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ABSTRACT 

The Upper Pennsylvanian (Missourian) Cross Cut 

sandstone of the TWP and Busher fields. Runnels County, 

Texas, is an example of the smaller hydrocarbon plays that 

are receiving increased attention in west- and north-central 

Texas. An understanding of the distributions and reservoir 

characteristics of these plays is necessary for ensuring the 

success of future exploration and development strategies. 

Sediment characteristics, petrophysical log responses, 

and sand body geometry of the TWP and Busher Cross Cut 

sandstone reflect deposition in a distal prograding delta 

environment. Gross sand isopach mapping reveals a strike-

oriented sand body approximately three miles in length and 

one-half mile in width. These attributes are similar to 

characteristics of the Cross Cut sandstone in other 

Pennsylvanian fields, and support a delta-front 

interpretation. Delta-front sandstones of the TWP and 

Busher fields represent a southwestern distal extension of 

the Eastland Delta system. Log responses and sand body 

geometry may be employed to infer the position of 

distributary mouth bar and channel facies associated with 

the delta-front sands. 

Sediments of the Cross Cut sandstone were exposed to a 

variety of diagenetic processes that influenced the 

evolution and preservation of porosity and permeability 
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within the reservoir. Early development of epitaxial quartz 

overgrowths significantly decreased depositional porosity. 

Replacive calcite may also have decreased primary porosity; 

however, the dissolution of this calcite produced minor 

amounts of secondary porosity. Late-stage diagenetic 

processes, including precipitation of kaolinite and ankerite 

cements, further occluded porosity. 

The types, abundances, and morphologies of clay 

minerals, especially kaolinite and chlorite, within the 

Cross Cut sandstone may influence reservoir quality, in 

addition to reducing initial reservoir porosity and 

permeability. Interaction of these clays with fluids 

introduced during drilling, completion, and production may 

cause dispersion and migration of fines and precipitation of 

insoluble compounds, further occluding effective porosity 

and decreasing permeability. 

Petrophysical and volumetric evaluation of the TWP and 

Busher Cross Cut reservoir reveals estimated recoverable 

reserves of 763,997 stock tank barrels of oil. Since the 

discovery of the Busher Field in 1956, both fields have 

produced a combined total of approximately 629,667 barrels 

of oil. The Cross Cut sandstone within the TWP and Busher 

fields is an essentially depleted reservoir. 
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CHAPTER I 

INTRODUCTION 

Pennsylvanian strata of west-central and north-central 

Texas accommodate some of the most prolific hydrocarbon 

reservoirs of the North American Mid-Continent. Unlike the 

giant Permian carbonate plays of west Texas, Pennsylvanian 

production tends to be from small, isolated sands 

(Chenowith, 1979). Virtually the entire spectrum of clastic 

depositional environments is represented in the 

Pennsylvanian section of this region with a majority of 

reservoirs being found in deltaic or fan-deltaic and their 

associated fluvial deposits (Brown, 1979). Regardless of 

their sporadic occurrence and often limited extent, these 

reservoirs remain the target of numerous independent 

operators, owing in part to their relatively shallow depths 

and high potential for success. 

The Upper Pennsylvanian (Missourian) Cross Cut 

sandstone is an example of one such Mid-Continent 

Pennsylvanian play. This thin and sporadic sandstone is a 

prolific hydrocarbon producer in the region spanning 

Eastland and Brown to Runnels and Concho counties of Texas, 

though it is rarely mentioned in the literature. The Cross 

Cut sandstone within the TWP and Busher fields of Runnels 

County exhibits characteristics of a parallel-to-strike, 

near-shore sand body. Pennsylvanian strike-oriented sands, 

such as barrier and strand-plain complexes, have been 



documented in north-central Texas only in outcrop, perhaps 

because they are too thin to be resolved in the subsurface 

(Brown, 1973). However, Cross Cut production in Callahan 

County is from strike-oriented sandstones that have been 

interpreted as delta-front deposits (Hamilton, 1990). 

Depositional and diagenetic processes have combined to 

produce a complex reservoir. As development of Cross Cut 

sandstone and similar small plays continues, it will become 

increasingly necessary to understand the geometries and 

diagenetic histories of these reservoirs, and to amend 

exploration and development practices accordingly. 

Location and Scope of Investigation 

This investigation focuses on the Upper Pennsylvanian 

Cross Cut sandstone in the subsurface of Runnels County, 

west-central Texas (Fig. 1.1). The study is limited to an 

area of approximately four square miles that encompasses the 

TWP and Busher fields northwest of the city of Ballinger 

(Fig. 1.2). Locally, Cross Cut production is from a thin, 

north-south trending narrow sand body at an average depth of 

3,730 feet. The sand attains a maximum thickness of 

approximately 30 feet within the fields, and productive 

intervals average less than 10 feet thick. 

The TWP Field exemplifies the ease with which 

productive Pennsylvanian sands may be bypassed. Cross Cut 

production in the TWP Field was discovered in 1991 with the 
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reentry of the Wilbanks Valley Creek No. 1 well (Fig. 1.2). 

The Cross Cut sandstone in the original well had been 

determined water-productive because of the use of an 

incorrect value for formation water resistivity (R,^). 

Reentry of the Valley Creek No. 1 led to renewed interest in 

the area, and a total of 10 wells have been drilled or 

reworked in the TWP Field since that date. Cross Cut 

production in the Busher Field was discovered in 1956 with 

the reentry completion of the Rowan H. F. Busher No. 1 (Fig. 

1.2). Drilling continues today and six wells have been 

drilled in the Busher Field since the discovery of Cross Cut 

production in the TWP Field. Texas Railroad Commission 

records indicate that TWP Field production is from the Cross 

Cut sandstone, while Busher Field production is from the 

Morris sandstone. However, both fields produce from the 

same stratigraphic interval, the Cross Cut sandstone. 

Purpose of Investigation 

This investigation was guided by the following 

objectives: 

1. To provide a detailed petrographic and 

petrophysical description of the Cross Cut 

reservoir. 

2. To interpret the environment of deposition within 

the study area and its relation to previously 

established regional depositional systems. 



3. To reconstruct the diagenetic history of the 

reservoir and describe its consequences on 

reservoir properties. 

4. To evaluate reservoir performance and future 

production potential within the TWP and Busher 

fields. 

Methods of Investigation 

Approximately eight feet of slabbed core from the TKP 

Petroleum Stubblefield "A" No- 1 well (formerly known as the 

TKP Petroleum S.W. Unit No. 1; Fig. 1.2) were available for 

petrographic analysis. Salient features were described, 

including gross lithology, grain size distribution, 

sedimentary structures, and identifiable pore types. 

Information from the core description was tabulated on a 

strip-log. 

Twenty-five thin sections were collected at six inch 

intervals and from particular samples of interest. The thin 

sections were stained with sodium cobaltinitrate to aid in 

distinguishing feldspar from quartz, and impregnated with 

blue epoxy to emphasize types, amount, and distribution of 

porosity. Because of the degraded nature of feldspars 

within the reservoir, staining was not effective. Thin 

section examination and point-count analyses of 200 points 

per slide facilitated the classification of the sandstone 

and determination of a sequence of diagenesis. 



Two samples from the cored interval were preserved for 

special core analysis at The Center for Applied 

Petrophysical Studies at Texas Tech University. This 

analysis included the determination of cementation exponent 

(m), formation resistivity factor (F^.), and capillary 

pressure curves, in addition to porosity and permeability. 

Five samples were preserved for X-ray diffraction (XRD) 

analysis to determine the types of clay minerals present in 

the reservoir. Clay samples were taken from whole core 

where possible, dry-crushed in a jawcrusher and powdered in 

a tungsten ball mill. Identification of non-clay minerals 

was accomplished by X-ray diffraction patterns of random 

powder mounts. Bulk sample powders were placed in aluminum 

holders and diffraction patterns were obtained using a 

Philips diffractometer and CuK-a radiation at 40kV/20mA. 

The samples were scanned continuously from 2 to 65 degrees 

20 at a rate of 1 degree per minute. Oriented slides of 

the <4|im clay fractions were prepared from suspensions that 

were stabilized by washing with deionized water and adding 

an organic deflocculant. To test for the presence of 

expandable clay phases, oriented slides were saturated with 

ethylene glycol and rescanned. All oriented slides were 

scanned continuously from 2 to 45 degrees 20 at a rate of 

1 degree per minute. 

Clay mineralogy and texture of the selected samples 

were also studied by scanning electron microscopy (SEM) and 
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compared to commercial analyses. SEM samples were mounted 

on aluminum stubs with double-sided adhesive carbon tape and 

grounded with conductive colloidal silver paste. Mounts 

were sputter coated with a platinum-palladium coat 

approximately 20 nanometers thick. 

Data from 35 wells within the study area provide good 

well control (Fig. 1.2); however, the logs available for 

many of these wells are old and of poor quality. This 

necessitated that all logging suites be digitized using 

LOGDIGI*̂ "̂  software and redisplayed in a standard format 

using LOGPRINT*™* software. From these data, various maps 

were constructed, including computer-generated structure and 

gross sand isopach maps. Computer-generated maps were 

constructed using SURFER*̂ "̂  for Windows software. 

Structure and isopach maps were employed to determine 

the gross thickness and geometry of the Cross Cut sandstone. 

Thicknesses were taken from Spontaneous Potential (SP) 

curves with tops and bases being marked at one-half the SP 

deflection. A net sand isopach map was constructed with 

data provided from computerized analysis of logs using Shaly 

Sand Advisor^^ (SSA) Version 3.0 and Old E-Log Advisor*^^ 

(OEA) Version 1.0. This net sand isopach map was used in 

combination with structure maps to establish the trapping 

mechanism for the study area. 

Producibility and volumetric analyses for the Cross Cut 

reservoir were produced using SSA, OEA, and PLANIMETER-^^ 



software. Data were taken from digitized well logs and a 

computer-generated hydrocarbon pore-feet map. 

Previous Work 

Although Cross Cut production was documented as early 

as the 1920s, little published literature pertaining to the 

sandstone exists. The earliest known publication dealing 

exclusively with the Cross Cut sandstone is by Klinger 

(1941), in which he investigated the relation of structure 

to oil and gas accumulation in the Cross Cut-Blake district 

of northwestern Brown County. Collier (1990), in a study of 

Strawn sandstones within the Henderson Field of Concho 

County, devised several guidelines by which Cross Cut core 

and log data can be analyzed. Hamilton (1990) presents a 

detailed analysis of depositional facies within the Cross 

Cut sandstone in Callahan County, Texas. 

There have, however, been numerous publications 

addressing Pennsylvanian depositional systems on a regional 

scale in north-central Texas. A majority of these studies 

were conducted by L. F. Brown, Jr., of the University of 

Texas at Austin, and his students; mainly, A. W. Cleaves, 

II, and A. W. Erxleben. During the latter half of the 20th 

Century, the Middle and Late Pennsylvanian section of north-

central Texas has been a "testing ground" for numerous 

theories of cyclic sedimentation, particularly delta lobe-

switching (Cleaves, 1993). Widespread Pennsylvanian 
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channel-sands of north-central Texas were not recognized as 

deltaic deposits until the late 1960s. Subsequently, the 

development of deltaic depositional systems of the region 

was recorded by Brown and others (1973), Cleaves (1975, 

1982), Erxleben (1974, 1975), and Cleaves and Erxleben 

(1985). Original concepts of delta lobe-switching, though 

not completely abandoned, have become subordinant to the 

idea of eustatic events controlling depositional cyclicity 

(Cleaves, 1993). 

A number of studies relating to particular aspects of 

the current investigation have been published on other 

Pennsylvanian fields or formations within west- and north-

central Texas. Reference will be made to these studies in 

subsequent chapters. 



CHAPTER II 

STRATIGRAPHY 

Cross Cut sandstone is the informal "driller's name" 

applied to a thin and sporadic sandstone occurring near the 

Strawn-Canyon group boundary in west-central Texas. Most 

hydrocarbon production from the Cross Cut sandstone is found 

in a region extending from Eastland and Brown counties 

westward to Runnels and Concho counties. The name is 

derived from the community of Cross Cut, Texas, located in 

northwestern Brown County, an area of concentrated Cross Cut 

production. The surface equivalent of the Cross Cut 

sandstone is the Turkey Creek Sandstone, which has been 

mapped in central to northeast Palo Pinto County (Brown and 

Goodson, 1972). 

Local Stratigraphic Relations 

For the purposes of this investigation, the interval 

between the base of the Palo Pinto Formation and the top of 

the Upper Capps Limestone will be considered. This interval 

locally averages 130 feet in thickness, and comprises thin 

limestones, the Cross Cut sandstone, and relatively thick 

sections of shale. A type log of the interval is presented 

in Figure 2.1. One possible black shale is identified by 

gamma ray logs at the base of the Palo Pinto Formation (Fig. 

2.1), but core data do not exist for that interval. With 

respect to the Turkey Creek Sandstone (Cross Cut equivalent) 

11 
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at the surface, the overlying shale Plummer and Moore (1921) 

named the Keechi Creek, and the shale underlying the Turkey 

Creek Sandstone, the Salesville. 

As illustrated in the type log (Fig. 2.1), two thin 

limestones occur between the base of the Palo Pinto 

Formation and the top of the Upper Capps Limestone. The 

upper limestone is not formally defined and will be referred 

to as the Upper Marker Limestone. This marker is not 

present in all wells within the study area, and thus is of 

little use for regional correlation purposes. The lower 

limestone is recognized as the Dog Bend Limestone, a thin 

unit occurring below the Turkey Creek Sandstone and within 

the lower Salesville Shale. The Dog Bend Limestone has been 

used extensively as a regional marker in previous studies, 

and is present in all wells of sufficient depth within the 

study area. The Dog Bend Limestone thickens to the east of 

the study area in eastern Runnels and western Coleman 

counties (B. Hailey, per. comm., 1994). 

The Cross Cut Interval is defined as that interval 

between the Upper Marker Limestone and the top of the Dog 

Bend Limestone. Regionally, productive units within this 

interval include the Cross Cut sandstone and the Moran 

sandstone (Abilene Geological Society, 1992), although the 

Moran sandstone is absent in the study area. The surface 

equivalent of the Moran sandstone has been mapped as "ss2" 
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by Brown and Goodson (1972) and referred to as the Devil's 

Hollow Sandstone by Cleaves (1975). 

The interval between the top of the Dog Bend Limestone 

and the top of the Upper Capps Limestone will be called the 

Morris Interval. This interval locally comprises the lower 

Salesville Shale. Its name is taken from the Morris 

sandstone, which occupies this stratigraphic position 

elsewhere in the region. 

Local operators generally apply the name Cross Cut to 

the first sandstone occurring below the base of the Palo 

Pinto Limestone. However, the name Morris is frequently 

used interchangeably with Cross Cut by operators that are 

not familiar with the regional stratigraphy (B. Hailey, per. 

comm., 1994). This confusion is perhaps best exemplified 

within the study area. Although wells within both the TWP 

and Busher fields produce from the same stratigraphic 

interval, Texas Railroad Commission records indicate that 

TWP production is from the Cross Cut sandstone while Busher 

production is from the Morris sandstone. Since the 

discovery of the Busher Field, regional Pennsylvanian 

stratigraphic relations have been refined and it is apparent 

now that local production is from the Cross Cut sandstone. 

Locally, the name Morris is applied to the sandstone 

that occurs just above, and often channels into, the Upper 

capps Limestone (B. Hailey, per. comm., 1994). Published 

stratigraphic columns (Fig. 2.2) generally separate the 
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positions of the Cross Cut and Morris sandstones with the 

Dog Bend Limestone. The Morris sandstone is equivalent to 

the Lake Pinto Sandstone, which occurs between the Dog Bend 

and Upper Capps limestones (Brown and Goodson, 1972). 

