletal packstone-grainstone;
some grain-rich intervals display normal graded bedding (fig. 10a,b). Less common are breccias

and conglomerates but locally present (fig. 10d).

Depositional Setting

The muddy texture and general scarcity of skeletal remains in Frame Formation rocks
indicate that they were formed in deep water, below wave-base conditions, probably
representative of a slope or basinal setting. Beds of graded and laminated skeletal debris
represent gravity flows of shallow-water skeletal sands derived from the Fasken shallow-water
carbonate platform to the north (Ruppel and Holtz, 1994). Mapping of shale/carbonate fractions
in the Wristen (McGlasson, 1967; Hills and Hoenig, 1979) suggests that the deepest part of the
basin during Frame deposition probably lay along a north-trending axis through Pecos County,
where predominantly shales accumulated. Areas surrounding this central basin received sand- to

silt-sized carbonate detritus derived from surrounding areas of carbonate platform development.

Subsurface Recognition and Correlation

The Frame is distinctly different from either the underlying Wink or the updip Fasken.
Because of the presence of clay-rich mudstones and shales, the Frame exhibits a high but
variable gamma-ray response in most distal settings (fig. 8). In more proximal areas near the
Fasken platform, the Frame contains platform-derived debris and interbedded shallower water
deposits. Even in these settings the Frame tends to be distinguished from the overlying Fasken or

Devonian Thirtyone Formations by its relatively higher gamma-ray response (fig. 5).
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Fasken Formation

In their original definition of the Wristen Formation, Hills and Hoenig (1979) referred to
the thick, predominantly carbonate unit that constitutes the post-Fusselman Silurian in the
northern part of West Texas and New Mexico as simply the “carbonate facies” of the Wristen
Formation. Recognizing the importance of this unit, which contains all of the known
hydrocarbon resources in the Wristen, Ruppel and Holtz (1994) named this unit the Fasken
Formation. They designated three co-type sections for the Fasken in wells in Andrews County,
Texas. All of these wells have long cored intervals and comprehensive suites of wireline logs

that illustrate some of the significant lithologic diversity that characterizes this rock unit.

Distribution and Age

The Fasken, as defined by Ruppel and Holtz (1994), consists of most of what has
historically been referred to as the Siluro-Devonian carbonate section in the Permian Basin. The
Fasken is typically underlain by the Frame Formation but also represents the northern, updip,
shallow-water platform facies equivalent of the Frame Formation (fig. 5). The gradational lateral
contact between the two units runs generally east-west through central Andrews County, Texas
(fig. 4). Ruppel and Holtz (1994) showed that the Wink undergoes similar facies change to the
north and may also be best considered in part a deeper water facies equivalent of the Fasken (fig.
5).

Where separable from the underlying Fusselman, the Fasken exhibits an east-to-west
thickening trend. The unit reaches thicknesses of more than 1,500 ft in extreme western Andrews
County and eastern Lea County, New Mexico (Canter and others, 1992; Ruppel and Holtz, 1994)
and thins to less than 200 ft in Dawson County. Thickening trends are clearly defined by the total
Fasken isopach map (fig. 11). Throughout most of the region, the Fasken is overlain by the
Woodford Formation. Locally, where the Woodford has been removed by late Paleozoic erosion,
the Fasken is overlain by Pennsylvanian/Permian clastics and carbonates.

The age of the Fasken Formation is imprecisely known. Recent conodont studies have
shown that the Wristen Group ranges from Middle Silurian (Wenlockian) to Early Devonian
(Barrick, 1995). This is consistent with previous interpretations that the Fasken
(“Siluro-Devonian” of many earlier workers) contains a Middle Silurian—age (Niagaran) fauna.

Part of the shallow-water platform succession that is assigned to the Fasken in this report has
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also yielded Lower and Middle Devonian fossils (Wilson and Majewske, 1960). These isolated
occurrences apparently document outliers or remnants of the eroded Thirtyone Formation
carbonate platform facies. The shallow-water platform Fasken succession is probably
represented in part by the Henryhouse Formation in Oklahoma. Although much of the
Henryhouse is interpreted as deeper water (Barrick, 1995), the shallower water Kirkidium facies
of the Henryhouse contains facies very similar to those of the Fasken, as does the Bois D’ Arc
Formation (a facies of the overlying dominantly deep-water Haragan Formation) A strikingly
similar succession of Late Silurian—age (Ludlovian to Pridolian) platform and platform-margin
carbonates also exists in the Illinois Basin (Becker and Droste, 1978; Droste and Shaver, 1982,

1987).

Facies

The Fasken Formation comprises a highly diverse assemblage of carbonate lithofacies.
The unit can be subdivided into two general facies complexes: (1) platform-margin skeletal
wackestones to grainstones and boundstones and (2) interior platform mudstones to pellet and
skeletal wackestones to grainstones (Ruppel and Holtz, 1994).

A typical outer platform and platform-margin succession is illustrated in the type section
for the Fasken Formation near the Hutex field area in southeastern Andrews County (fig. 12).
The base of the cored interval in this well contains dark-colored skeletal wackestones that
contain poorly sorted skeletal debris including stromatoporoids, corals, and pelmatozoans (fig.
13). These rocks pass upward into a section of wackestones that contain more abundant and
larger fragments of stromatoporoids and corals (including Halysites). Stromatoporoids comprise
both broken hemispherical forms that display all orientations and thin, laminate stromatoporoids
in growth position (fig. 13a,b,c). Overlying these rocks are pelmatozoan/stromatoporoid
packstones (fig. 13d). Pelmatozoan debris is well sorted, but stromatoporoids are variable in size
throughout the unit. Locally, these deposits are interbedded with beds and lenses of ooid
grainstone. These rocks are succeeded by a thin interval of relatively well sorted coral/bryozoan
rudstone that exhibits considerable interparticle porosity (fig. 14a). The Fasken is capped in this
section by coral framestone composed of small stick corals, bryozoans, and relatively uncommon
stromatoporoids. These deposits contain geopetal cavities filled with sediment and, less

commonly, cement (fig. 14¢,d). Locally, these buildups are capped by ooid grainstone. Fasken
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platform-margin buildups in Texas and New Mexico are similar to well-described outcropping
Silurian buildups in the Illinois Basin in terms of both facies patterns and fauna (Lowenstam,
1948, 1950; Ingels, 1963; Wilson, 1975).

Across most of the Wristen platform, especially in the northern part of the area (Gaines
County and northward), major buildup successions are less common (Ruppel and Holtz, 1994).
In these areas, Fasken facies comprise diverse assemblages of shallow-water platform carbonate
facies. The upper Fasken is typically composed of upward-shallowing, shallow subtidal to
tidal-flat cycles (fig. 15). The basal subtidal facies in these cycles, which average 15 to 20 ft in
thickness, are composed of skeletal wackestones containing stromatoporoids, corals, mollusks,
and brachiopods (fig. 16a). Tidal-flat caps are laminated and mud rich and locally contain
fenestral pores (fig. 16b). The lower Fasken contains a series of boundstone-capped cycles
composed generally of more mud-dominated rocks at the base and increasingly grain-dominated
deposits upward (fig. 17). Capping boundstones in these 30- to 35-ft-thick cycles are thin and, in
some instances, are overlain by silt/clay-filled karst solution pit deposits. In a second core
succession, less than 1 mi away, the facies are strikingly different. Here the Fasken is composed
of a cyclic succession of upward-shallowing, subtidal to tidal-flat carbonates (fig. 17). Cycles
show evidence of early dolomitization and porosity retention much like those of the Permian
Clear Fork, San Andres, and Grayburg platform successions. Some of these cycles, which are
more variable in thickness than boundstone-capped cycles, exhibit karst/solution profiles in their
upper parts that contain collapse breccia and infilling, green mudstone/siltstone. Porosity is
typically highest below karsted tidal-flat caps and generally decreases downsection (Ruppel and
Holtz, 1994).

Depositional Setting

Fasken facies successions are typical of those found on shallow-water carbonate
platforms. The margins of the Middle to Late Silurian Wristen platform are well defined by the
change from platform facies of the Fasken to outer platform to slope, clay-rich facies of the
Frame and Wink (figs. 3, 18). North and west of this margin, the outer part of the platform is
marked by the presence of organic reef complexes (fig. 12). Because of the limited availability of

cores through these complexes, understanding of their paleoenvironmental setting and facies
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geometries is greatly facilitated by comparisons with the well-exposed, outcropping Silurian
reefs of the Illinois Basin of Indiana and Illinois (Lowenstam, 1948, 1950; Ingels, 1963).

Like their Illinois Basin counterparts, Fasken Formation buildup deposits (e.g., fig. 12)
typically overlie basal mudstones and sparse wackestones (Ruppel and Holtz, 1994). These mud-
rich rocks are gradational to proximal Frame Formation deposits in facies and depositional
setting and accumulated in a below-wave-base setting on the outer ramp. Overlying silt-sized
skeletal packstones and wackestones represent the first indication of reef-influenced
sedimentation. Thin, delicate, laminar stromatoporoids also indicate accumulation below fair-
weather wave base (fig. 13b,c). Blocks and clasts of hemispherical stromatoporoids and corals
common in these rocks document erosion and downslope transport from adjacent, shallow-water
portions of the buildup complex, presumably due to storm activity (fig. 13b,d). Such debris beds
are relatively uncommon in Illinois Basin buildups (Wilson, 1975). Pelmatozoan grainstones and
packstones in Fasken buildup complexes (fig. 13d) represent skeletal debris derived from reef-
top dwelling organisms. Such flanking encrinites are ubiquitous in Silurian, as well as other
Paleozoic, buildup successions (Wilson, 1975). These encrinites, which may account for more
than half of each buildup, can accumulate either above or slightly below wave base.
Coral/bryozoan rudstones encountered in the upper parts of many Fasken buildup successions
(fig. 14a) represent reef rubble produced by active erosion of the upper proximal reaches of the
reef complex and deposited in relatively shallow water. Similar rubble beds have been
documented at the tops of other Silurian buildups (Lowenstam, 1948). Coral framestone, which
forms the top of some successions (fig. 14c), represents growth of the reef into wave base and
the development of extensive and diverse reef faunas. Subsequent vertical growth of these
buildups produces shoaling and lateral and basinward progradation of the reef complex (Wilson,
1975). Ooid grainstones encountered at the tops of some sections document aggradation,
shoaling, and the end of buildup growth. By analogy with well-studied structures in Indiana and
Illinois, depositional relief on Fasken platform-margin buildups may have reached as much as
130 to 220 ft (Wilson, 1975). On the basis of data from Silurian outcrops in the Illinois Basin,
Ingels (1963) developed a model of buildup architecture that may be representative of platform-
margin buildups in the Fasken. As this model shows (fig. 19A), the buildup complex is

dominated by flanking debris; core boundstones are volumetrically minor. These features and the
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general dimensions of this model seem to fit well with the known data on Fasken platform-
margin successions like those in the Magutex and Hutex field areas (fig. 12).

Buildups are also common in the Wristen inner platform. However, these features are
smaller in terms of both vertical relief and lateral dimensions (Ruppel and Holtz, 1994). Like
smaller, inner platform buildups in the Illinois Basin (fig. 19B), Fasken shallow-platform
buildups rarely contain framestone but are more typically dominated by skeletal wackestone.
These rocks reflect lower energy deposition on the inner platform and suggest that platform-
margin buildups acted as a partial baffle to wave energy. It should be emphasized, however, that
there is no indication that any continuous shelf-margin rim was developed along the platform
margin. Tidal-flat successions are locally developed across the platform probably associated with
local paleotopographic highs. Sedimentation in the inner platform was in part controlled by
episodic rise and fall of relative sea level. This is apparent from patterns of facies stacking and
diagenesis (see below) in both tidal-flat and shallow-water subtidal sequences and somewhat
deeper water, more grain-rich, buildup-associated sequences developed on the outer parts of the

platform (figs. 15 and 17).

Diagenesis

The most apparent products of diagenetic alteration of the Fasken Formation are (1)
dolomite and (2) karst-related, solution features. Examination of these features in the Fasken
suggests that these two products are process related.

Previously published maps displaying the distribution of limestone versus dolostone in
the Fasken Formation suggest the section is entirely dolostone (McGlasson, 1967, his fig. 8;
Wright, 1979, his fig. 10). This interpretation is misleading, for although dolostone is present
throughout most of the Fasken, limestone is also present in many sections (for example, figs. 12,
15, and 17). Because virtually all of the hydrocarbon production from the Fasken comes from
dolomitized intervals, an appreciation of the distribution and origins of dolomite in these rocks is
critical. Both matrix-replacive dolomite and pore-filling dolomite cement are common. Much of
the dolomite is associated with hiatuses caused by relative-sea-level lowstand. Dolostone is most
abundant below cycle tops, especially those that display solution or karst features, and decreases
downsection (fig. 15). Although the timing of dolomitization cannot be unequivocally

demonstrated, much of the dolomite may have formed soon after leaching (that is,
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penecontemporaneously). Additional dolomite may have been precipitated at subsequent
successive, lowstand events, fluid access being gained by karst pipes and channels.

Dolostones at the top of the Fasken section retain little or no original structure or texture.
These rocks, which are overlain by the Upper Devonian Woodford Formation, may have
undergone multiple episodes of postdepositional leaching and diagenesis during the more than 20
million years represented by this regional Middle Devonian hiatus. These multiple episodes of
overprinting diagenesis have resulted in a wide variability in pore development at the top of the
Fasken; solution vugs and molds are especially common.

Throughout the remainder of the Fasken inner platform section where fabric-retentive
dolomite is dominant, porosity is composed of skeletal molds (for example, fig. 16a) and less
common interparticle (largely intercrystalline) pores. However, where multiple episodes of
leaching and dolomitization have occurred and fabric has been destroyed, vuggy and
intercrystalline pores similar to those observed at the top of the section are common.

Solution-collapse and karst breccia horizons are common in the Fasken (Ruppel and
Holtz, 1994). Some of these features appear to have formed associated with exposure at
individual intraformational Fasken lowstands. However, many may be related to longer duration,
post-Fasken lowstand events. For example, at Emerald field (Gaines County, Texas), karst
features are found immediately below the Wristen a few feet below the overlying Woodford.
This succession of cave-roof and cave-fill features was most likely formed during the Middle
Devonian (Entzminger and Loucks, 1992). Cave-fill breccias of this sort are typically composed
of poorly sorted, polymict clasts in a matrix of silt, glauconite, and carbonate mud (fig. 16c).
Breccia zones may be found as much as 100 ft below the top of the Fasken. These karst features
are probably very similar in origin and age to those developed in the Fusselman in the Franklin
Mountains of West Texas and New Mexico (McGlasson, 1967).(Note that outcrop Fusselman

sections are equivalent to both Wristen and Fusselman subsurface units.)

Subsurface Recognition and Correlation

Fasken facies associations are distinctly different from those of the Wink or the Frame, so
these units are easily distinguished in cores. Wireline log distinction is also usually obvious. The

shallow-water carbonates of the Fasken usually display a low gamma-ray response that contrasts
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with the typically much higher gamma-ray values in the laterally equivalent Frame and
underlying Wink caused by the presence of clay-rich carbonate mud (fig. 5).

Distinction of the Fasken from the Devonian Thirtyone Formation is locally problematic,
especially along the updip subcrop limit of the latter where chert is relatively minor. Gamma-ray
signatures in both are generally low, making distinction problematic. An understanding of the
areal extent of the two formations is perhaps the best guide to their separation. In actuality, the
two only coexist along a narrow band in southern Andrews County.

Where the Wink and Frame are absent (north and west of the Fasken/Frame facies

transition area), the Fusselman is difficult to distinguish from the overlying Fasken Formation

(fig. 5).

Sequence Stratigraphy of the Wristen Group

Core studies demonstrate that the Wristen Group in the Permian Basin is at least locally
cyclic. As discussed above, some Fasken core successions reveal patterns of cyclicity and facies
stacking that resemble middle Permian carbonate platform successions, which were also formed
in transitional icehouse-greenhouse conditions, in terms of cyclicity and facies stacking patterns.
However, documentation of the cycle- and sequence-scale stratigraphy of the Wristen remains
scanty.

Two efforts have been made to develop a subregional sequence-stratigraphic framework
for the Wristen (Canter others, 1992; Baldonado and Broadhead, 2002). However, both of these
studies relied on wireline log correlations, none of which was supported by rigorous log
calibration to cores, seismic, outcrops, or other depositional models. Experience with the Wristen
and other carbonate platform successions in the Permian Basin illustrates that wireline logs are
not a reliable basis for correlation unless used in conjunction with and closely calibrated to cores
and outcrop models. Further work is needed before a useable sequence stratigraphy of the
Wristen can be developed. Global studies of Middle and Upper Silurian stratigraphy suggest that
the Wristen Group may constitute as many as four depositional sequences (fig. 4). Considering
the potential impact of sea-level rise/fall events on depositional facies architecture and
diagenesis, an improved understanding of the sequence stratigraphy of the Fasken is crucial to

developing improved models for reservoir development in the Permian Basin.
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Reservoir Development

Wristen platform reservoirs are assigned to the Wristen Buildups and Platform Carbonate
play (Dutton and others, 2005). All of these reservoirs are productive from carbonates of the
Fasken Formation of the Wristen Group. According to Dutton and others (2005), 85 reservoirs
have produced more than 1 million barrels from this play through 2002. Total production from

the play, as of 2000, stands at 889 million barrels (Dutton and others, 2005).

Reservoir Distribution

Wristen Group reservoirs are restricted to the northern part of the area where the Fasken
Formation subcrops (fig. 20); the deeper water equivalent Frame and Wink Formations of the
Wristen are not productive. The Woodford forms the top seal and probable source for nearly all
of these reservoirs. Reservoirs are developed in two settings: (1) in platform-margin buildup
successions along the Wristen platform margin in central Andrews County (for example,
Magutex, Hutex, and Fullerton fields) and (2) in highly diverse shallow-water facies in the
interior of the Wristen platform. In both instances, the reservoirs are predominantly localized

over structural traps and sealed by the Woodford Formation.

Porosity Development

Porosity in Fasken Formation reservoirs is a function of both original depositional setting
and diagenesis. In platform-margin buildups (for example, at Magutex and Hutex fields), two
main styles of porosity development exist. Primary, intergranular porosity is observed locally in
buildup grainstones (both skeletal and ooid grainstones) on the outer platform (fig. 14a,b). In
inner platform, nonbuildup successions, porosity is typically moldic and intercrystalline,
associated with leaching of allochem-rich intervals. As is the case with the Fusselman, leaching
seems to be due to multiple exposure events both during and after Fasken deposition. Porosity
development in many reservoirs is clearly related to these exposure events (for example,
Fullerton field), as probably is dolomitization. Porosity in such reservoirs is commonly
composed of moldic and intercrystalline pores whose distribution is in most cases controlled by
original depositional facies.

The Fasken is also productive from reservoirs that exhibit more fabric-destructive

diagenesis similar to that which is common at the top of the Fusselman Formation. Like the
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Fusselman, porosity in these reservoirs is typically composed of vugs and intercrystalline pores
in dolomite. This type of reservoir development is usually restricted to the top of the Fasken
section (e.g., Little Lucky Lake field, Chaves County, New Mexico). These leached zones are the
result of exposure, and in most cases later dolomitization, following Fasken deposition and are
locally developed in both platform-margin buildup successions and inner platform sequences. In
some cases, dissolution associated with the post-Wristen unconformity affects the Fasken to
depths of many tens to hundreds of feet (for example, Fullerton field). In many instances the
result of this dissolution is the development of solution-cavity and cave successions similar to
those documented in Lower Ordovician Ellenburger reservoirs (Kerans, 1988; 1989; Loucks,
1999, 2003). Reservoirs in which dissolution has penetrated deep in the section are commonly

those situated on major structural highs.

Traps, Seals., and Sources

Most Wristen reservoirs are formed by simple or fault-modified anticlinal closure.
Examples of this structure include essentially all of the larger fields—for example, Fullerton,
Hutex, Magutex, and Breedlove. In nearly all documented cases, productive Fasken reservoirs
are overlain by the Upper Devonian Woodford Shale. This finding suggests that where the
Woodford has been removed by erosion, younger strata have proved ineffective top seals.
Studies of source rocks and reservoir oil character suggest that Fasken reservoir oil was sourced
from the overlying Woodford (Williams, 1977). This interpretation also implies that Fasken
productivity is tied directly to the presence of the Woodford.

Opportunities for additional resource recovery

Ruppel and Holtz (1994) determined that Fasken (Wristen Group) reservoirs contain
more than 750 million barrels of remaining mobile oil. This large remaining oil resource is a
function of the low average recovery efficiency (28%) characteristic of the play and the fact that
the Fasken is one of the most poorly known carbonate reservoir successions in the Permian
Basin. The low recovery efficiency indicates that the Fasken possesses a great deal of geological
heterogeneity. Unfortunately, the data needed to define this heterogeneity are severely limited.
The relative scarcity of cores and the absence of detailed outcrop or reservoir studies make

construction of effective models for the distribution, geometry, and character of reservoir facies
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difficult. There is great potential for markedly increasing the hydrocarbon recovery from existing
Fasken fields and defining areas of probable untapped accumulation once detailed geological
studies become available. The Fasken succession represents perhaps the most ignored plays in
the Permian Basin. As such, it offers possibly the highest potential return on characterization and

investment of all the reservoir plays in the basin.
SUMMARY AND CONCLUSIONS

The Wristen Group of the Permian Basin comprises a diverse assemblage of dominantly
carbonate facies that reflect (1) the reshaping of the southern margin of the Laurentian
paleocontinent by forces associated with the closing of the Iapetus Ocean and (2) high-frequency
sea-level rise and fall events associated with waning but still active glaciation in Gondwana. The
Wristen consists of two broad paleotopographic realms: a southern region characterized by fine-
grained, deeper water carbonate mudstones and shales (Wink and Frame Formations), and (2) a
northern shallow-water platform carbonate (Fasken Formation). All of the known hydrocarbon
production in the Permian Basin has come from shallow-water platform facies of the Fasken
Formation. Fasken rocks display considerable diversity ranging from platform-margin carbonate-
buildup successions to interior platform tidal flats. Porosity development is a function of
depositional textures and overprinting diagenesis, including dolomitization and karsting.
Although the basic elements of Fasken facies and rock-fabric diversity can be defined from
existing core investigations, additional, more detailed, rock-based studies are needed to
adequately characterize reservoir architecture and controls of porosity and permeability
development if more effective methods for the recovery of the remaining oil in these reservoirs

are to be developed.
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Figure 1. Correlation of Silurian Devonian strata in West Texas with successions in Oklahoma
and New Mexico. Age dates are from International Stratigraphic Chart (2004).

259



Figure 2. Global reconstruction of the U.S. Midcontinent during the Silurian. The extensive
carbonate platform that characterized the southern margin of Laurentia and (the Permian Basin
area) during the Early Silurian (A) was downwarped to form a well-defined southfacing ramp
during the Middle Silurian (B) associated with plate collision and the closing of the lapetus
Ocean. From Blakey (2004).
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Figure 3. Diagrammatic dip cross section illustrating the depositional history and architecture of
the Wristen Group in the Permian Basin.
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Figure 4. Thickness and distribution of the Wristen Group. South of central Andrews County, the
Wristen is composed of slope and basin mudstones and wackestones of the Frame and Wink
Formations. North of this line, which defines the general position of the Wristen platform
margin, the Wristen comprises a diverse assemblage of shallow-water platform carbonates herein
assigned to the Fasken Formation. Note that carbonate buildups are common in the Fasken
Formation in several areas, especially along and just landward of the platform margin in
Andrews County. The Wristen Group is thickest along the Texas/New Mexico border in
Andrews and Gaines Counties.
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Figure 5. Dip cross sections showing general stratigraphy of the Wristen Group and overlying

and underlying strata in West Texas. Lines of section shown in fig. 4.
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Figure 6. Thickness of the Wink Formation. Neither the Wink nor the Frame Formation is
readily separable from the Fasken Formation north of the Wristen platform margin in central
Andrews County.
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Figure 7. Slab photograph of nodular wackestone, Wink Formation. These wackestones contain
scattered fragments of trilobites, thin-walled brachiopods, and ostracodes and locally grade into
mudstone. Austral Oil Co., University No. 1, Andrews County, Texas. Depth: 12,030 ft. Slab is 8
cm wide.
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Figure 8. Typical wireline signature of the Wristen Group in the southern, deeper water part of
its subcrop area. Shallow-water platform Fasken Formation deposits are not present in this area;
instead, the deeper water facies of the Wink and Frame Formations are typically overlain by the
Thirtyone Formation.
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Figure 9. Thickness of the Frame Formation. Neither the Wink nor the Frame Formation is
readily separable from the Fasken Formation north of the Wristen platform margin in central
Andrews County.
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Figure 10. Typical outer ramp - slope facies of the Frame Formation (Wristen Group). A.
Calcarenite displaying normal (upward-fining) graded bedding. Amoco Unit #74, Three Bar
field, 8198 ft, Andrews County, Texas. B. Laminated skeletal calcarenite composed of grain-rich
(packstone) and mud-rich (mudstone) layers. Shell McCabe #2, 9221 ft Emperor Field, Winkler
County, Texas. C. Burrowed silty mudstone. Shell McCabe #2, 9221 ft Emperor Field, Winkler
County, Texas. D, Mudstone containing clasts of skeletal packstone. Shell McCabe No. 2,
Emperor Field, Winkler County, Texas. Slabs are 3 in (8 cm) wide.
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Figure 11. Thickness and distribution of the Fasken Formation. The formation thickens to more
than 1,500 ft in extreme western Gaines and Andrews Counties, Texas, and southeasternmost
Lea County, New Mexico. Northeastward thinning in the northern part of the area is due to
truncation of the Silurian section by Middle Devonian (pre-Woodford) erosion.
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Figure 13. Distal facies of typical Fasken buildup successions. A. Skeletal wackestone
containing rotated stromatoporoids typical of distal, outer-platform to slope deposits. Depth:
12740 ft. B, C. These mud supported rocks contain poorly sorted fragments of bryozoans,
stromatoporoids, pelmatozoans, and corals (Halysites) transported downslope along buildup
margins. Note some stromatoporoids are in growth position. Depth: 12632 (B) and 12731 (C). D.
Pelmatozoan/stromatoporoid packstone containing a matrix of moderately well-sorted
pelmatozoan debris and large clasts of hemispherical stromatoporoids. Depth: 12,629 ft. All
slabs from Standard of Texas, Fasken 5 No. 1, Andrews County, Texas. Slabs 3 in (8 cm) wide.
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Figure 14. Proximal facies of typical Fasken buildup successions. A. Coral/bryozoan rudstone,
Fasken Formation. These stick corals and ramose bryozoans were deposited as a coarse, high
energy lag, at the tops of Fasken carbonate buildup successions. Depth: 12,620 ft. B. Thin
section photomicrograph of A. Note the well-developed primary, intergranular porosity. C. Coral
boundstone. Fauna is dominated by ramose corals and stromatoporoids. These deposits
commonly exhibit numerous sediment-filled geopetals but are generally are non-porous. Depth:
12,597 ft. D. Bryozoan boundstone. Note local shelter porosity. Depth: 12 599. All slabs from
Standard of Texas, Fasken 5 No. 1, Andrews County, Texas. Slabs 3 in (8 cm) wide.
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Figure 15. Upper Fasken Formation tidal flat succession, Fullerton field. In this well, the Fasken
comprises a succession of tidal flat deposits punctuated by exposure and karsting. Note that
porosity is most commonly developed beneath karst fills suggesting that porosity formation is
controlled by leaching due to punctuated sea level fall. Amoco, University Consolidated, V, No.
12, Andrews County, Texas.
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Figure 16. Facies of the Fasken inner platform. A. Subtidal skeletal wackestone. Skeletal debris
consists principally of brachiopods, corals, and mollusks. Skeletal moldic pores like these typify
the Fasken of the inner platform. Tex-Sin field, Texas. Texas Crude Oil Company, Chilton “B,”
No. 9-1, Gaines County, Texas. Slab is 8 cm wide. B. Laminated peritidal facies. These rocks
define cycle tops and are typically dolomitized. Amoco University Consolidated V # 12,
Fullerton field, Andrews County, Texas. Depth 8490 ft. C. Karst breccia. North Robertson field,
Texas. Exxon Co., USA, Fee B-14, Gaines County, Texas. Depth: 9,748 ft. All slabs are 3 in

(8 cm) wide.
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Figure 17. Lower Fasken Formation, buildup-capped, middle platform successions, Fullerton
field. In this well, the Fasken is composed of a succession of aggradational, upward-shallowing
sequences capped by carbonate buildups. The tops of many cycles exhibit evidence of exposure

and dissolution or karsting. Very little porosity is evident. Amoco, University Consolidated, VII,
No. 20, Andrews County, Texas
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Figure 18. Paleogeographic reconstructions of Wristen Group depositional environments during
the middle Silurian. A. General regional model depicting northern platform and southern, outer
platform — basin. Platform rocks comprise Fasken platform-margin buildup successions and
inner platform shallow subtidal to tidal-flat sediments. Coeval, argillaceous mudstones of the
Frame Formation and underlying Wink Formation were deposited south of the platform margin
in a slope/outer platform setting. From Ruppel and Holtz, 1994. B. Reconstruction on northern
platform area showing east-west striking facies belts and general northward shallowing of facies
tracts. From Canter and others, 1992.
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Figure 20. Map of the Permian Basin area showing distribution of reservoirs of the Wristen
Buildups and Platform Carbonate play that have produced more than 1 million barrels of oil
(from Dutton and others, 2005).
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THE LOWER DEVONIAN THIRTYONE FORMATION OF THE PERMIAN BASIN:
DOMINANCE OF DEEP-WATER, SILICEOUS SEDIMENTATION

Stephen C. Ruppel

Bureau of Economic Geology
Jackson School of Geosciences
The University of Texas at Austin
Austin, Texas

ABSTRACT

Devonian carbonate and chert rocks in the Permian Basin constitute an important
hydrocarbon-bearing succession in West Texas and New Mexico; production from nearly 650
reservoirs developed in these rocks totals almost 2 billion barrels of oil. Patterns and styles of
reservoir development and distribution in this nearly 2,000-ft-thick carbonate succession are a
function of basin evolution. Three distinct stages of basin evolution can be recognized.

A major rise in sea level during the Early Devonian resulted in basin infilling, first by
transgressive, slope/basin, spiculitic chert and then by progradational, highstand, skeletal
carbonate. Reservoirs in these rocks (Thirtyone Formation) are developed in downdip cherts
whose distribution is the result of cyclic sea-level rise and fall and processes of gravity mass
transport, and in updip grain-rich carbonates that underwent leaching during regional Middle
Devonian uplift.

Devonian rocks comprise three distinct hydrocarbon reservoir plays: Ramp Carbonates,
Deep-Water Cherts, and Siliceous Shallow Water Carbonates. Analysis of play volumetrics
illustrates that although these reservoirs contain relatively low current reserves compared with
their cumulative production, a mobile oil resource of more than 900 million barrels, virtually
equal to the amount already produced from these rocks, remains. In addition, recent discoveries

have demonstrated that additional volumes of hydrocarbons exist in undiscovered traps.
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INTRODUCTION

The Thirtyone Formation is a major hydrocarbon-bearing unit in the Permian Basin of
West Texas. These rocks, which include deep-water cherts and shallow-water carbonates of
Early Devonian age, have accounted for more than 800 million barrels of oil production as of
January 1990. Most of the hydrocarbon resource in these rocks lies in the porous, deep-water
chert facies. Ruppel and Holtz (1994) estimated that more than 700 million barrels has been
produced from Thirtyone Formation chert reservoirs and that a similar amount of mobile oil
remains. Carbonate and chert rocks of Devonian age constitute a thick (as much as 1,000 ft)
hydrocarbon-bearing succession in the Permian Basin of West Texas and New Mexico. Nearly 1
billion stock-tank barrels (STB) of oil has been produced from reservoirs developed in these

rocks, and current estimates suggest that another 900 million barrels of mobile oil remains.

PREVIOUS WORK

Although the Thirtyone Formation was not defined until 1979 (Hills and Hoenig, 1979),
general aspects of the age and distribution of these rocks in West Texas were presented by Jones
(1953), Wilson and Majewske (1960), and McGlasson (1967), who variously referred to them as
the Siluro-Devonian, Lower Devonian, or Devonian cherty limestone. The Thirtyone Formation
was named for a succession of light-colored chert and cherty carbonate rocks overlying Silurian
carbonates and shales and underlying Upper Devonian shales (Woodford Formation) primarily
based on analysis of well cuttings and wireline log character (Hills and Hoenig, 1979). Ruppel
and Holtz (1994) presented a regional analysis of the Thirtyone as part of a study of the geology
and reservoir development of the entire Silurian and Devonian section on the Permian Basin.
Saller and others (1991, 2001) and Ruppel and Hovorka (1995b) presented detailed analyses of
the Thirtyone Formation reservoirs in Dollarhide and Three Bar fields, respectively, in Andrews
County, Texas. Montgomery (1998) summarized some of these published results and presented
some previously unpublished reservoir data. Ruppel and Hovorka (1995a) analyzed the
depositional and diagenetic controls on reservoir formation in the Thirtyone on the basis of
regional and field-specific studies. Ruppel and Barnaby (2001) compared and contrasted facies

architecture and reservoir development in updip and downdip parts of the Thirtyone.
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REGIONAL SETTING

Recent conodont biostratigraphy indicates that the Thirtyone Formation is dominantly
Pragian (Early Devonian) in age (Barrick, 1995) (fig. 1). Similar chert-bearing successions of
Thirtyone age are extensive along the southern margins of the United States, including the
Penters Formation of the Arkoma Basin of Arkansas (Medlock and Fritz, 1993), the New
Harmony Group in the Illinois Basin (Collinson 1967; Droste and Shaver, 1987), and unnamed
facies in the Black Warrior Basin of Alabama and Mississippi (Medlock and Fritz, 1993). These
rocks were deposited in the Early Devonian in an extensive seaway developed along the southern
margin of the Laurussian paleocontinent between the Transcontinental Arch and the developing
Acadian mountains in the eastern United States (fig. 2). Reservoirs developed in the Hunton
Group in the Anadarko Basin of the Texas Panhandle and Oklahoma are more proximal
carbonate-dominated equivalents of the Thirtyone (Galloway and others, 1983; Kosters and
others, 1989; Bebout and others, 1993).

The top of the Thirtyone Formation is a major unconformity that records subaerial
exposure and erosion. Overlying rocks range from upper Devonian to Permian in age. The hiatus
represented by this unconformity ranges from about 17 m.y. to as much as 127 m.y. (fig. 1).
Across most of the Permian Basin, the Thirtyone Formation is overlain by black shales and
mudstones of the Woodford Formation of Middle to Late Devonian age, which is both a top seal
and a regional hydrocarbon source rock.