Hamilton (1990), in a study of several fields in 

northeastern Callahan and northwestern Eastland counties, 

recognized three sandstone units between the base of the 

Palo Pinto Limestone and the top of the "Morris" limestone. 

The Morris limestone, Hamilton states, is 70 feet above the 

Dog Bend Limestone, a position inconsistent with published 

stratigraphic columns (Fig. 2.2) if the Morris limestone is 

correlative with the Morris sandstone. Within the interval, 

Hamilton refers to the uppermost sandstone as the Cross Cut, 

while the lower two sandstones he proposes to name upper and 

lower members of the Moran sandstone. Adding to the 

confusion, Jones (1983) states that the lowest sandstone 

(lower Moran of Hamilton, 1990) has been labeled the Morris 

sandstone in areas where it is more productive. 

Nevertheless, the Morris sandstone mentioned by Jones (1983) 

would not correspond to the Morris Interval defined here, 

because it lies above the Dog Bend Limestone. The Dog Bend 

Limestone, at least in Runnels County, is between the Moran 

and Morris sandstones (Abilene Geological Society, 1992). 
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Sequence Stratigraphy 

A great deal of Mid-Continent Pennsylvanian research 

has been devoted to the recognition and explanation of 

recurrent sedimentary sequences, or cyclothems. Development 

of these terrestrial/marine cycles in response to glacial-

eustatic sea level fluctuations was originally proposed by 

Wanless and Shepard (1936), and this mechanism was later 

invoked to explain cycles observed in Pennsylvanian outcrops 

of north-central Texas (Lee et al., 1938). Other early 

studies (van Siclen, 1958; Jackson, 1964) also cited 

eustatic sea level fluctuations as having possibly played a 

role in the formation of Pennsylvanian and Permian 

cyclothems in west-central Texas. 

The late 1960s witnessed the rise of a new explanation 

for alternating terrestrial and marine Pennsylvanian strata 

within the region; one in which delta lobe-shifting was the 

primary control. Following the realization that 

Pennsylvanian channel sands of north-central Texas were 

deltaic in nature (Brown et al., 1967), the delta lobe-

shifting concept gained widespread acceptance and was the 

basis for numerous studies of the north-central Texas 

Pennsylvanian section during the next 30 years (Galloway and 

Brown, 1972; Brown et al., 1973; Cleaves, 1975, 1982; 

Cleaves and Erxleben, 1985; Erxleben, 1974, 1975). 

Since these pioneering works, the Pennsylvanian section 

of north-central Texas "...has served as a major testing 



18 

area for various theories of cyclic sedimentation..." 

(Cleaves, 1993, p. 26). Only recently, with the advent of 

sequence stratigraphy, has the eustatic control on 

Pennsylvanian cyclothems of north-central Texas returned to 

the limelight. This required widespread rethinking of 

previous delta lobe-switching interpretations ("reformed 

eustatiphobes" of Cleaves, 1989), and resulted in a number 

of authors invoking both a eustatic and deltaic causal 

mechanism for the cycles. Laterally persistent black "core" 

shales within the Pennsylvanian section of north-central 

Texas, previously thought to represent interdistributary bay 

deposits, have been reinterpreted as the products of deep 

water sedimentation (Boardman and Malinky, 1985). 

Additional studies have provided evidence that supports 

the role of glacial-eustatic sea level fluctuations in cycle 

development. Harrison (1973) recognized well developed 

paleosols in Pennsylvanian and Permian strata of north-

central Texas that Boardman and Heckel (1989) cite as 

convincing evidence for regression and low-stands of sea 

level. Paleosols would not have formed in a shifting delta 

environment where post-abandonment compaction and subsidence 

would result in rapid inundation. Exposure surfaces 

indicative of possible low-stands of sea level have been 

described in Canyon age regressive limestones of north-

central Texas (Brown, 1982). In addition, Heckel (1986) 

determined that Mid-Continent Pennsylvanian cyclothemic 
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periodicities fall within the Milankovitch eccentricity band 

of 20,000 to 400,000 years, thought in part to control 

glacial frequencies. 

Relation of Local Stratigraphy to 
Established Genetic Intervals 

Cleaves (1975, 1982) subdivided the middle and upper 

Strawn section of north-central Texas into eight format 

units, or Genetic Units (Fig. 2.3). Defined on the basis of 

regionally correlative and presumably transgressive marine 

limestone markers, each Genetic Unit represents a complete 

assemblage of depositional facies, or a facies tract. Of 

the markers identified in the present study, the Palo Pinto, 

Dog Bend, and Capps limestone are used to define these 

intervals. Genetic Unit VI extends from the top of the 

Capps Limestone to the top of the Dog Bend Limestone, the 

Morris Interval of this investigation. Genetic Units VII 

and VIII lie between the top of the Dog Bend Limestone and 

the base of the Palo Pinto Limestone, although no definite 

boundary between the two units is established. Genetic Unit 

VII encompasses the Devil's Hollow Sandstone, the surface 

equivalent of the Moran sandstone which is absent in the 

study area. Genetic Unit VIII is an interval that comprises 

the Turkey Creek Sandstone, the equivalent of the Cross Cut 

sandstone (Brown and Goodson, 1972). During the time 

represented by Genetic Unit VIII, major active depositional 

systems of north-central Texas included the Perrin and 
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Eastland deltas to the northeast of the study area, and the 

Palo Pinto carbonate bank complex immediately to the 

northwest (Fig. 2.4). These depositional systems were 

identified on the basis of isolith maps depicting total 

thickness of specific lithologies between the unit-bounding 

limestone markers (Cleaves, 1982). This method assumes that 

all lithology changes reflect facies changes, and that 

cyclicity is primarily the result of switching delta lobes 

or local tectonism. 

In a reevaluation of his 1975 and 1982 research. 

Cleaves (1993) switched to the idea of glacial-eustatics as 

responsible for cyclothems in the Pennsylvanian of north-

central Texas. Cleaves (1993) recognized numerous 

unconformities within the defined Genetic Units and used 

them as criteria for establishing Type-1 sequences. In 

addition. Cleaves (1993) recognized phosphatic black shales 

as being representative of maximum flooding surfaces, thus 

making better choices for establishing boundaries of Genetic 

Units. 

Relation of Local Stratigraphy to 
Established Eustatic Sea Level Curves 

Within the bounds of the stratigraphic interval 

considered in this study (Fig. 2.1), a total of three to 

four intermediate to major eustatic cycles have been defined 

and can be correlated with Pennsylvanian eustatic cycles of 

the Mid-Continent of North America (Boardman and Heckel, 



22 

e^ 
3 ^ 2 

^ ^ ^ ^ 

HCNRICTTA 
fAN OCLTA 

^ \ 5«yn>o«f 
, PlrtAQCU 

U>caiion of 
TWP .ind Du-shcr 

FKIJLS 

\^.} JtUt Ctfk rhn>.*-0<l)«t< rMMi 

C 3 Cw*«i«i« UMI 

licitJcr.sun Held 
(Clollicr. 1990) 

Figure 2.4. Distribution of Turkey Creek Sandstone (Cross 
Cut equivalent) during time represented by 
Genetic Unit VIII (modified from Cleaves, 
1982). Note inferred southwesterly extension 
of Eastland Delta thought to be responsible for 
deposition in central Runnels County. 



23 

1989). These cycles were defined in the Brazos and Trinity 

river valley outcrop regions and include the Bath Bend 

intermediate cycle, the Dog Bend major cycle, and the Upper 

Salesville major cycle (Fig. 2.5). The upper East Mountain 

major cycle comprises the regressive Capps Limestone, the 

top of which serves as the base of the considered interval. 

The Palo Pinto (Wynn) major cycle includes the Palo Pinto 

Limestone which overlies the interval under investigation. 

Biostratigraphic criteria were used to correlate these Texas 

cycles with the Mid-Continent cycles (Boarciman and Heckel, 

1989) which, in turn, strongly bolsters the role of glacial-

eustatic fluctuations in their development. 

The Bath Bend intermediate cycle of Boardman and Heckel 

(1989) comprises the Lake Pinto Sandstone which is 

equivalent to the Morris sandstone in the subsurface (Brown 

and Goodson, 1972). The Morris sandstone is absent in the 

study area and, as a result, the Bath Bend cycle is 

difficult to establish within the studied interval on the 

basis of lithologic criteria. The Dog Bend major cycle 

(Boardman and Heckel, 1989) is represented locally by the 

thin, presumably transgressive Dog Bend Limestone which 

denotes the boundary between the Cross Cut and Morris 

intervals of the current study. The Upper Salesville cycle, 

as defined (Boardman and Heckel, 1989), comprises the Turkey 

Creek Sandstone. The Turkey Creek Sandstone is equivalent 
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to the Cross Cut sandstone, which probably is the local 

manifestation of the Upper Salesville cycle. 



CHAPTER III 

REGIONAL GEOLOGY 

The Paleozoic geologic history of north- and west-

central Texas has been a complex one, owing in part to the 

evolution of the Ouachita Foldbelt and Fort Worth Basin, the 

development of the Concho Platform, Bend Arch, and Eastern 

Shelf (Fig. 3.1). On a broad scale, four distinct 

environmental settings characterized the Pennsylvanian 

paleogeography of the Mid-Continent region (Brown, 1979). 

These paleogeographic settings include: 

1. faulted and uplifted mountain ranges, 

2. periodically subsiding stable cratonic shelves and 

platforms, 

3. less stable, periodically subsiding marginal 

shelves, and 

4. deep intracratonic basins. 

The tectonic evolution of the Ouachita Foldbelt and eustatic 

sea level fluctuations within the region played a major role 

in the development and spatial distribution of depositional 

systems. 

Geologic History 

North- and west-central Texas were characterized during 

the Early to Middle Paleozoic by a broad, slightly positive 

structure extending northwestward from the Llano region to 

near Lubbock (Cleaves, 1993). This structure, known as the 

26 
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RUNNELS COUNTY AND 
LOCATION OF 
TWP FIELD 

Figure 3.1. Regional Late Paleozoic structural setting of 
west-central and north-central Texas. 
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Concho Arch, served as a locus for prolific carbonate and 

clastic deposition during the Late Paleozoic. 

During Late Mississippian and Early Pennsylvanian time, 

the Ouachita Foldbelt uplifted and the adjacent Fort Worth 

Basin subsided in response to the collision of North America 

and Gondwanaland (Cleaves, 1993). The Fort Worth Basin is 

an asymmetrical foreland basin. Downwarping of the Fort 

Worth Basin during earliest Pennsylvanian time resulted in 

the westward migration of a lithospheric flexure which 

defined the eastern limits of the Concho Arch. Carbonate 

shelves developed along the western and northwestern margins 

of the basin as a result of this downwarping (Walper, 1982; 

Trice and Grayson, 1985). 

During Morrowan and Atokan time, carbonate shelf and 

bank sedimentation dominated the stable Concho Arch, giving 

rise to a shallow carbonate platform (Concho Platform). 

Clastic sediments, sourced in the Ouachita Foldbelt to the 

east and the Muenster and Electra arches to the north, were 

deposited in the subsiding Fort Worth Basin and its adjacent 

troughs (Cleaves, 1993). Atoka Group elastics such as the 

Smithwick Shale and subjacent fan-delta, slope, and basinal 

facies represent basin fill deposits whose western extents 

were determined by the boundaries of the Fort Worth Basin 

(Trice and Grayson, 1985). During this time the incipient 

Midland Basin was present as a structural sag with poorly 

defined margins (Cleaves, 1993). 



29 

By the onset of Desmoinesian time, the Concho Platform 

had become a prominent structural feature. The Midland 

Basin to the west was the site of starved basin 

sedimentation while fan-deltaic and submarine fan deposition 

continued in the Fort Worth Basin to the east. A period of 

accelerated subsidence of extensions of the Fort Worth Basin 

(Knox-Baylor and Clay-Montague troughs) produced a broad 

structural nose across the northwestern reaches of the 

Concho Platform (Cleaves, 1993). 

Subsidence of the Fort Worth Basin slowed soon after, 

and the basin received less clastic detritus. Because of 

decreased paleogradients at the basin margins, clastic 

sediments began prograding westward across the Concho 

Platform as a series of delta complexes (Trice and Grayson, 

1985). Westward migration of the foreland flexure and basin 

axis of the Fort Worth Basin ceased upon reaching the Concho 

Platform (Walper, 1982). Continued deltaic progradation 

across the Concho Platform is represented by facies of the 

Buck Creek, or "Gray," Sandstone (Cleaves and Erxleben, 

1985). 

During late Desmoinesian time, the Midland Basin was 

actively subsiding, its eastern margin marked by the 

recently developed outer Palo Pinto bank (Cleaves, 1993). 

The eastern reaches of the Fort Worth Basin were elevated in 

response to post-orogenic uplift of the Ouachita Foldbelt. 

This uplift, together with continued subsidence of the 
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Midland Basin, produced a gradual westward tilting of the 

Concho Platform, created a north-south hinge between the 

Midland Basin and the Fort Worth Basin, and provided a 

source area for Strawn fluvial-deltaic systems (Cleaves and 

Erxleben, 1985; Trice and Grayson, 1985). The Fort Worth 

Basin subsequently was filled with this detritus, and delta 

progradation across the Concho Platform continued. 

Accelerated subsidence of the Midland Basin during 

earliest Missourian time accentuated the Bend Arch and led 

to the development of the Eastern Shelf west of the arch. 

Fluvial-deltaic sedimentation continued east of the arch 

while slope and basin sedimentation predominated in the 

eastern portions of the Midland Basin. Deposition atop the 

Eastern Shelf of the Midland Basin was characterized by 

shallow shelf carbonates, shelf-edge banks, and shelf-

interior banks (Cleaves and Erxleben, 1985). 

Later Missourian time was characterized by a decrease 

in sediment supply to the Concho Platform by virtue of 

decreased paleogradients following erosion of eastern source 

areas (Trice and Grayson, 1985). The southern reaches of 

the Eastern Shelf lacked active deltaic deposition; 

therefore, the shelf did not prograde nor did submarine fans 

develop because of lack of sediment supply. This lack of 

detrital influx facilitated the vertical accretion of both 

shelf-margin and shelf-interior carbonate bank complexes. 

Westward progradation of the Eastern Shelf resumed later in 
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Virgilian time with the development of submarine fan 

complexes (Cleaves and Puckette, 1991). 

Depositional Systems 

Much research on the Pennsylvanian section of north-

and west-central Texas has been devoted to the concept of 

depositional systems. Depositional systems are three-

dimensional assemblages of genetically related sedimentary 

facies that are defined on the basis of lithologic 

characteristics and the distribution of their component 

facies. These informal rock-stratigraphic units can be 

extremely useful in subdividing a sedimentary record, and 

may aid in streamlining exploration approaches (Hamilton, 

1990; Cleaves, 1993). Individual Pennsylvanian depositional 

systems of north-central Texas have been mapped extensively 

using both surface and subsurface data (Brown et al., 1973; 

Cleaves, 1975, 1982; Erxleben, 1974, 1975; Cleaves and 

Erxleben, 1985), yet very little of this research has 

extended into central Runnels County. 

Practically every type of clastic depositional 

environment, with the exception of lacustrine environments, 

is represented in the mixed clastic and carbonate 

Pennsylvanian section of north- and west-central Texas 

(Brown, 1979). Although channel geometries in outcropping 

sandstones were noted as early as 1938 (Lee et al.), no 

mention of Upper Pennsylvanian delta sands was made prior to 
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1967. During the late 1960s, delta systems were recognized 

on the basis of surface mapping of channel sands and were 

correlated into the subsurface based on sandstone isolith 

maps (Brown et al., 1967; Brown, 1968, 1969). Delta systems 

were independently recognized by fitting trend-surfaces to 

percent sandstone (Wermund and Jenkins, 1968; 1969a; 1969b; 

1970) based on previously established intervals defined by 

three-component facies maps (Wermund and Jenkins, 1965). 

A majority of productive reservoirs occur in these 

deltaic, fan-deltaic, and associated fluvial deposits 

(Brown, 1979). The development of Pennsylvanian deltaic 

depositional systems has been documented by Brown et al. 

(1973), Cleaves (1975, 1982), Erxleben (1974, 1975), and 

Cleaves and Erxleben (1985). These studies laid the 

foundation for subsequent investigations, and have aided in 

the synthesis of a number of depositional models for delta 

systems that have been cited in more modern works. 

Four delta systems, a fan-delta system, two carbonate 

bank systems, a carbonate platform system, and an embayment-

strandplain complex (Cleaves and Erxleben, 1985) are found 

within the upper Strawn section of north-central Texas, an 

interval that incorporates strata between the Brannon Bridge 

Limestone and the Palo Pinto Limestone. At times these 

systems were active concurrently, although located in 

different tectonic settings. The four delta systems were 
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responsible for widespread accumulation of westward 

prograding sandstone units. 

Deltaic depositional systems present on the subsurface 

Concho Platform include the Eastland and Perrin deltas. 

These systems are characterized by multilateral, branching 

distributary sand geometries with little lobe stacking, 

indicative of rapid progradation across the stable platform 

(Brown, 1973). Both the Eastland and Perrin deltas have 

been extensively characterized on the basis of updip 

outcrops in the Brazos River Valley (Cleaves, 1973; 1975). 

Of these two delta systems, the Eastland Delta is of closest 

proximity to the study area (Fig. 2.4). 

Sedimentation within the Eastland Delta began during 

deposition of Genetic Unit I (Fig. 2.3) as terrigenous 

sediments prograded westward from source areas in the 

Ouachita Foldbelt near the Llano Uplift. Lack of 

significant subsidence on the Concho Platform did not 

provide accommodation space necessary for the accumulation 

of thick sections of deltaic deposits. Delta lobe sands 

attain an average maximum thickness of about 120 feet in 

Eastland and Stephens counties (Cleaves, 1982). Following 

deposition of Genetic Unit II (Fig. 2.3), there was a 

prolonged hiatus in activity within the Eastland system. 

Deposition during this interval was concentrated in the 

Thurber Embayment system as abandoned delta lobes foundered 

during marine transgression. Small, progradational bayhead 
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deltas may have been active within the Thurber Embayment 

during this time, yet are represented only by preserved 

distributary channel deposits (Cleaves and Erxleben, 1985). 

Bayhead deltas prograde into shallow bays under stable 

tectonic conditions similar to as existed on the Concho 

Platform and the Eastern Shelf during Late Strawn time 

(Erxleben, 1973). Cleaves and Erxleben (1985) state that 

the Turkey Creek Sandstone (Cross Cut surface equivalent) 

contains good examples of this type of delta deposit. 

Deltaic deposition within the Eastland system was active 

periodically during Strawn and the beginning of Canyon time 

(Cleaves, 1982). 



CHAPTER IV 

ENVIRONMENT OF DEPOSITION 

Pennsylvanian hydrocarbon production in north- and 

west-central Texas is found in both siliciclastic and 

carbonate reservoirs. Almost every type of siliciclastic 

depositional environment is found in the region. Deposition 

in large delta systems was responsible for most of the total 

thickness of the Pennsylvanian section, and consequently 

most reservoirs are found in deltaic and associated fluvial 

facies (Brown, 1979). Because of the diverse facies 

associated with deltaic depositional systems, and the 

possibility that reservoir properties will differ among 

these facies, it is necessary to distinguish individual 

deltaic facies in order to streamline exploration 

techniques. 

The process of facies identification is relatively 

straightforward if adequate log data, core, and sufficient 

well control are available. This procedure is more 

difficult in fields such as the TWP and Busher, where core 

is sparse or nonexistent. In these instances facies 

identification must rely heavily upon reservoir geometry and 

observed log signatures. Core data contribute to facies 

description only where textural trends or depositional 

features unique to a particular facies are observed. With 

these limitations in mind, facies identifications within the 

TWP and Busher Cross Cut sandstone are based upon 

35 
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comparisons of geometry, log, and limited core data 

available for these fields and others in which facies have 

been well-defined. 

Deltaic Depositional Environments 

Deltaic deposition is a cyclic process that alternates 

between two dominant forces active within the delta 

environment. End-member phases of deltaic sedimentation are 

referred to as "constructive" and "destructive" (Scruton, 

1960; Coleman and Gagliano, 1964). Constructive deltaic 

sedimentation occurs where fluvial processes predominate, 

and is characterized by active progradation. Destructive 

processes are distinguished by marine reworking through the 

action of waves and/or tides. Construction and destruction 

may occur at different times during the development of a 

particular delta (Fisher, 1969). When fluvial processes 

prevail and progradation occurs, the delta is said to be 

"high-constructive." Conversely, "high-destructive" deltas 

are characterized by both constructive and destructive 

phases with, however, destructive processes dominant. 

Fluvial-dominated (high-constructive) deltas are further 

subdivided on the basis of sand body geometry as either 

elongate or lobate (Fisher, 1969). 

Most, if not all, Strawn deltas in north-central Texas 

have been classified as high-constructive elongate or lobate 

(Cleaves, 1975). Elongate deltas are characterized by high 
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rates of sediment influx that result in extensive 

progradation. There is little reworking of the distal 

deposits, and the delta sequence is dominated by thick 

prodelta muds. Lobate deltas similarly are characterized by 

high sediment influx rates and little marine reworking; 

however, prodelta muds are often thin (Brown, 1973). Both 

types of high-constructive deltas incorporate prodelta, 

delta-front slope, channel mouth bar crest, distributary 

channel, interdistributary bay, and marsh facies (Cleaves, 

1975). 

Hiah-Constructive Delta Model 

Pennsylvanian high-constructive deltas of north-central 

Texas display successive or stacked coarsening-upward 

progradational and aggradational facies (Brown, 1973). A 

complete delta sequence consists of an upward succession of 

progradational prodelta, delta-front, and channel mouth bar 

facies; progradational to aggradational distributary channel 

facies; and aggradational delta-plain facies. These deltaic 

facies may be overlain by minor destructional facies whose 

deposition was limited to distal reaches of the delta 

system. Distal destructional facies comprise strike-fed 

barrier and strand-plain sands, and marsh and bay deposits. 

Destructional facies may be capped by thin, transgressive 

marine limestones (Brown, 1973). 
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Constituent facies of the delta cycle tend to be 

intergradational (Brown, 1973), and singling out individual 

facies is difficult. Furthermore, complete delta sequences 

are rarely preserved within an individual core and, in some 

instances, the sequence is apparent only after taking a 

composite of individual facies from several wells in one or 

more fields (e.g., Peterson, 1977; Hamilton, 1990). 

Distinct breaks in the delta sequence are represented by 

erosional basal contacts in distributary channels and 

crevasse channels (Brown, 1973). Prominent textural and 

lithologic changes are apparent at the contacts between 

channel mouth bar sands and underlying prodelta muds, and 

between distributary channel sands and overlying abandoned 

channel-fill deposits (Hamilton, 1990). 

Deposition in high-constructive delta environments is 

characterized by low sand/mud ratios (Brown, 1973). As a 

result, progradational sand facies build seaward onto a 

relatively thick platform of prodelta muds. The amount of 

sand that can be preserved in these prodelta muds following 

subsidence is determined by the thickness of the muds. 

Thus, prodeltaic sedimentation rates influence the 

geometries of progradational sand facies. Distribution of 

these sands also depends upon the tectonic stability of the 

region (Brown, 1973). 

Elongate and lobate high-constructive deltas differ not 

only in their geometries, but in distinctive sedimentary 
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structures as well. Both geometries may be encountered 

within a given deltaic system (Brown, 1973); nonetheless, 

they are easily distinguishable on the basis of these 

structures (Fig. 4.1). 

Elongate high-constructive deltas exhibit evidence of 

extensive progradation as a result of high and continuous 

rates of sedimentation. Progradational facies are 

represented by thick distributary channel, channel mouth 

bar, and delta-front sands. These sands, particularly 

distributary channel sands, typically display elongate bar-

finger geometries and are preserved by encasement in thick 

prodelta muds (Brown, 1973). The large amount of subsidence 

in such a mud-rich environment results in highly deformed 

progradational facies. The vertical sequence of an ideal 

elongate high-constructive delta (Fig. 4.1 this report; 

Brown, 1973) illustrates the contorted nature of the channel 

mouth bar facies. Mud lumps and mud diapirs are common 

products of sediment loading. Upper reaches of the prodelta 

facies may contain flow rolls with load structures at the 

upper contact. Delta-front sands, if present, are often 

massive and highly deformed. The upper (proximal) channel 

mouth bar facies may contain horizontal bedding and minor 

trough cross-bedding, and is overlain by thin destructional 

facies of the delta-plain environment. Distributary channel 

facies contain trough cross-beds and may also be deformed. 
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Figure 4.1 Facies arrangement, sedimentary structures, and 
textural trends of elongate and lobate high-
constructive deltas (from Brown, 1973). 
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Somewhat thinner constructional facies are typical of 

the lobate high-constructive delta. Distinctive features of 

the lobate delta include thinly bedded sheet-like delta-

front sands with ripple cross-lamination and horizontal 

lamination. The idealized lobate sequence (Fig. 4.1 this 

report; Brown, 1973) displays a coarsening-upward profile 

with a gradational contact between thin prodelta muds and 

overlying delta-front sands. Growth faults, developed in 

response to compaction of sands deposited in shallow water 

and subsequently encased in shale, are common in the delta-

front facies (Brown, 1973). As in elongate deltas, the 

progradational facies of lobate deltas may also be overlain 

by thin destructional facies of the delta-plain environment. 

Character and Distribution of the 
TWP and Busher Cross Cut Sandstone 

Sediment characteristics, sand body geometries, and log 

responses may be used to infer a depositional environment 

for the Cross Cut sandstone within the TWP and Busher 

fields. Available core in these two fields is scarce, 

therefore interpretations rely heavily upon sand geometry 

and log responses. When compared with similar Cross Cut 

fields (Hamilton, 1990) and other Pennsylvanian deltaic 

sandstones of similar age (Peterson, 1977), deposition 

within a progradational delta-front environment for most of 

the TWP and Busher fields is suggested. 
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Sediment Characteristics 

Point counts reveal a relatively uniform grain size 

distribution within samples of the cored well (fine-grained 

sand; ranging from 0.10 to 0.21 mm). There is no obvious 

coarsening-upward or coarsening-downward textural trend. 

There is a subtle, yet inconsistent, upward decrease in the 

amount of mud matrix and clay clasts in samples taken from 

the core. Peterson (1977) observed that the clay content is 

greater in low-energy delta-front facies than in high-energy 

distributary mouth bar and channel facies in the "Gray" 

sandstone of the West Tuscola Field. Currents within the 

mouth bar and channel environments winnowed away muds that 

were ripped up and redeposited in those areas. 

There are few characteristic sedimentary structures in 

the core on which to base a depositional environment 

interpretation (Fig. 4.2). Millimeter-scale horizontal 

lamination and low-angle cross-lamination are present 

throughout the cored interval. The laminations are often 

slightly contorted and reminiscent of bioturbation, yet 

contortion is not on the scale expected for subsidence and 

compaction within prodelta muds. Concentrations of detrital 

clay clasts are present in discrete intervals. Shaly 

laminations are common in the lower portion of the cored 

interval and decrease upward in abundance. These features 

are consistent with a progradational delta-front 

depositional environment. 
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Log Signatures 

Most Spontaneous Potential (SP) and Gamma Ray (GR) log 

responses within the Cross Cut sandstone of TWP and Busher 

fields are similar to those characteristic of the delta-

front facies defined by Hamilton (1990). Figure 4.3 

illustrates the different log responses encountered within 

the study area. In many instances, SP logs are rendered 

useless because of drilling mud characteristics (e.g., mud 

resistivity). Where SP logs show little deflection, the GR 

signature is taken as representative of textural trends 

within the Cross Cut sandstone. A majority of wells within 

the TWP and Busher fields exhibit coarsening-upward to 

slightly serrate coarsening-upward log responses (Fig. 4.4). 

Coarsening-upward log responses are likely a reflection of 

the upward decrease in the amount of mud within the sand. 

Serrate blocky to coarsening-downward sequences are noted in 

other parts of the field. These signatures are mostly 

restricted to wells which flank the central portions of the 

fields (Fig. 4.4). 

Log responses commonly illustrate highly gradational 

contacts between the Cross Cut sandstone and underlying 

prodelta shales. Upper contacts usually are sharp and 

reflect the lithologic change between delta-front sands and 

overlying shales. Without core it is impossible to 

determine the depositional setting of the overlying shale. 
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Figure 4.4 Distribution of log responses of Cross Cut 
sandstone within wells of the TWP and Busher 
fields. Explanation of abbreviations found in 
Figure 4.3. 
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Sand Body Geometry 

Distribution of the Cross Cut sandstone within the TWP 

and Busher fields provides further support for a delta-front 

interpretation. A computer-generated structure map created 

on the base of the Palo Pinto Formation (Fig. 4.5) indicates 

regional dip is in a westerly direction. Because of the 

similarities between structure of the Upper Marker 

Limestone, Cross Cut sandstone, and Dog Bend Limestone, 

subsidence within and compaction of prodelta muds was likely 

an important process in preserving the sand. A computer-

generated gross sand isopach map of the Cross Cut sandstone 

(Fig. 4.6) indicates a roughly north-south (strike-parallel) 

orientation in the TWP and Busher fields. Distributary 

channel and distributary mouth bar facies generally display 

dip-oriented geometries. It is possible that the observed 

strike-parallel orientations may indicate deposits other 

than delta-front sands. Other strike-oriented deposits 

include barrier sands, strand-plain sands, and 

interdistributary-embayment deposits (Brown, 1973). 

However, such strike-fed systems generally are very thin and 

oftentimes below the resolution capabilities of wireline 

logs. Within the Pennsylvanian section of north-central 

Texas, strike-fed depositional facies have been described 

only in outcrop (Galloway and Brown, 1972). 

Maximum thickness of the Cross Cut sandstone within the 

Busher Field approaches 30 feet, while within the TWP Field 
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Structure Contour Map 

Base of Palo Pinto Formation 

= 10 feet 

2000 feet 

Figure 4.5. Computer-generated structure contour map 
created on the base of the Palo Pinto 
Formation. Contour interval 10 feet. 
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Gross Sand Isopach Map 
Cross Cut Sandstone 

TWP and Busher Fields 
C. L = 5 feet 

Figure 4.6 Computer-generated gross sand isopach map of 
the Cross Cut sandstone in TWP and Busher 
fields. Gross sand thickness taken at 50% SP 
deflection from shale base line. Contour 
interval 5 feet. 
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the sandstone rarely exceeds 10 feet in thickness. There is 

a pronounced thinning of the sandstone between the two 

fields in the vicinity of the Rowan Busher 1-A well (Fig. 

4.6). The sand body is approximately 0.5 mile in width and 

slightly more than three miles in length, thinning out to 

the north and south. 