Underlying the Thirtyone is the Frame Formation, which consists of argillaceous lime
mudstone and wackestone that accumulated in a slope to basinal setting (Ruppel and Holtz,
1994). This succession attains a maximum thickness of 800 ft in central Andrews County and
thins basinward to the south to less than 100 ft (Ruppel and Holtz, 1994). Recent faunal data
(Barrick, 1995) indicate a Middle Silurian to Early Devonian (Lochkovian) age for these rocks
(fig. 1).

The Thirtyone Formation subcrops throughout most of the southern part of the Permian
Basin, including Texas and small areas of New Mexico, and attains a maximum thickness of
about 1,000 ft in southern Crane County, Texas (fig. 3). Thirtyone strata thin outward from this
depocenter owing largely to pre-Woodford erosion and perhaps to some extent to decreased
accommodation. To both the west and the north, the Thirtyone subcrop margin corresponds
approximately to the position of the Silurian platform margin (Ruppel and Holtz, 1994). The

eastern extent of the Thirtyone is poorly constrained because of the lack of core control, but
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work by McGlasson (1967) suggests that the unit extends eastward to the Silurian/Devonian
carbonate subcrop.

Throughout most of West Texas, Thirtyone Formation rocks comprise two distinct facies:
(1) skeletal carbonates, primarily pelmatozoan packstones and grainstones, and (2) bedded,
commonly spiculitic, chert (Saller and others, 1991; Ruppel and Holtz, 1994). Thirtyone
carbonates are relatively more abundant in the upper part of the formation and up depositional
dip to the north, whereas cherts are more abundant in the lower part of the formation and in the
southern part of the subcrop area (fig. 4).

Chert is most abundant in the basin depocenter. In this region, the general stratigraphic
succession consists of basal laminated dark cherts and lime mudstones that pass upward into
laminated to massive spiculitic cherts overlain by skeletal lime packstones (Ruppel and Holtz,
1994; Ruppel and Barnaby, 2001). Skeletal packstones are overlain by an upper chert succession
downdip, recording a renewed rise in relative sea level.

The Caballos Formation, which crops out in the Marathon Basin in the Ouachita
overthrust belt, is a partial distal equivalent of the Thirtyone Formation (fig. 1). The “upper chert
and shale” member of the Caballos, which is apparently of about the same age as the Thirtyone,
averages about 250 ft in thickness (Folk and McBride, 1977), which is markedly thinner than the

Thirtyone except where the latter has been truncated by erosion.

REGIONAL STRATIGRAPHY AND FACIES

Facies

Thirtyone chert facies are most abundant in the southern part of the region and
downsection; carbonate facies are more abundant upsection and to the north (fig. 4). Chert
intervals typically contain varying amounts of carbonate that is interbedded and intermixed at all
scales. Vertical facies successions through the Thirtyone vary across the basin in part owing to
differences in the proportions of these two end-member lithologies.

Cherty Thirtyone lithofacies are particularly well developed in the south-central part of
the basin (Crane County), where thicknesses reach at least 1,000 ft (fig. 3). The stratigraphic
section in this area displays a spectrum of lithofacies that encompasses most of the range seen in
the Thirtyone across the basin. These facies are well represented in Block 31 and University

Waddell fields (Ruppel and Holtz, 1994; Ruppel and Barnaby, 2001). The Thirtyone section in
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this area constitutes an upward-shallowing succession that is chert rich at the base and carbonate
rich at the top. Four facies, listed in order of generally decreasing water depth and
chert/limestone ratio, can be defined from the base of the section up (fig. 5): (1) dark-colored,
chert/carbonate laminite, (2) light-colored, thickly laminated to massive chert, (3)
burrowed/laminated chert, and (4) skeletal packstone (Ruppel and Holtz, 1994; Ruppel and
Barnaby, 2001) .

Dark-colored, abiotic, chert/carbonate laminites (fig. 6a) constitute basal Thirtyone
deposits in the thickest parts of the basin, where they typically overlie carbonate mudstones and
shales of the Silurian-Devonian Frame Formation (fig. 4). These deposits typically display
centimeter-thick interbeds of structureless or finely laminated chert and carbonate mudstone.
Carbonate beds are generally composed of dolomite but are locally calcitic. These
characteristically nonporous, chert/carbonate laminites are thickest (nearly 300 ft) in the central
area of the Thirtyone depocenter and thin toward the margins.

Thick-bedded, laminated to massive chert (figs, 6b), in striking contrast to the
dark-colored chert and mudstone interval it typically overlies, is light colored, highly porous,
and finely laminated to early massive in some instances. Dark-colored, organic-rich laminations
are common at the tops of some successions of more massive chert, which can range to as much
as 3 ft in thickness (fig. 6b). Fluid escape structures and vague wispy laminations are locally
common ((fig. 6b). These rocks typically contain significant amounts of carbonate in the form of
small, irregular patches of calcite and isolated dolomite rhombs. Rarely, patches are identifiable
as corroded fragments of skeletal debris. Carbonate content is highly variable, ranging from less
than 20 percent to more than 40 percent, and generally increases upsection. Thick-bedded,
laminated chert constitutes the most important reservoir facies in the Thirtyone Formation. At
many localities these deposits contain abundant sponge spicules. Spicules are well sorted and
preserved both as open and quartz- or chalcedony-cemented molds. In the latter case, their
recognition is difficult. Successions of thick-bedded, laminated chert reach thicknesses of as
much as 150 ft (Ruppel and Holtz, 1994; Ruppel and Barnaby, 2001).

Burrowed/laminated chert includes both fine-laminated (2- to 3-mm laminations) chert
and burrowed chert (fig. 6¢). These two facies are interbedded on several scales. Like the
thick-bedded, laminated chert facies, these rocks contain abundant carbonate “clasts,” although
recognizable skeletal debris is rare. Laminated chert is more common in the lower parts of the

Thirtyone, where it is interbedded with the thick-bedded, laminated chert facies. Burrowed chert
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is increasingly abundant upsection, where it is commonly interbedded with carbonate packstone.
The nodular chert and limestone facies, disrupted laminated chert facies, and burrowed chert
facies of Ruppel and Barnaby (2001) are subfacies of this facies. Nodular chert and limestone
facies are typified by alternating laminae to thin beds of gray chert and brown, organic, locally
skeletal-rich lime mudstone to wackestone. These rocks are probably the result of differential
compaction of alternating layers of carbonate and chert silica sediment. Burrowed facies display
intensive bioturbation by Zoophycos and other burrowers that has locally obliterated much of the
primary depositional stratification. Disrupted laminated facies are intergradational to both of the
preceding facies. Stratification is locally disrupted by burrowing and soft-sediment deformation,
resulting in convoluted, discontinuous, and wavy laminae.

Carbonate packstone dominates the upper part of the Thirtyone throughout all but the
extreme southern parts of its distribution, where the upper part of the section has been removed
by erosion that is, in the vicinity of the Fort Stockton Uplift). These deposits are primarily
composed of fine-grained, well-sorted, grain-supported, skeletal packstones that contain
abundant pelmatozoans and locally common bryozoans and ostracodes. Typically, these deposits
are burrowed, although locally they are laminated and may display normal grading. As in cherty
facies, Zoophycos burrows are common. Coarse-grained debris beds containing phosphatized
clasts of shallow-water skeletal allochems including bryozoans, pelmatozoans, and calcareous
algae are also are locally common. Chert is present as patches of silicified carbonate and as thin
laminations and beds up to several feet thick.

Thirtyone facies exhibit cyclic facies stacking patterns on at least two scales. The lower
part of the section in the Thirtyone depocenter is characterized by cyclic alternations between
chert/carbonate laminites and laminated, thick-bedded, calcareous chert (fig. 5). Farther
upsection, cycles are composed of burrowed/laminated chert and thick-bedded chert. Yet farther
upsection, cycles are composed of burrowed/laminated chert and skeletal wackestone-packstone.
Laminated, thick-bedded, calcareous chert units are composed of thin, 10- to 50-cm-thick cycles
characterized by grain-dominated bases and laminated, mud-dominated tops (fig. 6b).

In central Crane County (fig. 3), chert accounts for about 50 percent of the total section
(although this varies widely). To the north, the percentage of carbonate increases dramatically. In
Ector County, immediately north along the axis of the Thirtyone depocenter, the Thirtyone is
almost entirely carbonate. Here, the section comprises an upward-shallowing succession of

fine-grained, burrowed, skeletal packstones and wackestones that are overlain by progressively
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coarser grained and higher energy, grain-dominated, skeletal grainstones and packstones. Chert
is represented in this area primarily by a thin zone at the base of the section, although siliceous
zones are locally present within the overlying carbonate section. Farther north, in southern
central Andrews County, Thirtyone carbonates are composed of coarser grained, pelmatozoan
and bryozoan packstone and grainstone. The distribution of coeval carbonate facies north of the
Thirtyone chert subcrop in central Andrews County (fig. 4) is poorly constrained because of poor
lithologic and biostratigraphic control. Potentially correlative rocks in this area are very similar
to those that characterize the Fasken Formation. Isolated biostratigraphic data (conodonts and
brachiopods), however, suggest at least isolated outliers of Thirtyone-equivalent carbonates are
present (Wilson and Majewske, 1960; J. E. Barrick, personal communication, 1992).

Thirtyone chert facies also vary northward from the depocenter. Chert facies encountered
in Winkler and southern Andrews Counties, Texas, for example, include about 100 ft of
laminated, spicule grainstone and burrowed chert at the base of the Thirtyone section (fig. 4).
Laminated spicule grainstone is similar to the laminated thick-bedded chert observed farther
south but contains abundant spicules (fig. 6d). These spicule-rich rocks are found primarily
along a northwest trend through eastern Winkler County and into southwestern Andrews County

(Saller and others, 1991, 2001; Ruppel and Hovorka, 1995a, b).

Depositional Setting

Most authors (Saller and others, 1991; Ruppel and Holtz, 1994; Ruppel and Hovorka,
1995a; Montgomery, 1998; Ruppel and Barnaby, 2001) have interpreted the Thirtyone
Formation to have been deposited in an outer platform to basin setting (fig. 7). These authors
suggested chert sediments accumulated in a deep-water setting by processes of submarine
gravity flow and hemipelagic sedimentation. Chert/carbonate laminites at the base of the section
accumulated as hemipelagic muds on the basin floor in the southern part of the area. Alternations
between silica mudstone and carbonate mudstone may reflect shifting sources of pelagic influx
or variations in ocean chemistry, which in turn caused fluctuations in calcite or silica
compensation depths. Thick-bedded, laminated cherts were deposited by turbidity or fluidized
flow. The thick bedding and grading exhibited by many of these deposits are typical of sand- and
silt-sized turbidites of both carbonate and siliciclastic composition (Howell and Normark, 1982;
Cook, 1983; Walker, 1984; Piper, 1978). The presence of dewatering structures in some of these

deposits indicates that these sediments were transported at least partially by fluidized flow
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(Cook, 1983). Burrow-laminated cherts are typically cyclically interbedded with these
thick-bedded cherts, suggesting that the former were deposited under lower energy conditions
developed during cessations in flow or distal to active flow axes.

Ruppel and Hovorka (1995a) suggested that the distribution of thick-bedded, laminated
chert deposits along a generally northwest-trending axis indicates that deposition was controlled
by basin topography. The succession of alternating beds of higher energy, grain-dominated
turbidites and lower energy, distal, more mud-rich deposits that characterizes lower Thirtyone
deposition is typical of deposits recorded on submarine fans (Saller and others, 1991). Regional
thickness trends indicate that siliceous sediment, like carbonate sediment, was sourced from
Thirtyone platform areas to the north and/or west of the basin and accumulated along basin axes
and depocenters.

The presence of carbonate in the upper part of the Thirtyone reflects a change in
sedimentation style in the Early Devonian of the Permian Basin. Burrowed to laminated skeletal
carbonate packstones mark the onset of rapid progradation of the Early Devonian carbonate
platform from the north (fig. 7). The first appearance of significant carbonates in the section
marks a change in depositional style from siliceous, submarine-fan deposition to
carbonate-dominated deposition. Locally the first occurrences of carbonate in the section are
associated with features suggestive of rapid downslope transport including poor sorting,
lithoclasts, and a mixed faunal assemblage. These lowest carbonates in the section are typically
interbedded with muddy burrowed/laminated chert that accumulated when episodic carbonate
influx was low. Alternations between these two facies are thus a function of carbonate input and
may reflect sea-level rise-fall patterns.

In several areas, primarily along the basin axis, thick-bedded, fan-deposited cherts are
also encountered again in the upper part of the Thirtyone section above a thick carbonate section
(fig. 4). Ruppel and Holtz (1994; see also Ruppel and Barnaby, 2001) interpreted these younger
chert deposits to indicate relative sea-level rise creating additional accommodation and
temporarily shutting off carbonate influx from the platform, thus facilitating renewed silica
sediment deposition.

Current thickness patterns do not accurately reflect basin topography during Thirtyone
deposition. Although the southern part of the Thirtyone depocenter in Crane County appears to
have occupied a relatively deeper water position during the Early Devonian, patterns of chert

distribution indicate that the axis of deeper water deposition extended to the northwest from
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Crane County through Winkler County and into southwestern Andrews County, rather than
trending north-south, as suggested by thickness patterns. The thick Thirtyone section in Ector
County (fig. 3) is primarily composed of detrital carbonate deposited as a result of rapid
progradation of the carbonate platform to the north. Progradation and upward shallowing in this
area are demonstrated by grain-dominated carbonates that reflect increasingly higher energy
conditions upsection.

The absence of basal chert deposits in central Andrews County, coupled with the
presence of coarser grained, skeletal carbonates having more diverse faunal assemblages,
suggests that Early Devonian paleotopography was controlled by the position of the Late
Silurian (Wristen) platform margin. Sedimentation to the south was characterized by downslope
transport and progradation of platform-derived carbonate and silica sediments. Sedimentation
north of the hingeline was probably characterized by muddier, shallow-water deposits similar to
those typical of the Wristen inner platform. Although pre-Woodford erosion has removed most
of these shallow-water, Thirtyone-equivalent Devonian carbonates, isolated remnants have been
identified biostratigraphically (Wilson and Majewske, 1960; J. E. Barrick, 1992, personal

communication).

Diagenesis

Both the carbonates and the chert deposits of the Thirtyone Formation have undergone
significant alteration since deposition. Chert facies have undergone both early and late episodes
of diagenesis that have played important roles in reservoir development. Ruppel and Hovorka
(1990, 1995a, b) and Saller and others (1991) addressed some aspects of this diagenesis in fields
along the northern limit of the Thirtyone subcrop. It seems clear from these studies that chert
diagenesis affected silica sediments very soon after deposition. On the basis of patterns of
brecciation and chert porosity development, Ruppel and Hovorka (1995a,b) suggested that rates
of silica diagenesis were closely associated with the distribution of carbonate-rich sediment
layers. Williams and Crerar (1985) and Williams and others (1985) postulated that Mg++
released during carbonate diagenesis acts as a catalyst for chert diagenesis. This implies that
opaline sediment adjacent to carbonate-rich sediment is more likely to undergo earlier and more
complete diagenetic alteration from biogenic opal to more stable silica. Complete alteration to
chert and quartz is likely to result in porosity loss, whereas slower rates favor retention of matrix

microporosity. Ruppel and Hovorka (1995a,b) observed that nonporous chert is typically
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associated with definable beds and patches of carbonate rock. The beds commonly also display
more fracturing, suggesting earlier transformation to chert. Chert sediments distal to carbonate
beds are typically porous, and fractures are uncommon, or more commonly indicative of more

ductile deformation.

Ruppel and Hovorka (1995a, b) also concluded that the Thirtyone has been at least
locally affected by late carbonate dissolution and cementation. Carbonate dissolution is apparent
near the top of the Thirtyone section and along major fault zones. Areas of dissolution are
commonly recognizable on wireline logs by high gamma-ray signatures caused by associated
infiltrating clays. Although many of these karst zones are partly filled with calcite cement and
clays, as shown by their log response, some are porous and large enough to have contributed to
oil production in the field. Carbonate dissolution is important only locally in the Thirtyone.
Along the northern extent of the Thirtyone subcrop, for example, where the Thirtyone was
uplifted and partly truncated during the Pennsylvanian, dissolution of carbonate has locally
formed vugs and enhanced matrix porosity.

Thirtyone carbonate facies have undergone diagenetic alteration much like that seen in
similar facies in the Fasken and Fusselman Formations. Leaching of carbonate mud in skeletal
packstone is the most important product of this alteration. Locally, these leached zones are
dolomitized (for example, in Bakke and Andrews South fields, central Andrews County).

The present distribution of chert and carbonate in the Thirtyone Formation is probably a
function of both depositional and diagenetic processes. Sedimentary structures and facies
geometries indicate that chert-bearing rocks in the Thirtyone Formation were mostly deposited
by deeper water processes (Ruppel and Hovorka, 1995a,b) It is apparent from the abundant
spicules in many parts of the basin that these rocks had a high silica content during deposition.
As McBride and Folk (1979) pointed out, however, it is difficult to accurately determine the
original carbonate content of chert deposits. It is, therefore, possible that significant parts of
Thirtyone cherty rocks may be the result of silica replacement of carbonate. This is certainly the
case in parts of the mixed carbonate and chert successions in the upper Thirtyone, where
silicified carbonate allochems are common, but it may also be true of the largely carbonate-free

lower Thirtyone.
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DEVONIAN BASIN EVOLUTION

Ruppel and Holtz (1994; Ruppel and Hovorka, 1995a,b) demonstrated that a major rise in
relative sea level began in the region during the middle Silurian and continued into the Early
Devonian. These authors also interpreted the depositional history of the Thirtyone on the basis of
facies and stratigraphic relationships across the region (fig. 8). Basal Thirtyone sedimentation
(fig. 8a) was marked initially by pelagic mud accumulation throughout the Thirtyone subcrop
area. The distribution of these deposits is coincident with deeper water areas of the basin
developed during the Silurian. Along the proximal, northwestern margin of the basin,
accumulation of siliceous muds rapidly gave way to submarine-fan deposition of grain-rich,
spiculitic sands (fig. 8b). These early chert deposits appear to have been derived from point
sources on the platform in western Andrews County. At this time, siliceous muds
(chert/carbonate laminite facies) continued to accumulate distal to these higher energy deposits
and downdip (fig. 8c). Decreasing rates of sea-level rise and aggradation of the carbonate
platform to the north resulted in basinward progradation along the northern platform margin.
Progradation of the platform was most rapid in the Ector County area where skeletal carbonate
deposits constitute the bulk of the rocks in the northern part of the Thirtyone depocenter.

Ruppel and Holtz (1994) and Ruppel and Hovorka (1995a,b)submarine-fan deposition of
high-energy, grain-dominated cherts shifted southward in front of the advancing carbonate
platform. They tied the geometries and textures of Thirtyone siliceous sediments to fan
depositional processes with high-energy, grain-dominated sediments forming along fan/channel
axes and more mud-dominated deposits accumulating in off-axis areas (fig. 9). With continued
progradation, deposition of siliceous sediment was replaced by carbonate sediment consisting of
debris derived from the platform to the north. Platform progradation produced progressive
shallowing of the basin and terminated chert accumulation in all but extreme southern
continental margin areas (that is, Caballos sediments of the Ouachita overthrust). The recurrence
of similar chert deposits above these shallow-water, carbonate platform-derived, outer
ramp/slope deposits suggests a later episode of relative sea-level rise and renewed chert sediment
accumulation across the area (fig. 8d).

Truncation of the Thirtyone Formation, as well as underlying Wristen Group and
Fusselman Formation strata, probably occurred by the Middle Devonian. Regional studies
suggest that uplift and truncation of much of the craton of the southwestern United States

occurred at this time (Ham and Wilson, 1967). Work by Johnson and others (1985) also indicates
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a global sea-level lowstand during the late Pragian. Many of the carbonate platform equivalents
of the Thirtyone Formation were apparently removed by erosion at that time, although several
erosional remnants still survive within the thick, predominantly Silurian, Wristen section of
carbonate rocks present in the northern part of the area (Wilson and Majewske, 1960; J. E.
Barrick, personal communication, 1992). Leaching of uppermost Thirtyone Formation rocks at
several localities (for example, Bakke field) indicates that significant diagenetic alteration

occurred during the Middle Devonian uplift.

SEQUENCE STRATIGRAPHY

Ruppel and Holtz (1994; Ruppel and Hovorka, 1995a,b) characterized several scales of
cyclic sedimentation in the Thirtyone. Considering the deep-water setting of these deposits,
however, most of these cycles relate to episodic flux of mass gravity flows (grain flows,
turbidites) and perhaps the shifting of axes of deposition. These cycles are marked by changes in
mud content (that is, grain size) and energy regime. Cyclic porosity development in these rocks
(fig. 5) appears to reflect similar variations in energy of deposition and resultant facies. A
connection between these depositional cycles and sea-level rise and fall is unclear.

The documented major shift from chert-dominated to carbonate-dominated deposition in
the middle of the Thirtyone and the subsequent return to chert-dominated sedimentation may
reflect sea-level-related control. Ruppel and Barnaby (2001) interpreted the presence of shallow-
water carbonate sediments to reflect basinward progradation of the platform. They placed a
sequence boundary at the top of these carbonate deposits, suggesting that the return to chert-
dominated sediments above reflected sea-level rise and the landward backstep of the platform.
However, no such sequence boundary was recognized by Johnson and others (1985), so further

work will be necessary to document its existence.

RESERVOIR TYPES

Thirtyone Formation oil reservoirs in the Permian Basin can be grouped into two major
depositional systems: (1) Deep-Water Cherts, and (2) Ramp Carbonates. Deep-water chert
reservoirs dominate the central part of the Thirtyone subcrop. Ramp carbonate reservoirs are
found along the northern margin, and siliceous ramp limestone reservoirs are found along the

eastern part of the subcrop area (fig. 10). By far the greatest volumes of oil production have
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come from chert-bearing and siliceous reservoirs (more than 88 percent of the total from the
Thirtyone). Each of these plays has unique reservoir characteristics that must be considered in

any detailed assessment of reservoir properties and resource potential.

Thirtyone Deep-Water Chert Reservoirs

Nearly all production from this play comes from Texas; the Thirtyone is absent from all
but the extreme southeastern part of New Mexico (fig. 3). Two end-member styles of reservoir
development are apparent. In the northern, or proximal, part of the Thirtyone depositional basin,
reservoirs are developed at the base of the Thirtyone Formation (fig. 4) in a chert interval that is
remarkably uniform, continuous, and tabular throughout an area of at least 250 mi” (fig. 10).
Thirtyone cherts in this area are dominantly spiculitic and grain dominated but display subtle
variations to more mud-rich facies that are probably the result of minor variations in topography
or in delivery systems. These grain-rich, porous rocks grade laterally into more mud-dominated,
low-porosity and low-permeability facies. The uniform architecture of these updip basal
Thirtyone cherts in this part of the basin suggests that they accumulated in a low-relief, proximal
platform to platform-margin setting. Three Bar field, Dollarhide, and Bedford fields are
representative of this reservoir play (fig. 10). Downdip, into the Thirtyone depocenter, these
basal cherts grade into nonporous, hemipelagic, laminated siliceous and calcareous mudstones
(fig. 4).

Chert reservoirs in the southern or distal part of the Thirtyone basin are developed higher
in the Thirtyone section overlying mud-dominated hemipelagic deposits (fig. 4). These cherts
document basinward progradation of the Thirtyone and the southward shift of the locus of chert
accumulation (fig. 4). While cherts were being deposited in the basin depocenter, shallower
water skeletal carbonate sediments accumulated updip in more proximal areas (that is, at Three
Bar field). Reservoir successions in more basinward chert deposits are thicker because of greater
long-term accommodation caused by greater water depths and higher subsidence rates. Rapid
progradation of northern and western carbonate platforms limited the accumulation of grain-rich
siliceous deposits to a relatively small area in the basin center (Ruppel and Holtz, 1994).
Reservoirs developed in this area are characterized by multiple, stacked successions of high-
energy, grain-dominated chert grading upward into lower energy, more mud-dominated,

burrowed cherts (fig. 4). These chert strata are much less continuous in their lateral extent than
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are those to the north. Block 31 and University Waddell reservoirs are good examples of this

reservoir type or subplay.

Proximal Thirtyone Chert Deposits

Proximal chert deposits are typified by those at Dollarhide, Bedford, and Three Bar fields
in southern Andrews County near the northern limit of the Thirtyone Formation subcrop (fig.
10).

The Thirtyone Formation at Three Bar field typifies northern, more proximal chert
reservoir successions (Ruppel and Hovorka, 1995). Other analogous reservoirs include
Dollarhide (Saller and others, 1991, 2001) and Bedford, among others. At Three Bar, the
Thirtyone is characterized by a rather stratiform basal succession of about 90 ft of chert and an
overlying carbonate-dominated section of as much as 300 ft of largely nonporous limestone (fig.
11). Except where truncated, these units generally display sheetlike geometries with typically
only subtle lateral variations in thickness. The chert-dominated interval contains mixtures of
three facies: (1) translucent, nonporous chert, (2) porcelaneous, porous chert, and (3) skeletal
carbonate. Chert intervals typically contain thin, discontinuous beds and irregular patches of

skeletal lime wackestone to packstone composed of silt-sized allochems.

Chert Facies

Porous and nonporous chert differ primarily in allochem preservation and porosity. Both
chert facies are massive to indistinctly laminated and pervasively burrowed (fig. 12A). Small
Planolites and Zoophycos burrow traces are filled with carbonate or chert. Burrow-filling
carbonate consists of skeletal packstone containing abundant ostracodes and is similar to that in
carbonate interbeds within the chert section. Both cherts contains abundant sponge spicule molds
as much as 300 pm long and 50 pm in diameter. These spicules, which make up 5 to 30 percent
of the chert by volume, typically exhibit round and tubular cross sections of straight and curved
monaxons (fig. 12B). Other allochems include peloids and carbonate skeletal debris, including
primarily ostracodes and lesser amounts of fragmented pelmatozoans and brachiopods. This
skeletal assemblage is identical to that found in carbonate interbeds within the lower, chert-
dominated section but is notably different from that in the thick carbonate succession at the top
of the Thirtyone Formation, which contains primarily pelmatozoan debris. Spicules are less well

preserved in porous chert (fig. 12C) but are readily identified by their hollow round cross
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sections and similarity of shape, size, and occurrence to the better preserved spicules in
nonporous chert (fig. 12B).

Porous chert contains as much as 35 percent porosity comprising six pore types: (1)
hollow axial channels of sponge spicules, (2) molds of dissolved spicules, (3) molds of dissolved
calcitic and aragonitic bivalves, (4) molds of carbonate rhombs, (5) intercrystalline
microporosity within the chert matrix, and (6) pores formed by solution enlargement of each
pore type. Spicule molds, which measure 5 to 50 um in diameter, and intercrystalline micropores
in the interspicular matrix are dominant. Spicule molds are lined and partly filled with 2- to 10-
pum euhedral, microquartz crystals and chalcedony cements (fig. 12D). Interspicular matrix areas
contain loosely packed, 0.5-um microquartz ellipsoids that are aggregated into irregular, 2- to 3-
pm spheroidal masses (fig. 12E). Intergranular micropores between microquartz ellipsoids
measure fractions of micrometers in diameter; larger pores are present between the spheroidal
aggregates (fig. 12E). These microtextures have been observed in porous Thirtyone Formation
cherts throughout West Texas, including Bedford, Cordona Lake, Block 31, and University
Waddell fields.

Examination of depositional fabrics in porous and nonporous chert shows that both
originated as thick beds of spicules in a finer siliceous matrix, with thin beds of carbonate
admixed by pervasive burrowing. Preserved fabrics indicate no systematic contrast in original
sediment composition between porous and nonporous chert. In hand sample, the two chert types

are gradational, with local mottles of nonporous chert within porous chert (fig. 12A).

Carbonate Facies

The upper part of the Thirtyone Formation in Three Bar field is composed primarily of
brownish-gray limestone that contains light-colored chert lenses and nodules. These rocks
comprise predominantly skeletal packstone with well-sorted and abraded silt-sized pelmatozoan
debris, less common brachiopods and mollusks, and relatively rare ostracodes. Although nearly
massive in appearance, these rocks are burrowed and locally display normal grading, especially
near the base of the carbonate interval. Sponge spicules are common, especially where larger
masses of chert are developed (as nodules or lenses). Siliceous zones are associated with
muddier carbonate textures but are very rarely developed in grain-rich pelmatozoan packstone
and grainstone. Thirtyone carbonate rocks are largely nonporous; most intergranular pores are

filled with syntaxial overgrowths around pelmatozoan grains.
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Facies Architecture

Major Thirtyone Formation facies are remarkably uniform in thickness at Three Bar field.
The lower chert-rich interval of the Thirtyone Formation is essentially constant in thickness
throughout the field except where truncated along the updip margin (fig. 13). This architecture

continues westward to New Mexico and southward into Ector and Winkler Counties (fig. 10).

Depositional Setting

The Thirtyone Formation succession at Three Bar field documents progressive upward
shallowing. Basal chert is interbedded with fine-grained ostracode-bearing carbonate packstone
suggestive of a distal quiet-water setting. Carbonates at the top of the section, however, contain
predominantly pelmatozoan packstones. Regionally, these packstones grade into cross-laminated
grainstones documenting high-energy, shallow-water conditions (Ruppel and Holtz, 1994). The
presence of a relatively restricted marine fauna (ostracodes) in carbonates associated with the
basal Thirtyone chert compared with a more diverse shallow-water fauna in the overlying
carbonates supports the regional model that siliceous sediments accumulated in a distal, quieter
water setting basinward of the prograding carbonate platform. Fine-scale interbedding observed
in the chert section probably reflects minor fluctuations in delivery of siliceous and carbonate
sediment. The basal Thirtyone chert section at Three Bar grades basinward into chert and
carbonate mudstones suggestive of hemipelagic deposition (fig. 4; Ruppel and Holtz, 1994).

Updip, cherts grade into proximal skeletal carbonates.

Fracturing and Faulting

Open and closed fractures are common in both chert and carbonate facies at Three Bar;
however, cherts contain two to six times as many fractures as associated limestones. In addition,
fractures detected in available cores are more abundant within or close to identified fault zones
along the northern and southern edges of the field. The density of fractures is much less in the
apparently less densely faulted middle and northern parts of the field (Ruppel and Hovorka,
1995b).

Styles of fracturing or brecciation also differ between porous and nonporous chert,
reflecting the diagenetic history of these siliceous sediments. Nonporous cherts are characterized
by angular to subangular, rotated clasts, open fractures, and incompletely detached blocks (fig.

12A). Porous cherts contain rounded and generally smaller clasts in a matrix that is virtually
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identical in composition to that of the clasts. Brecciated porous chert commonly displays
indistinct small-scale soft-sediment offsets that are completely healed, suggesting ductility at the
time of deformation (Ruppel and Hovorka, 1995b). The contrast between chert brecciation styles
indicates that nonporous chert sediments were better lithified than their porous counterparts at

the time of brecciation.

Diagenesis

Both early and late episodes of diagenesis have played important roles in reservoir
development. As previously discussed, Ruppel and Hovorka (1995a) showed that the distribution
of porous and nonporous chert in the reservoir is a direct result of early chert diagenesis and the
distribution of carbonate interbeds within the section. Their work showed that chert sediment
distal to carbonate beds underwent slower chert lithification and porosity preservation. This
scenario is consistent with the distribution of porous and nonporous chert in the Thirtyone at
Three Bar—cherts adjacent to carbonate are invariably nonporous. Because most of the
carbonate at Three Bar is stratiform and limited to two major intervals (fig. 13), porous chert is
continuous throughout the field.

Late carbonate dissolution and cementation contributed to both development and
reduction of porosity. Carbonate dissolution is apparent near the top of the Thirtyone section and
along major fault zones. Areas of dissolution are commonly recognizable on wireline logs by
high gamma-ray signatures caused by associated infiltrating clays. Although many of these karst
zones are partly filled with calcite cement and clays, as shown by their log response, some are

porous and large enough to have contributed to oil production in the field.

Porosity and Permeability

Core analyses indicate that porosity in Thirtyone cherts in Three Bar field ranges up to
about 25 percent (fig. 14). Three types of pores are present: (1) molds, (2) intercrystalline to
micro-intercrystalline pores within the chert matrix, and (3) fractures. Molds (fig. 12C) average
30 to 40 um and typically constitute up to half of the pore space. Chert matrix porosity is
composed of interparticle pores between quartz aggregates and micropores within aggregates
(fig. 12D, 12E). Micropores average less than 5 um in diameter. Capillary-pressure analysis of
petrologically identical cherts in the nearby Bedford field (3 mi west) indicates that as much as

half of the total chert porosity is composed of intercrystalline and micro-intercrystalline pores.
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This result is consistent with the findings of Tinker (1963) and Saller and others (1991), who
suggested that micropores account for at least 50 percent of the total porosity in Thirtyone
Formation chert. A similar relationship is probable in the Three Bar reservoir; scanning electron
microscope analysis and transmitted-light petrography of chert in Three Bar field confirm such
pores are common. Although fractures are common throughout the chert section at Three Bar
field, point-count data show they typically contribute less than 1 percent porosity.

Chert permeability at Three Bar field averages about 5 md (fig. 14). Core analyses
suggest that permeability has both matrix and fracture components. Much of the scatter in these
data is the result of fractures. True matrix porosity/permeability relationships in Thirtyone chert
rocks were established by analyzing core plugs especially selected to have no fractures (fig. 14).

These data suggest that maximum matrix permeability is generally about 10 to 20 md.

Reservoir Heterogeneity

Primary causes of heterogeneity and incomplete drainage and sweep of remaining mobile
oil at Three Bar are (1) faulting and fracturing, (2) carbonate dissolution, and (3) small-scale
facies architecture. Faults and fractures are abundant in the field and affect reservoir
heterogeneity on several scales. In addition to promoting access to diagenetic fluids, faults and
fractures may also facilitate or inhibit movement of hydrocarbons and injection waters. In the
southern part of the field, zones of abundant faults and fractures are associated with areas of
increased fracture permeability that are typically highly productive, suggesting that variations in
fracture density may locally contribute to productivity by facilitating flow across facies-
controlled permeability boundaries. Production and waterflood patterns reveal poor sweep
efficiency and support the contention that fracture zones control fluid movement in parts of the
reservoir.