Computerized isopach mapping of the available data 

indicates an extension of thin sandstone eastward from the 

TWP Field (Fig. 4.6). No core data and very little log data 

are available for this area; therefore, it is impossible to 

determine a true geometry and log signature of this sand 

body. This thin eastward extension is separated from the 

northeastern reaches of the Busher Field sandstone by an 

area of very thin to no sand. Because of its easterly 

(proximal) position with respect to the TWP and Busher 

sandstones, and the fact that it is oriented perpendicular 

to the sandstone in the TWP and Busher fields, this eastern 

extension may represent the approximate location of the 

distributary mouth bar or distributary channel facies of the 

local Cross Cut sandstone. Sediments may have been supplied 

from here to the delta-front environment and longshore 

(strike) deposition could have produced the delta-front 

geometry seen in the TWP and Busher fields. Longshore 

transportation during the Pennsylvanian was to the south 

(Brown, 1973); therefore, the thicker sands of the Busher 

Field may represent delta-front deposition immediately south 
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of the distributary mouth bar. An environmental 

interpretation based on log responses within the Cross Cut 

sandstone (Fig. 4.7) illustrates the relation between the 

delta-front environment and the possible distributary mouth 

bar or channel environment that prograded over the delta-

front sands. Longshore transportation resulted in the 

accumulation of more extensive sand deposits in the Busher 

Field. Southward longshore drift (Brown, 1973) is reflected 

by the asymmetrical nature of the delta-front sands about 

the axis of the distributary mouth bar and distributary 

channel sands (Fig. 4.7). The apparent lack of delta-front 

sands to the east (landward) may be the result of the 

position of the TWP and Busher fields on the distal end of 

the Eastland Delta (Fig. 2.4). Delta-front sands in such a 

distal marine setting should be subjected to more reworking 

by waves and longshore currents. Thus, delta-front sands 

would exhibit a greater areal (along strike) distribution. 

Depositional Environments of 
the Cross Cut Sandstone 

Previous studies have suggested a variety of possible 

environments for Cross Cut deposition, all of which involve 

deltaic or near-shore deposition. Klinger (1941) described 

the Cross Cut sandstone in the Cross Cut and Blake fields of 

northwestern Brown County as a "marginal or near-shore" sand 

(p. 556). These sand bodies may represent an 

undifferentiated association of delta-front, distributary 
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of Log Response Map 

(Fig. 4.4) 
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Figure 4.7. Environmental interpretation of TWP and Busher 
Cross Cut sandstone based on log responses. 
Facies characterization based on log responses 
illustrated in Figures 4.3 and 4.4. 
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mouth bar, and distributary channel facies. Eraser (1956) 

described the Cross Cut sandstone in the Herr-King Field of 

Callahan County as a meandering channel deposit on the basis 

of a conformable top and concave base. However, a coarse 

sandstone or conglomerate channel lag is lacking. The Cross 

Cut sandstone of Herr-King Field was later interpreted as a 

delta-front sand deposit (Hamilton, 1990). Collier (1990) 

interpreted the Cross Cut sandstone in the Henderson Field 

of Concho County as a distributary channel mouth bar 

deposit. 

Hamilton (1990) defined three distinct high-

constructive elongate deltaic facies within the Cross Cut 

sandstone in the Herr-King and County Regular fields of 

Callahan County, Texas. His descriptions were based on 

observations of extensive core, outcrops of the Turkey Creek 

Sandstone, and data from 650 well logs. The facies 

described include the distributary channel, distributary 

mouth bar, and delta-front. Complete delta sequences in 

distal deposits often are poorly preserved. Furthermore, 

prodelta facies generally are very thin and elongate bar-

finger sands are absent (Hamilton, 1990). Comparison of the 

characteristics of the TWP and Busher Cross Cut sandstone 

with the facies described by Hamilton (1990) support a 

delta-front interpretation. 
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Distributary Channel Facies 

According to Hamilton (1990), distributary channel 

facies of the Cross Cut sandstone are characterized by 

moderately sinuous and relatively thick sand bodies. These 

very fine- to fine-grained sand bodies may attain 40 feet in 

thickness and exhibit sharp, convex downward erosional bases 

indicative of minor incisement of underlying facies. 

Channel abandonment is manifested by sharp contacts between 

the channel sands and abandoned channel fill deposits. 

Large- to small-scale trough cross-bedding may be preserved; 

however, distributary channel deposits commonly are deformed 

(Brown, 1973), presumably by compaction. Overall there is 

little textural variation within the channel sands 

themselves. 

The textural and structural uniformity of the channel 

sand deposits result in a somewhat blocky Spontaneous 

Potential (SP) log response (Fig. 4.8 this report; Hamilton, 

1990). This often necessitates the use of core and geometry 

data rather than log signatures to identify the facies 

(Erxleben, 1973). The erosional nature of the basal contact 

of the channel sand facies is apparent from the sharp SP 

deflection, and overlying abandoned channel-fill deposits 

produce a suppressed and somewhat serrate SP curve (Fig. 4.8 

this report; Hamilton, 1990). 

Distributary channel facies of the Cross Cut sandstone 

in Callahan County tend to be very continuous and display 
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Cross Cut sandstone in Callahan County, Texas 
(after Hamilton, 1990). 
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trends characteristic of sinuous channels (Hamilton, 1990). 

The sands generally are no more than one mile in width, but 

may widen distally near the terminal delta-front. 

Distributary channel facies comprise dip-oriented sand 

bodies that reflect westward progradation of the delta 

system. Within the fields studied by Hamilton (1990), 

distributary channel sands produce only in the underlying 

Moran sandstone. 

Distributary Mouth Bar Facies 

Distributary mouth bar facies of the Cross Cut 

sandstone in Callahan County are characterized by fine

grained massive sands that exhibit planar and large-scale 

low-angle trough cross-bedding (Hamilton, 1990). The basal 

contacts of these units are often contorted, but there is 

little evidence for incisement of the underlying prodelta or 

delta-front facies. Progradation has produced a coarsening-

upward sequence, and overall the facies may reach a 

thickness of 40 feet. Growth faults which result from 

sediment loading and subsidence of the mouth bar sands into 

underlying prodelta muds are common in outcrop (Cleaves, 

1975) . 

Blocky SP responses with no apparent coarsening-upward 

or coarsening-downward textural trends are typical of the 

distributary mouth bar facies (Fig. 4.8 this report; 

Hamilton, 1990). Upper contacts generally are very sharp. 
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Where the distributary mouth bar facies is intergradational 

with the distributary channel facies, the two are often 

difficult to differentiate on the basis of log signatures 

(Hamilton, 1990). 

Distributary mouth bar sandstones of the Cross Cut 

occur as prominent bulges near the termini of distributary 

channels. The sand bodies generally are less than one-half 

mile in width, and are usually no more than one mile in 

length. Distributary mouth bar facies exhibit no definitive 

orientation with respect to either strike or dip (Hamilton, 

1990) . 

Delta-Front Facies 

Delta-front facies are easily distinguished from 

distributary mouth bar and channel facies on the basis of 

sediment characteristics, log signatures, and facies 

geometry (Hamilton, 1990). The delta-front facies overlie 

relatively thin sections (less than 30 feet thick) of 

prodelta muds. The facies grades upward from these prodelta 

muds through interbedded and lenticular siltstones and 

sandstones to thinly bedded, bioturbated, and massive sands 

where the upper part of the facies is well-preserved. 

Delta-front sands exhibit prominent coarsening-upward 

textural trends with decreasing amounts of mud and silt. 

Graded bedding and horizontal lamination produced by 

turbidites spilling over the delta-front are common, as is 
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deformed bedding that results from slumping. These sands 

contain dispersed plant debris, clay rip-up clasts, and 

abundant glauconite (Hamilton, 1990). A coarsening-upward 

textural trend and horizontal lamination are apparent in the 

cored interval of the TWP and Busher Cross Cut sandstone 

(Fig. 4.2), and glauconite is present in some samples. 

Log signatures of the delta-front facies (Fig. 4.9 this 

report; Hamilton, 1990) are distinctive and easily 

distinguished from the distributary mouth bar and channel 

facies patterns. Distinct progradational coarsening-upward 

trends are evident on the SP curve. The SP curve may take 

on a serrated character because of the presence of clay rip-

up deposits. The upper contact generally is gradational, 

provided that the facies is well-preserved and not truncated 

by overlying distributary mouth bar or channel facies 

(Hamilton, 1990). Coarsening-upward is the most common log 

response observed in wells of the TWP and Busher Cross Cut 

sandstone (Fig. 4.4). 

Delta-front sands occur as lenticular bodies averaging 

20 feet in thickness. They often are located down-dip from 

distributary mouth bar sands and are separated from these 

facies by areas of no sand (Hamilton, 1990). Overlapping of 

the two facies often complicates their differentiation 

(Brown, 1973). The thin sand extending eastward from the 

TWP Field (Fig. 4.6) may indicate the position of 
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distributary channel and distributary mouth bar facies (Fig. 

4.7) . 

Lenticular delta-front sands commonly are aligned with 

respect to one another and are oriented parallel-to-strike, 

giving the impression of poorly developed narrow sheet sands 

or ribbon sands (Hamilton, 1990). Without core or 

information concerning regional dip, these sands may easily 

be interpreted incorrectly as channel sands. Of the three 

deltaic facies described by Hamilton (1990), only delta-

front facies exhibit orientations parallel to strike. 

Furthermore, they are often oriented perpendicular to 

adjacent distributary mouth bar facies. The strike-parallel 

orientation of the TWP and Busher Cross Cut sandstone and 

the thin, eastern extension of the sandstone (Fig. 4.6) are 

strong evidence in support of a delta-front interpretation. 

Furthermore, individual delta-front lentils described in the 

Herr-King and County Regular fields of Callahan County are 

commonly one-half mile in width, and no more than one mile 

in length (Hamilton, 1990). These dimensions approximate 

those observed in the Cross Cut sandstone of TWP and Busher 

fields (Fig. 4.6). 

Depositional Interpretation of the 
TWP and Busher Cross Cut Sandstone 

Sediments of the Cross Cut sandstone in TWP and Busher 

fields were deposited within the distal reaches of a 

prograding delta system. Within the Cross Cut Interval, 
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progradation is locally manifested by prodeltaic shales that 

grade upward into the coarsening-upward delta-front facies 

of the Cross Cut sandstone. The local environment likely 

was a southwestward extension of the huge Eastland Delta 

complex (Fig. 2.4). 

Without additional data concerning the character and 

distribution of other facies associated with the delta-front 

facies, particularly distributary channel and distributary 

mouth bar facies, it is difficult to determine whether this 

delta was elongate or lobate. Observed sedimentary 

structures and textural trends within the delta-front facies 

are consistent with lobate attributes; however, Hamilton 

(1990) concludes that, on the basis of distributary channel 

geometries. Upper Strawn deltas in Callahan County are 

elongate. This same geometry has been interpreted for most 

Upper Strawn deltas in north-central Texas (Cleaves, 1975). 

Initial progradational prodeltaic facies are 

represented by shales that separate the Dog Bend Limestone 

and the supradjacent Cross Cut sandstone. Following 

deposition of prodelta muds, sediments were supplied to the 

delta-front environment from distributary channels and 

distributary mouth bars. These sediments crossed the delta 

crest at discrete point sources rather than along a 

continuous line source (Hamilton, 1990); thus, delta-front 

facies are separated from more proximal facies by areas of 

thin to no sand. The extension of the sand body eastward 
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from the TWP and Busher fields may represent the 

distributary mouth bar or distal distributary channel facies 

(Figs. 4.6 and 4.7). 



CHAPTER V 

PETROGRAPHY AND DIAGENESIS 

Detrital Mineralogy 

Cross Cut sandstone samples from the TWP Field are 

classified as medium-grained feldspathic litharenites, 

lithic arkoses, sublitharenites, and subarkoses (Fig. 5.1) 

according to the framework grain classification system of 

Folk (1974). Detrital quartz grains account for up to 83% 

of framework grains in some samples, but average 75% total 

rock volume. Feldspar grains and rock fragments each 

average approximately 12.5% of total rock volume in the 

samples. All samples are moderately to well-sorted. In the 

absence- of euhedral quartz overgrowths, detrital grains are 

moderately to highly rounded. 

Ouartz 

Quartz is the most abundant detrital framework grain in 

all samples of the Cross Cut sandstone. A variety of quartz 

types are present, including monocrystalline grains with 

straight extinction, monocrystalline grains with undulose 

extinction, and polycrystalline grains. Most detrital 

quartz grains have been subjected to authigenic quartz 

overgrowth cementation (Fig. 5.2), except where the grains 

are angular and surrounded by a clay matrix. Very few 

quartz grains show evidence of dissolution; however, 

replacement of authigenic overgrowths by calcite up to the 

64 
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Quartzarenite 

R 

Figure 5 .1 QRF classification of samples from cored 
interval of Cross Cut sandstone in the 
Stubblefield "A" No. 1 well. Note that only 
compositions of greater than 50% quartz are 
plotted (after Folk, 1974). 
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Figure 5.2. Photomicrograph illustrating authigenic quartz 
overgrowths on detrital quartz grains. 
Overgrowths exhibit euhedral crystal faces and 
are present only where chlorite rim cements are 
thin or discontinuous. Intergranular porosity 
noted by blue epoxy. Sample depth 3,872.4 
feet. Plane light. Width of field of view 0.5 
mm. 
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detrital grain/quartz overgrowth interface is observed (Fig. 

5.3). Needle-like inclusions of apatite and rutile are 

present in some quartz grains. 

Feldspar 

Most feldspar grains in samples of the Cross Cut 

sandstone exhibit at least some evidence of dissolution. 

Early stages of dissolution are manifested by feldspar 

grains with hollow cores, the margins of which generally 

follow cleavage traces. Where dissolution is not complete, 

feldspars in advanced stages of dissolution are observed as 

skeletal grains virtually free of inclusions (Fig. 5.4). 

SEM observation reveals dissolution pits on the crystal 

faces of some feldspar grains (Fig. 5.5), and dissolution 

features that follow cleavage traces in others (Fig. 5.6). 

Complete dissolution has resulted in the creation of 

secondary moldic porosity. Most feldspars that have been 

partially dissolved show no evidence of twinning; however, 

albite twinning is observed in some intact plagioclase 

grains. Feldspars were not subjected to authigenic 

overgrowth cementation. 

Rock Fragments and Accessory Minerals 

Rock fragments are present in varying amounts within 

samples of the Cross Cut sandstone. Detrital clay grains 

are by far the most common, with detrital hollow dolomite 

rhombs, metamorphic rock fragments, chert, and siltstone 
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Figure 5.5. SEM photomicrograph illustrating dissolution 
pits on crystal face of feldspar grain. Sample 
depth 3,878.2 feet. Bar scale pertains to 
lower half of image. 
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Figure 5.6. SEM photomicrograph showing evidence of 
feldspar dissolution along cleavage traces. 
Inclusions of feldspar remain in intraparticle 
pores. Sample depth 3,876.5 feet. Note bar 
scale. 
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grains also abundant in some samples. Tourmaline and 

glauconite are present as accessory minerals in minor 

amounts. 

Detrital clay clasts are the most abundant rock 

fragments within samples of the Cross Cut sandstone, 

accounting for up to 15% of framework grains in some cases. 

Some clay grains are moderately rounded as if firmly 

lithified, yet others have been squashed and rotated to form 

a pseudomatrix around detrital grains (Fig. 5.7). These 

grains may contain varying amounts of silt grains and hollow 

dolomite rhombs, and are inferred to have been ripped up 

from coeval muds. On the basis of high order yellow 

birefringence and lath-like morphologies of constituent 

crystals, these clay clasts are believed to be composed 

predominantly of illite. Fibrous morphologies consistent 

with authigenic illite are not observed within the TWP Cross 

Cut sandstone; therefore, minor illite peaks on XRD spectra 

are probably representative of these detrital clasts. 

Peterson (1977) used XRD to identify illite, kaolinite, and 

chlorite within shales adjacent to the "Gray" sandstone of 

similar age in the West Tuscola Field of Taylor County, 

Texas. 

Some samples of the Cross Cut sandstone contain varying 

amounts of detrital hollow dolomite rhombs. These rhombic 

crystals occur within primary intergranular pores and, in 

some instances, are enveloped by quartz overgrowths, having 
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Figure 5.7 Photomicrograph depicting detrital clay clasts 
(C). Deformation of such clasts commonly 
results in pseudomatrix surrounding framework 
grains. Sample depth 3,874.2 feet. Plane 
light. Width of field of view 2 mm. 
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the appearance of inclusions within detrital quartz. Hollow 

dolomite rhombs are commonly associated with detrital clay 

clasts, either within them, or in areas where clay clasts 

are abundant (Fig. 5.8). These grains occur in a variety of 

sizes with the tendency for smaller grains to be more 

rhombic and solid. Larger grains have hollow centers and 

highly rounded margins, suggestive of abrasion during 

transport. Because hollow dolomite rhombs commonly are 

found in detrital clay clasts, dissolution responsible for 

their hollow cores likely took place prior to deposition. 

Some dolomite rhombs contain quartz within their cores; 

however, this phenomenon may be a result of quartz 

overgrowth cementation filling a breached hollow dolomite 

rhomb that had abutted against a detrital quartz grain. 

Detrital muscovite and metamorphic rock fragments, 

predominantly schists, occur in minor amounts in all 

samples, accounting for up to 6% of total rock volume. 

Chert is also present in all samples in very minor amounts 

(<1%). Sand-sized grains consisting of silty quartz bound 

together by a clay matrix are also common in some samples. 

Abundance of these siltstone grains increases in samples 

with abundant detrital clay grains. Minor amounts of cubic 

and framboidal pyrite (Fig. 5.9) also are found in some 

samples. Very minor amounts of well rounded tourmaline and 

glauconite occur (<1% each) in most samples. 
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Figure 5.8. Photomicrograph showing hollow dolomite rhombs 
associated with detrital clay clasts. 
Abundance of hollow dolomite rhombs increases 
with increased amounts of detrital clay clasts. 
Sample depth 3,875.1 feet. Plane light. Width 
of field of view 1 mm. 
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Figure 5.9. SEM photomicrograph depicting framboidal 
pyrite (P) associated with rhombic ankerite 
cement. Note curved or "saddle" crystal 
faces of ankerite cement. Sample depth 3,876.5 
feet. Note bar scale. 
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Diagenetic Mineralogy 

The diagenetic mineralogy of the TWP Cross Cut 

sandstone suggests a complex process of change within the 

reservoir. Depositional porosity has been substantially 

reduced by authigenic quartz and carbonate cements. 

Secondary porosity has been created by the dissolution of 

detrital feldspar grains. As is the case in many sandstone 

reservoirs, diagenesis has played a very important role in 

determining reservoir quality within the TWP Cross Cut 

sandstone. 

Chlorite 

Commercial SEM analysis and infrared photospectrometry 

of selected samples within the cored interval (Core 

Laboratories, 1992a; 1992b) failed to reveal the presence of 

chlorite. However, XRD analysis (Fig. 5.10) and thin 

section observation of the cored interval indicate that 

chlorite is present in minor amounts. 

XRD identification of chlorite is based on weak to 

moderate 001 reflections at 6.20 degrees 20 (1.415 nm). 

Chlorite 002 and 004 reflections produce shoulders on the 

high-angle sides of 0.717 and 0.358 nm kaolinite 

reflections. Chlorite 003 and 005 reflections are not 

discernible in any of the analyzed samples. Low intensities 

of odd-numbered reflections preclude an estimation of 
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DEGREES (2-THETA) 

Figure 5.10 Composite XRD patterns of oriented samples 
from the Cross Cut sandstone in the cored 
well. Glycolation of oriented samples 
resulted in no peak broadening or peak shifts 
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whether the chlorite is of the iron- or magnesium-rich 

variety. 

Authigenic chlorite occurs as thin, discontinuous rim 

cements ("dust rings") on detrital framework grains (Fig. 

5.11). These rims exhibit pale green pleochroism and high 

birefringence when there is preferred orientation. Chlorite 

rims have been observed on all types of detrital grains with 

the exception of muscovite and clay clasts. The thin and 

discontinuous nature of these rims favored the nucleation of 

successive quartz overgrowths in many instances. Chlorite 

is rarely found outboard of quartz overgrowths, and then 

generally as single crystals with subhedral to euhedral 

form. 

XRD analyses indicate that chlorite is most abundant in 

Sample 3877.1 (Fig. 5.10), although an exhaustive search 

using the SEM revealed only a few questionable examples. 

Observable chlorite within the Cross Cut sandstone is 

characterized by small (<3|am) pseudohexagonal crystals 

resting on quartz overgrowths. The presence of these 

overgrowths often hinders the observation of chlorite rim 

cements using the SEM, although they may be seen where host 

grains have been fractured (Fig. 5.12), or through gaps in 

overlying quartz overgrowths where individual chlorite 

crystals appear to be tangentially oriented. 
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Figure 5.11. Photomicrograph illustrating chlorite rim 
cements precipitated on detrital grain 
surfaces. Where chlorite rims are thin and/or 
discontinuous, epitaxial quartz overgrowths 
(Q) were able to nucleate and develop. Sample 
depth 3,876.5 feet. Plane light. Width of 
field of view 0.5 mm. 
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Figure 5.12. SEM photomicrograph showing chlorite n m 
cement (C) on detrital grain that was 
subjected to quartz overgrowth cementation. 
Fracturing of detrital grain facilitates 
identification of rim cement morphology. Some 
kaolinite (K) partially engulfed by quartz 
overgrowths. Sample depth 3,875.5 feet. Note 
bar scale. 
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Ouartz Cements 

Quartz cement occurs in all samples of the cored 

interval as epitaxial overgrowths on detrital grains, and in 

some samples as relict "spider" grains of chalcedony. 

Cementation by quartz overgrowths has resulted in the most 

significant decrease in primary porosity within the 

reservoir. 

Epitaxial overgrowths are present on detrital 

monocrystalline quartz grains, but are absent on feldspars, 

polycrystalline quartz, metamorphic rock fragments, chert, 

and detrital clay clasts. The overgrowths are well 

developed where chlorite rims are thin or breached (Fig. 

5.11). Continuous chlorite rim cements inhibited nucleation 

of quartz overgrowths, a phenomenon documented in other 

sandstones (Pittman and Lumsden, 1968; Heald and Larese, 

1974). Overgrowths did not develop where the host grain was 

in contact with a detrital clay clast. Quartz overgrowths 

often terminate within intergranular pores, resulting in 

well-formed euhedral crystal faces (Fig. 5.2). However, 

primary porosity may be completely occluded by quartz 

overgrowths with some crystal faces terminating against 

adjacent detrital grain surfaces, and others against 

overgrowths on adjacent grains. 

Relict boxwork, or "spider" grains, are another 

manifestation of quartz cementation; however, this 

cementation occurred prior to deposition. These structures 
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occur only in association with intact or dissolved detrital 

clay clasts. Where silica rim cements precipitated on clay 

clasts that were subsequently dissolved, the resulting 

chalcedony rims now appear as hollow envelopes that may 

either be free of dissolved material or contain some 

remaining clay inclusions. In other instances, silica 

precipitated within fractures in detrital clay fragments. 

Subsequent dissolution of the clay has resulted in a 

framework texture of dissolution-resistant chalcedony veins 

(Fig. 5.13) suggesting the appearance of a spider. 

Calcite Cement 

Calcite cement occurs in variable amounts in all 

samples of the Cross Cut sandstone, constituting up to 3% of 

total rock volume. Most calcite has been removed by 

subsequent dissolution. Calcite appears as irregularly 

distributed patches of equant calcite crystals that average 

imm in size. Individual crystals exhibit straight 

extinction. The calcite precipitated in primary 

intergranular porosity and replaced detrital framework 

grains; primarily feldspar grains and clay clasts, but some 

quartz grains as well. Where calcite replaced quartz, a 

jagged grain/cement replacement contact resulted (Fig. 5.3). 

Where calcite has replaced detrital clay clasts, its crystal 

form is imposed on the grain (Fig. 5.14). Calcite cements 

may be totally replacive of several grains, thus giving the 
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appearance of large occluded voids or poikilotopic cement 

morphologies. In many instances, the only manifestations of 

calcite cementation are highly corroded feldspar or clay 

grains that were replaced and subsequently corroded. The 

resulting secondary pores are free of remnant calcite. 

Dissolution of calcite cements that replaced detrital clay 

clasts has resulted in secondary pores, yet these pores 

commonly are riddled with inclusions of the remnant host 

grain. 

Kaolinite 

Kaolinite, the most abundant clay mineral present in 

the Cross Cut sandstone, is recognized by XRD analysis on 

the basis of relatively intense reflections at 12.8 and 25.0 

degrees 20 in oriented samples (Fig. 5.10). Kaolinite 

occurs as individual euhedral crystals and straight to 

curved vermicular booklets of individual pseudohexagonal 

platelets 5 to 15|xm in diameter (Fig. 5.15). Although most 

booklets are less than 5̂ m in length, some are as much as 

50|im in length parallel to the c-axis of the component 

kaolinite crystals. Aggregates of kaolinite booklets 

typically fill some, but certainly not all, secondary pores 

created by dissolution of replacive calcite. Hamilton 

(1990) concluded that kaolinite precipitation within 

secondary pores of Cross Cut sandstones in Callahan County, 

Texas, was partially inhibited by hydrocarbon maturation. 
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Figure 5.15. SEM photomicrograph illustrating booklet 
morphology of kaolinite. Aggregates of such 
booklets may partially to totally occlude 
primary and secondary pores. Sample depth 
3,873.5 feet. Note bar scale. 
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SEM Observations reveal the presence of kaolinite in primary 

intergranular porosity, in many instances kaolinite is 

partially engulfed by quartz overgrowths (Figs. 5.12 and 

5.16), indicating that precipitation was contemporaneous 

with the development of epitaxial overgrowths. Other 

examples in which kaolinite booklets precipitated on the 

surface of quartz overgrowths suggest that kaolinite 

authigenesis was an ongoing process following the 

termination of overgrowth development. The high degree of 

crystallinity, large size of individual platelets, and 

textural relationships with authigenic quartz support an 

authigenic origin for kaolinite according to criteria 

established by Wilson and Pittman (1977). 

Late-Stage Ankerite Cement 

Minor amounts of ankerite cement occur as irregularly 

distributed patches in some samples and constitute up to 2% 

total rock volume. These cements are characterized by high 

relief crystals exhibiting undulose to strongly sweeping 

extinction. Bulk powder XRD patterns show minor peaks at 

61.2 degrees 20 that could possibly indicate the presence 

of ankerite. Crystal form commonly is euhedral, and curved 

or "saddle" faces may be present (Figs. 5.9 and 5.13). 

Ankerite is present in primary and secondary pores and 

partially replaces detrital grains. Poikilotopic 

morphologies may occur where ankerite has partially replaced 
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Figure 5.16. SEM photomicrograph illustrating kaolinite 
partially engulfed by and precipitated on 
quartz overgrowths. Such relationships 
suggest overgrowth precipitation continued 
during kaolinitization. Sample depth 3,877.1 
feet. Note bar scale. 
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surrounding framework grains (Fig. 5.13). Replacive crystal 

forms are often imposed on detrital clay grains. 

Ankerite cements have been noted in, and constitute up 

to 13% of total rock volume in the Cross Cut sandstone in 

Callahan County (Hamilton, 1990). Peterson (1977) 

identified minor amounts of ferroan dolomite cements in the 

"Gray" sandstone. 

Diagenetic Sequence 

A diagenetic sequence for the Cross Cut sandstone can 

be constructed on the basis of observed textural 

(paragenetic) relations between detrital and diagenetic 

minerals. This practice is not without limitations, as 

petrographic studies are useful only for determining a 

sequence of diagenetic events that influenced the reservoir. 

Petrography cannot be used to determine the timing of 

diagenetic processes, their sites, or products without the 

added refinement of geochemical studies (Mazzullo, 1994). 

Inferring a diagenetic scenario for an entire field, let 

alone two, from observations of samples from one core is 

problematic. Although diagenetic environments within a 

delta system may differ between facies, the lack of better 

core control precludes identifying subtle changes in 

diagenetic effects across the fields. 

The diagenetic sequence observed in the Cross Cut 

sandstone of TWP Field appears to be similar to that 
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documented in the Strawn "Gray" sandstone of the West 

Tuscola Field (Peterson, 1977; Land and Dutton, 1978) of 

Taylor County, and two Cross Cut fields of Callahan County 

(Hamilton, 1990). Diagenesis in the TWP Cross Cut sandstone 

progressed in the following sequence: 

1. cementation of framework grains with chlorite rim 

cements, 

2. development of epitaxial quartz overgrowths, 

3. cementation (replacement?) by calcite, 

4. dissolution of calcite, 

5. precipitation of authigenic kaolinite, and 

6. precipitation of late-stage ankerite cements. 

Chlorite Rim Cementation 

Based on observations that kaolinite abundance 

decreases over the same interval in which chlorite 

increases, previous investigations (Muffler and White, 1969; 

Boles and Frank, 1979) have inferred that kaolinite is the 

major source of Al and Si in chlorite. Similarly, Boles and 

Frank (1979) suggest that the high Al content of chlorites 

in the Eocene Wilcox sand of south Texas is derived from 

kaolinite, whereas both Fe and Mg were supplied by the 

transformation of smectite to illite. Because of the thin 

cored interval of the Cross Cut sandstone, dependent 

relationships between chlorite and kaolinite are not 

discernible. Furthermore, kaolinite authigenesis within the 
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Cross Cut sandstone clearly post-dates chlorite 

precipitation. 

Ahn and Peacor (1985) recognize that chlorite within 

Oligocene-Miocene sediments of the Gulf Coast generally is 

closely associated with mixed-layer illite/smectite. They 

conclude that the formation of chlorite probably is allied 

with the smectite-to-illite transformation rather than with 

kaolinite. A similar process in which illite and chlorite 

are products of the smectite-to-illite transformation in 

shales has been documented by Hower et al. (1976). The 

Cross Cut sandstone is overlain by approximately 30 feet of 

shale and is separated from the deeper Capps Limestone by an 

equally thick shale section. If the smectite-to-illite 

transformation progressed in overlying and underlying shales 

and expelled fluids migrated through the Cross Cut 

sandstone, chlorite may have formed as a result. This 

process would proceed according to the following reaction of 

Hower et al. (1976): 

K-feldspar + smectite => illite + chlorite + quartz. 

Additional products of illitization may include quartz 

overgrowths (Hower et al., 1976), which followed chlorite 

rim cementation in the Cross Cut sandstone, and ankerite 

cements (Eslinger and Pevear, 1988) which came later in the 

diagenetic sequence. 

The above reaction requires no external sources of K or 

Al as both may come from the dissolution of feldspar. 
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discrete illite, or possibly micas. Corroded feldspars, 

detrital illitic clay clasts, and detrital muscovite all are 

present within samples of the Cross Cut sandstone. 