Some faults may also be flow barriers. Bottom-hole-pressure data confirm that at least
one fault separates distinct reservoir compartments. It is probable that other faults in the
reservoir have produced complete or partial offset in major reservoir pay zones, thus creating
reservoir compartmentalization. Correlation and mapping studies indicate that faulting is most
common in the northeastern and southwestern parts of the Three Bar Unit, largely coincident
with areas of interpreted karsting. More abundant faults and fractures in these areas have two
consequences. First, some faults may act as flow barriers and thus create additional reservoir

compartmentalization. Acquisition of modern high-resolution, 3-D seismic data is required to
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accurately delineate fault distribution and fully evaluate the implications of potential
compartmentalization due to faulting in the reservoir. Second, variations in fracture density
across the reservoir may cause nonuniform water injection sweep. If this is the case, significant
areas of matrix porosity are likely to have been bypassed by waterflood. These areas of the
reservoir are possible sites of targeted infill drilling and selective completion and recompletion
of existing wells. Borehole image logs may provide critical data for detecting the presence and
distribution of fractures and faults within the reservoir.

Leaching and dissolution of carbonate intervals are also major causes of reservoir
heterogeneity. Most carbonate porosity development is probably the result of leaching by
diagenetic fluids that entered along the truncated and exposed updip margin of the field during
the Pennsylvanian. Evidence of carbonate dissolution is apparent in cores, especially in areas of
greater fault density, suggesting that faults have acted as flow pathways for diagenetic fluids.
Porosity development in the carbonate interval that separates the two major chert intervals also
appears to be more common on upthrown fault blocks and near the faults that offset them.
Erosion on these high blocks and fluid movement along the bounding faults may have facilitated
diagenesis. In areas in which carbonate interbeds are absent or have become porous because of
subsequent leaching and diagenesis, for example, in the easternmost part of the field, vertical

communication is enhanced and productivity is higher.

Distal Thirtyone Chert Deposits

University Waddell field (figs. 10, 15) contains a Thirtyone reservoir succession that is

typical of those in a more distal depositional setting.

Geological Facies

Ruppel and Barnaby (2001) defined six major facies in the Thirtyone Formation at
University Waddell field (fig. 16): (1) finely laminated chert and limestone; (2) nodular chert
and limestone; (3) disrupted laminated chert; (4) burrowed chert; (5) thickly laminated to
massive chert; and (6) skeletal packstone. All chert facies are intergradational and possess many

common features, suggesting they were deposited under very similar conditions.
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Finely Laminated Chert and Limestone

These rocks, which are confined to the base of the Thirtyone Formation and are generally
nonporous and impermeable, comprise millimeter- to centimeter-thick parallel laminae of gray
chert and brown, organic-rich lime mudstone (fig. 17A). Chert laminae display erosional bases
and upward-fining grain-size trends of silt-sized indeterminate grains and siliceous sponge
spicules (fig. 17B). Although burrowing is not extensive, Zoophycos burrows are locally present.

This facies, which accumulated in a low-energy, deep-water, basinal setting, represents
the most distal of Thirtyone Formation deposits at University Waddell field. The silt-sized chert
grains record distal turbidity sedimentation, whereas intercalated, organic-rich lime mudstones
document hemipelagic sedimentation between episodic turbidity flow events. The well-
developed lamination and the paucity of soft-sediment deformation and fluid escape structures
imply relatively slow accumulation rates in a stable basinal setting (fig. 9). Zoophycos trace
fossils are consistent with deposition in quiet, oxygen-deficient waters below storm wave base

(Frey and Pemberton, 1984).

Nodular Chert and Limestone

Like the finely laminated chert and limestone facies to which they are closely related,
these rocks consist of alternating laminae to thin beds of gray chert and brown, organic-rich lime
mudstone. These rocks differ, however, in containing prominent nodular bedding, early
fractures, fluid escape structures, and evidence of soft-sediment deformation, (fig. 17C). Chert
consists of mud-dominated packstone composed of silt-sized abraded skeletal debris, peloids,
and mud; siliceous sponge spicules, pelmatozoan fragments, and ostracodes are locally common.
Lime mudstones contain scattered silt-sized peloids and abraded skeletal fragments. Burrowing
by Zoophycos and other infauna is locally intense. Although these rocks typically display low
porosity and permeability, they do contain minor intercrystalline porosity (fig. 17D).

The presence of peloid-skeletal debris in these rocks indicates deposition by influx of
platform-derived sediment via turbidity currents rather than strictly by hemipelagic
sedimentation. Soft-sediment deformation, early fractures, and fluid escape structures attest to
episodic rapid deposition on an unstable slope. Locally intense bioturbation and in situ

lithification imply intermittent periods of low sediment accumulation.
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Disrupted Laminated Chert

These rocks display features of and gradational to both of the preceding facies.
Stratification is locally disrupted by burrowing and soft-sediment deformation that result in
convoluted, discontinuous, and wavy laminae (fig. 18A), although not to the degree seen in the
nodular chert and limestone facies. Chert laminae, which display ripple laminations and normal
grading, comprise packstones composed of fine-grained peloids, sponge spicules, abraded
pelmatozoan, brachiopod, trilobite debris, and ostracodes (fig. 18B). Limestone laminae consist
primarily of wackestone to mud-rich packstone, although lime mudstone is locally common as
burrow fills. Zoophycos burrows are common, as are fluid escape structures. Intercrystalline and
moldic grain dissolution pores are locally present, but these rocks are generally nonporous and
impermeable.

The presence of ripple laminated peloid-skeletal debris in these rocks indicates they
represent higher energy transport of platform-derived sediment than observed in preceding
facies. This suggests a more proximal position relative to sediment delivery axes. Stratification is
better preserved than in the nodular chert and limestone facies, suggesting dominance of

sediment delivery over burrowing.

Burrowed Chert

Although burrowed cherts exhibit most of the features of the preceding facies in terms of
sedimentary structures, grain size and grain composition, intensive bioturbation by Zoophycos
and other burrowers has obliterated much of the primary depositional stratification (fig. 18C).
Despite the extensive burrowing, however, ripple laminations, soft-sediment deformation, fluid
escape structures, organic-rich laminations, and normal grading are locally apparent. Like other
chert facies, these rocks contain silt- to fine sand-sized siliceous sponge spicules, abraded
skeletal debris, peloids, and intraclasts (fig. 18D). Pelmatozoans, brachiopods, trilobites, and
ostracodes dominate the fauna. Burrowed cherts are generally relatively nonporous and
impermeable, although dissolution of siliceous sponge spicules has created minor local moldic
porosity.

Graded bedding and ripple lamination suggest high-energy downslope transport of
platform margin-derived sediment via turbidity flows. A slight increase in the grain size (up to
fine-grained sand) suggests a more proximal, higher energy depositional setting. Individual chert

laminae display ripple lamination with normal grading, indicating that this facies records higher

299



energy turbidite sedimentation. This facies is interpreted to have accumulated as distal

submarine fans and overbank deposits on the margin of turbidite channels (fig. 9).

Thickly Laminated to Massive Chert

These rocks consist of thickly laminated to massive gray cherts (fig. 19A). Within
individual thick laminae and thin beds, normal grading, ripple laminations, soft-sediment
deformation, and fluid escape structures are locally present. Dark, organic-rich wispy
laminations and stylolites are common at the tops of upward-fining successions. Bioturbation
ranges from distinct burrows, including Zoophycos, to complete sediment homogenization.
Burrowing, soft-sediment deformation, patchy silicification, and differential compaction have
locally resulted in disrupted lamination and incipient nodular fabrics.

The chert in this facies consists of well-sorted, silt-sized to fine-grained, skeletal
packstones/grainstones dominated by siliceous sponge spicules but also containing abraded
pelmatozoans, ostracodes, and brachiopods (fig. 19B). Calcite generally represents 10 to 40
percent of the total mineralogy as corroded skeletal fragments, incompletely silicified matrix,
laminae, nodules, and burrow fills.

This chert facies constitutes the dominant Thirtyone reservoir facies in University
Waddell field. Much of the porosity, which locally exceeds 25 percent, takes the form of molds
caused by dissolution of siliceous sponge spicules. Intercrystalline and primary interparticle
pores are less significant contributors to total porosity. Core-log relationships indicate that nearly
all porosity in the Waddell reservoir is associated with this facies (fig. 16). This relationship
permits correlation and mapping of this facies within the Thirtyone succession using porosity
logs and facilitates the definition of flow-unit architecture.

Thickly laminated to massive cherts record relatively high energy depositional
conditions, as evidenced by good sorting, the slightly coarser grain size dominated by sponge
spicules and shallow-water skeletal fragments, and the paucity of fine mud matrix. Normal
grading and ripple laminations imply transportation via turbidity flows from the platform margin
(fig. 9). Rapid deposition is indicated by the sedimentary structures and by the paucity of intense
bioturbation relative to the burrowed chert facies. Individual depositional events, which are
characterized by upward-fining successions with organic laminations at their tops, range up to
the decimeter scale in thickness. Superposition and amalgamation of multiple depositional units

along the axis of turbidite channel/proximal submarine fan fairways formed composite porosity
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units ranging up to 20 ft thick with channel-form to lobate depositional geometries. These cherts
pass laterally and vertically into relatively impermeable, more distal finely laminated to
burrowed mud-rich cherts and limestones that record slower depositional rates dominated by

overbank and hemipelagic sedimentation.

Skeletal Packstone

These gray, thin-bedded to massive limestones are composed of well-sorted skeletal
packstones/grainstones that contain chiefly crinoids and minor siliceous sponge spicules,
brachiopods, mollusks, ostracodes, bryozoans, and trilobites (figs. 19C, 19D). Chert is locally
common as patchy silicification, as well as thin laminations and beds as much as several feet
thick. As in cherty facies, Zoophycos burrows are common. The facies is relatively nonporous
and impermeable because interparticle pore space is completely occluded by syntaxial and
interparticle calcite cements and by lime mud.

A below-storm-wave-base depositional setting is indicated for these deposits by the
absence of shallow-water sedimentary features including cross-stratification and upward-
shoaling cycles. Skeletal grain-rich rock fabrics, with very coarse grained, shallow-water fossil
assemblages, suggest basinward transport from the platform. This facies most likely records
allochthonous transport of skeletal sands to a foreslope, slope, and toe-of-slope platform-margin
setting. These rocks dominate the upper highstand portion of the Pragian 1 sequence (see below),
recording more proximal deposition as the platform margin prograded basinward. Relatively
minor thin limestone beds within the chert-dominated successions record episodic downslope
transport of platform-derived carbonate silts and very fine sands to the basin. Limestones are
essentially nonproductive facies; minor production attributed to these successions is from

interbedded cherts and siliceous limestones.

Stratigraphy and Depositional Setting

Delineation of reservoir architecture in the Thirtyone Formation at Waddell field and
surrounding areas has previously been inhibited by the difficulty of establishing intraformational
correlations because of the low gamma-ray log response in these typically siliciclastic-poor
cherts and limestones. We have identified three intraformational gamma-ray markers, however,

that can be correlated to significant stratigraphic and lithologic surfaces (fig. 16). These markers
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(fig. 20) are fundamental for defining the stratigraphic framework of the Thirtyone Formation at
University Waddell field.

The lower Thirtyone Formation consists of approximately 500 ft of deep-water cherts and
siliceous limestones, commonly referred to as the “lower chert.” Mud-rich, finely laminated
chert and limestone facies and nodular cherts and limestones at the base of this succession (fig.
20) record a basinal environment dominated by hemipelagic sedimentation with episodic distal
turbidite deposition (fig. 9). These facies pass upward into disrupted laminated and burrowed
cherts that contain allochthonous shallow-water skeletal grains, indicating a more proximal
setting with increased turbidite influx. Extensive burrowing suggests these rocks were deposited
in areas of slower sediment accumulation on the margins of more active axes of sedimentation
(fig. 9). Disrupted laminated and burrowed cherts are overlain by and grade laterally into well-
sorted, skeletal grain-rich, thickly laminated to massive chert, that represent high-energy channel
and fan deposition. These high-energy chert deposits compose the major reservoir succession in
the field (figs. 16, 20).

The top of the “lower chert” is transitional from chert-dominated lithologies to overlying
skeletal limestones. However, a gamma-ray marker (C; fig. 20) is well defined at this point in the
section in University Waddell field and can be traced southward at least to Block 31 field. In the
absence of known chronostratigraphic markers, this horizon is invaluable for correlating and
subdividing the reservoir succession into mappable porosity units.

The lower chert is overlain by approximately 200 ft of skeletal-crinoidal packstones and
siliceous limestones (fig. 20). The coarse grain size, moderate sorting, lack of shallow-water
current stratification, and predominantly shallow water fossils in these rocks indicate limited
downslope transport of skeletal sands to the slope during highstand progradation. Cherts are less
abundant in this interval, because of rapid deposition of platform-derived carbonate debris
(Ruppel and Barnaby, 2001).

The limestone section is overlain by another interval of chert and siliceous limestones
termed the “upper chert” (fig. 20). These younger chert deposits document a return to deeper
water deposition, suggesting renewed rise in relative sea level. Ruppel and Barnaby (2001)
tentatively defined a sequence boundary at the base of this upper chert succession (fig. 20).

Upper chert facies consist of nodular chert and limestone, disrupted laminated and
burrowed chert, thickly laminated to massive chert, and interbedded skeletal packstone. These

strata are typical deeper water facies and thus define a transgressive facies tract offset, consistent
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with interpretation of the A marker as a sequence boundary. The upper chert extends to the
eroded top of the Thirtyone Formation (fig. 20).

The upper chert ranges from 230 to 300 ft in thickness. This variation in thickness
reflects Middle Devonian, pre-Woodford erosion and truncation that resulted in a minimum
topographic relief of 70 ft across University Waddell field. Isopach trends suggest a north-
northeast trend, which may represent paleoridges and paleovalleys incised during Middle
Devonian subaerial exposure. Because of erosional truncation at the unconformity, the thickness

of Pragian 2 sequence is unknown.

Reservoir Development

Although reservoir porosity is developed in both the lower and upper chert intervals,
reservoir quality is highest in the lower interval, which accounts for most of the oil production in
the field. Lower chert reservoirs are composed of porous thickly laminated to massive cherts
(fig. 16) dominated by well-sorted siliceous sponge spicules and carbonate skeletal debris.
Depositional fabrics, sedimentary structures, and the dip-elongate channel-form to lobate
geometry of individual porosity bodies suggest that these reservoir facies record a turbidite
channel to fan depositional setting. Well-sorted, high-energy reservoir-grade facies pass
vertically and laterally into relatively low permeability, mud-rich cherts and siliceous limestones
that record hemipelagic, overbank, and distal turbidite sedimentation (fig. 9). Chert deposits
appear to step progressively basinward (southward) upsection (fig. 4), perhaps reflecting
decreasing accommodation associated with declining rates of sea-level rise. Renewed chert
accumulation in the upper part of the Thirtyone (upper chert section) may indicate renewed sea-

level rise and transgression.

Brecciation, Fracturing, and Diagenesis

According to Ruppel and Barnaby (2001), the fractured/brecciated cherts at Waddell
resemble brecciated chert fabrics developed at the base of the chert section at Three Bar field,
which have been interpreted to have formed by the entry of dissolution fluids along the contact
between the Thirtyone and the underlying Frame Formation (Ruppel and Hovorka, 1995b). At
Waddell, fractured/brecciated cherts are restricted to the top of the Thirtyone, below the pre-
Woodford unconformity. This relationship suggests that such fabrics at Waddell were also

created by diagenesis associated with entry of meteoric fluids during subaerial exposure, in this
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case along the exposed top of the Thirtyone Formation. Irregular diagenetic overprinting of
primary depositional fabrics in the upper chert interval may account for the poorly developed,

highly discontinuous porosity zones in this interval that defy correlation and mapping efforts.

Petrophysics

Both neutron or density-neutron logs provide good resolution of porous facies; acoustic
logs do a poorer job, because of the differing acoustic response to the highly variable admixtures
of chert and carbonate in the reservoir facies. Log-derived porosity curves were used to refine
correlations and were critical for reservoir mapping. Integration of core descriptions and core
analyses with corresponding wireline logs indicates that nearly all of the significant porosity in
the reservoir can be attributed to the thickly laminated to massive chert facies (fig. 16). Other
facies exhibit little or no porosity, except in rare cases where extensive late fracturing has

created minor porosity.

Reservoir Architecture

The well-defined relationship between porous chert facies and their wireline log response
facilitates identification and correlation of these log facies throughout the study area. Detailed
correlation and mapping of individual porosity units were limited to the major reservoir interval,
the upper 150 ft of the “lower chert” succession, subjacent to the C log marker, where reservoir
porosity is best developed.

Using core and wireline data, Ruppel and Barnaby (2001) correlated and mapped more
than 30 porosity units in the area of detailed study in University Waddell field. Individual units
range up to 20 ft in thickness and from less than 0.1 mi to several square miles in areal extent.
Porosity zones are separated vertically from one another by nonporous chert facies (fig. 21).
Isopach and phi*h maps indicate that porosity units form lobate to elongate bodies that generally
trend west-northwest to north, subparallel to the regional depositional axis. These maps show
that porosity zones have distinctly different geometries and distribution across the field (fig. 22).

Core studies by Ruppel and Barnaby (2001) show that mapped porosity units consist of
vertically stacked and amalgamated, centimeter- to decimeter-thick strata of thickly laminated to
massive cherts. Facies data from cores combined with information on mapped geometries
suggest that porosity units record multiple high-energy depositional events with sediment

accumulation focused along channel/submarine-fan fairways (fig. 9). Porosity zones representing
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higher energy grain-rich turbidite flows are separated from one another by more mud-rich rocks
that reflect low-energy deposition. Areas distal from axes of active deposition were relatively
sediment starved, receiving only mud-rich silt to very fine grained material from overbank and
distal turbidite influx, in addition to hemipelagic sediment. Continued sedimentation along the
channel/submarine-fan axes created depositional highs, ultimately resulting in their abandonment
by channel avulsion, and sedimentation switched to adjacent, previously sediment-starved
depositional lows. This pattern of deposition created a succession of vertically and laterally
segregated chert reservoirs in University Waddell field and other fields near the Thirtyone
Formation basin depocenter. This complex depositional architecture is a major contributing

factor to reservoir heterogeneity and accompanying low recovery efficiency.

Fault and Fracture Induced Heterogeneity

In equivalent updip Thirtyone Formation reservoirs, including Dollarhide (Saller and
others, 1991, 2001) and Three Bar (Ruppel and Hovorka, 1995a, b) fields, fault-induced
reservoir compartmentalization has been documented (by 3-D seismic) or inferred. Ruppel and
Barnaby (2001) documented several small-scale (<100 ft offset) reverse and normal faults at
Waddell field that they inferred to be steeply dipping. They also found that open fractures, some
partly infilled by quartz and/or calcite cement, are common. Although fracture patterns and their
impact on reservoir permeability and anisotropy are not understood, production response
suggested they play an important part in reservoir fluid flow. Producing wells immediately
adjacent to water injection wells exhibited rapid breakthrough of injection water in the eastern
parts of the field, whereas corresponding producers to the north and south did not. Such
production trends indicate preferential permeability along an east-west direction, perhaps due to

fractures and/or small-scale faults.

Summary of Heterogeneity in Distal Thirtyone Reservoirs

In contrast to proximal Thirtyone chert reservoirs like Three Bar field, where there is a
single, continuous porous chert reservoir, Waddell field and related distal chert reservoirs
contain numerous separate and discontinuous stacked porous chert units. In these reservoirs, lack
of continuity is the primary contributing factor to heterogeneity and low recovery efficiency. The
distribution of porous chert in distal settings is a function of sediment geometries associated with

submarine-fan and turbidite deposition. Episodic downslope transport of siliceous spiculitic
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sediment along the margins of the carbonate platform has resulted in vertical segregated and
laterally discontinuous chert reservoir intervals. These deposits are interbedded with and grade
laterally into lower energy mud-rich sediments that typically have low porosity and permeability.
Although these muddy rocks are not flow barriers, they do act as baftles to flow and impact
recovery efficiency. Detailed correlation and mapping of individual porous chert layers are
critical for establishing a reservoir framework that can serve as a basis for defining recompletion
and infill drilling targets. Such an approach has led to the identification of several drilling and
recompletion prospects in Waddell field.

As in the case of Three Bar reservoir, the impact of faulting and fracturing on Waddell
reservoir performance is not well known. Intrafield faults identified in the course of this study
have sufficient displacement to offset porous flow units and may locally constitute lateral flow
barriers. Waterflood breakthrough analysis suggests fracture contribution to permeability, but
insufficient data are available to develop predictive models of fracture flow in the reservoir.
Better resolution in the form of modern 3-D seismic would aid in developing a better model of
the impact of faulting on reservoir compartmentalization and help define the distribution of chert

reservoir intervals.

Thirtyone Formation Ramp Carbonate Reservoirs

The Thirtyone Ramp Carbonate play is the smaller of the two plays defined by Dutton
and others (2005). Through 2001, production from reservoirs having produced at least 1 million
barrels was 110 million barrels. Ruppel and Holtz (1994) showed that that these reservoirs
typically exhibit low recovery efficiencies and thus contain the highest percentage of remaining

oil among all Silurian and Devonian reservoirs.

Distribution
Nearly all of these reservoirs are located in Texas (fig. 23). They are located along the
northern limit of the Thirtyone Formation subcrop and apparently represent the margin of the
Thirtyone platform (fig. 10). In some fields, production also comes from underlying Thirtyone

deep-water cherts (for example, Dollarhide and Bedford fields).
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Depositional Facies and Paleoenvironments

Thirtyone ramp carbonate reservoirs are dominantly composed of skeletal grainstones
and packstones (fig. 24a) Crinoids dominate the fauna, but bryozoans (both ramose and
fenestrate) are locally abundant (fig. 24b,c). As described earlier, Thirtyone carbonate facies are
dominantly grain rich. Downdip and downsection, carbonate facies are fine-grained, skeletal
calcarenites that are locally graded. Upsection and updip these distal, transported carbonates
grade into coarser grained, in situ, grain-rich, high-energy, platform-top shoal successions (fig.
25). Reservoirs assigned to the Thirtyone Ramp Carbonate play are developed in both of these

end-member facies.

Diagenesis and Porosity Development

Four major types of diagenesis have affected Thirtyone carbonates of the Thirtyone
Ramp Carbonate play: (1) early cementation and pore occlusion by syntaxial cement, (2)
leaching of carbonate mud in packstones, (3) dolomitization, and (4) silicification. The first
caused substantial porosity occlusion of original depositional pore space; the other three caused
porosity retention or enhancement.

Because of the abundance of crinoids in virtually all of the succession, syntaxial cement
is omnipresent in these rocks (figs. 24b,c). These cements (which grow as optically continuous
rim cements around crinoids) apparently formed during early diagenesis in the marine realm.
Crinoid grainstones are commonly composed of as much as 50 percent syntaxial cement and
rarely contain significant porosity.

Evidence of postdepositional leaching or dissolution of selective grains is most common
in packstones (fig. 24¢). Leaching seems to have targeted carbonate mud and, to a lesser extent,
bryozoans. Because of the leaching, carbonate packstones contain higher porosity than
grainstones.

Dolomitized Thirtyone rocks contain the highest porosities observed in the play.
Dolomite is most abundant at the top of the Thirtyone section, specifically in Andrews County
(fig. 26). In these rocks, dolomite is locally pervasive and associated with extensive interparticle
porosity (fig. 24d). Locally, porosity in these reservoirs reaches 10 to 15 percent. Dolomite is
also present, although much less abundant, downsection. In these rocks (for example, at Bedford
field, fig. 27), porosity and permeability are generally lower but still sufficient to facilitate oil

production (fig. 28).
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Thirtyone carbonates also locally display significant amounts of chert. Although this
chert is present in small amounts throughout much of the carbonate section, it is most abundant
in the eastern and southeastern parts of the play. This chert differs significantly from chert
present in the lower and more distal parts of the formation (that is, deep-water chert facies) by
being present only in carbonate packstones where it is entirely restricted to the matrix. As with
dolomitized sections to the west, porosity is associated with the silicified matrix of packstones
(fig. 24e); grainstones contain no mud, no silica, and no porosity. In some parts of the
succession, packstones and grainstones form cycles of cycle-base porous rocks and cycle-top

nonporous rocks (fig. 24f).

Reservoir Development

As a whole, the reservoirs of this play exhibit the lowest porosity values among
Devonian plays. This is largely the result of the abundance of crinoid grainstones. Reservoir
development is limited to areas that have undergone postdepositional diagenesis. In the western
part of the play area this diagenesis is typically a combination of dolomitization and selective
matrix leaching. Highest porosity is associated with rocks that been dolomitized. Dolomite is
most common immediately below the unconformity that forms the top of the Thirtyone section
(fig. 26). Several fields in central Andrews County are productive from reservoirs developed in
these dolomites at the top of the Thirtyone (for example, Block 9 field, Bakke field). Some
reservoirs are also developed in limestones that, although not extensively dolomitized, have
undergone sufficient leaching and selective dissolution of matrix to develop and/or retain
porosity. Such reservoirs (for example, at Dollarhide, Bedford, and Andrews South fields)
typically display porosities less than 5 percent (fig. 28).

Production from the eastern part of the play area is commonly associated with
successions that have been partially silicified. Pore space appears to be formed by silicification
of carbonate mud matrix in skeletal packstones (Ruppel and Holtz, 1994). These reservoirs
(including fields at Headlee, Parks, and Byant G) typically produce dominantly gas and

condensate from these low-porosity/low-permeability rocks.

TRAPS, SEALS, AND SOURCES

Essentially all productive Thirtyone reservoirs are overlain by the shales of the Woodford

Formation, which provides both a seal and a hydrocarbon source. Most of the large reservoirs are
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formed over large anticlinal closures (for example, Block 31, University Waddell). However, in
several reservoirs the Woodford has been partly (for example, Dollarhide, Three Bar) or
completely (for example, Crossett, Cordona Lake) removed by Pennsylvanian erosion. These
reservoirs are typically overlain and sealed by Permian carbonate mudstones. It should be noted
that some production from some of these breached sections also comes from chert residuum and
reworked chert conglomerates formed by weathering and erosion of the Thirtyone (for example,

Tunis Creek, TXL).

OPPORTUNITIES FOR ADDITIONAL RESOURCE RECOVERY

Despite the large volume of oil already produced from the Thirtyone, significant oil
remains in existing reservoirs. Distal deep-water chert reservoirs are especially good candidates
for targeted infill drilling and recompletion programs based on modern, detailed geological
characterization because their complex flow-unit geometries have not been well been defined in
many reservoirs. These reservoirs offer perhaps the best opportunity to delineate reservoir flow
units through detailed geological mapping and modeling of depositional facies.

Many Thirtyone reservoirs are candidates for application of enhanced oil recovery
technologies for increased production. Results of CO; injection in such reservoirs as Dollarhide
(Saller and others, 1990, 1991) illustrates how better reservoir management and reservoir
characterization and targeted infill drilling and recompletion coupled with gas injection can
substantially increase production.

Recovery efficiency from the Thirtyone carbonate play is among the lowest of all
carbonate reservoir plays in the Permian Basin and suggests that these reservoirs contain
especially high potential for recovery of remaining mobile oil. Recent successes in fields like
University Block 9 (Weiner and Heyer, 1999), Bryant G, and Headlee have demonstrated the
value of horizontal wells in enhancing recovery from these rocks. There is also potential for the
development of upper Thirtyone carbonate section in existing Thirtyone chert reservoirs because
of the likelihood that these low-porosity carbonate reservoirs have been overlooked.

Finally, it is highly likely that significant potential exists for reservoir step-out and new
field discovery if new and developing models are applied to reexploration of the Permian Basin.
Occidental, for example, has had excellent success (more than 40 successful wells drilled) in

greatly extending production from the Thirtyone in the TXL—Goldsmith field area of Ector
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County, Texas, by applying models of upper Thirtyone chert development presented by Ruppel
and Holtz (1994).

SUMMARY

The Thirtyone Formation documents the Early Devonian infilling of a significant
platform-marginal slope/basin area developed during the Silurian on the southern margin of the
Laurussian paleocontinent. Deposition was dominated by deep-water gravity transport and
redistribution of platform-derived carbonate debris and siliceous fauna (sponge spicules and
radiolarians). Depositional architecture in distal areas is a function of distributary pathways that
evolved substantially in alignment and position through time. Facies vary from hemipelagic
mudstones to relatively high energy, grain-rich, silica (chert) packstones, reflecting vastly
differing energy regimes ranging from high-energy gravity flows to low-energy, below-wave-
base conditions. Updip areas, in stark contrast, comprise high-energy, shallow-water carbonate
shoal grainstones that reflect basinward progradation and accommodation filling.

Most reservoir development is associated with high-porosity/moderate-permeability chert
facies whose character reflects a combination of depositional regime and early silica diagenesis.
Best reservoir quality is associated with grain-rich chert facies that were deposited as debris
flows. Lower energy burrowed facies are less porous and usually of poorer reservoir quality;
however, variations in chert diagenesis locally overprint this trend. Updip carbonate facies are
generally of much lower porosity but still locally quite productive. Reservoir quality in these
rocks is controlled by diagenesis. Strongly dolomitized intervals provide the best porosity
development, but partially dolomitized, leached, and/or silicified sections are also locally very
productive.

Thirtyone chert and carbonate reservoirs contain a large remaining oil resource that is a
target for more efficient exploitation techniques based on a better understanding of the
geological controls on heterogeneity. Because these controls differ systematically between chert
reservoirs developed in updip, proximal settings and downdip, distal settings, and among updip
carbonate sections exposed to different styles of diagenesis, it is crucial that both regional and
local geologic models of deposition and diagenesis be incorporated into modern reservoir

characterization and exploitation efforts.
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Figure 2. Paleogeographic plate reconstruction of the Laurussian paleocontinent during the Early
Devonian showing position of Permian Basin area on the southern continental margin. From
Blakey (2004).
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Figure 6. Thirtyone Formation facies. A. Chert/carbonate laminite facies representing
hemipelagic deposition in a quiet-water, below-wave-base setting. Depth: 8,850 ft. B.
Thick-bedded, laminated chert facies with organic-rich laminae at top. Depth: 8,800 ft. C.
Burrowed chert facies. Dark patches, which are carbonate mudstone, are the result of burrowing
and/or soft-sediment deformation. A, B, and C from ARCO Block 31 Unit No. K-4, Crane
County, Texas. D. Photomicrograph of grain-supported, spiculitic chert of the thick-bedded,
laminated chert facies, Thirtyone Formation. Porosity (31 percent) is developed as obvious, large
(50-100 pm) molds and smaller (<5 mm), intercrystalline pores. Permeability is 27 md. Depth:
8,155 ft. Unocal, Dollarhide 46-5- D, Andrews County, Texas.
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Figure 7. Paleogeographic evolution of the Permian Basin area during the Early Devonian. (A)
Initial Early Devonian flooding of the Wristen (Silurian) platform was marked by hemipelagic
chert-and-carbonate mud accumulation in the distal (southern) part of the region and grain-rich,
spiculitic cherts in more northerly areas proximal to the carbonate platform. (B) Rapid southward
progradation of the platform shifted the focus of high-energy, submarine-fan deposition
southward. Chert reservoirs are, thus, developed in two spatially and temporally discrete
stratigraphic successions. From Ruppel and Hovorka (1995a)
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Figure 12. Textures of cherty rocks in the Thirtyone Formation at Three Bar field. (A) Core slab
of white translucent chert with abundant vertical fractures containing dark chert and late calcite
cements. Amoco Production Co., Three Bar Unit No. 80, 8,306 ft. (B) Photomicrograph of
nonporous chert showing spicules replaced by chalcedony and microquartz. Matrix between
spicules and in axial canals of spicules consists of finer grained chert. Crossed nicols. Three Bar
Unit No. 80, 8,306 ft. (C) Photomicrograph of sponge spicule molds in porous chert. Plane light,
Three Bar Unit No. 80, 8,305 ft. (D) Scanning electron microscope (SEM) photomicrograph of
porous chert showing spicule molds and micropores in a matrix of aggregated chert ellipsoids.
Three Bar Unit No. 55, 8,175 ft. (E) SEM photomicrograph of porous chert microstructure.
Microporosity is developed between rounded 1-um ellipsoids and between larger aggregates of
ellipsoids. Three Bar Unit No. 55, 8,137 ft, (F) Core slab showing styles of brecciation in
Thirtyone chert. Contrasts between brittle and more ductile deformation are related to rates of
silica diagenesis. From Ruppel and Barnaby (2001).
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Figure 13. Structural cross section across Three Bar field, perpendicular to the structural axis,
showing updip truncation of reservoir pay zone beneath the sub-Permian unconformity. Note
continuity of chert pay zones. From Ruppel and Barnaby (2001).
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Figure 14. Porosity-permeability relationships in the Thirtyone Formation at Three Bar field.
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fracture-enhanced permeability. True matrix porosity and permeability are best represented by
specially selected, fracture-free plugs. From Ruppel and Barnaby (2001).
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Figure 17. Textures of cherty rocks at University Waddell field. Finely laminated chert and
limestone facies (A, B) and the disrupted laminated chert facies (C, D). (A) Core slab of
alternating layers of gray chert, which display irregular bases and normal grading of silt-sized
grains, and brown lime mudstone, University Waddell No. 161, 9,171 ft. (B) Thin section of
chert laminae containing silica sponge spicules and indeterminate carbonate grains in siliceous
matrix, University Waddell No. 161, 9,172 ft. (C) Core slab of highly convoluted laminated chert
with abundant stylolitic dissolution seams, University Waddell No. 161, 8,577 ft. (D) Thin
section of incompletely silicified chert packstone composed of silt-sized to very fine grained
peloids and skeletal material, University Waddell No. 161, 9,128 ft. From Ruppel and Barnaby
(2001).
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Figure 18. Textures of cherty rocks at University Waddell field. Nodular chert and limestone
facies (A, B) and burrowed chert facies (C, D). (A) Core slab of irregular replacement chert
nodules in lime mudstone matrix, University Waddell No. 161, 9,103 ft. (B) Thin section of
chert nodules in organic-rich lime mudstone matrix showing minor intercrystalline porosity
indicated by blue epoxy along periphery of silica nodules, University Waddell No. 161, 9,103 ft.
(C) Core slab showing Zoophycos burrow parallel to bedding plane, University Waddell No.
161, 9,087 ft. (D) Thin section of incompletely silicified, poorly sorted, silt-sized to very fine
grained skeletal packstones dominated by sponge spicules, University Waddell KK No. 10,
9,258 ft. From Ruppel and Barnaby (2001).
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Figure 19. Textures of porous cherty rocks at University Waddell field. Highly porous, thickly
laminated to massive chert facies (A, B), nonporous skeletal packstone facies (C, D), and
brecciated porous and nonporous chert (E, F). (A) Core slabs showing highly porous
hydrocarbon-stained intervals and lighter gray, more tightly cemented patches, University
Waddell No. 161, 9,032 ft. (B) Thin section showing abundant sponge spicule molds and
incompletely silicified carbonate skeletal debris in a well-sorted skeletal packstone. Moldic
dissolution porosity is as much as 25 percent, University Waddell No. 161, 9,041 ft. (C) Core
slab of light-colored thin-bedded to massive skeletal packstone with local burrows and stylolites,
University Waddell No. 161, 8,828 ft. (D) Thin section of skeletal packstone with abundant
coarse-grained crinoids, common brachiopods, and other skeletal grains. This facies is
essentially nonporous owing to syntaxial calcite cements, University Waddell No. 161, 9,037 ft.
(E) Core slab of oil-stained fractured/brecciated porous chert, University Waddell No. 161, 8,562
ft. (F) Core slab of brecciated, nonporous porcelaneous chert, University Waddell No. 161, 8,547
ft. From Ruppel and Barnaby (2001).
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Figure 20. Stratigraphic cross section depicting reservoir architecture and sequence stratigraphy

of the Thirtyone Formation. From Ruppel and Barnaby (2001).
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shown in figure 21. From Ruppel and Barnaby (2001)
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Figure 23. Map showing play boundary and the distribution of major reservoirs of the Thirtyone
Carbonate Ramp play.
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Figure. 24. Typical facies of the Thirtyone Ramp Carbonate play. A. Slab of crinoid grainstone
facies showing cross laminations. Depth: 11,783 ft. Getty Headlee Unit No. 10-6, Midland
County, Texas. B. Thin-section photomicrograph of crinoid/bryozoan grainstone. Note that pore
space is entirely occluded by pore-filling syntaxial cements. Depth: 10,648 ft. Sinclair Emma
Cowden No. 36, Andrews County, Texas. C. Thin-section photomicrograph of syntaxially
cemented, crinoid/bryozoan grainstone. Note minor pore space associated with leached mud and
within bryozoans. Depth: 10,519 ft. ARCO University No. 9 B-4, Andrews County, Texas. D.
Thin-section photomicrograph of coarse crystalline dolostone. Note extensive interparticle pore
space. Depth: 10,516 ft. ARCO University No. 9 B-4. E. Thin-section photomicrograph of
siliceous skeletal packstone. Note interparticle porosity associated with siliceous matrix. Depth:
10,472 ft. ARCO University No. 9 B-4.F. Slab showing porous crinoid packstone overlain by
nonporous grainstone. Depth: 11,798 ft. Getty Headlee Unit No. 10-6, Midland County, Texas.
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Figure 25. Composite log from Headlee field showing typical development of Thirtyone
carbonate section in eastern and southeastern part of area. From Ruppel and Hovorka (1995a).
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Figure 26. Typical development of facies and porosity in upper Thirtyone ramp carbonates. Note

that essentially all reservoir porosity in the well is associated with dolomitized Thirtyone skeletal
packstones. Bakke Field. Honolulu Parker M No. 1, Andrews County, Texas.
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Porosity in the upper Thirtyone is associated with dolomitized, graded, skeletal packstones. Note
that much higher porosity is developed in Thirtyone deep-water cherts of the lower Thirtyone
Formation. Bedford field, Shell Ratliff Bedford No. 20, Andrews County, Texas.
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Figure 28. Porosity/permeability relationships in the Thirtyone section at Bedford field. Despite
their low porosity and permeability, Thirtyone carbonates are productive at Bedford.
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THE MISSISSIPPIAN BARNETT FORMATION:
A SOURCE-ROCK, SEAL, AND RESERVOIR PRODUCED BY EARLY
CARBONIFEROUS FLOODING OF THE TEXAS CRATON

Stephen C. Ruppel and Jeffery Kane

Bureau of Economic Geology
Jackson School of Geosciences
The University of Texas at Austin
Austin, Texas

ABSTRACT

The Early Carboniferous (Mississippian) was a time of crustal downwarping and
flooding of southern Texas region. Mississippian facies documenting this flooding include a
basal, updip, shallow to deep water carbonate succession and an overlying, downdip, deep
water, fine grained siliciclastic mudrock succession. The basal carbonate succession, termed the
Mississippian Limestone in the Permian Basin, includes the Chappel of the Llano Uplift and the
Caballero-Lake Valley of southern New Mexico outcrops. These rocks document the margins
of an extensive carbonate platform that occupied much of the western U.S. during the middle
developed Mississippian. The overlying siliciclastic mudrock succession includes the Barnett
formation of the Permian and Ft. Worth Basins and the Rancheria Formation of southern New
Mexico outcrops. These rocks accumulated by autochthonous hemipelagic sedimentation and
allochthonous mass gravity transport in low energy, below wave base, dysaerobic conditions in
a platform marginal deep water basin formed on the southern margin of the Laurussian
platform.

The carbonate section is poorly known and only of minor importance as a hydrocarbon
reservoir in the Permian Basin. Key insights into the detailed character and architecture of these
rocks are provided by analogous outcrops of the Lake Valley outcrop succession in New
Mexico. The overlying Barnett mudrock succession, long recognized as a hydrocarbon source
rock, is similarly poorly known but has recently attracted great attention as a target for gas
exploration and development. Aspects of Barnett stratigraphy, sedimentology, mineralogy, and
chemistry are inferred by comparisons to and extrapolations from better known data sets in the

Ft. Worth Basin.
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INTRODUCTION

The Mississippian is one of the most poorly known depositional successions in the
Permian Basin. This is largely due to the fact that only small volumes of oil and gas have been
produced from these rocks and there has thus been little interest in collecting data to interpret
them. This has recently changed because of the successful development of the Barnett
Formation in the nearby Ft. Worth Basin as a reservoir of natural gas (Montgomery, 2004;
Montgomery and others, 2005). Now there is considerable interest in understanding the Barnett
in the Permian Basin and it’s interrelationship with overlying and underlying rocks. However,
because of the historical lack of interest in these rocks, very few reports on the Mississippian of
the Permian Basin, in general, and no studies of the Barnett, more specifically, have been
published. Basic aspects of the system are easily defined by the abundant wireline logs that
penetrate the Mississippian across the basin. However, detailed rock data (e.g., cores) needed to
calibrate geophysical data and to accurately characterize facies, petrophysics, diagenesis, and
depositional history are lacking. Fortunately, such data are available in adjacent basins from
both outcrops and the subsurface. This report integrates existing data and models from the
Permian Basin — and surrounding areas — to develop interpretations and models for the
Mississippian that constitute a fundamental basis for future exploration and development

activities in the Basin.

PREVIOUS WORK

Because Mississippian rocks have not until recently been of great interest to oil and gas
producers in the Permian Basin, relatively little published data exist for the section. By far the
most comprehensive and useful report published is the USGS study of the Mississippian of the
United States (Craig and Connor, 1979). Although regional in focus, this report contains
discussions of formations, age relationships, thickness, depositional environments, and
structural setting for the entire Mississippian System. Included in the report are thickness and
structure maps, cross sections, that provide an good overview of sedimentologic and
stratigraphic relationships in the Permian Basin. Gutschick and Sandberg (1983) published a

valuable analysis of the middle Osagean (Lower Mississippian) section across the U.S.
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primarily based on their work in western U.S. Their models are applicable over much of the
U.S.

More focused studies of the Permian Basin region, however, are rare. One of the few is
that by Bay (1954) who conducted a detailed stratigraphic analysis of the Mississippian section
in Gaines and Andrews Counties, Texas based on wireline logs and well cuttings. Hamilton and
Asquith (2000) described styles of deposition and diagenesis in the upper Mississippian Chester
Group and documented the distribution of the Barnett in Lea County, New Mexico.

Considerably more information has been published on the adjacent Palo Duro and Ft.
Worth basins. Ruppel (1985) described thickness and facies variations in the Mississippian
section in the Palo Duro and Hardeman basins and also published a general stratigraphic model
for the Hardeman — Ft. Worth Basin areas (Ruppel 1989). Henry (1982) provided a basic
analysis of the Chappel and Barnett formations in the Ft. Worth Basin area. More recently,
Montgomery (2004; see also Montgomery and others, 2005) contributed an extensive summary

of the Barnett in the Ft. Worth Basin.

REGIONAL SETTING

During the Mississippian, the Permian Basin area straddled the outer margin of an
extensive shallow water carbonate platform that covered much of southern and western
Laurussia (in what is now the central and western U.S. (Figs. 1, 2)). Because of its setting in
warm tropical waters and its isolation from sources of clastic sediment input, carbonate
sedimentation dominated the interior of this platform (Figs. 1 and 2). Along the western and
southern margins of the platform, isolated reefs and carbonate buildups were common. The
southern margin of the platform was controlled by the position of the approaching Gondwana
plate (Fig. 1). Regional sedimentological data (Craig and Connor, 1979) indicate that a deep
trough (the Ouachita trough) formed ahead (north) of the Gondwana plate and that by at least
middle Mississippian time the outer margins of this trough were uplifted and began to shed
sediment northward into the trough. The Stanley Shale of the Ouachita overthrust belt in
Oklahoma, a sandstone-bearing shale succession that is rich in coarse detrital sediments (Craig
and Connor, 1979), reflects near-source, outer trough sedimentation. More proximal, inner

trough sediments (which formed between the carbonate platform to the north and the trough
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axis to the south) were characterized by siliceous muds formed by hemipelagic suspension and
coarser grained carbonate detritus (transported from the carbonate platform to the north) and
siliciclastic detritus (transported from the uplifted trough margin to the south) by mass gravity
transport. [ These sediments are represented by the Barnett Fm of the Permian and Ft. Worth
Basins.] Based on studies of the western margin of the platform, Gutschick and Sandberg
(1983) developed excellent models for platform margin to slope deposition that fit very well

with existing evidence from the Permian and Ft., Worth Basin area (Fig. 3).

REGIONAL STRATIGRAPHY AND FACIES

As suggested above, Mississippian stratigraphy and facies development is very similar
throughout most of the Permian Basin — Ft. Worth Basin region. However, there are key
differences in styles and in data sets that make it worthwhile to discuss each area separately.
The stratigraphic nomenclature and correlations of conventionally named Mississippian units in

the Permian Basin and surrounding areas are depicted in figure 4.

Permian Basin

Stratigraphy

In general the Mississippian of the Permian Basin comprises two end-member
lithologies: a carbonate dominated section updip and upsection, and a siliciclastic-rich
(commonly termed ““shale”) section in the southern part of the area. The basal carbonate
section, which is defined and correlated by its relatively low gamma ray character is unnamed
but is usually referred to as the Mississippian Lime or Limestone. The overlying high gamma
ray section is commonly referred to as the Barnett Formation (Fig. 5). The basal Mississippian
carbonate is underlain by the Woodford Shale in most parts of the Basin. The Barnett is
generally overlain by carbonate-rich strata usually termed “Pennsylvanian Limestone” (or
Lime).

Total Mississippian thickness varies widely across the Permian Basin area. A maximum
thickness of more, than 2200 ft was reported by Craig and Connor (1979) in parts of Reeves
and Ward counties, Texas. Most of the Mississippian section in this area is assigned to the

Barnett. Figure 6 depicts the distribution and thickness of the Barnett across the region. Barnett
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thickness decreases northward toward the updip carbonate platform. The position of the
platform margin and the updip subcrop margin of the Barnett has been defined in Gaines and
Andrews counties by Bay (1954) and in Lea County by Hamilton and Asquith (2000). This
change from Barnett mudrock facies to carbonates is generally well imaged by gamma ray logs
(Fig. 7). Using log data, outcrop descriptions, and new descriptions from cores from this study,
it is possible to define the probable position of the margin of the Mississippian platform during
the late Mississippian (Fig. 8). The line marking the platform margin also marks the

approximate updip extent of the Barnett Formation.

Carbonate Facies

Very little has been published regarding the facies character of the Mississippian
carbonate section in the Permian Basin area. Hamilton and Asquith (2000) showed that the
upper Mississippian carbonate section in central Lea County, New Mexico was dominantly
composed of ooid and crinoid grainstones. Although cores from the lower Mississippian
carbonate section have not been previously reported, two cores examined during the course of
this study demonstrate the wide variability in facies that exists across the region.

Core recovered from the lower Mississippian carbonate section in Gaines County (Fig.
9). illustrate marked facies diversity. The lower, low gamma ray part of the section consists of
light gray to brown, coarse-grained crinoidal grainstone (Fig. 10 a,b). These rocks are well-
sorted and contain extensive syntaxial cement typical of crinoid grainstones. These rocks
probably represent carbonate shoal sediments deposited in a well-oxygenated, high energy
setting. By contrast, the upper part of the Mississippian section in this well consists of very
dark-colored, cherty mudstones and wackestones (Fig. 10 c, d) whose depositional textures
suggest they were deposited in a dysaerobic low energy setting, probably below wave base.

The basal Mississippian carbonate section in the southern part of the basin differs
greatly from that observed in Gaines County. Although they exhibit a similar low gamma ray
signature (Fig. 11), these rocks are dark gray to black mudstones that are massive to locally
laminated or burrowed (Fig. 12 a,b). The dark color of these rocks, absence of megafauna, and
limited evidence of infauna indicates that they were deposited in a low energy, anoxic to

dysoxic setting.
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Llano Uplift
Type sections for both the basal Mississippian carbonate (Chapel Formation) and the

upper Mississippian “shale” (Barnett Formation) succession are located in the Llano Uplift area
of central Texas. Outcrops and newly described cores from subsurface wells in the Llano Uplift
area provide key data for interpreting the Mississippian section in the subsurface elsewhere.

In outcrops, the Chappel Formation consists of light-colored, fine to coarse grained,
skeletal packstone (Watson, 1980). Although ostracodes, corals, and other fossils are common,
it is the abundance of crinoids, in many cases red, that distinguishes the Chappel. The thickness
of the Chappel is typically only a few feet, but ranges from a few inches to more than 50 ft (in
depressions in underlying Ellenburger Group (Lower Ordovician) carbonates. The Chappel is
overlain by the Barnett formation which at the type section consists of 50 ft of thin bedded,
black shale that contains carbonate concretions and lenses (Fig. 14a). The Barnett is typically
highly petroliferous having yielded as much as 40 gallon of crude oil per ton from some
outcrops in San Saba county, Texas. (Watson, 1980)

Cores of the Chappel-Barnett succession demonstrate key aspects of the two formations.
In McCulloch County, Texas (Fig. 13), for example, the basal Chappel consists of 1 ft of red,
skeletal packstone (Fig. 15a). Overlying rocks (which have been referred to as the Whites
Crossing unit because of their facies and age (Hass, 1953) are typically coarse-grained crinoidal
packstones that are locally interbedded with carbonate and siliciclastic mud (Fig. 15b,c,d,e).
Although crinoidal debris dominated these rocks, other open marine fossil are locally common
(Fig.15f). Whereas the basal Chappel appears to be largely indicative of in situ deposition, the
Whites Crossing facies contain features (e.g., inclined bedding, slump features, poor sorting)
that suggest downslope transport. The diverse fauna present in the Chappel demonstrate that
these rocks were deposited in a well-oxygenated, normal marine setting typical of shallow
water carbonate platforms.

The overlying Barnett in McCulloch County (Fig. 13) comprises dark gray to black
siliciclastic mudstones that range from massive to thinly laminated and are locally very
fossiliferous (Fig. 14b,d). The Barnett locally contains carbonate concretions (Fig. 14b) that can
be seen in outcrop to have lens-like geometries (Fig. 14a). The fauna is dominated by two end-
member types: thin walled brachiopods and crinoid debris (Fig. 14b,c,d). Crinoid debris (Fig.

14c¢) is most common at the base of the Barnett where it grades into the underlying Whites
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Crossing (Fig. 13). Brachiopods, which are typical of deep water forms thought have been
deposited at water depths greater than 200 ft (Thompson and Newton, 1987), appear to be in
situ and are associated with dark-colored mudstones (Fig. 14d). The presence of these
brachiopods coupled with the absence of burrows and in situ shallow water faunas suggest the
Barnett formed in dysoxic conditions in deep water.

Conodont faunas from outcrop sections of the Chappel and Barnett indicate that the
Chappel is Osagean in age whereas the Whites Crossing and Barnett are much younger
Meramecian deposits (Hass, 1953, 1959). This suggests that the Chappel platform was

emergent prior to flooding and deposition of the Barnett.

Ft. Worth Basin

The Mississippian section in the Ft. Worth Basin differs significantly from that in the
Permian Basin by lying directly on much older (Ordovician) rocks and in containing no basal
carbonate (i.e., Chappel or Mississippian Limestone) section. Mississippian rocks in the Ft.
Worth Basin instead overlie Viola (Middle Ordovician) or Ellenburger (Lower Ordovician)
carbonates and comprise the Barnett Formation and related rocks only. Because the Barnett
exhibits a high gamma ray log response it is readily definable in the subsurface (Henry, 1980).
Locally the Barnett is separated into upper and lower sections by a low gamma ray interval that
has been termed the Forestburg (Fig. 16). Wireline logs and core analyses show that the low
gamma ray character of the Forestburg is a function of the presence of calcite. The
Barnett/Forestburg section generally increases in thickness to the east and northeast toward the

Ouachita overthrust. The Forestburg, however, shows no systematic areal trends in thickness.

Facies
The textures, facies, mineralogies of the Barnett and Forestburg have recently been well
documented and imaged by Papazis (2005). Both units are primarily dark gray to black,
laminated mudstones (Fig. 17, 18). Some mudstones are very weakly laminated to nearly
massive (Fig. 17c). Most, however, display laminae composed of silt-sized grains of quartz
(Fig. 18b,c) or of phosphatic peloids or skeletal debris (Fig. 18a,c,e). Agglutinate foraminifera
and thin walled brachiopods like those observed in the Barnett of the Llano uplift are also

common (Papazis, 2005) (Fig. 18a,d,e). The Forestburg is generally somewhat lighter in color
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than the Barnett reflecting its higher carbonate content (Fig. 17a). Forestburg mudstones are
weakly laminated to nearly massive (Fig. 17¢) but locally contain thin-walled brachiopods (Fig.
17¢). Papazis (2005) reported that the Barnett is dominantly composed of quartz in the clay and
silt size ranges and that clay minerals are relatively uncommon. This distinguishes Barnett
mudrocks from typical shales which generally contain a high volume of clay minerals.
Synthesis of core and log data from the Ft. Worth Basin and nearby outcrops and cores
from the Llano Uplift area indicates Barnett and Forestburg rocks were deposited in a restricted,
low energy, deep water setting. The color and laminated character of the rocks indicates quiet
water, hemipelagic sedimentation interrupted periodically by grain and/or turbid flows
composed of clay to silt-size particles of quartz and/or carbonate. The limited autochthonous
fauna of brachiopods and agglutinate foraminifera is characteristic of below wave base,
dysaerobic conditions at depths probably greater than 200-300 meters (Thompson and Newton,
1987; Gutschick and Sandberg, 1982; Fig. 3). The Forestburg probably represents the distal tail
of a platform derived, carbonate dominated, debris flow derived from the carbonate platform to

the west of the Ft. Worth Basin.

MISSISSIPPIAN DEPOSITIONAL SETTING

Recent studies of cores and logs from the Permian and Ft. Worth Basins coupled with
developing studies of outcrops in the Llano uplift region have provided new insights into
depositional styles and facies development in the Mississippian section. It is apparent, for
example, that the Barnett Formation documents an overall rise in relative sea level across the
entire southern Laurussian paleocontinent during the Mississippian. In the Ft. Worth Basin area,
this rise resulted in the flooding of a previously emergent carbonate platform of Ordovician
rocks. It is probable that flooding was a response to downwarping of the southeastern margin of
the platform associated with collisional flexure of the Laurussian plate caused by the
approaching Gondwana plate (Fig. 1). In the Permian Basin area, where Mississippian deep
water rocks overlie relatively deep water siliciclastics of the Woodford formation (Comer,
1991) this deepening event is less apparent.

Because of the characteristic log character of the Barnett, platform flooding is easily

defined with wireline logs (i.e., these deep water mudrocks can be readily recognized by their
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high gamma ray character). Although the carbonate-rich intervals can similarly be defined from
gamma ray logs (by their low response) carbonate facies, and thus relative water depth and
depositional environment cannot. The Forestburg interval is a good example of this. Many have
assumed that this carbonate-rich interval is composed of shallow water platform carbonates but
as we have stated, it is instead a deep water assemblage like the Barnett but with a higher
carbonate content. The succession low gamma ray (Mississippian limestone) intervals in the
Permian Basin present similar difficulties of interpretation. For example, low gamma ray
carbonates in the lower Mississippian in Gaines County (Fig. 7, 9) consists of crinoidal
grainstones and packstone that reflect shallow water platform deposition. By contrast, low
gamma ray carbonates of the lower Mississippian in Reeves County (Fig. 11) are deep water
(probably slope-basin) mudstones. Low gamma ray upper Mississippian rocks in Gaines
County (Fig. 9) are also deeper water, platform margin to slope mudstones and wackestones.
Thus, accurate definition of Mississippian carbonate facies is thus not possible with wireline
logs alone. Cores and subsurface models are needed to accurately characterize the nature and
distribution of the Mississippian carbonate succession in the Permian Basin.

Important insights to Mississippian facies character and architecture are provided by
correlative, analogous outcrops in the Sacramento and San Andres Mountains of southern New
Mexico (Fig. 4) . The Caballero - Lake Valley Formations comprise a complex Osagean
succession (Fig. 19) of carbonate grainstones, packstones, wackestones and mudstones that
represent buildup, flank, interbuildup and deeper water outer ramp to slope environments
(Meyers, 1975; Lane and Ormiston, 1982). The overlying Rancheria Formation (Fig. 4) consists
of deeper water, laminated, locally spiculitic lime mudstones and mudstones that document
major rise in relative sea level during the Meramecian (Yurewicz, 1977).

Bachtel and Dorobek (1998) reevaluated the facies distribution of the Caballero - Lake
Valley - Rancheria succession and demonstrated that facies vary systematically in position and
geometry when viewed in a sequence stratigraphic framework (Fig. 20). They recognized three
sequences in the Caballero-Lake Valley succession each with a well defined transgressive
systems tract (TST) assemblage of dark colored, low energy, deeper water mudstones and
wackestones and a highstand systems tract (HST) dominated by shallow water, light-colored
grainstones and packstones. Mud-rich buildups and flanking facies appear to have developed

during TSTs but persisted into HSTs. The geometries of these three sequences define basinward
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progradation and falling sealevel. The fourth and youngest sequence contains deep water
mudstones and gravity flow deposits of the Rancheria Formation. These deposits onlap the
Lake Valley succession and document sea level rise. Conodont biostratigraphy shows that the
Lake Valley sequences are Kinderhookian to Osagean in age whereas the onlapping Rancheria
is Meramecian (Lane, 1974; Lane and Ormiston, 1982). In updip platform areas the Rancheria
succession (sequence 4 of Bachtel and Dorobek, 1998) overlies the Lake Valley succession
(sequence 3) unconformably (Fig. 20) suggesting post sequence 3 lowstand exposure of the
platform.

The Lake Valley succession provides a good model for understanding age and facies
relationships within the Permian Basin succession. The facies succession in Gaines County area
(Fig. 7. 9) represents a near platform-margin position on the shelf with the grainstones observed
in core perhaps representing the HST of sequence M2 (point 1 on Fig. 20). The Mississippian
succession observed in Reeves County (Fig. 11) reflects a more distal position perhaps at the
downdip toe of sequence 3 (point 2 on Fig. 20). More accurate delineation of sequences,

systems tracts, and facies will require more integrated core and log study of the succession.

WIRELINE LOG CHARACTER OF MISSISSIPIAN FACIES

As has been discussed, basic separation of siliciclastic and carbonate facies is a
relatively straightforward matter with gamma ray logs. The forgoing discussion has also
demonstrated the complexity and difficulty of defining the details of age and facies
interrelationships within the carbonate section even with good quality logs. However, new
studies of log response in the Barnett suggest that there are systematic differences in
mineralogy within the Barnett that can be defined with conventional wireline log suites.
Spectral gamma logs, for example, show changes in the abundance of potassium, thorium and
uranium that indicate stratigraphic differences in the sedimentology of the Barnett. Potassium,
for example, exhibits a subtle and gradual decrease in abundance upward (Fig. 21). This
suggests a slight reduction in the volume or increasing maturity of siliciclastics upsection and is
reflected both by the potassium curve and the CGR curves (Fig. 21). Even more interesting is
the clearly lower volume of thorium present in the basal 100 ft of the Barnett. This is reflected

in the thorium concentration curve and the thorium/potassium ratio curves in figure 21.
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Preliminary mineral modeling of these elemental changes suggests a systematic difference the
clay mineral assemblage at the base of the section compared with the rest of the section (Fig.
22). The low thorium/potassium ratio suggests an assemblage of micas (or glauconite and
feldspars) and illite in the lower 100 ft of the Barnett and a different assemblage of mixed layer
clays in the remainder of the Barnett (upper part of the lower Barnett and the upper Barnett.
These differences in sediment composition have implications for the depositional history of the
Barnett and also may provide important insights into the geomechanical character of the rocks

which is an important concern for reservoir development.

RESERVOIR DEVELOPMENT

Mississippian carbonate succession

According to Dutton and others (2005) the Mississippian Platform Carbonate play is the
smallest oil-producing play in the Permian Basin, having cumulative production of little more
than 15 MMbbl from the five reservoirs with cumulative production of greater than 1 million
barrels as of 2001. The scarcity of productive Mississippian carbonate reservoirs may be tied to
the abundance of crinoidal, grain-rich facies in platform successions; these rocks typically are
associated with porosity occluding syntaxial cements. Most production from Mississippian
reservoirs apparently comes from more porous upper Mississippian ooid grainstones (e.g.,
Austin field, in Lea County, New Mexico; Hamilton and Asquith, 2000). In at least some
instances, production is also developed in dolomitized intervals (e.g., Brahaney field, Yoakum
County, Texas; Wright, 1979). Grimes (1982) noted that the Mississippian production at
Fluvanna field, Borden County, comes from weathered chert at the top of the Mississippian
section. Reservoirs are limited to the northern part of the Permian Basin corresponding to the

area of shallow water platform development (Fig. 23).

Barnett Formation
The Barnett of the Ft. Worth Basin has become a prolific producer of natural gas. As of
2006, more than 1.6 TCF of gas had been produced from the Ft. Worth Basin. The Barnett
succession of the Permian Basin is depositionally analogous and may contains similar facies
and mineralogies. Although parts of the Mississippian section have been removed by erosion,

the Barnett is present across large areas of the Permian Basin (Fig. 23). It’s extent is nearly as
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great as in the Ft. Worth Basin and it locally attains much greater thicknesses (more than 2000
ft; Fig. 6).

Some key questions to consider in determining the potential for similar reservoir
development in the Permian Basin are: (1) are Barnett facies as currently defined in the Permian
Basin truly similar?, (2) what is the nature of overlying and underlying rocks and do variations
play a role in completion strategies?, (3) what is the organic matter content and thermal
maturity of Barnett facies?, and (4) are they fractured? No cores are currently available to
answer facies or fractures questions. However, newly initiated wireline log —based studies of
the Barnett are underway to develop initial models. We are also employing rock data from cores
and outcrops in the Ft. Worth Basin and Llano areas to constrain wireline log models. Regional
studies are providing improved resolution on the distribution, age, and facies character of both
underlying carbonate successions and overlying units. We are also conducting detailed studies
of fracture character based on core data. Organic matter data are not publicly available but
recent vitrinite reflectance data from Pawlewicz and others (2005) provide initial key insights
into the thermal maturity of the area. In summary, a great deal more study is needed to
determine the depositional, mineralogical and structural character of the Barnett in the Permian
Basin. These studies will be a fundamental basis for determining the potential of the Barnett as

a viable economic resource.

SUMMARY AND CONCLUSIONS

Although information on the Mississippian succession in the Permian Basin is limited,
data and models from outcrops and subsurface data from adjacent areas provides an initial basis
for interpreting these rocks. Carbonates dominate the Mississippian section in the northern half
of the area. These rocks are part of an extensive, shallow water carbonate platform that
occupied much of the western U.S. during the middle Mississippian. In the southern part of the
Basin, the section is composed primarily of siliciclastic mudrocks of the Barnett Formation.
These rocks were deposited in below wave base conditions in a deep water platform to slope
setting. The margin between shallow water carbonate deposition to the north and deeper water,
hemipelagic and gravity transport deposition to the south ran east-west across most of the

Permian Basin area. A peninsular extension of the platform margin appears to have extended
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southward to the Llano Uplift. The platform carbonate succession (Mississippian Limestone)
reaches thicknesses of about 500 ft in the north. South of the platform margin, the Mississippian
Limestone thins rapidly and changes to deeper water, below wave base, carbonate mud facies.
Barnett facies reach thicknesses of more than 2000 ft locally in the southern part of the Permian
Basin but pinch out a short distance north of the platform margin.

Limited cores combined with data and models from outcrops in New Mexico provide
constraints for interpretation of carbonate platform facies and stratigraphic architecture.
However, more data are needed to accurately characterize these rocks. Core data for the Barnett
are not yet available but cores and outcrops from the Ft. Worth Basin area provide keys for
interpreting Barnett facies, mineralogy, and stratigraphy in the Permian Basin.. Integrated core
and wireline log analysis shows great promise for providing more detailed information on the
regional and local character of the Barnett in the Permian Basin as well as in the Ft. Worth

Basin.
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From Gutschick and Sandberg 1983)

Figure 3 (Continued). Models of facies and faunal development on

Mississippian platforms and platform margins in western North America.
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Figure 10. Slab photos of Mississippian carbonate facies succession in northern
Permian Basin. Arco Burleson #1, Gaines County, Texas. A, B. Light
gray-brown, coarse grained, well sorted, crinoid grainstones of the basal
Mississippian. Depths: 11562 ft (A); 11598 ft (B). C. Black skeletal
wackestone containing thin-walled brachiopods and crinoid debris. Depth:

11087 ft. D. Dark-gray to black, laminated, mudstone. Depth: 11106 ft.
All slabs 4.5 in wide.
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Figure 12. Slab photos of the basal Mississippian carbonate facies succession in

the southern Permian Basin. Hamon Regan #1, Reeves County, Texas.
A. Dark gray to black laminated to locally burrowed mudstone. Depth:
16982 ft. B. Dark gray to black burrowed mudstone. Depth: 17016 ft.
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Figure 14. Slab photos of Mississippian Barnett facies succession in southwestern
Ft. Worth Basin (Llano Uplift area). A. Outcrop photo showing carbonate
concretion within the Barnett. Type section of Chappel Formation, San
Saba County, Texas. Lens cap is 2 in diameter. B. Laminated mudstone
with scattered thin-walled brachiopods overlying carbonate concretion.
Depth: 1035 ft. C. Basal black mudstone with brachiopods documents
in situ hemipelagic deposition, whereas overlying graded skeletal packstone
to wackestone reflects debris flow. Depth: 1037 ft. D. Similar to C, showing
hemipelagic sediments at bottom and top interrupted by debris flow bed.
Depth: 1038 ft. B, C, and D from Houston Oil & Minerals Johanson MC-
1, McCulloch County Texas.
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Figure 15. Slab photos of Mississippian Chappel facies succession in southwestern
Ft. Worth Basin (Llano Uplift area) . Houston Oil & Minerals Johanson
MC-1, McCulloch County Texas. A. Crinoidal packstone with stromatactis
vugs. Basal Chappel. Depth: 1131 ft. B. Pink, poorly sorted crinoidal
packstone. Depth: 1130 ft. C. Light brown, coarse-grained, poorly sorted
crinoid packstone. Depth: 1110 ft. D. Brown, coarse-grained, poorly sorted
crinoid packstone with green mud matrix. Depth: 1107 ft. E. Interbedded
brown coarse-grained, poorly sorted crinoid packstone and black siliceous
mudstone. Depth: 1098 ft. F. Coarse-grained, poorly sorted skeletal
packstone. Note large corals. Depth: 1086 ft.
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Figure 17. Photos of the Forestburg interval in central Ft. Worth Basin. A. Core slab
section showing contrast in color between laminated mudstones of
Forestburg and Barnett. Depth: 6480-90 ft. B. Photomicrograph of
horizontally laminated mudstone with scattered silt grains. Depth: C.
Photomicrograph showing graded bedding. Depth: Devon Adams SW #
7, Wise County, Texas. From Papazis (2005).
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5 mm

Figure 18. Photos of the Barnett Formation in central Ft. Worth Basin. A. Core slab
section showing laminated mudstones and laminated skeletal wackestones
of Barnett facies. Depth: 6530-40 ft. B. Photomicrograph of horizontally
laminated mudstone with scattered silt grains. Depth: . C. Photomicrograph
of graded bedding. Depth: . D. Photomicrograph of thin-walled deep water
articulate brachiopods. Depth: . E. Skeletal wackestone (in situ deposit)
overlain by skeletal calcisiltite (gravity flow deposit). Devon Adams SW

# 7, Wise County, Texas. From Papazis (2005).
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Figure 19. Stratigraphy of the Lake Valley Mississippian succession in southern

New Mexico. A. Conceptual model of the architecture of the Lake Valley
buildup outcrop succession. From Lane and Ormiston (1982). B.

Stratigraphy and facies architecture showing downlapping Lake Valley
and onlapping Rancheria. From Lane (1974).
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Figure 20. Sequence stratigraphy of the Mississippian outcrop succession in the
San Andres and Sacramento Mountains of southern New Mexico. Circled
numbers indicate probable depositional setting of key sections in the

Permian and Ft. Worth Basins. 1. Gaines County, Texas. 2. Reeves
County, Texas.
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DEPOSITIONAL HISTORY OF THE MORROWAN SUCCESSION
(LOWER PENNSYLVANIAN) IN THE PERMIAN BASIN

Wayne R. Wright

Bureau of Economic Geology
Jackson School of Geosciences
The University of Texas at Austin
Austin, Texas

ABSTRACT

Morrowan-age units in the Permian Basin appear to show a “second-order” transgression
from siliciclastic fluvial-deltaic to shallow-marine and subsequently to carbonate deposition. In
general, Morrowan-age siliciclastics dominate deposition in the west of the Permian Basin, while
carbonate deposition dominates in the east. The predominance of carbonate facies in the east is
due to a lack of siliciclastic supply to that part of the basin.

Morrowan siliciclastic deposition is interpreted to have developed in a large incised-
valley-fill system. An updip-to-downdip transition from fluvial and deltaic to estuarine and open-
marine facies is interpreted. Excellent reservoir potential is noted in amalgamated, stacked
channel systems and bayhead deltas. Significantly, these incising valleys may have served as
conduits for shelf-margin bypass during periods of lowstand. It is proposed that such bypass
channels may have fed sediment into the deeper basin, developing lowstand basin-floor-fan
deposits. The Morrowan of the Permian Basin needs to be reassessed in terms of such a new play
type, as basin-floor fans are known for their excellent reservoir potential.