Furthermore, Peterson (1977) identified illite, kaolinite, 

and chlorite within shales adjacent to the "Gray" sandstone, 

which is similar in age to the Cross Cut sandstone. Water 

released during the dehydration of smectite within the 

shales may carry the liberated products, which include Si, 

Mg, and Fe, into the adjacent sandstone. Kaolinite may have 

been derived independently of this reaction by the 

dissolution of feldspars. Although illite within the Cross 

Cut sandstone is present mainly as detrital clasts, the 

possible presence of minor amounts of authigenic illite 

should not be ruled out. 

Ouartz Cementation 

Quartz cementation, manifested by epitaxial overgrowths 

in all samples, is responsible for most of the occlusion of 

primary porosity. These overgrowths are absent or poorly 

developed where nucleation was impeded by the presence of 

chlorite rim cements. In samples of the Cross Cut sandstone 

there appear to be greater amounts of quartz overgrowths in 

coarser sands. Peterson (1977) attributes this relation to 

rapid permeability reduction due to overgrowth development 

in fine sands, thereby inhibiting the further migration of 

silica-bearing fluids. Similarly, detrital clay clasts that 
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have been highly deformed and produce thin rims of matrix 

around framework grains also form permeability barriers to 

silica-bearing fluids. Therefore, samples with greater 

amounts of clay clasts tend to exhibit fewer overgrowths. 

The process of pressure solution in sandstones is 

commonly accepted as the source of silica-bearing fluids 

responsible for quartz overgrowth development (see Blatt, 

1979, p. 149); however, the nature of most grain contacts 

makes it difficult to determine whether or not this 

mechanism was operative within the Cross Cut sandstone. 

Interpenetration of quartz overgrowths may be mistaken as 

evidence of pressure solution of detrital grains. This 

conflict is best resolved through the use of 

cathodoluminescent microscopy which, in the case of the 

"Gray" sandstone, fails to provide sufficient evidence to 

invoke pressure solution (Land and Dutton, 1978). 

Based on the clay mineral assemblage observed in the 

Cross Cut sandstone of the present study, and the clay 

assemblage of shale sections adjacent to the "Gray" 

sandstone described by Peterson (1977), shale diagenesis was 

likely the most important process leading to the development 

of quartz overgrowths. With increasing burial, large 

amounts of silica are expelled from shales as the smectite-

to-illite transformation progresses (Hower et al., 1976). 

oxygen isotope compositions for the "Gray" sandstone 

indicate that quartz overgrowths precipitated at high 
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temperatures, or near maximum burial conditions (Land and 

Dutton, 1978). This is probably true also of the Cross Cut 

sandstone. 

Calcite Cementation and Replacement 

Only minor amounts of equant calcite cements remain 

within the Cross Cut sandstone of TWP Field, most having 

been removed by dissolution. Calcite appears to have been 

precipitated within primary intergranular pores and occluded 

what pore space remained after quartz cementation; however, 

calcite generally is preserved only where adjacent pore 

throats have been sealed with earlier quartz cements. Fluid 

flux of calcite-rich pore waters would have been inhibited 

by this reduction of permeability. Thus, the presence of 

calcite may be attributed purely to replacement phenomena. 

Feldspar grains were replaced by calcite and 

subsequently dissolved to produce secondary porosity. 

Remnant calcite in contact with corroded feldspars is not 

observed in any of the samples. Replacement of detrital 

clay grains by calcite is indicated by crystal forms of 

calcite that have been imposed on both intact and partially 

dissolved clasts. Calcite also replaced some quartz 

overgrowths inward to the detrital grain boundary, but 

generally progressed no farther. The cement may assume a 

poikilotopic morphology where it replaced framework grains 

surrounding an intergranular pore. 
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Carbonate rock fragments and fossils are exceedingly 

rare in the TWP Cross Cut sandstone and therefore are not 

likely sources of calcite cements. Carbonate-rich formation 

waters produced by pressure solution within the abundant 

limestones of the Strawn and Canyon sections were probably 

responsible for calcite cementation. This explanation, 

along with minor amounts of calcite that may have been 

contributed by shale diagenesis, are invoked by Peterson 

(1977) to explain calcite cementation within the "Gray" 

sandstone. 

Dissolution of Calcite 

In many instances, the only manifestation of detrital 

feldspar grains is the presence of secondary pores created 

by the dissolution of replacive calcite. Detrital clay 

grains may be partially to completely dissolved, yet retain 

outlines of replacive calcite crystals. Extant calcite 

generally occurs where surrounding pore throats have been 

occluded by quartz overgrowths; thus, reduced permeability 

resulting from overgrowth development may have protected the 

calcite from being dissolved. However, because calcite was 

precipitated after quartz overgrowths, the question of how 

calcite was originally emplaced can again be raised. 

Peterson (1977) suggests that dissolution of calcite in 

the "Gray" sandstone could have been caused either by 

decreases in temperature and pH during uplift of the 
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sandstone, or by organic maturation. Hamilton (1990) 

essentially ignored the dissolution of calcite because this 

process did not contribute substantially to the development 

of secondary porosity. However, he did address the 

dissolution of clay clasts which, in the case of the TWP 

Cross Cut sandstone, are associated with replacive calcite. 

Dissolution of the clay grains in the TWP Cross Cut 

sandstone proceeded by virtue of the removal of this 

calcite. Hamilton (1990) attributed the dissolution of 

calcite to carboxylic acids produced by hydrocarbon 

maturation. 

Kaolinite Cementation 

Authigenic kaolinite is the most commonly encountered 

clay mineral in sandstone reservoirs (Wilson and Pittman, 

1977), occurs in a variety of morphologies, and is easily 

recognized in thin section and SEM. The factors involved in 

the formation of kaolinite, however, are not so straight

forward. Early work by Shelton (1964) established that 

kaolinite could be formed by recrystallization of detrital 

kaolinite, alteration of precursor minerals, and direct 

precipitation from solution. Subsequent investigations have 

focused on the latter two of these mechanisms with one 

prevailing school of thought: that kaolinite is produced by 

the dissolution of feldspars. 
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Hurst and Irwin (1982) conclude that kaolinite 

precipitation results from meteoric leaching of feldspars, 

particularly orthoclase. This process is described by the 

following reaction: 

2KAlSi308 + 2H+ + H2O => Al2Si205(OH)4 + 4Si02 + 2K+ 
(orthoclase) (kaolinite) 

Morphologies and distribution of the resultant kaolinite 

depend directly on the flux or diffusion of meteoric waters 

within different depositional environments (Hurst and Irwin, 

1982). Shale-encased deltaic or marine sands, such as 

delta-front sands or shallow shelf sand bars, do not 

experience large scale post-depositional meteoric influx 

unless they have been uplifted. As a result, slow diffusion 

of pore water within the shale-encased sands would result in 

precipitation of localized fine-grained, euhedral kaolinite 

crystals as seen in the Cross Cut reservoir under study. 

Fluvial sands, however, particularly those connected updip 

with the surface, almost certainly experience meteoric 

flushing. Kaolinite authigenesis in these instances would 

be quite rapid, resulting in widespread skeletal crystals. 

Additional research into meteoric water flux controls 

on feldspar dissolution conclude that kaolinite precipitates 

under high flow-rate conditions (Huang et al., 1986). 

Alternately, under low rates of flow/ illite precipitates. 

Illite present in the Cross Cut sandstone of the TWP Field 

is inferred to be mostly detrital in origin. 
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Other mechanisms of kaolinite authigenesis address 

precipitation in a potassium-deficient environment. Eberl 

and Hower (1977) propose that both kaolinite and illite may 

form from the hydrothermal alteration of K-rich smectite. 

This model requires no external source of potassium. 

Hoffman and Hower (1979) conclude that potassium activities 

in solutions control the ratio of kaolinite to illite. 

Without potassium, only kaolinite and Si02 will precipitate. 

Structural and textural relations of authigenic clays led 

Ahn and Peacor (1987) to infer that kaolinite precipitates 

following dissolution of smectite in environments deficient 

in or lacking potassium. 

Dissolution of feldspars seems to be the most probable 

mechanism for kaolinite authigenesis in the Cross Cut 

sandstone. This is substantiated by the presence of highly 

corroded feldspar grains and evidence of completely 

dissolved feldspar. In addition, quartz overgrowths that 

could have been produced by excess Si02 are abundant in the 

samples and show evidence of having precipitated 

penecontemporaneously with kaolinite. However, evidence 

suggests that meteoric waters could not have been 

responsible for feldspar dissolution and kaolinite 

precipitation. Kaolinite clearly post-dates chlorite, yet 

chlorite precipitation requires that supradjacent shales be 

in place. Thus, the Cross Cut sandstone was shale-encased 

by the time of chlorite authigenesis. This would prevent a 
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later influx of meteoric water. Kaolinite, therefore, was 

likely precipitated from formation water. Isotopic analysis 

of the "Gray" sandstone in Taylor County (Land and Dutton, 

1978) indicates that kaolinite and Fe-calcite, possibly 

along with ankerite, formed under similar conditions. 

Furthermore, these minerals are in isotopic equilibrium with 

modern pore water from the formation. Feldspar dissolution 

and kaolinite precipitation are continuing in that formation 

today. 

Late-State Ankerite Cementation 

Apart from labeling ankerite as a late-stage cement, 

precise timing of its emplacement is equivocal. There are 

no observable paragenetic relationships with other 

diagenetic minerals that could help clarify this issue. 

However, the presence of euhedral saddle crystal faces and 

lack of evidence of dissolution suggest that precipitation 

occurred following the formation of secondary porosity. 

Land and Dutton (1978) were unable to state with confidence 

when ankerite precipitated in the "Gray" sandstone; however, 

their isotopic data indicate that iron-rich carbonate 

cements are precipitating in the formation today. 

Diagenetic Implications on 
Reservoir Properties 

Diagenetic processes such as cementation by quartz 

overgrowths, dissolution of framework grains after calcite 
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replacement, and precipitation of kaolinite have acted to 

modify the initial porosity and permeability of the Cross 

Cut sandstone, thereby influencing reservoir quality. 

Cementation by quartz overgrowths was responsible for 

reducing a large percentage of initial intergranular 

porosity, while dissolution of replacive calcite and 

detrital feldspars and clay grains created secondary moldic 

and intraparticle porosity. 

Clay minerals, apart from reducing the initial porosity 

and permeability of a reservoir by virtue of their abundance 

and morphologies, may lead to further degradation of 

reservoir quality by way of reactions with fluids introduced 

into the formation. Reservoirs containing clay minerals are 

susceptible to formation damage from the moment the drill 

bit penetrates the formation. Drilling, completion, 

production, and secondary recovery procedures often expose 

the formation to changing fluid conditions that may alter 

the character of certain clays. Depending upon the types of 

clay present, formation damage resulting from clay 

alteration may include pore throat blockage by dispersed 

fines or water-sensitive swelling clays, and precipitation 

of insoluble compounds as clays react with introduced 

fluids. The possible effects of these processes on 

reservoir quality within the TWP Field are discussed by 

Henderson (in press), and summarized in the following 

section. 
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Clav-Related Diagenetic Implications 

Dispersion/Migration of Fines 

Dispersion and migration of fine-grained particles 

within the pore network of a sandstone reservoir may reduce, 

if not destroy, initial reservoir permeability even where 

the predominant clay minerals are swelling varieties. 

Changes in pore water salinity together with shear created 

by flow may trigger the liberation of weakly bonded clays 

(Krueger, 1986). Thus, the potential for these dispersed 

clays to accumulate in, and constrict or block pore throats 

is great. 

Kaolinite, although not excessively sensitive to water, 

is prone to dispersion and migration and may cause drastic 

reductions in permeability during drilling and/or 

completions because of changes in fluid properties (Shelton, 

1964). Because kaolinite is the most abundant clay mineral 

within the cored interval, it must be treated with care to 

avoid such problems. 

Testing for the presence of migrating fines may be 

accomplished by reversing the direction of flow during 

reservoir flow tests. Increases in permeability following 

reverse flow (borehole-to-formation) indicates that clay 

migration may be a problem (Eslinger and Pevear, 1988). 

This increase results from the fact that, during normal flow 

(formation-to-borehole), the clays will disaggregate and 

later accumulate at pore throats (Gray and Rex, 1965). Flow 
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reversals temporarily rectify this "brush-piling" 

phenomenon. Apart from direction of flow, the rate of flow 

may also factor into determining whether or not clay 

particles will ultimately reduce permeability. Low flow 

rates can produce tangential orientations of dispersed fines 

along detrital grain surfaces. These fines may become 

randomly oriented at higher flow rates, resulting in brush-

piling (Krueger, 1986). 

Significant differences between the salinities of pore 

water and introduced fluids—a condition referred to as 

"salinity shock"—may also cause formation damage. Studies 

by Dodd et al. (1955) and Baptist and Sweeney (1955) have 

shown that permeability to distilled water is 0.3 to 0.87 

that of permeability to brine in cores where both kaolinite 

and illite are present; however, a change in permeability 

between the fluids may not be permanent. Fresh water 

generally causes dispersion of kaolinite that may lead to 

blockage of pore throats (Shelton, 1964). Khilar and Fogler 

(1981) documented a temporary permeability increase and 

subsequent decrease caused by the introduction of low 

salinity brine in a sandstone reservoir. Under these 

conditions, peptization occurs whereby dispersed clays will 

exist in suspension and migrate through the pore network 

until brush-piling at narrow pore throats (Eslinger and 

Pevear, 1988). Saline brine, on the other hand, may induce 

a permanent permeability increase (Khilar and Fogler, 1981). 
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With increasing salinity, the potential for kaolinite 

dispersion decreases. Saline waters may cause clay 

particles to flocculate onto pore walls before blocking pore 

throats (Eslinger and Pevear, 1988). Therefore, a feasible 

method of correcting for dispersion induced by fresh water 

would be to follow up with saline water. Dispersed clays 

may accumulate in some preferred orientation, increiasing 

permeability (Shelton, 1964). The best method of preventing 

or at least minimizing salinity shock is to gradually change 

the salinities of fluids introduced into the formation 

(Krueger, 1986). 

Acid Treatment and Precipitation of 
Insoluble Compounds 

A common completion technique in the TWP and Busher 

Cross Cut sandstone is to use hydrochloric acid to open 

perforations, enlarge induced fractures, and increase 

permeability near the borehole. Several factors must be 

considered when designing an acid treatment program for a 

sandstone reservoir: the mineral composition of the rock; 

the chemical composition of these minerals; and, the acids 

that will dissolve them (Eslinger and Pevear, 1988). 

Unfortunately, the porosity and permeability enhanced by 

reaction of the rock with acid may be partially or totally 

occluded by the precipitation of insoluble compounds, 

thereby defeating the purpose of the treatment. The 

intended purpose of acid treatment may be easily 
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overshadowed by a failure to control treatment and operating 

procedures. 

The acids used most frequently in sandstones are 

hydrochloric (HCl) and hydrofluoric (HF), collectively known 

as "mud acids." These acids generally are introduced into 

the formation in two stages. Hydrochloric acid is injected 

first to dissolve any carbonates and prevent their reaction 

with hydrofluoric acid to form CaF2 (fluorite). 

Hydrofluoric acid is then injected to dissolve silicates: 

primarily clay minerals, though quartz and feldspar 

framework grains may also be dissolved (Eslinger and Pevear, 

1988). 