This succession is overlain by Upper Morrowan carbonates. The deposition of the Upper
Morrowan carbonate unit in the Permian Basin area probably indicates a switch from local
tectonic to regional eustatic control as tectonism diminished in the hinterland and sediment
supply from the north/northwest shut off. Overall, it appears that carbonate deposition occurred
over a much larger area in the Permian Basin (Eastern Shelf and Delaware Basin) than
previously documented. The presence of algally dominated bioherms and higher energy facies
(ooid grainstones), augmented by fracture porosity, indicate potentially overlooked reservoir

intervals. With the current explosion of interest in the shale gas systems (primarily the Barnett
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but also the Smithwick), an overlying Marble Falls—type carbonate system may also hold
potential as a fractured reservoir for expulsed “Barnett” gas.

A new paleographic reconstruction for the Morrow of the Permian Basin is presented
(fig. 1). In brief, from east to west, Morrowan-age carbonates are distributed over the Eastern
Shelf and Llano Uplift. The depositional environment is interpreted to be a distally steepening
east- and possibly southeast-facing ramp. A transition from the platform and/or ramp carbonates
to more basinal carbonates and ultimately shales along the Eastern Shelf (ES), Midland Basin
(MB), and Central Basin Platform (CBP) is speculated. A small number of Precambrian inliers
appear to have been exposed and shed material into the basin. These and other minor
topographically elevated regions are most likely rimmed by carbonates. Farther west, multiple
amalgamated incised-valley systems are interpreted in the Delaware Basin, some of which may
feed deeper water basin-floor fans. The Pedernal Uplift provides much of the sediment input and
appears linked to the north with other channel systems feeding the Midcontinent. See the

Paleogeographic Summary for a more detailed discussion of this paleogeography.

INTRODUCTION

This report discusses the styles of deposition and facies development of Morrowan-age
sediments, concluding with a new paleogeography for the Morrowan Permian Basin (see
Paleogeographic Summary). Morrowan deposition is discussed in two sections, one dealing with
siliciclastic deposits and the other with deposits having a carbonate affinity. In each section a
regional model for facies patterns and deposition is proposed. Data from areas adjacent to the
Permian Basin are used as analogs for facies that are predicted to be present within the study
area. More localized studies will be used to illustrate certain key aspects (for example, facies
type, reservoir quality). However, an initial introduction to the area, placing it in a global

perspective, will first be presented.

GLOBAL TECTONIC SETTING

Morrowan-age sediments in the Permian Basin are characterized as being deposited at a
near-equatorial (10—15° south) position during the early stages of icehouse high-amplitude, high-
frequency eustatic sea-level fluctuations, in an area undergoing initial tectonic activity of both

uplift and subsidence related to the Ouachita-Marathon Orogeny and the birth of the greater
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ancestral Rocky Mountains. Figures 2 and 3 illustrate two of many interpretations as to the
position of Texas (in orange in fig. 2) relative to the major tectonic plates and the equator at the
beginning of the Pennsylvanian (circa Morrowan age). The Pennsylvanian Epoch is
characterized by increasing restriction caused by plate drift resulting in diminishing sea masses
between Laurussia/Eurasia and Gondwana as the Pangean supercontinent was forming. This
closure of a possible subequatorial seaway at the site of present-day Texas and the Permian
Basin has profound implications on establishing and understanding the paleogeography and
facies distribution of the region. However, currently too much controversy exists between
Pennsylvanian paleogeographic plate reconstructions to be useful on the basin scale (Van der
Voo and Torsvik, 2001; Saltzman, 2003; Torsvik and Cocks, 2004).

Figure 3 illustrates the potential dramatic changes in facies relationships and amount of
marine influence in the area of the Permian Basin after closing of a proposed seaway by
Morrowan time. Although detail is lacking from the Permian Basin area (red star in fig. 3), it is
important to note that a global understanding of the region is required to make reasonable
detailed geologic models of the area. However, the detailed data (core descriptions, facies
interpretations, and log data) presented in this study must be incorporated into any
paleogeographic and plate tectonic model for the Permian Basin and will probably result in

substantial changes to current reconstructions.

REGIONAL TECTONIC SETTING AND FACIES DISTRIBUTION

Figure 4 illustrates the outline of the Permian Basin used in this study and the major
geologic features commonly associated with the basin. Note, however, that not all the features
developed simultaneously, and most were only incipient at Morrowan time. Figure 4 allows one
to compare the Permian Basin with the regional paleogeography. Figures 5 and 6 depict previous
facies distribution and uplift and subsidence patterns for Morrowan-age sediments in the Permian
Basin and surrounding areas. The revised Permian Basin paleogeography presented in figure 1 is
an attempt to incorporate previous interpretations where valid, in light of new and regionally
synthesized data presented in this chapter.

Within the Permian Basin study area, facies appear largely restricted to depositional
environments such as transitional zones (for example, lagoonal, deltaic), open-marine coastlines,

clastic shelves, and minor carbonate platform to shelfal areas. An area denoted as a starved basin
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is also prominent and is centered on the New Mexico—Texas border in Lea and Winkler
Counties, respectively (fig. 5). However, seismic, well, and cross-sectional information indicates
“thick” intervals of Morrowan-age sediments across the entire Delaware and Midland Basins (for
example, Yang and Dorobek, 1995), although many authors would consider the basin centers to
be largely starved of sediment. The most notable feature of the map by Ye and others (1996) is
the lack of Morrowan-age sediments in most of the Permian Basin. In general, the Morrowan
paleogeography is indicative of siliciclastic deposition in the northwest and north and carbonate
deposition in the southeast.

The regional tectonic framework of Kluth (1986) for Mississippian to Morrowan time is
generalized but indicates uplift (<50 m/Ma) near or on the Central Basin Platform and the
margins of the larger Permian Basin. Most data indicate no Morrowan-age units on the Central
Basin Platform (fig. 6). The absence of sediments is commonly interpreted as a product of deep
weathering over uplifted blocks; however, the data do not preclude the possibility of
nondeposition in those regions.

It is quite obvious that the uplift and subsidence areas in figure 6 do not match the facies
distribution outlined in figure 5 in the greater Permian Basin area. In many instances areas of net
subsidence in figure 6 appear to correlate with areas of nondeposition (white) in figure 5.
Correcting inconsistencies in the regional paleogeography of the Permian Basin and outlining
more detailed depositional patterns were among the major goals of this chapter. The updated

Permian Basin paleography previously presented is discussed within the Paleographic summary.

AGE RELATIONSHIPS

Correlation problems exist with establishing the true depositional nature of Morrowan-
age units. Many studies are of local scale, lacking robust age control and regional perspective.
Different interpretations and inconsistencies exist in defining what units and formations are
actually Morrowan in age (fig. 7). In this study the upper Barnett Formation is considered
laterally equivalent to lower Morrow sediments (fig. 7). This interpretation is based on
paleontological data, regional correlations, and the transgressive nature of the Barnett Formation.
Figure 7 illustrates the two contrasting interpretations of where the Mississippian/Pennsylvanian
boundary can be placed noted by the large and small arrows. The interpretation in this study

(large arrow) contrasts with many interpretations placing the base Morrowan-age units on top of
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the Barnett Formation in an angularly unconformable relationship (figs. 8 and 9). Many authors
contend that all Pennsylvanian sediments are in an unconformable relationship with
Mississippian and/or older units (for example, Mazzullo, 1999; Roberts and Kohl, 1999), but
conformable relationships have also been described (Harrell and Anonymous, 2003; Harrell and

others, 2004).

SILICICLASTIC MORROWAN DEPOSITION

e Broad Approach: Observations from more regional studies are used as a reference
framework for interpreting and integrating studies in the Permian Basin. Permian Basin

data are presented and integrated into this overall depositional model.

¢ General Depositional Setting: Incised fluvial valley-fill system, grading from an updip
fluvial system to downdip deltaic and estuarine conditions. The drainage system is
largely sourced from the northwest. The adoption of a fluvial to estuarine facies
distribution model over a standard open-marine layer-cake model will allow much more

accurate prediction of compartmentalized reservoirs.

e Reservoir Potential: Updip fluvial amalgamated, stacked channels provide the best
reservoir potential. In the transitional facies toward the downdip estuarine section, the
fluvial channels are separated by lower quality reservoir estuarine sands, and reservoir
quality, noticeably permeability, is decreased in these thinner, more marine facies. In the
downdip facies tract (estuarine), reservoir facies are sparsely developed; the fluvial
channels are narrow, disconnected, and thin, and they are separated by thick estuarine

basin shales. However, bayfill deltas provide excellent local potential.

e Diagenesis: Dissolution of detrital grains and authigenic clays generating secondary
porosity and permeability is very important to development of good reservoir quality,
especially in the more estuarine to marine sands. The Middle Morrow sandstones are

more compositionally variable and appear to have the best production.

e Climate: The Morrowan was a time of expansive ice-sheet development, and such times
are typified by highly fluctuating sea level, which plays a role in controlling cyclicity and
facies stacking patterns. Such highly fluctuating sea levels generally result in thinner,

higher frequency cycles.
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Before a discussion of the sediments and facies can be undertaken, the organization used
for dividing the Morrowan-age siliciclastic units must be discussed. The convention within the
petroleum industry is to deem Morrowan-age units as Morrow Formation siliciclastics with
subsidiary carbonates. Within the Permian Basin (Delaware Basin, in particular) the Morrow
Formation is generally separated into three units (figs. 8, 9). These units are termed the Lower,
Middle, and Upper. Only the Lower and Middle Morrow “unit” facies are siliciclastic. Note that
on the stratigraphic column in figures 8 and 9 the authors consider the Mississippian and
Pennsylvanian contact as unconformable. The unconformable nature of the contact is not tenable
throughout the entire Permian Basin and is largely a localized occurrence. The tripartite division
of the Morrow in figure 8 is not universally accepted, and genetic divisions based on sequence
stratigraphy have recently been proposed. The nomenclature used for dividing the Morrowan-age
sediments and the Morrow Formation in the Delaware Basin and Northwest Shelf was proposed
in isolation from other parts of the Permian Basin and the region.

Broadly, the Morrowan-age units in the Delaware Basin and Northwest Shelf of the
Permian Basin appear to show a “second-order” transgression from siliciclastic fluvial-deltaic to
shallow-marine and subsequently to carbonate deposition. Higher order cyclicity is evident, but
regional correlation is not possible on the basis of the present dataset. The following section

summarizes the depositional model for the Morrowan-age section in the Permian Basin area.

Regional Studies—Depositional Model

The proposed depositional model for the Morrowan-age section of the western Permian
Basin is largely based on two regional studies outside the Permian Basin. In summary,
siliciclastic deposition of the Morrowan-age units (Lower and Middle Morrow, figs. 8, 9)
occurred in a large incised valley-fill system under icehouse conditions. Fluvial, deltaic,
estuarine, and open-marine facies compose the valley-fill and intervalley sediments in updip,
transitional, and downdip facies tracts.

Published literature on recent regional- and local-scale analysis of the depositional
environments in a sequence-stratigraphic context for Morrowan-age sediments (generally
Morrow Formation siliciclastics) has largely been restricted to occurrences outside of Texas.
Bowen and Weimer (2003, 2004) established the regional sequence-stratigraphic framework and

reservoir geology in western Kansas and eastern Colorado. As with studies in the Permian Basin,
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the Morrow Formation is considered Early Pennsylvanian in age with an angular unconformity,
the result of a Late Mississippian tectonic event, separating it from the underlying Mississippian
carbonate strata. In contrast to New Mexico and Texas, the Morrowan strata in eastern Colorado
and western Kansas are informally divided into a lower Morrow limestone interval and an upper
Morrow siliciclastic-dominated interval (fig. 10).

The Morrow Formation in western Kansas and eastern Colorado is bounded at its base by
a second-order sequence boundary (Sloss, 1963; Ross and Ross, 1988) and at its top by a third-
order sequence boundary that separates Morrow siliciclastic strata from Atokan carbonate strata.
The upper Morrow siliciclastic interval comprises at least five fourth-order depositional
sequences. The thickness of the lower Morrow carbonate interval of Bowen and Weimer (2003,
2004) is decidedly thinner than the lower Morrow siliciclastic section in New Mexico (for
example, 50 ft versus 200+ ft) (fig. 10).

In general, the upper Morrow interval is dominated by shallow-marine shales that were
deposited on a low-gradient shelf northwest of the Anadarko Basin during relative highstands in
sea level (Bowen and Weimer, 2003). Enclosed in the shale are valley-fill strata consisting of
interbedded sandstones, siltstones, and shale. These valley fills (updip widths of 0.5-2.0 mi [0.8—
3.2 km] and downdip of 1.0—4.0 mi [1.6-6.4 km]) developed when extensive river systems
incised the subaerially exposed marine shelf during periods of relative lowstand. The simple and
compound valleys incised to depths of as much as 100 ft (30.5m). The size of incisement is
similar to that seen in the Buffalo Valley field in New Mexico within the Permian Basin.

Overall depositional environments within the valley fill vary from fluvial (braided to low-
sinuosity to high-sinuosity river systems), estuarine, to marine. The medium- to coarse-grained
fluvial sandstone valley-fill facies are the best reservoirs, with porosity values ranging from 18 to
28 percent and permeability ranging from 0.5 to 2.0 md. The overlying estuarine reservoirs
commonly have lower porosity (8—18 percent) and lower permeability (10.0-500 md) than the
fluvial reservoirs. A major flooding surface marks the top of the valley fill. Of key importance is
that Bowen and Weimer (2003) note that within their study area individual valley-fill systems
can be correlated, mapped, and put in a sequence-stratigraphic context over a large area (for
example, single channel system mapped for 283 km). The other key observation in Bowen and
Weimer (2003) is the overall extent of facies tract dislocation (~281 km/175 mi) between

lowstand and highstand shoreline deposits. This extensive tract dislocation results in large
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regions where identification of the overlying systems (for example, highstand) tract may not be
possible and results in stacked lowstand or transgressive tracts within a valley-fill succession.
The facies tract dislocation also requires a much greater areal distribution to be considered when
exploring for new targets because the lowstand alluvial and fluvial sands of a sequence could be
as much as 175 mi more basinward in relation to its underlying highstand shoreline deposits.

Observations from more regional studies provide a reference framework for interpreting
and integrating studies in the Permian Basin. Figure 11 illustrates the key core descriptions and
wireline log signatures for updip, transitional, and downdip facies tracts of valley-fill systems.
These core and wireline signatures are similar to those from the Permian Basin, although
historically interpreted differently. Figure 12 illustrates the overall upward change of succession
from the lowstand systems tract incised valley upward into the overlying transgressive systems
tract within a single well (Bowen and Weimer, 2003). The single-well succession illustrates a
level of facies discrimination that is only possible using core data, as the wireline log signature
for the lowstand and transgressive systems tract will be similar. The juxtaposition of the
transgressive systems tract (shales at the base of the Bayhead Delta) on top of the lowstand
coarse sands will result in localized and possibly regional compartmentalization of reservoir
units when they are stacked in this manner. The well illustrated in figure 12 typifies the downdip
facies tract of Bowen and Weimer (2003).

Bowen and Weimer (2003) illustrated the cross-sectional architecture of their informal
facies tracts within a sequence-stratigraphic and reservoir-quality framework (figs. 13, 14). From
an exploration and development perspective, recognizing which facies tract you are in is very
important because the size, connectivity, and quality of the potential reservoirs all diminish
downdip (fig. 13). In the updip position a well would penetrate amalgamated fluvial channels
and have excellent reservoir potential through the entire interval, whereas in the transitional
facies tract the fluvial channels are separated by lower quality reservoir estuarine sands
(fig. 11B). In the downdip facies tract, a well may be likely to intersect no reservoir facies, as the
fluvial channels are narrow, disconnected, thin, and separated by thick estuarine basin shales
(fig. 13). From figure 14 and table 1 one can see that the updip amalgamated fluvial facies have

the best reservoir quality.
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Table 1. Morrowan and Atokan stratigraphic correlation chart (modified from Kier, 1980). The
Morrow Formation is highlighted in blue, and the Atokan-age units are encompassed by the
green highlighted area above the Morrowan to Atokan sequence boundary. Formations and
members listed are of both carbonate and siliciclastic character.
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ick Pool Smithwick Smithwick
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The transitional or downdip facies tracts, although poorer in overall reservoir quality than

the updip facies tract, have intervals of excellent reservoir quality where reservoirs can be

productive if they are understood. Bowen and Weimer (2004) expanded their discussion of the

downdip “valley fill” to encompass estuarine systems in the upper Morrow Formation. Figure 15

is a comparison of the “updip incised valley system” (actually the transitional facies tract of

Bowen and Weimer, 2003, fig. 13) with the downdip valley system. The change in scale of the

environments is quite apparent with the distal estuarine system being much broader and having

multiple input points. Multiple inputs into the less confined estuary allow for differentiation of

the sediments into proximal and distal packages and are the key to having reservoir intervals.

After deposition of the minor fluvial fill, transgression flooded the area, and subsequently

the estuary was partly filled by prograding bayfill deltas. In terms of reservoir quality in these

distal, less confined estuaries, coarse-grained fluvial fill is still locally present at the base of the

facies tract but is relegated to the minor role of linkage control in reservoir development and

production. Distal areas of the deltas are nonreservoir owing to intense bioturbation resulting in

mixing of the more abundant clays into the sands. However, the proximal areas of the deltas have

excellent porosity and permeability resulting in good production. Overall, these bayfill deltas

result in isolated reservoir compartments, unless linked at the base by fluvial “channel-fill”

sands. Figures 16 and 17 illustrate some of the typical features found in core from these
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environments, as well as the overall well log correlation illustrating facies variability. The
surfaces and features noted in figure 16 are put in their vertical, lateral, and sedimentological
context on the core logs in figure 17. Note the estuary central basin shale facies directly overlies
the marine shale facies. Without detailed core data the ability to define these two facies and their
associated boundaries would be nearly impossible using solely wireline logs (figs. 16, 17, J and
L). The encasement of reservoir sands within estuary shale facies is potentially one of several

analogs for the Permian Basin succession.

Climatic Conditions

A generalized conceptual sequence-stratigraphic model was put forward by Bowen and
Weimer (2003) exhibiting decided differences in facies architecture between the idealized
greenhouse model for incised-valley-fill systems (per Zaitlin and others, 1994) and their model
in icehouse conditions of rapid and large sea-level fluctuation across a very wide low-angle
muddy shelf (fig. 18). The applicability of the Bowen and Weimer (2003) model to the Permian
Basin should be noted because most sequence-stratigraphic models are developed from units
deposited under greenhouse conditions, whereas the Morrowan was a time of expansive ice-sheet
development (see fig. 3), and such times are typified by highly fluctuating sea level. The sea-
floor gradient in the Permian Basin (especially the Delaware Basin) is not well constrained and
may be steeper than that used by Bowen and Weimer (2003). However, an icehouse sequence-
stratigraphic model that reflects the thinner higher frequency cycles and greater dip length of

facies groups must still be applied to the Permian Basin.

Ichnofacies

Another study performed outside the Permian Basin on the Morrow Formation provides
insight into the significance of using ichnofacies to aid in correlating units and generating
depositional models. In southwest Kansas, Buatois and others (2002) studied the lower Morrow
sandstone. In contrast, Bowen and Weimer (2003, 2004) concentrated on the “upper” Morrow
because the “lower” Morrow in their area was limestone. Before Buatois and others (2002)
completed their study, the lower Morrow in Kansas was interpreted as regionally extensive
offshore shales, and shoreface and offshore-bar sandstones. Buatois and others (2002)

recognized and detailed extensive estuarine systems similar to those of Bowen and Weimer
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(2004). The depositional models drew heavily on the use of ichnofacies as indicators of
environment, as well as establishing facies architecture in a sequence-stratigraphic framework
(for example, identification of a tidal-ravinement surface). Overall the Buatois and others (2002)
model differs from that of Bowen and Weimer (2004) by having the discharge empty into an
unconfined sea (fig. 19). A similar conceptual model was proposed by James (1984) for the
Delaware Basin. The adoption of a fluvial to estuarine facies distribution model over a standard
open-marine layer-cake model results in a much more accurate prediction of the
compartmentalized reservoirs. Reservoir quality within the Buatois and others (2002) model is
best within facies A, C, and I (up to 20 percent porosity), marginal in facies H, E, and J, and poor
to nonexistent in facies B, D, F, G, K, L, M, N, and O (fig. 19). Figures 21 and 22 illustrate a
lower Morrow correlation and core description showing indicator facies for the estuarine and
shoreface environments. Figure 20 further illustrates the vertical stacking patterns of the facies
highlighted in figure 19. As with the Bowen and Weimer (2004) study, the model by Buatois and
others (2002) highlights the importance and difficulty of separating and defining the estuarine
shale from those of more open marine affinity. This observation may not appear crucial to many
because neither facies has any reservoir quality, but miscorrelation and identification of these
units, in a sequence-stratigraphic context, will result in decreased exploration potential and
misunderstandings in terms of reservoir lateral connectivity (fig. 20). Figure 20 also illustrates
the composite nature of many of the sequence-stratigraphic boundaries (for example flooding
surface [FS] and basal sequence boundary [SB] are picked at the same spot on well Fretz 16-1).
Figure 23 illustrates the sequence-stratigraphic significance of the ichnofacies and guilds
proposed by Buatois and others (2002). This type of data and classification system is very
applicable to the Morrowan-age units in the Permian Basin and may aid in the identification of
depositional environments and correlation. The depositional model for the lower Morrow by
Buatois and others (2002) is subtly different from that proposed by Bowen and Weimer (2003,
2004), but all the models have similarities to facies patterns recognized in the Morrowan

siliciclastic in the Permian Basin (for example, Rutan and others, 2002).

Permian Basin Data

The following section details a number of studies of the Morrowan-age section in the

Permian Basin area. Most of these studies are at the field scale only and therefore reflect
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different interpretations of the depositional environment. Broadly, the Morrowan-age units in the
Permian Basin appear to show a second-order transgression from fluvial-deltaic to shallow-
marine and subsequently to carbonate deposition. Higher order cyclicity is evident and is a key to
understanding facies relationships; regional correlation, however, is difficult. The fields
discussed below are illustrated in figure 24 and are centered on Eddy County, New Mexico,
relative to the Permian Basin in figure 4. Regional thickness estimates for the Morrow Formation
(including carbonates) range from essentially zero in the north and northwest parts of the
Northwestern Shelf and Tatum Basin to 518 m in the southeast (northeast corner of the Delaware
Basin) (fig. 4).

In the northern Delaware Basin (Logan Draw—Crow Flats field area), the historic Lower
and Middle Morrowan interpretation for the area was deposition in low-accommodation fluvial,
deltaic, and nearshore environments (fig. 24). Contrary to historical interpretations, Rutan and
others (2002) suggested widespread transgressive valley-fill deposition after extensive incision
into the underlying units, similar to the interpretation of Bowen and Weimer (2003). They further
divided the lower part of the Morrow Formation into three genetic packages, the two lowermost
packages representing valley fill and the uppermost youngest package representing transgressive
deposition of thin marine shore-parallel sands. Retrogradational to progradational estuary fill
overlain by marine shales represents the lowermost package, wherein estuary-mouth sands have
the best reservoir quality, similar to the Bowen and Weimer (2004) and Buatois and others
(2002) models. This package is overlain by marine sands and shales, which are in turn overlain
by stacked sands thought to be of point-bar affinity (for example, Buatois and others, 2002). The
stacked sands are excellent reservoirs in a multiply scoured succession of angular to coarse-
grained upward-fining units. Downdip to the south of Logan Draw and Crow Flats, the stacked
sands coalesce into a strike-oriented sand body about 75 m thick in a wave-dominated delta (for
example, figs. 17, 18, Facies J). Overall, the thin strike-parallel marine sands of the uppermost
unit are poor reservoirs unless transected by dip-oriented tidal channels (Rutan and others, 2002).

From the Cedar Lake area of the Delaware Basin, Carlile and Anonymous (1997) painted
a slightly different picture for Morrow Formation deposition (fig. 24). He divided the Morrow
sandstones into two facies tracts (the Lower and Middle Morrow), which are separated by marine
Middle Morrow Shale. The Lower Morrow (sensu Carlile and Anonymous, 1997) is interpreted

as a coarse-grained fluvial system. The paralic section of the Lower Morrow (sensu Carlile and

391



Anonymous, 1997) is characterized by backstepping, retrogradational parasequences bound by
transgressive lags. This interval may be equivalent to the uppermost lower Morrow of Rutan and
others (2002). Overlying these two facies tracts is the Middle Morrow, which is defined as a
progradational (typical fine-grained sandstones in upward-coarsening cycles) delta system
building toward the basin.

Differences between the Rutan and others (2002) and Carlile and Anonymous (1997)
studies are related to different order cycle comparison (for example, fourth and fifth versus third
and fourth order) and geography, both in potential source areas and in proximal and distal
relationships to each other.

Farther to the southwest from the two previous studies Malon and others (2000)
interpreted the Morrow in the White City field as possessing a lower half that consists of two
southeast progradational fluvial-deltaic systems (fig. 24). This interpretation contrasts with
previous findings of studies where a transgressive event is followed by a regressive event. In
closer detail the packages are interleaved with short-duration higher order aggradational and
retrogradational cycles. The overall progradational signal noted by Malon and others (2000)
could be due to increased sediment load in their area. It was proposed that delta-lobe
abandonment, possibly coupled with compaction or syndepositional faulting, or both, lead to
marine incursion with abundant shale deposition (Malon and others, 2000). At the parasequence
scale the upper portions of many of the sandstone packages contain thin reworked channel-
mouth bars and beach barrier bar deposits. These “lowstand?” facies are commonly capped by
transgressive marine shales and thin oolitic carbonates. Overall their interpretation could be put
into the framework of the downdip facies tract of the estuarine model proposed by Bowen and
Weimer (2004).

In the Osudo field area, the primary sediment source is the Pedernal Uplift, and a
secondary source is a portion of the uplifting Central Basin Platform (James, 1984; Roberts and
Kohles, 1999) (fig. 24). The Coker (2003) study of Osudo followed the tripartite division of the
Morrow Formation from Mazzullo (1983) and Speer (1993) (figs. 8 and 9). Overall the lower
Morrow Formation (sensu Coker, 2003) contains sediments reflecting four depositional
environments ranging from (1) alluvial plain facies, (2) transitional marine, (3) shoreline to inner
shelf, and (4) midshelf to basinal. The middle Morrow is separated from the lower Morrow by a

transgressive radioactive marine shale, as noted by Malon and others (2000) and Carlile and
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Anonymous (1997). The middle Morrow is part of a delta-front package and presents the same
depositional environments as the lower Morrow with the addition of a proximal fluvial facies.
Facies maps from Coker (2003) indicate a slight progradation (overall regression) of the middle
Morrow environments relative to the lower Morrow, similar to that of James (1984) and Mallon
and others (2000) (fig. 25). However, the regional layer-cake-style parallel facies bands
illustrated by Coker (2003) do not appear realistic, given the scale, and don’t reflect the
perceived complicated juxtaposition of facies (for example, valley-fill channels vs. deltaic muds)
that are present (fig. 25). Changes in the sediment-load conditions from the Lower to Middle
Morrow were potentially influenced by Central Basin Platform uplift or quiescence. The Lower
and Middle Morrowan facies patterns in eastern Lea County and western Winkler County may
be quite different from those farther west and southwest, where other sediment sources or
eustatic conditions dominated.

Within the lower and middle Morrow divisions multiple transgressive and regressive
events can be documented, thereby making correlation of these cycles quite difficult (Coker,
2003). A shale is defined as the upper boundary of the Middle Morrow with carbonate deposition
(Upper Morrow) above. This limestone is poorly defined and is discussed in the carbonate
section of this chapter.

In terms of reservoir quality, the middle Morrow has the best production, yielding a
cumulative production of 208 Bcf, largely from coarse-grained distributary channel sandstones.
Coker (2003) suggested the possibility of syndepositional faulting controlling sedimentation
patterns and resultant reservoir quality.

Mazzullo (1999) and Roberts and Kohles (1999) discussed the Morrow in a regional
sense without major emphasis on field-scale heterogeneity. A subregional paleogeographic
reconstruction for the entire Morrow Formation for southeastern New Mexico illustrates the
complex facies interrelations possibly present over field-scale areas (fig. 24). On the basin-wide
scale, Roberts and Kohles (1999) noted that the overall transgression in the Morrow is apparent;
with the lower Morrow (A zone) being delta plain, the overlying younger middle Morrow (B
zone) representing delta front, and the youngest upper Morrow (C zone) being carbonate shelf
(fig. 9). Note, however, that in figure 24 the more basinal and marine sediments of the lower
Morrow (A zone) are not illustrated and those displayed are actually younger zone B and zone C

sediments. The correlation of Morrowan-age units in southeast New Mexico was expanded and
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completed by Geological Data Services (GDS) (Roberts, personal communication, 2005) and
further illustrates the difficulty and complexity of correlation within the aforementioned
environments. Issues exist with picking the top of the Morrow (Upper Morrow Zone C) from the
overlying Atoka “shaly” carbonates. The basal lower Morrow transgressive shale appears to be
the most readily correlative over large areas, whereas the shale at the top of the middle Morrow
is not as thick, distinct, or widespread and is more difficult to correlate, contrary to several other
interpretations (fig. 26). Accurate identification of the base of the Morrow Formation relies
heavily on the identification of Mississippian-age sandstones (informally Carlsbad Sand) within
and equivalent to the Barnett Shale (fig. 26). The wireline log signature of the GDS type well is
similar to the type log used by Bowen and Weimer (2003) (figs. 10 and 26).

Figure 27 illustrates a schematic regional cross section across Eddy County, New
Mexico, employing about 1,000 wells. The model interpreted by Roberts and Kohles (1999) and
Roberts (personal communication) relied heavily on the paleogeographic reconstruction put forth
by James (1984) with prograding fluvial-deltaic channels and point bars sourced dominantly
from the northwest during lower Morrow deposition. The Roberts and Kohles (1999) correlation
in figure 27 appears the most realistic for publicly available Morrow Formation interpretations in
New Mexico. However, an addition of deeply incised valleys is certainly required for the Lower
Morrow section. Evidence of this incision is provided by the seismic data in the Van Dock and
Gaiser (2001) study and the well log correlations by Lambert (1989).

James (1984) interpreted the shale (MMSH) dividing the lower Morrow from the middle
as lagoonal in origin and not a transgressive open-marine shale (fig. 28). That interpretation may
be supported by the inability of Roberts and Kohles (1999) to regionally correlate it. The middle
Morrow succession in the Parkway area, is proposed to be transgressive beach and submarine
bars that trend parallel to depositional strike, an interpretation supported by Lambert (1989) in
the Empire field and Rutan and others (2002) in the Crow Flats field. Figures 28 and 29 illustrate
the type log and characteristic facies relationships to petrophysical character used by James
(1984). Note that in figure 28 there is no identification of a Mississippian sand by James (1984).
However, a comparison of the log signatures from the two studies indicates a possible equivalent
pick in the Parkway well to that in the Big Eddy well (figs. 26, 28). If either pick is correct, it
changes the potential top Mississippian pick by more than 100 ft. The well log character in figure
29 is very similar to those illustrated by Bowen and Weimer (2003) and Buatois and others
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(2002) and could reflect an incised valley fill overlain by an estuarine sequence, as opposed to
the mouth-bar system proposed by James (1984). Only detailed core data could resolve this
discrepancy.

Mazzullo (1999) illustrated the potential problems of regional wireline log correlation in
these environments and proposed that tectonic effects may also control deposition of the units.
Mazzullo (1999) noted that following a Late Mississippian tectonic event, the Central Basin
Platform area probably had low relief and that regional large-scale tilting and erosion occurred
after this event, thereby resulting in an irregular topography on which the Morrowan-age
sediments were deposited. Uplifts during Morrowan-age sedimentation also resulted in possible
areas of nondeposition and erosion (fig. 30). Further tectonic episodes with uplift and erosion
during the Atokan through Wolfcampian stages further modified the continuity of Morrowan
sediment patterns, resulting in the present-day mapped distribution.

From work on Empire field, Lambert (1989) suggested that the lower Morrow interval
sandstones were deposited in a broad coastal plain environment dissected by channels (fig. 24).
The upper delta-plain environment with its thick stacked sand bodies was gradually replaced by
thinner sandstones and siltstones of the lower delta plain, eventually culminating in the probable
maximum flooding surface noted as the highly radioactive Morrow shale. After a minor
regressive event in the lower middle Morrow, a continued transgression influenced deposition of
lower delta plain through to open-shelf marine sands in the middle Morrow. Lambert (1989)
cited the presence of glauconite pellets as further evidence of the more open marine nature of the
middle Morrow siliciclastics. Figure 31 is a strike-oriented well log cross section through the
lower and middle Morrow Formation intervals in Empire field. The geometry of the facies
illustrated in figure 31 is also consistent with a large-scale incised-valley system composed of
both simple and compound valleys. Incision appears to go into the underlying Chester
Formation, and channel thicknesses are on the order of 100 ft. In Empire field, the lower Morrow
Formation sandstones display reservoir-quality linkage to depositional environment (multiple
stacked fluvial channels). Middle Morrow sandstones, which appear more compositionally
variable, possess the best reservoir quality after development of secondary porosity via
dissolution of detrital grains and clays (Mazzullo and Mazzullo, 1984; Lambert, 1989). As in
several other studies of the lower Morrow Formation, the best reservoir quality is present in

multiple stacked fluvial channels (porosity of as much as 8 to 17 percent and permeabilities of as
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much as 250 md). Reservoir quality, noticeably permeability, is decreased in the thinner, more
marine facies. Dissolution of detrital grains and authigenic clays generating secondary porosity
and permeability is very important to reservoir quality development, especially in the more

estuarine to marine sands.

Seismic Data

Most of the publicly available data and interpretations on Morrowan-age sediments do
not present or highlight the use of geophysical data. However, Van Dok and Gaiser (2001) noted
that historically the Morrow Formation is an extremely difficult formation to resolve accurately
using conventional compressional wave seismic data. In their study of Buffalo Valley, New
Mexico, converted shear wave data was used for interpretation of the Morrow Formation
(fig. 24). Improved shallow resolution appears to be provided by the shear wave data. Figure 32
illustrates a vertical shear wave data traverse through the field, highlighting the base of the
incised valley in yellow overlain by lower and upper Morrow (green horizon) sediment.
Interpretation of the image would indicate incision of the upper Morrow into the lower Morrow,
as well as possible lower Morrow incision into the Barnett/Chester. The upper Morrow sand top
pick in green would therefore be a composite sequence boundary for the Chester/Barnett to lower
and upper Morrow, as well as the Atoka. The incisive nature of the facies and possible composite
boundaries highlights the inadequacies of correlation in the Morrowan-age siliciclastics using
only standard wireline logs. An isochron map compiled between the Atoka and Chester picks
clearly outlines a large incised valley (fig. 33). The scale of the incised valley illustrated in
figure 32 is similar to those illustrated by Bowen and Weimer (2003).

Good-quality seismic data and interpretations, coupled with extensive core logging and
regional sequence-stratigraphic correlations, appear to be the only way to decipher the

complexities of the Morrowan-age siliciclastics in the Permian Basin.

Equivocal Morrowan-Age Sediments

To add further to the complexities of the Morrowan-age siliciclastics in the Permian
Basin, within Sutton and Schleicher Counties (technically Eastern Shelf) sediments of possible
Morrowan age are informally termed the Penn “Detrital Zone.” These sediments have a variable

lithologic character but appear dominated by red, green, or dark-gray shales having abundant
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poorly sorted, poorly rounded chert pebbles and quartz grains. Thin sandstones and limestones
are also present. The entire unit may rarely be composed entirely of chert pebbles. Overall, the
unit averages 15 ft in thickness but can increase to a maximum of 150 ft (Rall and Rall, 1958).
Recent interpretations of the “Penn Detrital” unit tend more toward an Atokan to Desmoinesian
age (for example, Arenoso field, Winker County, and Rojo Caballos, South, Pecos County)
rather than Morrowan age; however, without excellent biostratigraphic and seismic control, the
age of some of these units remains ambiguous (Van Der Loop, 1991; Hanson and Guinan, 1992).
Other channel-fill sandstones of possible Morrowan-Atokan age have been documented in
Baylor County on the “Texas Craton” south of the Palo Duro Basin (Staples, 1986). These
siliciclastic sediments are included in the “Bend Group, Bend Clastic,” which is also present in
the Palo Duro Basin (Dutton, 1980; Dutton and others, 1982). Bend clastics are also a substantial
natural gas reservoir in Cottle and King Counties along the Matador Arch (Brister and others,
2002). In the Broken Bone graben the Bend Group (informally “Bend Conglomerate™) is

considered to be of Atokan age, as it overlies a limestone thought to be of Morrowan age.

Summary of Morrowan Siliciclastic Deposition

Overall the Morrowan-age siliciclastics are best described as being deposited in a large-
scale incised valley system. These valleys were back-filled by several different facies during
transgression. Progradational and retrogradational geometries are linked to uplift and sediment
input rates, as well as eustatic sea-level fluctuation. There are several key issues that can help to
better understand the depositional geometries of the Morrowan-age siliciclastics. Many of these
issues have a direct bearing on exploitation of, and exploration for, new reservoirs in the Permian
Basin.

1. Scale and Stacking Patterns: Understanding and identifying higher order cyclicity in
sediment packages is extremely important for establishing reservoir continuity for
production and exploration. In icehouse time spans such as the Pennsylvanian, the higher
order eustatic fluctuations can dominate over the lower order oscillations (for example,
extensive progradation during transgression). Stacking patterns and facies tracts in
icehouse systems may have substantially different geometries from those conventionally

proposed for greenhouse situations. An example would be that the dip length of a fourth-
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order fluvial system deposited during icehouse conditions is about three times longer than

the equivalent third-order cycle in a greenhouse setting (per Bowen and Weimer, 2003).

Unconformities: Many of the stratigraphic relationships proposed for the Pennsylvanian
rely heavily on the interpretation and identification of unconformities. Of particular
importance is to understand the proposed end Mississippian unconformity and confirming
whether it is truly a global event (type 1? sequence boundary) or is a type 2 sequence
boundary. Understanding the nature, extensiveness, and duration of the unconformities
and their correlative conformities in the Pennsylvanian section will have profound effects
on how sequence-stratigraphic architectural models are applied. An example would be to
conclude that the Barnett Formation is a transgressive systems tract and the overlying
lower Morrow is part of the highstand systems tract. Alternatively, as illustrated in

figure 27, the Barnett Formation could represent a lowstand prograding wedge with the
Mississippian/Pennsylvanian boundary only equating to a transgressive surface and the
overlying lower Morrow being the transgressive systems tract. These types of issues
cannot be resolved in a review such as this; however, they are key to proper prediction of

facies geometries and associations.

Sediment Supply: Sediment supply may be the largest controlling factor in Morrow
siliciclastic sedimentation patterns. Extremely high or low sedimentation rates can
produce sequence and facies stacking patterns that contradict those modeled for constant

rates of sedimentation.

CARBONATE MORROWAN DEPOSITION

Broad Approach: Carbonate rocks of Morrowan age in the Permian Basin have had
little study historically. In this study it is thought that Morrowan-age carbonates present
in the Permian Basin are laterally equivalent to extensive carbonates developed in
adjacent areas such as the Marble Falls Formation. It is postulated that these adjacent
areas act as excellent analogs for equivalent underexploited sections within the Permian
Basin. Consequently, the approach that will be taken in this chapter is to discuss

development of the Marble Falls Group, even though it is not geographically part of the
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study area, so as to provide an analog to what is thought to be present in the Permian

Basin.

¢ General Depositional Setting: Morrowan-age carbonates were deposited quite widely
across the Permian Basin on a low-angle distally steepening east- and west-facing ramp.
Isolated platforms or buildups are interpreted on or near the area of the Central Basin

Platform.

e Reservoir Potential: Algal bioherms appear to be the most favorable reservoir facies.
They may preserve excellent shelter porosity, and intergranular and vuggy porosity have
also been locally retained in algal bioherms. Siliciclastic channels crosscutting these

bioherms also provide excellent reservoir potential.

e Diagenesis: From analog study of the Marble Falls Formation very little primary porosity
is retained in Morrowan carbonates. Fracture porosity appears critically important for
production from Morrowan carbonate intervals. In units that possessed primary porosity,
extensive calcite cementation and silicification have occurred, occluding the pore space.
Although algal bioherms appear to provide the best primary (unfractured) reservoir

potential, blocky calcite spar may occlude the pore space, resulting in a tight unit.

The only Morrowan carbonate unit near the Permian Basin is the Marble Falls Formation.
The lower Marble Falls Morrowan carbonate unit has not been mapped in the Permian Basin but
is located in the Llano Uplift area to the east (fig. 34). Although the Marble Falls limestone has
been studied using outcrop and borehole data from areas outside the Permian Basin, little hard
data are available for this section of Morrowan strata in the Permian Basin. In this study, it is
thought that Morrowan-age carbonates are indeed present in the Permian Basin but have simply
not been referred to as the Lower Marble Falls Formation, even though they are the most likely
lateral equivalents. The extent of the Marble Falls is probably much greater than previously
proposed, and the formation may extend into Runnels, Nolan, Coke, and Tom Green Counties
within the Permian Basin. Kier (1980) further noted that the distribution of the Marble Falls
included areas of the Concho Platform/Eastern Shelf, as well as near the Matador Arch, on the
Northern Shelf of the Permian Basin. Figure 1 illustrates the proposed extent of the Lower

Marble Falls limestone and its equivalents.

399



Marble Falls Group—Analog to Underexplored Permian Basin Equivalent Section

The focus of this section will be the Lower Marble Falls Formation of the Marble Falls
Group as defined by Manger and Sutherland (1984), Groves (1991), and Erlich and Coleman
(2005), which is wholly Morrowan in age. Figure 35 illustrates the lithostratigraphic
relationships of the Morrowan-age units discussed in the Erlich and Coleman (2005) study. Some
further detail regarding the age and stratigraphic relationship of the Marble Falls Formation can

be found in the appendix.

Facies Associations and Depositional Environment

Overall the Morrowan-age carbonates were deposited quite widely across the Permian
Basin on a low-angle distally steepening east- and west-facing ramp. Carbonates deposited on or
near the area of the Central Basin Platform were isolated platforms or buildups. A wide variety
of facies are present, with a shallow-water facies transition to deeper water carbonates and
eventually shales that are Barnett Formation equivalents in the south part of the Permian Basin
and the Fort Worth Basin.

The lower Marble Falls carbonate unit is characterized by several different facies types
and associated depositional environments. In general, the formation comprises light to dark
cherty limestones and thin shale beds (Kier, 1980). Algal biomicrites, biosparites, oosparite,
spiculitic biomicrite, pelmicrite, micrite, mixed skeletal biosparite and micrite, coral and algal
biolithite compose the limestone facies. The spiculitic biomicrite, micrite, and shale are
considered off-platform, whereas the other facies are considered platform (fig. 36). Two
depositional models have been proposed, first by Kier (1980) and secondly by Namy (1980) and
Erlich and Coleman (2005), and will be discussed in that order.

As illustrated by fig. 36, Kier (1980) proposed that the platform margin was defined by
an oolitic sand belt (oosparite facies) having minor seaward and landward spillover lobes. The
platform interior comprises pelletal sand (peletal biomicrite and biosparite), tubular, coralline
and phylloid algae (for example, coral/algal biolithites) bands. Kier (1980) suggested that owing
to better winnowing conditions near the margin of the platform the algal facies dominated with
phylloidal and tubular algae occupying a slightly more landward position than the coralline
algae. The platform and platform margin are dissected by channels filled with dominantly coarse

crinoidal fill (for example, mixed skeletal biosparites and biomicrites). Although not illustrated

400



in figure 36, the algal biomicrite-biosparite and biolithites occur as platform interior buildups and
overall are the most widely occurring rock types. These bioherms are thought to be Cuneiphycus
(red algae) constructions and rarer Donezella boundstones and range in thickness from 1 to 10 m
(Choh, 2004). In the off-platform and intermound (biohermal) areas spiculite-bearing facies
dominate and are thought to be forming in quiet waters below wave base. This facies is
associated with pure micrite and rarer shale.

In general Kier (1980) proposed that the lower Marble Falls member was deposited on a
Bahamian-type platform on antecedent topography associated with the Llano Uplift. Namy
(1980) and Erlich and Coleman (2005) contended that the Lower Marble Falls member (in the
same area as Kier [1980]) was deposited on a southeast-facing distally steepening ramp. In this
competing model, a thick (coalesced and stacked to ~120 ft [37 m]) algal bank complex forms at
the shelf margin and rapidly grades to heavily bioturbated and eventually laminated spiculitic
biomicrites seaward (Namy, 1980). Seaward of the algal banks minor channels (storm debris)
filled with intraclasts of the algal banks, as well as crinoidal debris, occur punctuated by small
coral reefs and algal mounds. Namy (1980) and Kier (1980) disagreed on the overall depositional
environment for the lower Marble Falls Morrowan-age carbonates, but they did not place their
studies in a sequence-stratigraphic context to aid comparison and interpretation. Lower Marble
Falls facies stacking patterns documented by them indicate an overall regression during
deposition, culminating in exposure and the formation of the sequence boundary separating the
lower Marble Falls from the upper Marble Falls member. This overall regression is consistent
with the sea-level curves of Ross and Ross (1987), at least at the second- and third-order scale
(fig. 35). However, the third-order eustatic fluctuations are much higher amplitude than those of
the second order and indicate a potentially sizable transgressive event prior to the final
regression. Groves (1991) and Manger and Sutherland (1984) studied the Marble Falls
Formation from a biostratigraphic point of view. They found algal-bearing and higher energy
facies present in more proximal areas adjacent to the Llano Uplift, as well as punctuating the
spiculitic dominated successions (fig. 39).

McCrary (2003) undertook a sequence-stratigraphic study of the Marble Falls limestone
in the Pedernales Falls State Park area of Blanco County (fig. 34). Three outcrop sections
(Archer Ranch, Maund Ranch, Maples Ranch/Pedernales Falls) over an area of approximately 5

mi were studied, and the Lower Marble Falls Member was found to be present at all localities.
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Examples of facies and geometries observed in the Pedernales Falls area during recent field work
are shown in figures 37 and 38.

McCrary (2003) divided the Lower Marble Falls into two parasequences. Parasequence 1
is characterized by a basal spiculitic packstone member approximately 70 ft (21 m) thick, which
is overlain by medium- to thick-bedded mudstones and crinoidal packstones. In the Pedernales
Falls section, several intercalations of crinoidal wackestone and spiculitic packstone are present
above the thick-bedded mudstones. The uppermost facies present in the study area was an ooid
grainstone. Overlying the ooid grainstone is either a fossiliferous and/or crinoidal packstone.
Parasequence 2 was dominated by crinoidal packstones. The facies pattern of parasequence 1 is
interpreted as a highstand systems tract capped by a sequence boundary. The sequence boundary
is then overlain by a transgressive unit of fossiliferous packstone. The overall facies patterns

above the sequence boundary suggest rising sea level (TST).

Reservoir Quality and Log Characteristics

On the basis of interpretation of the McCrary (2003) photomicrographs, very little
primary porosity is retained in any of the facies of the lower and/or upper Marble Falls. In units
that possessed primary porosity, extensive calcite cementation and silicification have occurred,
thus occluding the pore space. Within the Cuneiphycus algal bioherms, excellent shelter porosity
was preserved underneath algal thalli (Choh, 2004). However, early blocky calcite spar largely
occluded the pore space, resulting in a tight unit.

In terms of production, Jackson (1980) noted that within Brown County and eastern
Coleman County at least six mappable units produce gas from the Marble Falls. Three main
fields from shelf-edge buildups (Palo Davis and Lewis—Brown County and Santa Anna—Coleman
County) dominated production but underwent rapid declines in production to 10 to 20 percent of
their original potential. Oil was produced in the initial phases (API of 40—42) but largely gave
way to high (~1,200) BTU gas. Overall, the reservoirs appear to be relatively tight but benefit
from fracture porosity for production. Rothrock (1957), however, noted that intergranular
(primary and secondary) and vuggy porosity are present in coarse-grained crinoidal/bioclastic
calcarenites and limestones and that the reservoir is thought to be an algal bioherm. Within the
Walton field, north of the Santa Anna and Pottsfield, production occurred from siliciclastic

channels crosscutting a bioherm, as well as within the bioherm itself (Harmon, 1957). The
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bioherm is largely ovoid and approximately 200 ft (61 m) in thickness with a width of
approximately 2000 ft (610 m). Figure 40 illustrates the typical wireline log character for the
lower and upper Marble Falls within the Fort Worth Basin. The log character and thickness of
the lower Marble Falls member changes quite rapidly between relatively closely spaced wells.
In summary, fracture porosity, vuggy porosity, and local intergranular porosity are
necessary to produce from Morrowan-age carbonates. Calcite cementation and silicification can
occlude pore space and result in tight units. Fracture porosity is considered of prime importance.
The Morrowan carbonates from the Llano Uplift area just east of the Permian Basin should be
considered an excellent analog for reservoir quality of Morrowan carbonates present within the

Permian Basin.

Distribution

Distribution of the Morrowan-age carbonates is difficult to ascertain, as much of the
analysis has been restricted to the Llano Uplift area. As mentioned previously, the extent of the
Marble Falls is probably much greater than previously proposed and may extend into Runnels,
Nolan, Coke, and Tom Green Counties within the Permian Basin. Kier (1980) also noted that the
distribution of the Marble Falls included areas of the Concho Platform/Eastern Shelf, as well as
areas near the Matador Arch on the Northern Shelf of the Permian Basin. Figure 1 illustrates the
proposed extent of the Lower Marble Falls limestone and its equivalents.

The trend of the Lower Marble Falls bears little or no relation to the structural outline of
the Llano Uplift (fig. 41). The extent of the Marble Falls is much greater than illustrated in that
figure, as evidenced by fields producing from the Marble Falls in Brown and Coleman Counties
(Jackson, 1980), neither of which is included in the outline of the Marble Falls Formation in
figure 41. This and other evidence such as thinning of the Lower Marble Falls Formation by
erosion over post-Morrowan-age uplifted localized areas points to the conclusion that the Marble
Falls was of regional extent far beyond what has been previously considered and is interpreted to
be present on the Eastern Shelf of the Permian Basin.

Erlich and Coleman (2005) illustrated in cross section, on the basis of well and outcrop
data, the geometry of the lower Marble Falls member across the Llano Uplift from east to west
(fig. 42). They indicated a major “thinning” south and west of the lower Marble Falls member

from its maximum thickness of 230 ft (70 m) along the west margin of the Fort Worth Basin. An
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estimated 33 to 66 ft (10 to 20 m) of the lower Marble Falls is thought to have been removed by
erosion prior to deposition of the Upper Marble Falls (Erlich and Coleman, 2005). The extent of
erosion of the Lower Marble Falls is poorly constrained and may have been much greater across
the Bend Arch and Concho Platform and onto the Eastern Shelf. Consequently, thick sections of

Lower Marble Falls-equivalent units may be preserved in the Permian Basin.

Permian Basin Data

Within the Permian Basin, Morrowan-age carbonates are present as a unit overlying two
basal siliciclastic units on the Northern Shelf and the northern Delaware Basin within New
Mexico and Texas (Malon and others, 2000). The carbonate unit is poorly described as a
transgressive shallow-water, shelfal, gray limestone, dominantly oolitic with interbedded marine
shales (James, 1984; Casavant, 1986; Malon and others, 2000). This unit is termed the “Upper
Morrow” and is thought to be separated from the underlying Lower and Middle Morrow by a
transgressive shale. Shallow shelfal carbonates were thought to be present in areas more
basinward (that is, south into the Delaware Basin) from the Lower and Middle Morrowan
alluvial, valley-fill, and deltaic successions (James, 1984). Morrowan-age oolitic limestones are
also present in the McDonald field in Lea County, New Mexico, and Homman field, Gaines

County, Texas.

Equivocal Carbonate Morrowan Deposition

Outside of the Permian Basin, to the north, a limestone of possible Morrowan age also
exists below the “Bend”’-age fan-delta siliciclastic succession in the Palo Duro and Dalhart
Basins, whereas the Lower Morrow limestone in Kansas and Colorado is grainstone facies that
occurs stratigraphically beneath the valley-fill succession described by Bowen and Weimer

(2003).

Summary of Upper Morrow Carbonate Deposition

Because so little is known about the Permian Basin Morrowan-age carbonates,
understanding and documenting the lower Marble Falls Formation helps to create possible
outcrop and subsurface analogs. The Marble Falls—type carbonates have potential as both a

primary (for example, leaching of bioclasts and primary porosity) and a secondary (fracture)
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reservoir. Their possible equivalent units within the Permian Basin may be overlooked targets.
With the current explosion of interest in the shale gas systems (primarily the Barnett but also the
Smithwick) an overlying Marble Falls—type carbonate system may also hold potential as a
fractured reservoir for expulsed Barnett gas.

When comparing the carbonate succession regionally, one obvious factor that must be
understood is the apparent differing response to eustasy and tectonics between the greater Llano
Uplift area and the Northwest Shelf/Delaware Basin margin. Biostratigraphically the lower
Marble Falls Formation (minus tens of meters removed by erosion) is time equivalent to the
entire Morrowan siliciclastic and carbonate succession in New Mexico.

Broadly similar transgression and regression cycles are noted in the Permian Basin New
Mexico study area and the Llano area, in that there is generally a regional transgression
punctuated by a major regression. Local differences between the areas probably relate to the rate
of sediment supply. Sediment input into the northwest Permian Basin is linked to rates of
Pedernal area uplift. An increased sediment supply during uplift could outpace accommodation
and result in progradation (apparent regression), whereas during times of quiescence or
diminished uplift sediment supply diminishes or stops and results in apparent transgression
(retrogradation). The deposition of the Upper Morrow carbonate unit in the Delaware Basin area
probably indicates a switch from local tectonic to regional eustatic control as sediment supply
shuts off and tectonism diminishes in the hinterland.

In summary, there are several key issues regarding the understanding of the Morrowan-
age carbonates. Many of these issues have a direct bearing on exploitation of, and exploration
for, new reservoirs in the Permian Basin.

1. Scale: Studies within and external to the Permian Basin need to be put into regional

sequence-stratigraphic context.

2. Unconformities: Many of the stratigraphic relationships proposed for the Pennsylvanian
rely heavily on the interpretation and identification of unconformities. However, many of
the studies present conflicting or at best ambiguous stratigraphic interpretations.
Understanding the nature, extensiveness, and duration of the unconformities and their
correlative conformities in the Pennsylvanian section will strongly influence how
sequence-stratigraphic architectural models are put forth. As illustrated in figure 35 the

Barnett Formation probably represents a time-equivalent basinal facies to Mississippian
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shallow-water carbonates, as well as Morrowan-age siliciclastics and ramp carbonates.
Secondly, the presence of the unconformity between the Lower Marble Falls and Upper
Marble Falls Formations should be confirmed and extended in the Permian Basin, if
possible, for correlation purposes, and such an exposure surface could have strong

bearing on the development of secondary porosity.

3. Nomenclature: A concerted effort must be made to unify the stratigraphic nomenclature
applied to the Morrowan carbonates. It is proposed that the term “Lower Marble Falls
Formation” be used for all platform to ramp carbonates in the greater Permian Basin area

in outcrop and the subsurface.

OVERALL DISCUSSION AND SUMMARY

Within the Permian Basin, confirming the presence of Morrowan valley-fill systems and
understanding their processes is important. An incised valley-fill depositional model appears
most compatible with the Morrowan-age siliciclastics in the Permian Basin. The exploration
strategy and approach for un-incised lowstand bypass systems versus those that are incised is
different (Posamentier, 2001). In bypass systems excellent reservoir potential may be developed
in the deeper basin, whereas in incised systems amalgamated stacked on-shelf channels provide
excellent reservoirs. If shelf-edge bypass occurred, then previously unidentified plays may exist.

Incised valley-fill systems contain a much broader spectrum of facies and environments
than standard un-incised lowstand alluvial systems (that is, range from alluvial to open marine).
Overall, the areal extent of an un-incised alluvial system is greater than that of an incised valley
fill. The more limited extent of valley-fill systems is a product of the duration of the period of
sea-level fluctuation, erodibility of the substrate, and fluvial discharge (fig. 1).

The incision critical to valley-fill systems can be generated by sea-level fall, tectonic
tilting/uplift, or discharge reduction. Given the amount and length of incision (that is,
simultaneous incision over the entire length) in the Morrowan siliciclastics in New Mexico,
Kansas, and Oklahoma, the ancestral Rocky Mountain tectonic uplift resulted in increased stream
flow, thereby becoming a major controlling factor in incision. Within the Permian Basin, the
uplift of the Pedernal Highland and possibly localized areas of the Central Basin Platform
resulted in incision. Given the paleogeography of the Permian Basin, this system may have been

linked to those drainage systems farther north and east in Colorado and Kansas (fig. 1).
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Rapid and high-amplitude sea-level falls probably also contributed to incision of the
Morrow Formation valley fills. Galloway (2001) illustrated a much larger but more confined
(that is, single) depocenter that results in sediments bypassing the shelf edge during icehouse
conditions, as compared with a greenhouse situation (fig. 43). The Delaware Basin was most
likely a depocenter and had been for some time (for example, supporting data include thickness
patterns of the Woodford Shale and gravity/magnetic data); therefore, the sea-floor gradient was
potentially quite high, resulting in major incision during sea-level falls. Rapid and high-
amplitude sea-level rises could allow rapid infilling and capping of the alluvial sediments within
the valleys and result in facies-controlled traps and seals.

The potential for deepwater deposits in the Delaware was high, owing to shelf bypass. If
the 125-mi-plus (200-km) estimates by Bowen and Weimer (2003) and Posamentier (2001) for
valley incision and facies dislocation are applied to the Permian Basin, lowstand facies could be
present much farther to the south within the Delaware and Midland Basins. In the deepest parts
of the Delaware Basin, basin-floor fans might be present. Facies dislocations caused by eustasy
and tectonic uplift require a reappraisal of the deeper Delaware Basin for lowstand deposits of
Lower Morrow affinity as far south as Loving and possibly Reeves County.

Understanding Morrowan-age carbonate deposition in the Permian Basin is hampered by
a lack of detailed data and regional interpretations. Overall, it appears that carbonate deposition
occurred over a much larger area in the Permian Basin (Eastern Shelf and Delaware Basin) than
previously documented. The presence of algally dominated bioherms and higher energy facies
(ooid grainstones), augmented by fracture porosity, indicates potentially overlooked reservoir
intervals. The Morrowan-age carbonate outcrop succession in the Llano Uplift area provides an
analog for size, distribution, and reservoir character for “undiscovered” Permian Basin

Morrowan carbonates.

PALEOGEOGRAPHIC SUMMARY

The proposed distribution of Morrowan-age (Middle Morrowan as per Delaware Basin
siliciclastic succession) sediments across the Permian Basin and surrounding areas based on the
above interpretations is illustrated in figure 1. The following discussion refers to interpretations

represented in figure 1. Because much of the data is restricted to the Delaware Basin and the
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Llano Uplift, facies interpretations across the Midland Basin (MB), Ozona Arch (OA), Val
Verde Basin (VB), and the southern portion of the Delaware Basin (DB) are tentative.

Broadly, Morrowan-age siliciclastics dominate deposition in the west of the Permian
Basin, whereas carbonate deposition dominates in the east. The predominance of carbonate
facies in the east is due to the lack of siliciclastic supply to that part of the basin. The transition
from the platform and/or ramp carbonates to more basinal carbonates and ultimately shales along
the Eastern Shelf (ES), Midland Basin (MB), and Central Basin Platform (CBP) is suggested.
This transition is supported by well log data in the Midland Basin, which indicate a westward
change from carbonates to shalier lithologies. A small peninsula of platform to ramp carbonates
is thought to have existed along the trend of the antecedent Central Basin Platform (CBP). Some
Precambrian inliers on this trend appear to have been exposed and shedded material into the
basin (for example, Eddy County, New Mexico), and it is assumed that along the margin of these
inliers and other uplifting basement-cored highs carbonate deposition could also have occurred.

In the Delaware Basin (DB) the siliciclastic lowstand succession was dominated by
extensive incised valleys. The valley systems were infilled by multiple facies types. The
interpreted deepwater fan systems would be sourced through the incised valleys that bypass
sediment to the deeper water. The size, geometry, and position of the deepwater siliciclastics
depend largely on the gradient of the shelf-to-slope transition. The fan systems could be encased
in deepwater carbonates or shales. If parts of the DB reflect a pre-Pennsylvanian depocenter, the
transition zone from basinal carbonate to shale may not have existed and the region in Jeff Davis
and Pecos Counties may have been an area of platform to ramp shallow-water carbonate
deposition. The siliciclastic succession is shown to be dominantly receiving its sediment load
from the east-southeast margin of the Pedernal Uplift. However, regionally the DB valley-fill
system is linked to the north with other channel systems feeding the Midcontinent. To the west in
Hudspeth and El Paso Counties siliciclastic influx appears to have been less, and a possible uplift
of the Diablo Platform (DP) area resulted in carbonate deposition in a possibly double-sided

ramp configuration.
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KEY CONCLUSIONS

¢ Broadly, the Morrowan-age units in the Permian Basin appear to show a “second-order”
transgression from siliciclastic fluvial deltaic to shallow marine and subsequently to

carbonate deposition.

e Morrowan-age siliciclastics dominate deposition in the west of the Permian Basin,
whereas carbonate deposition dominates in the east. The predominance of carbonate
facies in the east is probably due to a lack of siliciclastic supply to that part of the basin.
The deposition of the Upper Morrow carbonate unit probably indicates a switch from
local tectonic to regional eustatic control as tectonism diminished in the hinterland and

sediment supply from the north/northwest shut off

¢ Siliciclastic deposition of the Morrowan-age units occurred in a large incised valley-fill
system. Fluvial, deltaic, estuarine, and open-marine facies are interpreted. Excellent

reservoir potential is noted in amalgamated, stacked channel systems and bayhead deltas.

e These incising valleys may have served as conduits for shelf-margin bypass during
periods of lowstand. It is proposed that such bypass channels may have fed sediment into
the deeper basin, developing lowstand basin-floor-fan deposits. This represents an

exciting new play type for the region.

e The Upper Morrowan carbonates were deposited over a much larger area in the Permian
Basin (Eastern Shelf and Delaware Basin) than previously documented. The presence of
algally dominated bioherms and higher energy facies (ooid grainstones), augmented by
fracture porosity, indicates potentially overlooked reservoir intervals. These Morrowan

carbonates hold potential as a fractured reservoir for expulsed “Barnett” gas.

e The conclusions drawn herein should provide guidelines and ideas for interpretation of

the Morrowan section within the Permian Basin.
APPENDIX. MARBLE FALLS

The term “Marble Falls” has been used as both a group and formation name (Cheney,
1940; Plummer, 1944; Cheney, 1947; Plummer, 1947, 1950; Cheney, 1951; Cheney and Goss,
1952). Table 2 illustrates the different classification systems and time equivalencies devised for

this time unit. Formations within the Marble Falls Group are historically the Sloan, Comyn,
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Lower Marble Falls, Upper Marble Falls, and Big Saline. If the Marble Falls is taken as a
formation, it is commonly designated “lower” (including the Sloan and occasionally the Gibbons
conglomerate members) and “upper” (with Gibbons Conglomerate, Big Saline, and Lemons
Bluff Members). The term “Comyn Formation” is commonly used for the lower Marble Falls in
the subsurface.

The Barnett and the Marble Falls Formations are thought to straddle the Mississippian/
Pennsylvanian boundary, and within the northern Midcontinent this boundary is marked by a
distinct paleosol (for example, Keir, 1980; Groves, 1991). A debate exists as to the placement
and the conformability of the Mississippian/Pennsylvanian (basal Morrowan) boundary and the
formation(s) within which it lies.

Biostratigraphic studies of the Barnett—Marble Falls succession in the Llano Uplift
(Hoare and Merrill, 2004) indicate a conformable contact between the Barnett Formation and
Marble Falls Group (fig. 7). Erlich and Coleman (2005) argued that the Barnett Formation—
Marble Falls Formation contact is conformable in the westernmost Fort Worth Basin but
unconformable, at least locally, on the Llano Uplift, where the upper Marble Falls overlies
Mississippian Barnett Formation, Devonian, or Ordovician units.

Groves (1991) used fusulinid biostratigraphy to date the Lower Marble Falls “member”
as Morrowan in age and the upper Marble Falls “member” as Atokan in age. Manger and
Sutherland (1984) also proposed the same division on the basis of conodont biostratigraphy.
They did note, however, that the entire lower Marble Falls member at the type section locality is
biostratigraphically younger than the lithostratigraphically equivalent interval to the northeast.

An unconformity between the lower and upper Marble Falls members was noted by
Groves (1991), Kier (1980), Watson (1980), Namy (1982), Manger and Sutherland (1984), and
Erlich and Coleman (2005). Groves (1991), however, also noted that the Gibbons conglomerate
overlies the lower/upper Marble Falls unconformity. Manger and Sutherland (1984) noted the
presence of a limestone pebble conglomerate (termed “Sloan Conglomerate™) at the same

unconformity.
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Figure 1. Regional paleographic reconstruction of Morrowan-age sediments. The illustration is based on a time slice possibly equivalent to the
Middle Morrow Formation in the Delaware Basin during a lowstand event. Major subregions are labeled as follows and are outlined by dark-green
lines: Central Basin Platform (CBP), Delaware Basin (DB), Diablo Platform (DP), Eastern Shelf (ES), Matador Arch (MA), Midland Basin (MB),
Northwest Shelf (NWS), Ozona Arch (OA), Palo Duro Basin (PB), and Val Verde Basin (VB). Question marks indicate areas of inferred
depositional environment and facies with limited data control. All geometries are schematic only and may not correspond to actual size and
distribution. Llano Uplift area outlined by black dashed line. Sizes of arrows surrounding the Pedernal Uplift correspond to relative amount of
uplift (that is, larger arrow equals greater relative uplift). Note that Pedeﬂ%al Uplift is possibly linked to Sierra Grande Uplift to the north.



Figure 2. Morrowan-age Texas plate tectonic reconstruction. Note the marine (light-blue)
to continental (light-orange) transition that occurs across Texas (dark-orange) in the area
of the Permian Basin. Also note that suturing of the continents has resulted in a marine
inland sea between the green, brown, dark-blue, and light-orange plates. Diagram
modified from Dalziel and others (2002). Compare proposed extent of continental
suturing in the Permian Basin area in figures 2 and 3.
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Figure 3. Paleogeographic global reconstructions illustrating simplified extent of
glaciation, ocean-water circulation, and carbon isotope water mass values. Red star
indicates approximate region of the Permian Basin. AC = Arrow Canyon, Nevada; MC =
Midcontinent, USA. Note restructuring of oceanic currents from Merrimecian to
Morrowan times coincident with the closing of the seaway between Euramerica and
Gondwana. Diagram modified from Saltzman (2003). Note that Morrowan plate
geometries in figure 3 are similar to those presented by Scotese (2004).
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Figure 4. Permian Basin outline (dashed red) and major geologic features. Note that
many features were not developed at Morrowan time. Also compare figure 4 with figures
5 and 6 for an idea of the distribution of facies relative to the basin outline.
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Figure 5. Generalized Rocky Mountain region and southern Midcontinent Morrowan
paleogeography (modified from Ye and others, 1996). White areas indicate either
nondeposition or erosion (not clarified in original text). Note that most of the Permian
Basin was considered devoid of Morrowan sediments by Ye and others (1996).
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Figure 6. Morrowan net subsidence and uplift patterns for the Southern Rocky Mountain
and Midcontinent regions (modified from Kluth, 1986). Green areas indicate net uplift,
whereas white to red areas indicate net subsidence.
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Figure 7. Llano Uplift stratigraphic column for a conformable Mississippian to
Pennsylvanian transition (modified from Hoare and Merrill, 2004). Note that the
Mississippian/Pennsylvanian boundary is placed within the Barnett Formation (large
arrow), making the Upper Barnett (1.4 m [4.6 ft]) Pennsylvanian in age. Previous
interpretations commonly place the Mississippian/Pennsylvanian boundary at the base of
the Marble Falls Formation (small arrow).
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Figure 8. General stratigraphic column for Mississippian- and Pennsylvanian-age units in
Northwest Delaware region of the Permian Basin (modified from Coker, 2003). Within
Morrowan-age units the yellow fill in the Lower and Middle Morrow indicates a
dominance of siliciclastic deposition in that area, whereas the blue fill of the Upper
Morrow indicates carbonate deposition.
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Figure 9. Schematic representation of Morrowan-age depositional environments,
geometries, and the relationship to underlying units in New Mexico (modified from
Mazzullo, 1984). However, in this study the uppermost Barnett Formation is included in
the Lower Morrow.
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Figure 10. Type wireline-log section for Morrow Formation in western Kansas and
eastern Colorado (modified from Bowen and Weimer, 2003). Note that Lower Morrow is
carbonate, whereas Upper Morrow is siliciclastic. Also note V7 major flooding surface
above the lowstand systems tract (LST). See figures 12 and 13 for relationship of
flooding surface to facies descriptions and geometries.
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Figure 11. Core
descriptions and
wireline-log signatures
for facies tracts
defined by Bowen and
Weimer (2003). Red
dashed line indicates
core permeability in
millidarcys. Note
different facies
interpretation when
compared with figure
29 by James (1984) for
similar gamma
patterns. Also note that
within a given facies
environment having
consistent porosity,
high permeability
values are much more
restricted (for
example, updip facies
tract of stacked fluvial
channels highlighted
in red). Modified from
Bowen and Weimer
(2003).