One possible side effect of acidizing a formation that 

contains kaolinite is that silica may precipitate and 

occasionally reduce permeability. Crowe (1986) describes 

the reaction between kaolinite and hydrofluoric acids as 

follows: 

Al2Si205(OH)4 + 18HF => 2H2SiF6 + 2AIF3 + 9H2O 
(kaolinite) 

This reaction may produce silicon fluoride and aluminum 

fluoride. Because the Al-F bond is stronger than the Si-F 

bond, fluoride products will continue to react with the 

kaolinite, extracting Al from the clay. Ultimately, all Al 

in the kaolinite may be extracted with resultant excess of 

Si in the form of fine-grained Si(OH)4. This reaction 

illustrates the importance of first-stage HCl introduced 
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before HF. Hydrochloric acid will reduce the precipitation 

of Si(OH)4 and AIF3, and will increase the amount of 

unreacted carbonate in solution (Walsh et al., 1982). 

Chlorite, especially iron-rich varieties, may pose 

serious problems if abundant in a reservoir. Iron dissolved 

by acids and existing in solution may precipitate as the 

acid "spends." Both ferrous (Fe2+) and ferric (Fe3+) iron 

combine with hydroxyl ions to produce insoluble compounds, 

but the solubility of ferrous hydroxide [Fe(0H)2] is 

approximately 22 orders of magnitude greater than that of 

ferric hydroxide. As acid spends, pH rises and iron will 

begin to precipitate as its solubility decreases. Ferric 

iron (Fê "̂ ) precipitates first in the form of ferric 

hydroxide [Fe(OH)3 3, coming out of solution at a pH of about 

2, whereas ferrous iron (Fe2+) in the form of ferrous 

hydroxide [Fe(0H)2] typically does not precipitate at pH 

values of less than 7. At a pH of 3.2, ferric hydroxide 

[Fe(0H)3] may be precipitated in quantity. Ferric hydroxide 

precipitates in a gelatinous form that ultimately may 

convert to stable hematite, proving disastrous to porosity 

and permeability (Smith et al., 1969). Formation damage 

within the Cross Cut sandstone has occurred in one well of 

the Busher Field, and resulted in the surface recovery of a 

black emulsion (J. M. Henderson, per. comm., 1994). This 

emulsion may have been an indicator that ferric hydroxide 

had begun to precipitate in the reservoir. 
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With favorable borehole chemical conditions, iron may 

be retained in solution by employing one or more iron 

chelators, or sequestering agents. These agents include, 

among others, citric, lactic, and acetic acids. 

Sequestering agents generally are prescribed when the iron 

mineral content of a formation is greater than 0.5% (Smith 

et al., 1969). The percentage of chlorite rim cements 

within the TWP and Busher Cross Cut sandstone may approach, 

if not exceed, this cut-off. The relative intensities of 

odd- and even-numbered chlorite reflections may be used to 

approximate whether the chlorite present is Fe-rich 

(chamosite) or Mg-rich (clinochlore). However, because of 

interference with kaolinite and quartz peaks and because of 

the low intensities of chlorite reflections, this cannot be 

determined in the samples available for this investigation. 

The completion fluid used most commonly in wells of the 

TWP and Busher fields is Halliburton Mud Cleanout Agent, or 

MCA. MCA is a combination of dilute (15%) hydrochloric acid 

and highly concentrated Morflo II. Morflo II incorporates 

different surface active agents that facilitate mud thinning 

and dispersal of solids within the formation, as well as 

precluding formation or disruption of emulsions (Halliburton 

Services, 1980). MCA is used specifically within the Cross 

Cut sandstone to open perforations prior to evaluation of 

production potential. Additionally, MCA may cause shrinkage 

of clay minerals that have been exposed to fresh water. 



CHAPTER VI 

PETROLEUM GEOLOGY OF THE TWP AND BUSHER 

CROSS CUT SANDSTONE 

Busher Field 

The earliest known well drilled in the area of the 

present-day Busher Field was the Rowan H. F. Busher No. 1. 

The well was originally drilled in July of 1951 as a wildcat 

to a total depth of 4,664 feet and was plugged and abandoned 

one month later. The H. F. Busher No. 1 was reentered by 

Rowan in February of 1956 and on a flow test produced 175 

barrels of oil per day from depths of 3,833 to 3,839 feet. 

Although this is apparently the earliest reported production 

from the field, scout tickets incorrectly state that the 

Busher discovery well was the Rowan Ducek No. 1, completed 

in January of 1958. The Rowan Ducek No. 1 on initial test 

produced through perforations at depths of 3,882 to 3,890 

feet with an initial potential of 156 barrels of oil per 

day. 

Rowan continued operations in the Busher Field until 

1958, having drilled a total of six wells. Acreage was then 

acquired by Texas-Pacific Oil which drilled several wells in 

the field up until 1965. Sporadic drilling activity by 

other operators continued with two dry holes drilled in 1983 

and 1984. Aggressive activity in the Busher Field was 

renewed in 1992 following the discovery of the TWP Field 
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immediately to the north. Since 1992, J. H. Oil has drilled 

four wells within the Busher Field on the Schaefer lease. 

As of September, 1994, the Busher Field comprised a 

total of 4 productive wells. Average daily production from 

the field was approximately 60 barrels of oil at that time. 

Initial potentials of Busher wells for which data were 

available are presented in Figure 6.1. Cumulative 

production as of September, 1994, for the Busher Field was 

approximately 551,393 barrels of oil. The productive 

interval was initially reported to the Texas Railroad 

Commission as the Morris sandstone, and modern production 

records and scout tickets still retain that terminology 

although the consensus of local operators is that production 

is from the Cross Cut sandstone. 

TWP Field 

Wildcat exploration immediately to the north of the 

Busher Field began at approximately the same time as the 

discovery of Busher production in 1956. This activity was 

restricted to the western and northeastern portions of the 

present-day TWP Field and continued without success until 

the late 1960s. Cross Cut production within the TWP Field 

was ultimately discovered in December of 1991 with the 

reentry completion of the TKP Petroleum Fiveash No. 1. The 

original well (Wilbanks Valley Creek No. 1) was drilled in 

1990 to a total depth of 4,190 feet. The Cross Cut 
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Initial Potential Map 
Cross Cut Sandstone 

TWP and Busher Fields 
C. I. = 50 barrels of oil 

Figure 6.1. Computer-generated initial potential contour 
map of wells within TWP and Busher Fields for 
which data were available. Note concentration 
of higher IPs in Busher Field. Contour 
interval 50 barrels of oil. 
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sandstone was, at that time, determined water wet. This 

apparently was the result of using a formation water 

resistivity (R^) value from a field to the north that was 

under water flood (G. B. Asquith, per. comm., 1994). 

Production in the recompleted TKP Fiveash No. 1 is through 

perforations between 3,887 and 3,890 feet, and this interval 

initially tested at 168 barrels of oil and 84,000 cubic feet 

of gas per day. Following this discovery and up until 

January of 1995, TKP Petroleum has drilled a total of 10 

wells in the TWP Field. In addition to the reentry 

discovery, TKP Petroleum reentered the Dean Anderle No. 2 

well that was originally drilled in 1966 and completed it as 

an oil well (TKP Fiveash "A" No. 1) in the Cross Cut 

sandstone. The Dean Anderle No. 2 was itself a reentry, 

having been drilled as a dry hole in November of 1964 to a 

total depth of 2,820 feet. Texas Railroad Commission 

records report that production within the TWP Field is from 

the Cross Cut sandstone; however, the productive interval is 

the same as that in the Busher (Morris) Field. Possible 

locations for further development of the TWP Field have been 

all but exhausted. 

As of September, 1994, there were 10 productive Cross 

Cut wells within the TWP Field. Average daily production 

from the field was in excess of 110 barrels of oil. Total 

cumulative production as of that date was approximately 

78,274 barrels of oil. Initial potentials of TWP Cross Cut 
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wells for which data were available are presented in Fig. 

6.1. 

Porosity and Permeability 

Porosity and permeability of the Cross Cut sandstone 

within TWP and Busher fields have been affected by both 

deposition and diagenesis. The predominant pore type 

present in all samples from the cored well of this 

investigation is primary intergranular. A substantial 

proportion of the original primary porosity within the 

reservoir has been occluded by authigenic quartz overgrowths 

(Fig. 5.2). Peterson (1977) estimated that reservoir 

porosity of the "Gray" sandstone in West Tuscola Field of 

Taylor County approached 24% prior to authigenic cementation 

(pre-cement porosity); however, on average only 6.8% 

porosity is preserved today. This loss of 17.1% porosity 

was attributed mostly to the development of quartz 

overgrowths. Within the Cross Cut sandstone of the current 

study, primary porosity may also have been reduced by 

compaction and rotation of detrital clay clasts (Fig. 5.7). 

Although mean grain size is relatively uniform throughout 

the cored interval, the amount of primary porosity appears 

to increase as mean grain size increases within each sample. 

Three types of secondary pores are present within the 

Cross Cut sandstone from the cored well. These are moldic, 

intraparticle, and fracture porosity. Secondary porosity 
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contributes only a minor amount to total porosity within the 

reservoir. Most secondary porosity was created by the 

dissolution of calcite that replaced detrital feldspar 

grains and clay clasts. Dissolution of calcite that was 

replacive of feldspar grains is manifested by skeletal 

feldspars exhibiting intraparticle porosity (Fig. 5.4) or 

large grain molds where dissolution was complete. Removal 

of calcite that was replacive of detrital clay clasts has, 

in some cases, produced moldic pores containing inclusions 

of the original clay material. The "Gray" sandstone, which 

was subjected to an almost identical diagenetic sequence, 

gained up to 8.5% porosity by similar dissolution of 

replacive calcite (Peterson, 1977). Secondary fracture 

porosity within the Cross Cut sandstone of the cored well is 

extremely rare and represented by unoccluded hairline 

fractures present in only two samples. 

A typical Cross Cut reservoir within Callahan County, 

Texas, has an average porosity of 14% and an average 

permeability of lOOmd (Hamilton, 1990). Porosity and 

permeability data from core analysis of the TKP Stubblefield 

"A" No. 1 are presented in Table 6.1. Porosity of the 

samples ranges from 17.0% to 19.8% with an average of 17.9%, 

while permeability ranges from 27.3md to 129md with an 

average of 68.4md. 
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Table 6.1. Commercial Core Analysis Data from TKP Petroleum 
Stubblefield "A" No. 1 (Core Laboratories, 
1992c). 

Sample Depth 
(feet) 

3,871.0 - 3,872.0 
3,872.0 - 3,873.0 
3,873.0 
3,874.0 
3,875.0 
3,876.0 
3,877.0 

- 3,874.0 
- 3,875.0 
- 3,876.0 
- 3,877.0 
- 3,878.0 

Porosity 
(%) 

19.2 
15.3 
18.4 
18.5 
19.8 
17.0 
17.0 

Permeability 
(md) 

129.0 
27.3 
48.5 
57.5 
116.0 
62.4 
38.2 
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Trapping Mechanism 

The mechanism responsible for entrapment of 

hydrocarbons within the Cross Cut sandstone of TWP and 

Busher fields is entirely stratigraphic. Dip-oriented 

pinchout of the sand into prodeltaic shales is apparent in a 

dip-oriented stratigraphic cross section through both fields 

(Fig. 6.2). The Cross Cut sandstone in both fields is 

overlain by relatively thick sections of impervious shales 

which serve as a seal for the reservoir. A strike-oriented 

stratigraphic cross section through both fields is presented 

in Figure 6.3. 

Petrophysical Evaluation 

Producibility of a given hydrocarbon reservoir can be 

determined provided that several petrophysical parameters of 

the reservoir are known. The determination of producibility 

requires that values of water saturation (S^) be calculated 

for different depths within the reservoir. This is 

accomplished by employing the basic Archie (1942) equation 

which states: 

S.= 
R^ 

F, X—s-

v. 
(6.1) 

where: 
S^ = water saturation at a given depth, 

Fj- = formation resistivity factor (F, =/^«/ where O 

is porosity and (m) is cementation exponent), 
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R^ = formation water resistivity, 

Rt = true formation resistivity, and 

n = saturation exponent. 

The use of computerized log analysis software 

facilitates the manipulation of different variables required 

in Equation 6-1. All available logs were digitized using 

LOGDIGI'i^ software from The Logic Group, Inc., so that they 

could be played back in a standard format and so that values 

could be taken from digital data files. The programs 

utilized to determine producibility and net pay in the wells 

of this investigation include Shaly Sand Advisor'̂ ** (SSA) 

version 3.0 and Old E-log Advisor*̂ ** (OEA) version 1.0 of The 

Logic Group, Inc.. 

Formation Resistivity Factor 

Formation resistivity factor (Fj-) and core porosity 

were determined experimentally for two samples from the 

cored interval at the laboratories of The Center for Applied 

Petrophysical Studies (CAPS) at Texas Tech University (Table 

6.2). With knowledge of formation resistivity factor (Fj-) 

and porosity, cementation exponent (m) may be calculated 

from the following formula: 

m=i5^i^, (6.2) 
log 0 

where: 

m = cementation exponent. 
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Table 6.2. Reservoir Parameters Determined for the Cross 
Cut Sandstone in the TKP Petroleum Stubblefield 
"A" No. 1 well by The Center for Applied 
Petrophysical Studies at Texas Tech University. 

Sample 
Depth Fj- ^ Ka S^irr "^ ^ 
(feet) 

3 , 
3 , 

, 8 7 2 . 
, 8 7 7 . 

. 0 

. 0 
2 7 . 
34 . 

.98 

.99 
1 5 . 
14 . 

.80 

.13 
1 3 . 
1 3 . 

. 0 

. 5 
0 . 
0 . 

. 215 

.180 
1 . 
1 . 

. 805 

.817 
1 . 
1 . 

. 869 

.367 

F^ = formation resistivity factor 
<!> = porosity 
Ka = permeability 
Swirr ~ irreducible water saturation 
m = cementation exponent 
n = saturation exponent 
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Fj. = formation resistivity factor, and 

O = porosity. 

The cementation exponent (m) reflects the pore network 

complexity within the reservoir. Values of (m) depend on 

tortuosity, grain size, grain size distribution, and the 

presence of clay minerals that increase pore complexity 

(Asquith, 1982; Dewan, 1983). With increasing complexity of 

the pore network, (m) values will increase from 2.0. An 

average value of 2.0 is used most frequently in porous 

formations (Dewan, 1983). Rather than using a set value, 

(m) is best determined experimentally. An average (m) value 

of 1.81 was determined experimentally for the Cross Cut 

sandstone in the cored well (Table 6.2), and this value was 

used in all producibility calculations. 

Porosity 

Spectral Density (SDL) and Dual-Spaced Neutron (DSN) 

porosity logs were available for 13 wells drilled within the 

TWP and Busher fields since 1991 by TKP Petroleum and J. H. 

Oil. Porosity logs were not available for any of the 26 

wells drilled prior to 1991; however, Micrologs (ML) were 

available for most of these older wells. 

Where modern porosity logs were available, porosity 

values were taken from the Spectral Density (SDL) logs, 

porosity in wells for which only Induction-Electric or 

Electric logs are available may be calculated from 
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resistivity measurements. Resistivity-derived porosity is 

best determined in a wet zone where Ŝ ^ is equivalent to 1.0; 

however, when hydrocarbons exist within the zone (S^ < 1.0) 

the following formula (Asquith, 1982) may be applied: 

o = a(R^/R^) 
1%. 

(6.3) 

where: 

O = resistivity-derived porosity, 

a = tortuosity factor, 

Rmf = resistivity of mud filtrate, 

Rxo - resistivity of flushed zone, 

Sxo = water saturation of flushed zone, and 

m = cementation exponent. 

Because no flushed zone resistivity (Rxo) ̂ e^a were 

available from the old logs, it was necessary to utilize the 

"Rg method" for determining resistivity-derived porosity. 