Figure 12. Sedimentological descriptive log for No. 3 Schneider 34-1 well illustrating
facies stacking patterns for a “downdip facies tract.” See Bowen and Weimer’s (2003)
figure 7a for accompanying core photos. Note V7 “regional” flooding surface highlighted
in red. Note change from lowstand to transgressive systems tract that will not be overly
apparent on wireline logs.
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Figure 13. Illustration of the cross-sectional profiles and facies stacking patterns for
updip, transitional, and downdip tracts (modified from Bowen and Weimer, 2003). Note
that extent, quality, and connectivity of the reservoirs change between facies tracts. Note
that major flooding surface (V7) at the top of each facies tract is equivalent.
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Figure 14. Porosity versus permeability cross plot with respective core photographs of
associated facies. Note better reservoir quality in the fluvial sediments. Also note that the
cemented fluvial facies with its decreased reservoir quality may be associated with the
permeability trend noted in figure 11A (modified from Bowen and Weimer, 2003). In
figures 11B and 10 the decreased reservoir quality of the estuarine sandstones is not
apparent on wireline logs because porosity is relatively similar for fluvial and estuarine
facies.
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Figure 15. Aerial comparison of bayfill delta depositional area in (A) “updip”
(transitional facies tract of Bowen and Weimer, 2003) confined valley-fill system versus
(B) broader “down-dip” tributary estuary (modified from Bowen and Weimer, 2004).
Note that a high proportion of shale is deposited in interdelta lobe areas (dark-gray) in the
estuary. Bayhead delta (both proximal and distal) facies are in light-gray.
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Figure 16. Key features identifiable in core (A) basal Morrow sequence boundary,

(B) flooding surface at top of fluvial succession, (C) basal bayfill delta disconformity
(Glossifungites surface), (D) transgressive lag at major flooding surface, (E) sand-filled
burrows at base fluvial unconformity (Glossifungites surface), (F) pedogenic fractures in
the Mississippian Chester Formation, (G) medium to coarse pebbly arkosic sand, (H)
potential tidal influence (reactivation surface and double mud drapes), (I) bioturbated
zone (includes Skolithus, Planolites, and Teichicnus), (J) laminated central “basin”
estuary shale overlain by distal bayhead delta facies, (K) solitary coral from upper
bayhead delta facies, and (L) marine shale above major flooding surface (modified from
Bowen and Weimer, 2004). Note that all photos are related to core description and facies
shown in figure 17.
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Figure 18. Sequence-stratigraphic architectural models for valley-fill-type sedimentation.
(A) Greenhouse model devised by Zaitlin and others (1994), and (B) icehouse model
designed by Bowen and Weimer (2003). Note differences in unit thicknesses, lengths,
and segment area, as well as extent and position of wave and tidal ravinement surfaces.
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Figure 19. Depositional model for the Lower Morrow. Note similarity to regional model
proposed by James 1985 (fig. 24). On the depositional model ichnofacies guilds and
associations are also highlighted, resulting in better constraints for correlation (modified
from Buatois and others, 2002). Best reservoir quality is in facies A.
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Figure 20. Log and core correlation of Lower Morrow in southwest Kansas. Note abrupt
facies transitions between wells and upward replacement of estuarine shales by more
marine shales Modified from Buatois and others (2002).
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Figure 21. Core photographs, descriptive log, and gamma-ray correlation of estuarine
valley-fill sediments. Note the gamma-ray values in upper estuary channel sands and
equivalent gamma-ray values for open-marine and estuarine shales. Modified from
Buatois and others (2002).
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Figure 22. Core photographs, descriptive log, and gamma-ray correlation of the open-
marine to shoreface cycles. Note similarity in gamma-ray values between estuary
(fig. 21) and open-marine shales Modified from Buatois and others (2002).
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Figure 23. Schematic diagrams illustrating sequence-stratigraphic and sedimentologic
significance of ichnofossils from the Lower Morrow in Kansas. (A) Tidal-ravinement
surface with low-diversity suites of Diplocraterion and Teichichnus below surface being
replaced by Palaeophycus, Asterosoma, Diplocraterion, and Skolithos; (B) wave-
ravinement surface with passage from estuarine environment to intensely bioturbated
shoreface deposits with tiered suites of open-marine Cruziana ichnofacies, including long
Diplocraterion, Rhizocorallium, Palaeophycus, and Planolites; (C) paleosol interfluve
flooding with vertical replacement of paleosols (root traces) by subtidal mudstones; a
transgressive lag occurs on top of paleosols; (D) forced regression illustrated by intense
bioturbated offshore deposits having a distal Cruziana assemblage, including
Thalassinoides, Chondrites, and Phycosiphon being abruptly replaced by erosive-based,
middle-shoreface deposits with elements of the Skolithos ichnofacies; erosive contact
further demarcated by a Thalassinoides firmground; (E) normal regression with a gradual
change in softground trace fossil assemblages; archetypal Cruziana ichnofacies occurs in
distal lower shoreface, whereas a combined Skolithos-proximal Cruziana ichnofacies
characterizes the proximal lower shoreface; Skolithos ichnofacies present in the middle
shoreface, whereas the upper shoreface is mostly unbioturbated; (F) bayline flooding
surface with bayhead delta deposits of overlying lowstand fluvial deposits, as indicated
by appearance of clay drapes of tidal origin and Skolithos and Monocraterion. Modified
from Buatois and others (2002).
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Figure 24. Regional distribution of Morrowan fields in New Mexico and generalized
Morrowan paleogeography. Diagram modified from James (1984), with fields
highlighted in yellow, Eddy County outlined in green. Facies tract area of Coker (2003)
outlined in red corresponds to facies maps in figure 25.
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Figure 25. Facies progradation between Lower and Middle Morrow (modified from
Coker, 2003). Note expansion and shift southeastward of the nearshore inner shelf facies
belt. Overall, the siliciclastic succession is thought to thicken to the south. Note
oversimplified layer-cake parallel facies distribution patterns and compare with figure 24.
Note that area of the diagram corresponds to red outline in figure 24.
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Figure 26. Type log for Morrowan-age sediments in New Mexico (modified from
Roberts and Kohles, 1999). BCSD = base of Carlsbad sand, CSHM = Carlsbad shale
marker, MSSP = top Mississippian (unconformity), LMSH = top of Lower Morrow
marine shale, MMSH = top of Middle Morrow marine shale, ATOK = Atoka. Note that
Middle Morrow shale is not considered correlative basinwide. Blue and red highlighted
section of well log is proposed Mississippian-age Carlsbad sand.
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Figure 27. Schematic cross section of Morrowan and Atokan sediments in New Mexico
(modified from Roberts and Kohles, 1999). Note apparent transgression in Lower
Morrow (LMRW) and regression in Middle Morrow (MMRW).
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Figure 28. Southland Roy Parkway St. No.l gamma-ray and compensated neutron-
density log for Morrowan and Atokan sediments in New Mexico. Note lack of
Mississippian-age siliciclastic unit (modified from James, 1984). Blue and red
highlighted area is potential Carlsbad Sand used by Roberts and Kohles (1999).
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Figure 29. Petrophysical characteristics of Morrow Formation siliciclastic facies. Note environments ranging from mouth bar, lagoon,
channel, to point bar, etc. (modified from James, 1984). An alternative depositional environment would be incised-valley fill overlain
by estuarine to marine sediments. Note similarity in wireline-log character to that of figures 11, 12, 20, and 21.
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Figure 30. Predepositional and syndepositional controls on facies architecture in Morrow
siliciclastics (modified from Mazzullo, 1999). Time = t, with t-1 being the oldest.
U1-U4 = unconformity. FCH = fluvial channel, and CMB = channel-mouth bar.
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Figure 31. Strike-oriented stratigraphic cross section of Morrow Formation in Empire
field, New Mexico (modified from Lambert, 1989). Note large incised valley-fill

complex in Lower Morrow and smaller, more discontinuous bayhead delta sands in
Middle Morrow.
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Figure 32. Vertical shear wave traversing through Buffalo Valley field, New Mexico.
Note channel shape of Upper Morrow sand pick (top = green); Barnett top pick = lilac.
Base of overlying Atoka Formation highlighted in purple. Modified from Van Dok and
Gaiser (2001).
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Figure 33. Atoka Formation (top) to Chester (base) isochron map illustrating valley-fill-
type geometry (red) of sands in Buffalo Valley field. Modified from Van Dok and Gaiser
(2001).
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Figure 34. Field and regional area map of Marble Falls Formation. Note that the
boundary of the Permian Basin as defined in this study is shown by the dashed red
polygon on the regional-scale map (modified from Erlich and Coleman, 2005). Black
dashed line is outline of Llano Uplift as proposed by Caran and others (1981). Study
localities indicated by green bull’s-eye Groves (1991), blue diamond (Bell, 1957), yellow
dashed box (Manger and Sutherland, 1984), light-blue hexagon (Plummer, 1950), and red
star (McCrary, 2003). Note that red star = Pedernales Falls State Park outcrop area. Kier
(1980), Namy (1980), and Erlich and Coleman (2005) used most of the available outcrop
data in their studies.
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Figure 35. Lithostratigraphy and eustasy data for Llano Uplift region (from Erlich and
Coleman, 2005). Eustasy data are from Ross and Ross (1987). Note lateral equivalence of
Lower Marble Falls to Barnett and siliciclastics of the Bend Group.
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Figure 36. Generalized depositional model for Morrowan lower Marble Falls Formation
(from Kier, 1980). General relief at platform margin thought to be 30 ft (9 m) on average.
Average relief on platform interior thought to be as much as 16 ft (4.9 m).
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(a)

(b)

Figure 37. Mound facies (a) and flanking interbeds (b) in proposed Lower Marble Falls (Pedernales Falls State Park). Arrow denotes
edge of small mound/bioherm and transition to flanking bed. Average thickness of mound is ~1.25 m.
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Figure 38. Lower Marble Falls facies with high-energy bedforms in section. Previously
thought to be dominated by spiculitic facies. Hammer is 12.5 inches (0.31 m) high.
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Figure 39. Regional outcrop correlation of Lower and Upper Marble Falls Formation
along the east-northeast margin of Llano Uplift (modified from Manger and Sutherland,
1984). Note higher energy facies (oolites dominate) in section A compared with that of
section E.
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Figure 40. Sample logs to show typical wireline-log character of Barnett Formation
through Upper Marble Falls Formation. Note log character differences between two wells
at Lower Marble Falls interval.
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Brown

McCulloch

Figure 41. Regional distribution of Lower and Upper Marble Falls Platform (from Erlich
and Coleman 2005). Note north-south orientation of Lower Marble Falls succession and
lack of coincidence between platform and Llano Uplift boundary (long dashed line). Note
position of platforms relative to Coleman and Brown Counties. Red star indicates
Pedernales Falls State Park outcrop section studied by McCrary (2003).
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Figure 42. Stratigraphic cross sections of Llano Uplift. Well data are indicated by gray
bars, whereas outcrop data are indicated by black bars (modified from Erlich and
Coleman, 2005). Note that datum used in cross sections B-B’ and C-C’ is the top of the
Smithwick Formation, whereas in section D-D’ it is the top of the Marble Falls
Formation. Location of section lines shown in figure 41. Note that location 7 on section
D-D' is Pedernales Falls State Park and was considered wholly Upper Marble Falls by
Erlich and Coleman (2005).
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Figure 43. Differences in response of alluvial system transport past shelf edge during
(A) greenhouse conditions versus (B) icehouse conditions. Note more confined but larger
single depocenter during icehouse conditions (B). Modified from Galloway (2001).
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DEPOSITIONAL HISTORY OF THE ATOKAN SUCCESSION (LOWER
PENNSYLVANIAN) IN THE PERMIAN BASIN

Wayne R. Wright
Bureau of Economic Geology
Jackson School of Geosciences
The University of Texas at Austin
Austin, Texas
ABSTRACT

Atokan-age units in the Permian Basin record a 2"*-order transgression, with
aerially restricted, lower Atokan fluvial to shallow-marine siliciclastics followed by
pervasive carbonate deposition. In general, Atokan-age siliciclastics dominated
deposition in the west of the Permian Basin while carbonate deposition dominated
throughout the rest of the basin. Predominance of carbonate facies across most of the
Permian Basin is due to (1) lack of siliciclastic supply, (2) overall 2" order rising sea
level, and (3) progradation of the Upper Marble Falls Formation onto the Eastern Shelf.
Progradation was due partly to lower accommodation to the west and
backstepping/retreat from encroaching Atokan deltaics to the east.

The beginning of the Atokan is marked by a sea-level drop and subsequent
lowstand conditions. A sequence boundary separates the Atokan from the underlying
Morrowan carbonate section throughout the Permian Basin. Siliciclastic deposition in and
around the Permian Basin is more aerially restricted than in the Morrowan. The earliest
Atokan lowstand event is manifested in alluvial and fluvial incised-valley sediments in
Lea County, New Mexico, and the Broken Bone Graben (Cottle County, Texas); fan-

delta deposits in the Palo Duro Basin and Taylor Draw field (Upton County, Texas); and
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post-Lower Marble Falls—pre-Upper Marble falls conglomerates (Gibbons Formation?)
on the Llano Uplift. Following the lowstand event, a 2" order transgression appears to
have dominated throughout the rest of the Atokan; however 3"- and 4™-order, high-
amplitude, sea-level fluctuations also occurred.

During the mid- to late Atokan, deltaic sediments and their deeper water prodelta
shales prograded westward out of the Fort Worth Basin onto the Eastern Shelf. This
progradation caused an abrupt west and southwestward backstepping of Atokan
carbonate platforms and replacement of carbonate facies by deeper water (~100 m) shales
(Smithwick Formation). Elongate shore-parallel transgressive sands on the northern
Delaware Basin and Northwest Shelf of New Mexico represent either shelf ridges or
transgressive barrier-bar systems. These transgressive, siliciclastic, marine-shelf ridge
and/or barrier-bar systems are the dominant middle Atokan play type on the Northwest
Shelf of New Mexico. Localized tectonic uplift and increased sediment load may have
forced progradation in isolated areas of the northwest shelf.

Atokan carbonates were deposited over a larger area in the Permian Basin. A
continuous carbonate platform to ramp existed between the Devils River Uplift (Val
Verde and Edwards Counties) and the Eastern Shelf. Algally dominated bioherms and
higher energy facies (ooid grainstones), affected by burial diagenesis and subsequently
fractured, compose the best carbonate reservoirs. Subsidiary proximal-slope debris-flow
plays are also likely present. Because producing carbonate reservoirs within the Delaware
Basin are products of deep burial diagenesis, they are not readily linked to facies type.
However, secondary porosity formed by calcite dissolution during exposure of carbonates

should not be discounted as a primary reservoir-creation mechanism in other parts of the
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Permian Basin. Atokan basinal and slope carbonates, interfingered with shale (for
example, the Smithwick Formation), also hold potential as fractured reservoirs for
expulsed shale gas in the Delaware Basin (Reeves, Pecos, and Terrell Counties) and the
northern proto-Midland Basin (Martin, Dawson, and Lynn Counties).

New paleographic reconstruction for the Atokan of the Permian Basin illustrates
key depositional elements (fig. 1). From east to west, Atokan-age carbonates accumulated
over the Llano Uplift, Eastern Shelf, parts of the Val Verde Basin, the Central Basin
Platform (CBP), the northern Delaware Basin, and the Diablo Platform. The carbonate
platform backstepped (east-facing margin) and prograded (west-facing margin) westward
across the Eastern Shelf in response to lower accommodation rates and increased
siliciclastic input from the east. Remaining carbonate-dominated areas (that is, Val Verde
Basin, the CBP, the northern Delaware Basin, and the Diablo Platform) appear largely
aggradational. That these platform carbonates grade to more basinal carbonates and,
ultimately, shales in the northern Midland Basin and along the southwestern CBP is
proposed. Extensive shales (Smithwick Formation) were also deposited to the east of the
Llano Uplift. A small number of Precambrian inliers appear to have been exposed and
shed material into the basin (for example, parts of the Ozona Arch and Fort Stockton
High, Crockett and Pecos Counties). These and other minor topographically elevated
regions were most likely rimmed by carbonates. The Pedernal Uplift provided limited
sediment input for the northwest shelf but was disconnected from the other, more
northerly channel systems feeding the Mid-continent. a later section of this paper gives a

more detailed discussion of Atokan paleogeography.
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INTRODUCTION

This paper discusses styles of deposition and facies development of Atokan-age
sediments, concluding with a discussion of a revised paleogeography for the Atokan
Permian Basin (fig. 1; p. 39). During the course of the paper, siliciclastic Atokan
deposition and carbonate affinity are discussed as well. In each section, a regional model
for facies patterns and deposition is proposed. Data from areas adjacent to the Permian
Basin are used as analogs for facies that are predicted to be present within the study area.
Localized studies are used to illustrate certain key aspects (for example, facies type and
reservoir quality). However, an initial introduction to the area, placing it in a global

perspective, is first presented.

GLOBAL TECTONIC SETTING

Atokan-age sediments (circa 310 Ma) in the Permian Basin were deposited at a
near (8—12° south) equatorial position during icehouse conditions (high-amplitude, high-
frequency, eustatic sea-level fluctuations). The greater Permian Basin area was
undergoing initial tectonic activity of both uplift and subsidence related to the Ouachita-
Marathon orogeny and birth of the greater ancestral Rocky Mountains. Figure 2
illustrates the position of Texas (in orange) relative to major tectonic plates and the
equator at the beginning of the Pennsylvanian (circa Atokan-Desmoinesian age). During
the Atokan, Texas occupied a more equatorial position than during the Morrowan. A less-
restricted marine environment during the Atokan (compared with that of the Morrowan)
is proposed, given the geometry of the microplates in the reconstruction (figs. 2, 3,
“Depositional History of the Morrowan Succession (Lower Pennsylvanian) in the

Permian Basin”).
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REGIONAL TECTONIC SETTING AND FACIES DISTRIBUTION

The outline of the Permian Basin and major geologic features commonly
associated with the basin are illustrated in figure 3. All features did not develop
simultaneously, and most were only in the early stage of development during the Atokan.
Figures 4 through 6 illustrate previous interpretations of facies distribution, uplift, and
subsidence patterns for Atokan-age sediments in the Permian Basin and surrounding
areas. The interpretations suggest that most of the Permian Basin was dominated by
shallow to moderately deep water carbonate deposition. A revised Atokan Permian Basin
paleogeography is presented here and discussed later.

Most of the Permian Basin was inferred to comprise carbonate-platform to
carbonate-shelf environments by Ye and others (1996), with substantial uplifted area in
the Diablo Platform, Ozona Arch, and Eastern Shelf areas (figs. 3, 4).

Areas of uplift, subsidence, and facies distribution in figures 4 through 6 do not
all match. In many instances areas of net subsidence in figure 4 appear to correlate with
areas of uplift in figure 6. On the basis of Kluth (1986), most of the Permian Basin area is
illustrated as an area of net deposition, with subsidence rates ranging from less than or
equal to 50 m/MA to approximately 200 to 300 m/Ma (fig. 5). One of the most important
differences apparent between figures 4 through 6 is the extent of uplift on the CBP.
Uplifted parts range from the south half in the interpretations by Ye and others (1996)
and Kluth (1986), to a northeast part (Blakey, 2005), which is not coincident with the
outline of the CBP (figs. 3—6). Correcting inconsistencies in the regional paleogeography
of the Permian Basin and outlining more detailed depositional patterns are major goals of

this paper (fig. 1).
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GENERAL STRATIGRAPHY AND NOMENCLATURE

Atokan-age sediments within the Permian Basin include those termed Atokan
(generally siliciclastic with rare carbonates), the Bend Group (generally siliciclastics),
Bendian (mixed lithologies), the Upper Marble Falls Formation (carbonates), and the
Smithwick Formation (shale with subsidiary sandstones). Significant correlation
problems have been encountered in establishing the true depositional nature of Atokan-
age units. Many studies are of local scale, lacking robust age control, and regional
perspective. Different interpretations and inconsistencies exist in defining what units and

formation are actually Atokan in age.

Nomenclature

As with the Morrowan interval, Atokan stratigraphic nomenclature is complex
and confusing. A detailed correlation of named Atokan-age units is given in table 2 in
Appendix | of “Depositional History of the Morrowan Succession (Lower
Pennsylvanian) in the Permian Basin.” The Atokan, as defined in this study, contains all
formations, groups, and members that are grouped within the Bend and Lampasas Series
between the Morrow and Strawn (table 2, app. 1). In this study, Upper Marble Falls and
Smithwick Formation names are applied to Atokan carbonate and shale lithologies,
whereas the Bend is used for coarser siliciclastic facies (for example, conglomerates).
Historically in the Midland Basin, CBP, and Delaware Basin regions, Atokan-age rocks

have been referred to as either Atokan or Bend, regardless of lithology.

464



Siliciclastic Atokan Deposition

General Depositional Setting

Fan-delta, alluvial-channel, and basin-floor-fan depositional environments
dominate in the earliest Atokan, with generally coarse grained, lowstand systems tract
sediments. Incised-valley systems, much less widespread than in Morrowan time, are
largely restricted to localized, small uplift areas. Uplift of the Ozona Arch area provided a
local source for fan-delta and basin-floor-fan sediments in the Midland Basin. Fluvial and
alluvial incised-channel systems also funneled sediments into the north margin of the
Eastern Shelf, where it meets the Matador Arch. As mid-Atokan sea-level rose, tectonic
uplift of the Pedernal area entered a stage of quiescence, and marginal-marine to open-
marine deltaic to shelfal siliciclastic sedimentation began to dominate. Shoreline-parallel,
barrier-bar to shelf-ridge sedimentation dominated in the Northwest Shelf area of New
Mexico, with a sediment source still largely from the northwest. Extensive deposition of
shale units (for example, Smithwick Formation) occurred during middle to upper Atokan
time as the progradational front to Atokan siliciclastics migrating westward from the Fort
Worth Basin. Shales of similar affinity to the Smithwick were deposited in the northern

Midland and southern Delaware Basins (fig. 1).

Reservoir Potential
Updip fluvial, amalgamated, stacked channels and thick fan-delta units have the
best reservoir potential and quality. Shoreline-parallel sand bodies in the northern
Delaware Basin and Northwest Shelf have good reservoir potential owing to extensive

lateral connectivity and a more predictable distribution pattern. Smithwick-type shales
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have reservoir and source potential similar to that of the Barnett Formation shale-gas

system.

Diagenesis
Dissolution of feldspar grains within fan-delta units enhanced porosity, whereas
reprecipitation of dissolved bioclasts and calcite grains, as calcite cement within more
distal fan-delta sediments, resulted in porosity occlusion. Quartz-overgrowth cementation

is detrimental to reservoir quality in all coarse-grained facies.

Climate
As in Morrowan time, the Atokan was a time of expansive ice-sheet development,
typified by highly fluctuating sea level. The fluctuation consequently plays a role in
controlling cyclicity and facies stacking patterns. Such highly fluctuating sea levels

generally result in thinner, higher frequency cycles.
PERMIAN BASIN

Eastern Shelf

Atokan siliciclastic units range from sandstones (Bend equivalent?) to shales
(Smithwick equivalent?). In general, as elsewhere in the Permian Basin, Atokan units
become more carbonate dominated upsection. Siliciclastics of the Bend series in Sutton
and Schleicher Counties are Atokan, given the presence of Fusulinella fusulinids.
However, in Sutton County, the Bend actually comprises a basal, dark shale interbedded
with argillaceous limestone, some sandstone, and rare coals and ranges from 0 to 305 m
(0-1,000 ft) in thickness. It is overlain by carbonate units. Bend deposits appear to be
restricted to structural and topographic depressions, with limestone intervals in the

middle massive unit thinning over positive structures and thickening into negative ones.
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Presence of sand and glauconite in the Bend section in several of the wells in Sutton and
Schleicher Counties led Rall and Rall (1958) to postulate that the Miers Horst (southern
Sutton County) had been uplifted before Bend deposition and was supplying Cambrian-
age siliciclastics into the area. Deposition of Atokan sediments was probably regionally

continuous in the area but was subsequently removed by differential erosion (Conselman,

1954).

Midland Basin

In southern Upton County, Texas (Taylor Draw field), the Atokan comprises fan-
delta systems (Troschinetz and Loucks, 1991), which contain low-permeability mud
matrix conglomerates, or they are bioclastic. The low-permeability facies were deposited
in the distal part of the complex, whereas high-permeability units are more proximal and
were deposited as thick alluvial-channel sands (Troschinetz and Loucks, 1991). The most
likely source area of these fan-delta sediments is the Ozona Arch (fig. 1). Yang and
Dorobek’s (1995) structural reconstructions suggest that pre-Desmoinesian tectonic
movement was minor across the CBP. However, the semiregional pre-Desmoinesian
unconformity indicates that the greatest amount of erosion and uplift occurred on the
Ozona Arch. Localized uplift of the Fort Stockton Block southwest of Taylor Draw field
may have also contributed sediment to the fan delta (Robert Loucks, Bureau of Economic
Geology, personal communication); seismic and structural data do not, however, indicate
major uplift of that area until after Atokan deposition.

The coarse-grained siliciclastics of Taylor Draw field appear quite different from
typical “Atoka” detrital reservoirs in Andrews County to southeastern Midland County

(Candelaria, 1990). The Atokan detrital plays and reservoirs in Andrews and Midland
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Counties comprise a series of 15- to 20-ft, thick silty to bioclastic units encased in the
Atoka shale. Exact ages of these reservoir intervals are uncertain, but they appear to
range from Chesterian, to Morrowan, to Atokan. Producing Midland County fields such
as Azalea, Bauman, Bradford Ranch, and Desperado, are considered Atokan in age.
Candelaria (1990) proposed that the “Atoka Detrital” units were deposited as basin-
margin siliciclastic wedges or submarine fans forming sheetlike units, generally up to
20 ft thick, during lowstand conditions. Midland County Atoka Detrital fields are likely
the distal basin-floor-fan extension of the more proximal fan-delta and alluvial deposits
of Upton County described by Troschinetz and Loucks (1991). The fauna present in the
bioclastic members of the Atoka Detrital is diverse and composed largely of abraded,
poorly sorted, shallow-water biota (crinoids and sponge spicules also present), which are
sometimes associated with ooids. Detailed studies are unavailable to assess regional
depositional environments for the carbonates. Poor sorting and lack of sorting indicate

deposition as a debris flow.

Reservoir Quality

In Taylor Draw field, dissolution of bioclasts and calcite grains and
reprecipitation of calcite resulted in occlusion of the pore space. The high-permeability
facies are chert and quartz rich, with no mud matrix or calcite grains. Minor chalcedony
cement is present in these facies (Troschinetz and Loucks, 1991).

Reservoir quality in the basin-floor-fan (Atoka Detrital) reservoirs is moderate,
with 6 to 8 percent porosity and permeability at less than 0.1 md, over an average net
thickness of 15 ft. Fracturing may, however, substantially elevate reservoir quality by

linking reservoir intervals and fracturing encasing shales. Most traps appear stratigraphic
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and are linked to facies pinch-out. Fractured encasing shales provide a secondary
reservoir, as well as the source rock, which is siliceous and calcareous, with 1.1 to

4.7 percent total organic carbon (TOC) as Type II kerogen (Candelaria, 1990).

Delaware Basin

In Vacuum field, Lea County, New Mexico (fig. 7), Atokan-age siliciclastic rocks
are divided into a lower fluvial succession and an upper deltaic to marine facies package.
Within the lower Atokan, fluvial packages are stacked vertically, aggrading and fining
upward, and are informally divided into lower and upper sand. The upper Atokan
comprises upward-coarsening, deltaic, progradational sequences capped by flooding
events that deposited black organic shale and limestones (Ota, 2001). Only the lower
Atokan “lower sand” appears to have good reservoir characteristics. The depositional
environment of this sandstone is similar to that of the underlying lower Morrowan, in that
it comprises fluvial-channel sands in an incised channel/valley-fill environment. Small
channel sand bodies are also present in McDonald field to the north of the Vacuum area
(fig. 7). Upper Atokan sandstones are present in unconfined, meandering channels and
delta-front to beach/bar-shoreface parallel (NE-SW) systems (James, 1985; Ota, 2001).
Figure 7 illustrates the overall depositional environment for Atokan siliciclastics
proposed by James (1985) for southwestern New Mexico. Sediment source of minor
alluvial sandstones, such as at Buffalo Valley, and marine sandstones is from the
northwest (James, 1985). Given the proximity to Morrowan-age uplifted areas on the
ancestral CBP, a more eastern to northern source area is likely for Vacuum field.

According to James (1985), the prograding shoreface-parallel beach sandstones depicted
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in figure 7 are progressively younger toward the basin. The path of shoreline movement
is numbered 1 through 5, oldest to youngest.

James (1985) proposed that increased sediment load provided by renewed uplift
of the Pedernal area (fig. 7) provided the driving force for progradation (that is, forced
regression) of siliciclastics into the Delaware Basin during an overall 2™-order
transgression. It seems equally likely that the elongate sand bodies are not beach deposits
but sand shelf ridges or transgressive barrier-island bars (Reading and Collinson, 1996;
Posamentier, 2002). Shelf ridges are formed by erosion of underlying shelfal sediments
and redeposition during transgression. These shelf sand ridges are usually on the order of
meters to kilometers wide, up to 20 km long, usually less than tens of meters thick, and
encased in muddier to shaly sediments. These parameters match those described by
James (1985) for siliciclastics on the north margin of the Delaware Basin. The shelf
ridges described by Posamentier (2002) are not that dissimilar to the transgressive
barrier-island-arc systems of Reading and Collinson (1996). In transgressive barrier-
island sequences, landward migration of the barrier occurs either by shoreface retreat or
in-place drowning. In transgressive deposits, shoreline sandstone ridges or barriers
backstep rather than prograde (fig. 7). Large, 3"-order sea-level drops have been
documented for the Atokan (Ross and Ross, 1987). But except during the earliest Atokan
lowstand, 2™-order sea level was higher than at any time during the Morrowan. The
shoreline therefore had to transgress and backstep relative to its position in the Morrowan

and not prograde into the basin.
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Reservoir Quality
Atokan production in Empire-Parkway fields (fig. 7) comes from two northeast-
southwest-trending marine sand plays. Figure 8 illustrates the typical density neutron log
for the Atokan sand interval, which is about 28 ft thick and ranges in porosity from 9 to
12 percent. Overall thin sands down to 5-ft thickness can be good producers because of

their flow and drainage characteristics in these elongate, lenticular reservoirs.

REGIONAL STUDIES

Many data regarding depositional environments, facies types, and reservoir
quality of Atokan succession have been collected in areas outside the Permian Basin
(fig. 3). The greater Matador Arch area, specifically Cottle, King, Knox, and Stonewall
Counties, is just at the margin of the Permian Basin, and facies described there are
interpreted to continue into the Permian Basin (fig. 1). Units described for the greater
Fort Worth, Palo Duro, and Dalhart Basins similarly provide analogs for depositional
environments and reservoir attributes for the Upton County Midland Basin and Eddy and
Lea Counties Delaware Basin Atokan reservoirs in New Mexico.

Greater Matador Arch Area

Within the Palo Duro and Dalhart Basins, Bend siliciclastics comprise alluvial-fan
and proximal and distal fan-delta systems (Dutton, 1980). These units are localized in
distribution to the two basins and reflect heightened tectonic activity associated with
uplift of Amarillo-Wichita and Sierra Grande Uplifts and Bravo Dome. Isolated uplifted
fault blocks along Matador Arch also provided material into the basins. Similar fan-delta
systems have been identified in the southern Midland Basin (Upton County) and present

a substantial play type if the structural history of the area can be clarified.
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Figure 9 illustrates the typical wireline-log signature of Atokan fan-delta systems
in the Palo Duro Basin. Figure 10 illustrates the rock character in core, and figure 11 is an
overall correlation of the Pennsylvanian and Permian units within the basin. Overall
porosity in the fan-delta units (often referred to as Granite Wash) averages 14 percent.
Porosity is lessened by the extent of quartz overgrowth and carbonate cementation but
enhanced by secondary leaching of feldspar grains. Less aerially significant deltaic
sandstone units average about 12 percent porosity.

In King and Cottle Counties medium- to coarse-grained sandstones and
conglomerates are present as offshore sand bars encased within calcareous shales
(Edwards 1979). These units are analogous to mid- to upper Atokan Delaware Basin
shore-parallel sandstone bodies (for example, Empire-Parkway fields, Eddy and Lea
Counties, New Mexico). Within Baylor County, to the east of King County, Staples
(1986) identified the presence of Atokan-age (Bend Group) fluvial-channel sandstones,
which incise into the underlying Morrowan limestone. Ida and Stouffer fields (Baylor
County) (1 km apart) produce from fluvial-channel sandstones and are interpreted to be a
single reservoir. Overall reservoir quality is 15 to 19 percent porosity over a 28-ft-thick

interval.

Broken Bone Graben
In southern Cottle County, the Broken Bone Graben appears to have been a large,
fault-controlled depocenter that accumulated a thick succession of Atokan-age sediments
(Bend) (see fig. 15 for graben location). The Bend Group reaches a maximum thickness
of 5,000 ft, the lower two-thirds of the lower Bend Group being primarily nonmarine.

The beginning of regional transgression is recorded in the upper one-third of the lower
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Bend Group, which contains thin limestone units interbedded with nonmarine siliciclastic
deposits (fig. 12). The Bend succession in Cottle County is analogous to Taylor Draw
field in Upton County. Small (2 km long % 7.5 km wide) isolated fault grabens similar to
Broken Bone might also exist in Hale and Floyd Counties within the Permian Basin.

All units within the Broken Bone Graben appear to expand in thickness toward
the structurally deep parts of the basin. The lower Bend interval in the Broken Bone
Graben is probably equivalent to incised channel sands noted by Staples (1986) in Baylor
County (fig. 13). Because the graben/basin was thought to have been constantly filled by
sediment during its subsidence, only minor topographic relief was present on basin
margins. Figure 12 illustrates the gamma-ray log signature and correlation of the entire
Atokan interval (Bend and Smithwick Formations). Small red bars to the right of each
well log indicate producing reservoir-quality sands, which appear largely unpredictable in
distribution. High-resolution seismic over the graben illustrates thickening of units
toward the basin center, as well as onlapping and infilling geometries of sediments
upward (fig. 14). Attribute analysis of the seismic should provide better constraints on
size, architecture, and distribution of incisive and unconfined alluvial channels in this
depositional setting.

In a regional sense, continued marine transgression and eventual subsidence of the
Palo Duro Basin north of the graben caused the regional depocenter to shift to a position
nearer the Wichita-Amarillo mountain front, shutting off the coarse siliciclastic supply to
the graben area (Brister and others, 2002). Figure 15 illustrates proposed regional

distribution of lower Bend sandstones (Atokan), which are not restricted to the graben
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area, and data suggest sandstone deposition in Kent and King Counties (Brister and
others, 2002) (figs. 1, 15)

The upper Bend Group, which is entirely marine, is composed of calcareous shale
and argillaceous basinal carbonate units that correlate to basin-rimming carbonate
buildups. Discrete sandstone beds in the upper Bend in a few wells are interpreted to be
offshore sandbars deposited locally along the basin rim and similar to those described by
Edwards (1979) for the Fort Worth Basin area and James (1985) for the Northwest Shelf
of the Permian Basin. The style of siliciclastic deposition in the Broken Bone Graben
area i1s mimicked in the Northern Delaware/Northwest Shelf area, with a basal nonmarine
alluvial system giving way to a more marine system. Transgression culminated in a
maximum flooding event marked by the Smithwick Shale in the eastern Matador Arch
area (fig. 12).

Cycles in the Broken Bone Graben basin fill are attributed to sedimentary
response to local basin subsidence, not eustasy. Cyclically stacked sheets of poorly sorted
muddy sandstone and mudstone units, alternating with winnowed sand-rich units, were
deposited in alternating deltaic and braided-plain environments, depending on base level.
Characteristic associated depositional environments are debris fans (pebbly mudstone),
overbank sediments (coaly mudstone), and discrete, laterally limited distributary channels
(sandstone). During tectonically quiescent periods and after reestablishment of a higher
base level, throughgoing stream systems were reestablished, and fine materials were
winnowed and carried southward toward the Knox-Baylor Trough, whereas coarser
material dropped out of the system over the graben area. The final result was

stratigraphically compartmentalized, braided channels that amalgamated laterally into
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sheetlike deposits. Cross-axial, throughgoing streams are suggested by stratigraphically
complex, vertically stacked, and laterally terraced sandbar development within channel

systems incised into the pre-Bend strata in the region south of the graben (fig. 13).

Reservoir Quality

Within Rhombochasm field, reservoir quality in the lower Bend Atokan units is
moderate, with an average of 12.6 percent porosity and 0.02 md permeability over a net
interval of 75 ft encompassing approximately seven sandstone horizons. Figure 16
illustrates the detailed gamma-ray-log, porosity, and resistivity characteristics of the
lower Bend stacked sandstone reservoirs over part of the productive interval. The
wireline-log signature is similar to those interpreted to indicate fan-delta systems, as in
figure 9. However, the Broken Bone succession provides an alternative analog to
traditional models (for example, Palo Duro) because it is not governed by eustasy.
Similar tectonically driven successions may exist in the northern Permian Basin, and the

model may be directly applicable to Taylor Draw field in Upton County.

Greater Fort Worth Basin

Data from the Fort Worth Basin help to establish the amount of siliciclastic
progradation into the Permian Basin and also provide depositional analogs. Within the
Fort Worth Basin, Atokan siliciclastics are generally thought to have been deposited in a
deltaic environment (Ng, 1979; Crowder, 2001). Atokan siliciclastic deposition in Jack,
Palo Pinto, Parker, and Wise Counties is considered a product of the rising Ouachita
Uplift area on the east and south of the Fort Worth Basin (Ng, 1979). In general, Atokan
siliciclastics are considered part of a westward-prograding deltaic succession. The

western limit of Atokan progradation was previously considered the Bend Arch, which
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runs roughly northward through Mills and Comanche Counties. Timing and origin of the
Bend Uplift are equivocal. But flexure (not uplift) may have initiated in late Morrowan
time, although it was not a major feature until Atokan times. This supposition is
supported by uniform thickness of the Lower Marble Falls Limestone across the entire
area. Erosion of both Morrowan and Atokan sediments across the Bend and Concho Arch
areas makes it difficult to define whether some Atokan sediments were deposited or
eroded. However, identification of the Smithwick Shale overlying Bend siliciclastics in
Cottle County and identification in core of Marble Falls and Smithwick Formations in
McCulloch County indicate that progradation migrated much farther west than previously
documented.

The Atokan siliciclastic succession in the Ng (1979) study area is actually
dominated by shales with small discontinuous (vertically and laterally) sandstone bodies.
Figure 17, a west-east cross section of Palo Pinto and Parker Counties, illustrates a
westward-onlapping succession of shales and sands in lower and upper Atokan
siliciclastics. The succession of transgressive sands and shales is similar to that described
for the Northwest Shelf in New Mexico and Matador Arch areas for the middle to upper
Atokan interval. Correlations within the units are subjective at best, given the quality and
type of logs used for analysis (SP and resistivity). The upper shale-dominated Atokan of

Ng (1979) is the Smithwick Formation and its lateral equivalents.

Smithwick Formation and Coeval Shales
The Smithwick Formation (informally called the Smithwick Shale), as formally
defined, includes all shale between the underlying Marble Falls Limestone and the

overlying Strawn Limestone. However, it has been recognized that the Smithwick
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contained several facies and had abrupt and large thickness variation. Additionally, it has
been noted that the formation was not only restricted in age to younger than the Upper
Marble Falls; it was also its basinal equivalent (Plummer, 1950; Grayson and others,
1989; Groves, 1991; Erlich and Coleman, 2005). The Smithwick Shale, as defined, is not
acknowledged in the Midland, Val Verde, or Kerr Basins to the west and south (Erlich
and Coleman, 2005). However, the Bend succession in Schleicher and Sutton Counties is
characterized by its abundance of shale through the defining interval (for example,
Marble Falls to Strawn). Given the regional analysis, coeval shales are also probably
present in the western Delaware Basin and within Gaines, Andrews, Dawson, and
Lubbock Counties in the northern Midland Basin (fig. 1). In this study the Smithwick
Formation is considered a deeper water, lateral equivalent to Atokan siliciclastics in the
Fort Worth Basin, the Upper Marble Falls Formation on the Llano Uplift/Eastern Shelf,
and the basal Atokan “Caddo” Formation on the Eastern Shelf. Understanding the
depositional environment and establishing a regional correlation of the Smithwick
Formation and its lateral equivalents are vital to the understanding of development of the
Permian Basin. These shales potentially provide the only throughgoing (across platform
and shelf and into the basin) lithologies and timelines that can be used to construct a
sequence stratigraphic framework for the Atokan.

The Smithwick is a black, fissile, siliceous, phosphatic shale containing
calcareous planktonic foraminifera and rare ammonoid and gastropod fauna. The upper
section of the Smithwick, however, is coarser grained silt to sand, containing abundant
bed forms in the Llano area. At the type locality, the Smithwick is 301 ft thick (Plummer,

1950). McBride and Kimberly (1963) performed a regional study of the Smithwick in the

477



Llano area and noted thicknesses of 400 ft in boreholes near the study area and over
5,600 ft of shale in the S. E. Purcell well No.1 in Williamson County. Figure 18
illustrates facies relationships between the Upper Marble Falls and the Smithwick north
of the Llano area and the increased thickness of the Smithwick to the west. Proportions of
sandstone increase upward in the Smithwick Formation and are generally thin (<2 ft),
although containing abundant ripple cross-lamination, sole marks, flute casts, and other
bedding-plane structures. Paleocurrent data indicate an average flow direction of S19°W;
therefore, a northeastern source area is presumed. In general, McBride and Kimberly
(1963) considered the entire Smithwick marine in origin and upper sandstone units as
deep-water turbidites. Erlich and Coleman (2005) interpreted Smithwick shales in the
Llano as being deposited in the outer-shelf to upper-slope environments. The shale also
interbeds with platform-margin limestones, probably as a result of 3™- and 4"-order

flooding events.

Reservoir Quality

The importance of the Smithwick Formation lies not only in its helping us to
understand overall sedimentology of the Permian Basin, but also its being an exploration
target. On the Llano Uplift, high organic carbon contents (7.5 percent TOC) and a
potential similarity in grain character to the Barnett Formation make the Smithwick Shale
a potential self-sourcing shale-gas system similar to that of the Barnett Formation in the
Fort Worth Basin. In the Broken Bone Graben, Atokan shales within siliciclastics of the
Bend Group and the Smithwick Formation have source potential in this deep-basin
setting (Brister and others, 2002). Mean TOC is 4.98 percent but ranges up to

20.01 percent and falls as low as 1.05 percent. The upper Bend group yields primarily
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unstructured, lipid organic matter, with lower percentages of terrigenous vitrinite and
inertinite, whereas the Lower Bend Group includes a high percentage of vitrinite
(type I10).
DISTRIBUTION OF ATOKAN SEDIMENTS

Interpretations of Atokan sedimentation patterns in the Midland Basin historically
relied heavily on structural interpretation of the CBP. According to seismic and wireline-
log correlations, it appears that only small, localized areas of the CBP were uplifted
before the end of the Atokan. Regional reconstructions by Tai and Dorobek (1999; 2000)
show no influence of the CBP on Atokan sedimentation patterns in the Midland Basin
(figs. 19, 20). Distribution of Atokan-age sediments is relatively uniform in thickness and
aerial distribution across Delaware and Midland Basins (Van der Loop, 1991; Yang and
Dorobek, 1995). Yang and Dorobek (1995) illustrated numerous cross sections of
Delaware and Midland Basins, illustrating only a slight thickening of Atokan-age units
toward the proposed western boundary of the CBP. Most sedimentation appeared largely
unaffected by uplift. A pre-Desmoinesian unconformity does exist, which results in the
cutting out of variable amounts of the stratigraphic section. Post-Atokan differential uplift
of blocks within the CBP resulted in erosion from Upper Pennsylvania units down to the
Precambrian basement. Erosion and faulting make it difficult to decide confidently
whether deposition of Atokan sediments occurred across the entire Permian Basin.
However, it appears that Atokan sediments were pervasive across much of what would
become the CBP during the Desmoinesian to Virgilian. Subtle thickness variations
suggest that localized uplift of small blocks in the CBP area affected local deposition

patterns and thickening of units. However, overall uplift appears to have been minor, and
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areas without Atokan sediments are largely a product of later uplift and erosion.
Estimated time of major uplift of the CBP is Desmoinesian (Strawn) (Van der Loop,
1991; Yang and Dorobek, 1995; Ye and others, 1996). Earliest structural estimates for
uplift of the CBP are Desmoinesian as well. However, given the regional distribution of
the Desmoinesian Strawn Formation, it is more likely that uplift occurred during the

Missourian to Virgilian.

Summary of Atokan Siliciclastic Deposition

Overall, siliciclastic deposition in and around the Permian Basin is more aerially
restricted than in the Morrowan. Atokan siliciclastic deposition starts in the earliest
Atokan with a lowstand event. This event is manifested in alluvial and fluvial incised-
valley sediments in Lea County, New Mexico, and the Broken Bone Graben (Cottle
County, Texas); fan-delta deposits in the Palo Duro Basin and Taylor Draw field (Upton
County, Texas); and post-Lower Marble Falls—pre-Upper Marble Falls conglomerates
(Gibbons Formation?) on the Llano Uplift. Following the lowstand event, a 2"-order
transgression appears to have dominated the rest of the Atokan, although 3"- and 4"-
order, high-amplitude, sea-level fluctuations also occurred.

Regional progradation of deltaic sediments and their deeper water counterpart
shales migrated westward from the Fort Worth Basin onto the Eastern Shelf. This
progradation caused an abrupt west-southwest backstepping of the lower Atokan
carbonate platforms previously in that area and replacement of the carbonate facies by
deeper water (~100-m) shales (Smithwick Formation). Elongate, shore-parallel,
transgression sands on the northern Delaware Basin and Northwest Shelf of New Mexico

are either shelf ridges or transgressive barrier-bar systems. Localized tectonic uplift and
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increased sediment load forced progradation in isolated areas of the northwest shelf. High
rates of subsidence within the Palo Duro Basin and the Broken Bone Graben funneled
extensive amounts of localized siliciclastic sediments into each area. Subsidence in the
Palo Duro Basin eventually outpaced that of the Broken Bone Graben/Matador Arch
area, coinciding with uplifted areas migrating westward and toward the Permian Basin. A
2"order transgression became the driving force, and sedimentation rates decreased in the
Broken Bone Graben, resulting in deposition of shales and argillaceous carbonates, which
were eventually displaced by the Smithwick Shale from the east.

Fan-delta and basin-floor-fan assemblages in Upton, Midland, and Andrews
Counties appear to have been sourced by the Ozona Arch area. Aerial distribution of the
fan deltas and basin-floor fans is still poorly defined. Two areas of shale deposition
occurring in Culberson, Gaines, and Andrews Counties are separate from the Smithwick
Formation on the Eastern Shelf and eastern Midland Basin. The Smithwick Formation
and its equivalent shales (average TOC 6.24 percent) throughout the Permian Basin have
potential as an underexplored, untapped shale-gas system similar to that of the Barnett

Formation.
Atokan Carbonate Deposition

Broad Approach
Carbonate rocks of Atokan age in the Permian Basin have been studied primarily
in the Chapman Deep field area, Delaware Basin. In this study it is thought that Atokan-
age carbonates present in the Permian Basin are laterally equivalent to extensive
carbonates developed on the Eastern Shelf (that is, the Upper Marble Falls Formation). It

is postulated that these adjacent areas act as excellent analogs for equivalent
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underexploited sections within the Permian Basin. Consequently, the approach taken in
this paper is to discuss development of the Upper Marble Falls Formation, along with
Delaware Basin units. Although Upper Marble Falls field localities are not
geographically part of the study area, extensions of that carbonate platform are present in

the subsurface of the Permian Basin.

General Depositional Setting
Atokan-age carbonates were deposited widely across the Permian Basin on low-

angle ramps that developed to more platformlike geometries through time.

Reservoir Potential
Shallow-water Donezella algal bioherms and oolitic-bioclastic grainstones are the
most favorable reservoir facies because they may preserve excellent intergranular and
intragranular porosity. Reservoir intervals are not confined to a particular facies or
exposure surface, at least within the Delaware Basin. Off-platform, proximal, coarse-

grained slope facies are a potentially overlooked reservoir target.

Diagenesis

Primary porosity appears largely occluded during early diagenesis. Extensive
development of secondary dissolution porosity during burial, coupled with a
microfracture network, results in good reservoir quality. In the Delaware Basin,
dolomitization occurs during both early and late diagenesis, with positive and negative
results in reservoir quality, respectively.

Detailed data on Atokan-age carbonate units in the greater Permian Basin are
provided primarily by studies of the Atokan-age Chapman Deep field area of northern

Reeves (Texas) and southern Eddy (New Mexico) Counties and the Upper Marble Falls
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Formation of the Eastern Shelf/Llano Uplift area. Upper Marble Falls data and discussion
are included in this paper because the Upper Marble Falls succession prograded from the
Llano Uplift area onto the Eastern Shelf during the Atokan. These Eastern Shelf
carbonates appear to be attached to the carbonate-platform to -ramp succession present in
the Val Verde Basin. Upper Marble Falls studies provide detailed sedimentological and
facies analogs for describing shallow- to deeper water carbonates present throughout the
Permian Basin in middle to late Atokan times.
Delaware Basin

In the Delaware Basin, Reeves County carbonate facies age equivalent to the
Upper Marble Falls Formation are present at Chapman Deep field, Reeves County
(fig. 21). These consist of (1) shallow-water bank facies of Donezella algal bioherms,
oolitic-bioclastic grainstones, and interbank to lagoonal lower energy facies; (2) slope
facies that are spiculitic and crinoidal argillaceous limestones and interbedded shales;
(3) basinal carbonate and siliciclastic turbidite facies (Mazzullo, 1981; Von Bergen,
1985). In the Chapman Deep field area, total thickness of the Atokan series ranges from
205 to 370 m (670-1,200 ft) and is divided into three major environments—basinal
(<213-m [700-ft] water depth) (member A), proximal to distal slope (member B), and
shallow-water ramp to platform (member C), with reservoirs being restricted to the latter.
However, in Desmoinesian- to Virgilian-age carbonate units, proximal slope facies
(member B), which are characterized by coarse debris, are also reservoir intervals and
should not be overlooked from an exploration standpoint. A generalized sequence
stratigraphic framework has been added to figure 21 to illustrate lateral facies packaging

and the association of reservoir facies with highstand carbonate deposition.
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Reservoir Quality

Within shallow-water carbonates (member C), the reservoir interval is not
confined to a particular facies, and porosity and permeability are dominantly secondary in
origin, occurring during deep-burial diagenesis. Figure 22 illustrates the abrupt vertical
facies changes and lack of correspondence between facies type and/or subaerial exposure
surfaces. Lateral facies changes are also pronounced. The lack of correspondence
between facies and reservoir interval extends to the wireline-log signature, where
gamma-ray and sonic logs do not show indicative profiles for any individual facies type
(fig. 22). The pay zone in the Texaco Reeves “AZ” Fee #1 well is approximately 50 m
(164 ft) thick (fig. 22).

Diagenesis of the carbonates is complicated but can be distilled into two
categories (Mazzullo, 1981; Von Bergen, 1985; Eren, 2005). (1) Early diagenesis
involved both vadose and phreatic dissolution and cementation but resulted in overall
occlusion of primary and secondary pores, except for thin, volumetrically minor intervals
below exposure surfaces. (2) Late diagenesis in the deep burial environment (3,962 m
[13,000 ft]) resulted in establishment of a secondary pore and fracture network. This
network is thought to be a result of moldic porosity forming from dissolution of ooids,
inter- and intraparticle calcite cements, by undersaturated fluids expulsed from organic
compounds along stylolites. Later tectonic movement and erosional unloading produced a
microfracture system that crosscuts grains and earlier cements. Eren (2005), however,
contended that microfracture and stylolite development are synchronous in Atokan
carbonates in southern Eddy County, New Mexico, and cannot be linked to regional

stress fields. Regardless of the cause of fracturing, this system, coupled with the pore
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dissolution system, resulted in the producing-reservoir interval. Stylolites contributing to
enhanced reservoir quality are best developed within relatively clean, impurity-free
limestones and are thereby related to lithology and facies type (Von Bergen, 1985).

Dolomitization also plays a key role in reservoir development. Dolomite is found
as both an early diagenetic phase (dolo-silt) and a late replacive and cementing fracture-
fill phase in Atokan carbonates of the Delaware Basin (Von Bergen and Mazzullo, 1981,
Eren, 2005). Late fracture fill and replacive dolomite generally have negative effects on
porosity via occlusion but may be indicators of high-temperature fluid flow related to
petroleum migration. In Chapman Deep field, saddle dolomite (in a strict sense,
nonplanar C [Sibley and Gregg, 1987]) partly to completely occludes fracture porosity.
Within Eddy County, Eren (2005) used stable isotope data to argue that ferroan saddle
dolomite precipitated from 52 to 55°C fluids. However, this temperature regime appears
too low for saddle dolomite (nonplanar-C) formation (Wright, 2001). Understanding
dolomitization temperature and fluid-flow regime is important for predicting enhanced or
diminished reservoir quality because dolomite appears restricted to the Delaware Basin
during the Pennsylvanian.

In the southern Delaware Basin, the Atokan section at Rojo Caballos field
(northwest Pecos County) consists of shale interbedded with limestone, capped and based
by dark-gray shale (Hanson and Guinan, 1992). Limestone is a siliceous biomicrite with
foraminifera and crinoids. A deep-marine embayment is the proposed depositional
environment for Atokan carbonates and shales (Hanson and Guinan, 1992). Presence of
siliceous biomicrites and shales indicates that the Rojo Caballos section is analogous to

off-platform facies in the Upper Marble Falls in the Eastern Shelf and Llano regions. The
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Upper Marble Falls succession thus provides an excellent outcrop analog area in which to
understand facies distribution patterns in Rojo Caballos. Gross average thickness of the
Atokan-Morrowan interval at Rojo Caballos is 210 m (700 ft). Net thickness of the
producing zone is 4 5 m (150 ft), with a maximum of 75 m (250 ft). Porosity is a mixture
of vug and dissolution that averages 12 percent. Permeability averages 0.1 md.
Cumulative gas production at Rojo Caballos is 38,789 Bcf.

Data on the Atokan from the Northwest Shelf within New Mexico are sparse.
Overall, total Atokan thickness decreases to approximately 150 m northward, given the
estimates of 200 to 370 m in the center of the Delaware Basin. On the Northwest Shelf
the Atokan comprises basal quartz sandstone interbedded with gray shales grading
upward into tan, cherty limestones (Kues and Giles, 2004). Atokan sediments are

continuous over Matador Arch but are thought to thin (Kues and Giles, 2004).

Eastern Shelf and Llano Uplift

Comparison of Upper Marble Falls and Lower Marble Falls Formations indicates
that Atokan carbonates tend to be finer grained overall, with more widespread
interbedded spiculitic shales and limestones. Southeast of the Llano Uplift, the Upper
Marble Falls reaches a thickness of 150 m (495 ft). To the west-southwest in Sutton and
Schleicher Counties, Atokan-age limestones are interpreted to be Upper Marble Falls that
prograded westward from the Llano area. These units, which overlie the siliciclastics
previously described, compose a middle unit of light-colored massive limestone on the
order of 46 to 76 m (150-250 ft) thick, overlain by an uppermost unit that is a variable
mix of thin-bedded, light-colored limestone and shale (Smithwick Formation?) of varying

description (Rall and Rall, 1958). To the northeast, within Wise County, in the Fort
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Worth Basin, the Upper Marble Falls averages approximately 61 m (200 ft) in thickness
(fig. 40, “Depositional History of the Morrowan Succession (Lower Pennsylvanian) in
the Permian Basin”).

Erlich and Coleman (2005) defined seven lithofacies for the Upper Marble Falls
Formation that range from low-energy fusulinid and spiculitic limestones to shallower
water, subtidal algal and conglomeratic limestones and intertidal beach rock. Overall the
depositional environment of the Upper Marble Falls Limestone is not dissimilar to that of
the Lower Marble Falls and does not warrant a repetition of earlier discussion of the
Lower Marble Falls.

However, the subtidal algal limestone identified in the Upper Marble Falls is
distinctive enough from the underlying Lower Marble Falls facies that it requires
discussion. This facies comprises skeletal sand shoals and mounds dominated and
constructed by the green algae Komia spp., found in association with high-energy beach
rock (fig. 23). Shape and size of the mound and shoal facies in the Upper Marble Falls
are similar to those of the mound facies illustrated in the Lower Marble Falls (fig. 37,
“Depositional History of the Morrowan Succession (Lower Pennsylvanian) in the
Permian Basin”). Constituent grains and lithifying agents of the two mound types may be
very different. This facies has reservoir potential because diagenetic modification
(leaching) and primary porosity are greater than in the lower energy facies. This higher
energy facies is also similar to mound and bioherm facies in the overlying Strawn
succession, which are good reservoirs. Overall distribution and occurrence of these algal
facies are important to regional exploration for Pennsylvanian carbonate plays, as

illustrated by Mazzullo (1981) for Chapman Deep field in the Delaware Basin. Both
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environment and, possibly, age are related to the type of organism creating
bioherms/shoals. In the Lower Marble Falls, mounds are dominated by Cuneiphycus and
Donezella, whereas in the Upper Marble Falls they are dominated by Komia and
Chaetetes. The energy of the environment may be responsible for change in the algal
community because Komia and Chaetetes are much more robust, high-energy, tolerant
forms than Cuneiphycus and Donezella. In general, the aforementioned algae appear to

give way in dominance to phylloid algae in younger units (Desmoinesian-Virgilian).

Reservoir Quality
The Upper Marble Falls higher energy mound/shoal facies have the best reservoir
quality, with average porosity of 10 percent and 2 to 6 md permeability (Brown and
Garrett, 1989) Llano Uplift/Eastern Shelf fields in Coleman, Brown, and Eastland
Counties have produced approximately 127.1 Bcef of gas (circa 1989). Trapping style is
generally stratigraphic (for example, facies pinch-out) with or without a structural

overprint.

Facies Patterns and Sequence Stratigraphy

The relationship between the Smithwick Formation and carbonate units reflects a
backstepping and drowning of the Upper Marble Falls platform/ramp. However, Upper
Marble Falls sediments are characterized by an upward-shallowing sequence capped by a
Type 1 unconformity and sequence boundary. It therefore appears that 3"-order sea-level
change dominated in controlling unconformities and sequences represented in the Upper
Marble Falls, and overall lack of accommodation caused the final demise of the platform
(Erlich and Coleman, 2005). The backstepping of the Upper Marble Falls relative to the

Lower Marble Falls is illustrated in figures 41 and 42 of “Depositional History of the
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Morrowan Succession (Lower Pennsylvanian) in the Permian Basin.” Note that in

figure 41, the terminal position of the Upper Marble Falls platform is more than 100 km
farther to the southwest and west than illustrated (Erlich and Coleman, 2005) (compare
with fig. 1, “Depositional History of the Morrowan Succession (Lower Pennsylvanian) in
the Permian Basin”). Final death of the carbonate factory occurred as Smithwick shales
and Atokan siliciclastics prograded from the east over the greater Llano area.

It is apparent from current research that the distally steepened Lower Marble Falls
ramp evolved into a steeper sided platform or rimmed shelf during transgression. The
platform to rimmed-shelf area caught up and kept up with sea-level rise during
transgression, resulting in units that display upward-shallowing trends. Mazzullo (1981)
proposed a similar change from ramp to platform architecture for Atokan carbonates
within Chapman Deep field, which was discussed in the previous section.

Understanding growth of the carbonate system (for example, platforms, ramps)
and its response to high-frequency, high-amplitude, icehouse-condition, sea-level
fluctuation and overall 2™-order global sea-level rise of the Morrowan to mid-Virgilian is
vitally important in creating a proper exploration model for the Permian Basin. In a
standard abruptly backstepping and/or prograding carbonate platform, the overlying
carbonate platform and potential reservoir are displaced relative to the underlying
carbonate platform and reservoir (for example, Erlich and Coleman [2005] model). A
change in architecture from ramp to platform and/or shelf in response to sea level will
result in a greater likelihood of stacked carbonates and reservoir successions (for
example, Read, 1985, type model). This observation becomes even more critical when

trying to understand the nature of carbonates overlying Atokan-age units in the Permian
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Basin. The Upper Marble Falls succession present in Eastern Shelf and Llano Uplift areas
provides detailed data that are needed in understanding and mapping regional distribution
of the subsurface Atokan carbonate facies in the Midland Basin, CBP, and the Delaware

Basin.

DISTRIBUTION OF ATOKAN CARBONATES

Distribution of Atokan-age carbonates illustrated in figure 1 is the result of
analysis of well logs, wireline logs, and detailed sedimentological data (for example,
Llano Uplift and Delaware Basin areas). Overall, carbonate deposition is much more
widespread in the Atokan than in the Morrowan. Westward progradation of the Upper
Marble Falls Platform resulted in carbonate deposition across the Eastern Shelf. This
carbonate platform appears to connect with a thick succession of carbonates nucleating
on the Devils River Uplift in Val Verde and Edwards Counties. According to seismic and
well log correlations, most of what later became the CBP was covered by a relatively
uniformly thick succession of carbonates. This carbonate platform was linked eastward
with the Eastern Shelf, southeastward with the Devils River Uplift, and westward with
the northern Delaware Basin ramp to platform area. Given previous interpretations of the
Diablo Platform and northern Northwest Shelf area, the Atokan was a time of more

widespread carbonate deposition relative to the underlying Morrowan

SUMMARY OF ATOKAN CARBONATE SUCCESSION
Because relatively little is known about Permian Basin Atokan-age carbonates,
understanding and documenting the Upper Marble Falls Formation from both outcrop
and subsurface datasets are key to proper interpretation of the Permian Basin succession.

Chapman Deep and Marble Falls type carbonates have potential as both a primary (for
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example, leaching of bioclasts and primary porosity) and a secondary (fracture) reservoir.
Atokan carbonates in the Permian Basin may be overlooked hydrocarbon targets,
especially with respect to proximal slope facies targets. Interfingering of Smithwick
Formation shales and equivalents with Atokan carbonates results in an interesting
source/trap situation, where Upper Marble Falls Formation carbonates may also hold
potential as fractured reservoirs for shale gas.

When comparing the carbonate succession regionally, one obvious factor that
must be understood is apparent response to eustasy and tectonics between the greater
Eastern Shelf/Llano uplift area, Northwest Shelf/Delaware Basin margin, and the CBP.
At a 2"-order eustasy level, all parts of the greater Permian Basin area appear to be
reacting similarly (for example, lowstand followed by transgression). The 3"- and 4"-
order eustatic fluctuations are more important for overall reservoir organization and
quality but are not defined well enough currently to help with exploration or production.
Localized differences in rate of sediment supply also affected carbonate deposition by
siliciclastic poisoning, such as in the areas of the Ozona Uplift and Gaines County Uplift.

In summary several key issues are crucial to an understanding of Atokan-age
carbonates. Many of these issues have a direct bearing on exploitation of, and exploration
for, new reservoirs in the Permian Basin.

1. Scale: Studies within and external to the Permian Basin must be put into regional
sequence stratigraphic context.

2. Structure: Many stratigraphic relationships proposed for the Pennsylvanian rely
heavily on interpretation and identification of structure (for example, the CBP).

However, many of the studies present conflicting or, at best, ambiguous
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structural/stratigraphic interpretations. Unraveling of the structural evolution of the
Permian Basin requires intense, dedicated study and is discussed in its own paper.
3. Nomenclature: A concerted effort must be made to unify the stratigraphic
nomenclature applied to Atokan carbonates. It is proposed that the term Upper
Marble Falls Formation be used for all platform to ramp carbonates in the greater

Permian Basin area in outcrop and subsurface.

DISCUSSION AND SUMMARY
OF THE ATOKAN IN THE PERMIAN BASIN

Atokan coarse-grained, siliciclastic deposits are confined largely to the north and
south margins of the Permian Basin (that is, the Northwest Shelf, Kent and Kinney
Counties) and small areas in the center of the basin (that is, Upton and Midland
Counties). These siliciclastics are coarse-grained, alluvial deposits at the base but are
more marine upsection, in contrast to those of the Morrowan. Marine, shore-parallel
sandstone bodies found in the Northwest Shelf and Matador Uplift areas provide a more
geometrically and geographically definable play than do the underlying lower Atokan
and Morrowan incised-valley-fill sediments. The presence of an extensive fan-delta to
basin-floor-fan complex across Upton to Midland County, indicates that basin-floor-fan
type plays might be present in other parts of the Permian Basin near uplifted areas (for
example, Gaines, Dawson, Pecos, and Terrell Counties). Siliciclastics illustrated in
figure 1 in Kinney and Uvalde Counties (that is, Kerr Basin) appear to have had an
easterly source but did not migrate into the Val Verde owing to the carbonate platform
associated with the paleohigh of the Devils River Uplift.

Carbonate deposition was widespread across much of the basin during most of the

Atokan, varying from shallow-water, high-energy to basinal low-energy facies. The
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effects of 3 and 4™-order sea-level falls are manifested in carbonates as subaerial
exposure surfaces. Although these surfaces/events do not appear to control reservoir
development within the Chapman Deep area, other reservoirs within the Permian Basin
may nevertheless be largely controlled by diagenesis caused during exposure. The link of
subaerial exposure to enhanced reservoir quality is extremely important in younger
Desmoinesian- to Virgilian-age carbonate reservoirs in the Permian Basin.

Given the organic-carbon-content values of the Smithwick Shale and equivalents,
more study is needed to further delineate distribution of these units because they have
good potential as shale-gas reservoirs in the northern Midland Basin and southern

Delaware Basin.

PALEOGEOGRAPHIC SUMMARY

Proposed distribution of Atokan-age sediments across the Permian Basin and
surrounding areas, which is based on interpretations in this paper, is illustrated in
figure 1. Exact age of the reconstruction is lower to middle Atokan. Areas of siliciclastic
deposition illustrated in Upton, Midland, Kent, Stonewall, King, Knox, Cottle, Foard, and
Hardeman Counties were transgressed by middle to late Atokan time and comprise
carbonate and shale facies. In the late Atokan, carbonate lithologies dominated over the
Ozona Arch area, whereas in the Matador Uplift area, the Smithwick Formation was
present. In Eddy and Lea Counties, New Mexico, carbonate rocks with interbedded
shales dominated by the late Atokan. The boundary between basinal carbonates and
shales (Smithwick Formation) across the Llano Uplift and northward corresponds to

latest Atokan time.
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Early Atokan-age siliciclastics dominated deposition in the far west of the
Permian Basin, northwest of the Ozona Arch, and east of the Matador Uplift, while
carbonate deposition dominated elsewhere (fig. 1). The predominance of carbonate facies
across most of the Permian Basin is a result of (1) lack of siliciclastic supply, (2) overall
2" order rising sea level, and (3) progradation of the west-facing margin of the Upper
Marble Falls Formation westward owing to lower accommodation and backstepping of
the east margin retreating from the encroaching Atokan deltaics from the east. A
transition from platform and/or ramp carbonates to more basinal carbonates and,
ultimately, shales in the center of the Midland Basin, CBP, and Delaware Basin is
implied. This is supported by well data in the Midland Basin, indicating a westward shift
from carbonates to shalier lithologies. A large area of platform to ramp carbonates is
thought to have existed along the trend of the antecedent CBP and links with the northern
Delaware Basin and Eastern Shelf.

A small number of Precambrian inliers on the CBP trend appear to have been
exposed and to have been shedding material into the basin (for example, Lea County,
New Mexico, and Pecos and Crockett Counties, Texas). One of these uplifted blocks is
the Ozona Arch, which provided the source for alluvial channels of Upton County and
basin-floor fans of Midland County, during the lowstand event at the beginning of the
Atokan. At roughly the same time, a small uplifted area on or near the Fort Stockton High
in Pecos County also emerged. According to seismic and facies data, a similar small,
uplifted area also existed in Eddy and Gaines Counties. Another such positive feature is
also apparent in Roosevelt County, New Mexico. This area corresponds roughly to the

Bravo Dome area. The uplift of this area probably helped diminish the southward influx
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of sediments from the Pedernal Uplift and also funneled them into the Palo Duro Basin.
A shallow seaway probably still extended between the uplift (Bravo Dome) and the
Pedernal highlands.

Siliciclastics in the Kerr Basin (for example, Kinney, Uvalde, and Zavala
Counties) were sourced from the east by a sutured zone along the Ouachita Foldbelt.
Although illustrated as marine to alluvial siliciclastics in figure 1, data are sparse, and
sediments may instead reflect deposition from gravity-flow processes. In the Delaware
Basin the siliciclastic lowstand succession was dominated by localized incised valleys.
Valley systems were infilled by multiple transgressive facies types. Areas of shale
deposition in the northern Midland and southern Delaware Basins reflect ensuing

subsidence of these two basins, which becomes more prominent in younger successions.

KEY CONCLUSIONS
o Atokan-age units in the Permian Basin reflect an abrupt 2™%-order transgression from

alluvial and shallow-marine siliciclastic depos