Mixed-water resistivity (Rg) accounts for the mixing of mud 

filtrate (Rmf) and formation water (R̂ )̂ within the invaded 

zone. A value of Rz is used in place of Rmf in Equation 6.3 

while Rxo is taken as the resistivity reading from Short 

Normal logs (Rsn)- Mixed-water resistivity (Rg) is 

calculated using the following formula (Atlas Wireline, 

1985): 

\ . * 
1-Z/ 

(6.4) 



120 

where: 

R2 = mixed-water resistivity, 

z = permeability constant, 

R^ = formation water resistivity, and 

Rmf = mud filtrate resistivity. 

Commonly used values of (z) include 0.1 for low 

permeability sands, 0.075 for sands of average or unknown 

permeability, and 0.05 for high permeability sands. A value 

of 0.05 was used for (z) in calculations of Rg for wells 

within the study area. 

Where old log packages included Micrologs (ML), 

resistivity-derived porosity was calculated according to the 

following formula (Atlas Wireline, 1985): 

[0.614(R„)''*'l 

R2 

where: 

^ml ~ resistivity-derived porosity from Microlog, 

Rjjj = resistivity of drilling mud from log header, and 

R2 = resistivity from Micronormal log. 

Microlog resistivity-derived porosity (O^i) agrees 

closely with resistivity-derived porosity in the Cross Cut 

sandstone calculated by Equation 6.3 (Asquith and Henderson, 

in press). Therefore, for log packages that include the 

Microlog, resistivity-derived porosity calculated from the 

Microlog (Equation 6.5) is the preferred method. 
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Formation Water Resistivity 

Formation water resistivity (R^) may be calculated from 

Spontaneous Potential (SP) logs; however, this often 

requires that thin-bed corrections be employed to account 

for errors caused by formation thickness, resistivity, 

invasion, and the ratio of mud filtrate resistivity (Rmf) to 

formation water resistivity (R^,). To avoid inconsistencies 

in thin-bed corrected values of formation water resistivity 

(R^), a value based on produced water and preferred by local 

operators (R^ =0.04 ohm-m) was used in calculations. 

True Formation Resistivity 

Dual Induction Laterologs (DIL) were available for 13 

wells in the TWP and Busher fields drilled since 1991 by TKP 

Petroleum and J. H. Oil. Where these logs were available, 

true formation resistivity (R-t) values were taken directly 

from the digitized deep induction (ILD) curve. 

A variety of logging suites exist for wells drilled 

prior to 1991. Induction-Electric logs were available for 

16 wells drilled between 1957 and 1982, and old Electric 

logs (E-logs) were available for seven wells drilled between 

1951 and 1960. True formation resistivity (Rt) values from 

old E-logs were taken from Lateral (LAT) logs where 

available. If Lateral logs were not usable because of dead 

zones or bed thickness, R^ values were taken from Long 

Normal (LN) and/or Short Normal (SN) logs. To use old-style 



122 

logs for calculating producibility, several corrections 

generally must be applied. A summary of the different 

standard methods of correcting resistivities in old E-logs 

of the TWP and Busher fields is presented in Asquith and 

Henderson (in press). These methods are discussed in detail 

by Hilchie (1979). 

Saturation Exponent 

Saturation exponent (n) is related to the complexity of 

the pore network and wettability (oil versus water); 

however, values will depend upon how the conductive medium 

is distributed within the reservoir. Nonconductive sand 

grains and oil within the pores will displace conductive 

pore water thereby affecting the tortuosity of current flow 

through the reservoir. However, it cannot be determined 

whether sand grains or oil are causing this displacement 

(Dewan, 1983). Therefore, it is vital that a value for (n) 

be determined under conditions of original wettability 

within the reservoir (Pinzon, 1993). With variations in S^, 

(n) may range from 1.5 to more than 10. Thus, to determine 

experimentally a value for (n), the water saturation (S^) of 

the reservoir must be known. 

Initial flow tests on the cored well of this study 

produced no water, therefore the reservoir is at irreducible 

water saturation (Ŝ ij-j-). Capillary pressure curves (Fig. 

6.4) constructed for the two samples on which special core 
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2000 

1 0 0 0 -

1600 -

UOO-

^ - ^ 1 2 0 0 -
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^ 6 0 0 -

400-] 

2 0 0 -
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Figure 6.4 Capillary pressure curves constructed by 
special core analysis of samples in The Center 
for Applied Petrophysical Studies at Texas Tech 
University laboratories. PQ signifies 
capillary pressure. Dashed lines denote Ŝ ĵ-j. 
of each sample. 
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analyses were performed indicate Sŷ ĵ-j. values of 0.215 and 

0.18 (Table 6.2). Because the cored well is at S^irr' ^ 

value for saturation exponent (n) can be calculated by the 

following formula: 

n = 
log(F, x(R^ /R,)) 

(6.6) 

n = saturation exponent, 

Fj- = formation resistivity factor, 

Rvj = formation water resistivity (R^ =0.04 ohm-m), 

Rt = true formation resistivity from logs, and 

^wirr = irreducible water saturation obtained from 

capillary pressure curves. 

Formation resistivity factors (Fj.) were measured in 

both core samples and yielded values of 27.98 and 34.99. 

Using these values of F̂ ., calculation of (n) in the two 

samples (using Equation 6.6) resulted in values of 1.87 and 

1.37 (Table 6.2). For determination of producibilities in 

wells of the TWP and Busher fields, an average (n) value of 

1.61 was used. 

Calculation of Volume of Clav 

Determination of volume of clay (VQI) can be one of the 

most important steps in analyzing the producibility of 

sandstones containing clay minerals. This value reflects 

the clay content of a sandstone and is independent of clay 

morphology and distribution. Determination of VQJ. is done 
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automatically by SSA and OEA software. Where logging 

packages contained Gamma Ray logs, V d was determined for 

the consolidated Cross Cut sandstone by the following 

equation (Atlas Wireline, 1985): 

V,, = 0.33[2̂ ''̂ «̂) -1.0], (6.7) 

where: 

^cl ~ volume of clay, and 

^GR ~ Gamma Ray Index. 

Gamma Ray Index (IQR) is determined by the following 

formula (Atlas Wireline, 1985): 

I ==^^"^"^° (6.8) 
G R « X - G R ^ 

where: 

^GR ~ Gamma Ray Index, 

GRiog = gamma ray response in shaly sand, 

GRmin ^ minimum gamma ray response (clean sand), and 

GRmax = maximum gamma ray response (shale). 

Values of GRiog were read directly from digital log 

data files by the analysis software. Values of GRjQin â id 

GR™ô , were chosen manually from the well logs and input into max 

the programs. 

Where Gamma Ray logs were not available, volume of clay 

(Vol) was determined from Spontaneous Potential (SP) logs. 
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This is accomplished automatically by the analysis software 

using the following equation: 

n r. PSP V„,=1.0-—, (6.9) 

where: 

Vol = volume of clay, 

PSP = pseudostatic spontaneous potential (SP response 

in a shaly sand), thin-bed corrected, and 

SSP = static spontaneous potential (SP response in a 

clean sand). 

The Gamma Ray method of determining volume of clay 

(Vol) was the preferred method. In this investigation, 

calculated values of VQI were used as cut-offs for 

determining net sand. 

Producibility of the Cross Cut Sandstone 
in the TWP and Busher Fields 

Water saturations were calculated and net pay summaries 

generated for the Cross Cut sandstone utilizing the 

following formula: 

S„ = R. 
X O"' R,j 

(6.10) 

where: 

S^ = water saturation at a given depth, 

O = porosity determined from digitized log data, 

Ry, = formation water resistivity (R^ =0.04 ohm-m), and 
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Rt = true formation resistivity determined from 

digitized log data. 

Net pay summaries for each data well were generated 

using SSA and OEA software with the following cut-offs: 

1. Volume of Clay (V^i) < 30%, 

2. Porosity (O) > 8%, and 

3. Water Saturation (Ŝ )̂ < 50%. 

Net pay summaries were generated for each well that 

penetrated a sufficient section of the Cross Cut sandstone. 

When no sand was encountered in a well, that well was not 

analyzed. Net pay summaries include information on average 

water saturation (S^) of the sand, average porosity (O), 

average volume of clay (V^^^), net feet of pay which pass the 

established cut-offs, and hydrocarbon pore-feet. A 

computer-generated net sand isopach map was constructed from 

the final analysis data and is presented in Figure 6.5. 

Volumetric Analysis 

A computer-generated hydrocarbon pore-feet map was 

constructed with data provided by the final log analyses for 

each well (Fig. 6.6). To determine volumetric reserves of 

the Cross Cut sandstone in TWP and Busher fields, the 

hydrocarbon pore-feet map was digitized and analyzed with 

PLANIMETER*̂ ** volumetric analysis software. Reservoir volume 

was calculated with the pyramidal formula which provides the 

best accuracy (Craft and Hawkins, 1991). Analysis by 
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Net Sand Isopach Map 
Cross Cut Sandstone 

TWP and Busher Fields 
C. I. = 5 feet 

2000 feet 

F i g u r e 6 . 5 Computer-generated n e t sand i sopach map of 
c r o s s Cut sands tone i n TWP and Busher f i e l d s . 
Net sand V d < 30% and P o r o s i t y > 8%. Contour 
i n t e r v a l 5 f e e t . 
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Hydrocarbon Pore Feet Map 
Cross Cut Sandstone 

TWP and Busher Fields 
C. L = 0.4 hydrocarbon pore-feet 

2000 feet 

F i g u r e 6 . 6 Computer-generated hydrocarbon pore-feet map 
for Cross Cut sandstone of TWP and Busher 
fields. Contour interval 0.4 hydrocarbon pore-
feet. 
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PLANIMETER*̂ ** projected 2,546,700 barrels of original oil-in-

place and an estimated ultimate recovery of 763,997 stock 

tank barrels assuming a 30% recovery factor and 1.33 

shrinkage factor (J. M. Henderson, per. comm., 1994) for the 

TWP and Busher fields. A summary of volumetric calculations 

for the Cross Cut sandstone of TWP and Busher fields is 

presented in Table 6.3. 

As of September, 1994, the latest date for which 

complete production records were available, both fields had 

produced a combined total of approximately 629,667 barrels 

of oil. Therefore, remaining recoverable reserves as of 

September, 1994, would be 134,330 stock tank barrels. If 

estimated monthly production figures at that time are 

extrapolated for a period of three months, remaining 

recoverable reserves as of January, 1995, would be 133,820 

stock tank barrels, indicating that the Cross Cut sandstone 

of the TWP and Busher fields is nearly depleted. 
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Summary of Volumetric Calculations for Cross Cut 
Sandstone in TWP and Busher Fields. 

Calculation Method 

Trapezoidal 
Step 

Quadratic 
•Pyramidal 
Simpson 
Ratio 

Trapezoidal/Pyramidal 
3/8 Rule 

Original Oil-
in-Place 
(bbls) 

2,630,100 
1,537,000 
3,238,400 
2,546,700 
2,472,000 
2,425,300 
2,546,700 
2,461,500 

Estimated 
Reserves 
(stb) 

789,020 
461,093 
971,532 
763,997 
741,598 
727,599 
763,997 
738,448 

bbls = barrels 
stb = stock tank barrels 

* Pyramidal formula provides most accurate results (Craft 
and Hawkins, 1991). 



CHAPTER VII 

SUMMARY AND CONCLUSIONS 

The Upper Pennsylvanian (Missourian) Cross Cut 

sandstone of the TWP and Busher fields. Runnels County, 

Texas, reflects sedimentation in a distal prograding delta 

environment. Sedimentary structures and textural trends 

within the Cross Cut sandstone are suggestive of a lobate 

delta. The TWP and Busher Cross Cut sandstone may represent 

the distal termination of a southwesterly extension of the 

huge Eastland Delta system. The Cross Cut sandstone was 

deposited during the Upper Salesville eustatic cycle of 

Boardman and Heckel (1989). 

Facies identification is facilitated by comparing 

sediment characteristics, log responses, and geometry of the 

TWP and Busher Cross Cut sandstone to other Cross Cut fields 

(e.g., Hamilton, 1990). Sandstone samples of the TWP Cross 

Cut sandstone are classified as feldspathic litharenites, 

lithic arkoses, sublitharenites, and subarkoses. Sparse 

core from the Cross Cut sandstone exhibits generally 

undeformed to very slightly contorted horizontal lamination 

and cross-lamination. There is very little grain size 

variation within the sandstone, but an overall coarsening-

upward trend is apparent due to decreasing amounts of mud. 

These characteristics are similar to those documented in 

delta-front Cross Cut sandstones in Callahan County, Texas 

(Hamilton, 1990). 
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Log responses in a significant number of TWP and Busher 

wells reflect coarsening-upward trends characteristic of the 

delta-front environment. Responses may also be used to 

delineate other possible facies within the sand body. An 

eastward extension of the Cross Cut sandstone in the TWP 

Field may represent the approximate location and trend of 

the distributary mouth bar and channel facies. 

Geometry and orientation of the TWP and Busher Cross 

Cut sandstone is consistent with a narrow, strike-parallel 

delta-front sandstone deposited at the distal end of a 

distributary channel and adjacent to a distributary mouth 

bar. Southward longshore currents created a sand body that 

is asymmetrical about the axis of the inferred distributary 

mouth bar and channel deposits. 

Porosity and permeability within the Cross Cut 

sandstone of TWP and Busher fields have been substantially 

affected by a variety of diagenetic processes. Compaction 

and dewatering of adjacent shales and subsequent diffusion 

of the fluids through the Cross Cut sandstone resulted in 

precipitation of chlorite rim cements. Continuous chlorite 

rim cements precluded the development of epitaxial quartz 

overgrowths on detrital grains; however, where chlorite rims 

are thin or breached, overgrowth precipitation resulted in a 

significant loss of primary porosity. 

Calcite was precipitated as cement in primary pores and 

partially to totally replaced feldspar grains and detrital 
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clay clasts. Later dissolution of this calcite resulted in 

the formation of minor amounts of secondary porosity; mainly 

moldic and intraparticle. Calcite dissolution may have been 

a consequence of the release of carboxylic acids during 

hydrocarbon maturation. 

Authigenic kaolinite was precipitated in some primary 

and secondary pores of the Cross Cut sandstone. Kaolinite 

is believed to be an alteration product of feldspars 

precipitated from formation water rather than meteoric water 

influx because the sandstone was, at the time of kaolinite 

precipitation, shale-encased. 

Partially replacive ankerite cements also precipitated 

within primary and secondary pores of the Cross Cut 

sandstone. Ankerite precipitation occurred after 

hydrocarbon maturation because there is no evidence of 

dissolution. Late-stage ankerite cements may have formed 

under modern formation fluid chemical conditions. 

Types, abundances, and morphologies of constituent clay 

minerals of the Cross Cut sandstone may dramatically reduce 

reservoir quality. Apart from reducing the initial porosity 

of the reservoir, kaolinite may disperse and migrate on 

contact with introduced fluids, resulting in permeability 

loss. Kaolinite, along with minor amounts of chlorite, may 

react with completion acids and result in the precipitation 

of insoluble compounds. 
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Updip pinchout of porous and permeable Cross Cut 

sandstone provides an entirely stratigraphic trap. 

Impervious overlying shales create the reservoir seal. 

Petrophysical evaluation of the TWP and Busher Cross 

Cut reservoir enables the characterization of productive 

wells and provides an estimation of remaining recoverable 

reserves. Comparison of estimated reserves with production 

histories of the TWP and Busher fields reveals the Cross Cut 

sandstone to be essentially depleted. 

Hydrocarbon exploration efforts in west- and north-

central Texas are increasingly concentrating on smaller 

plays such as the Cross Cut sandstone. Although these plays 

are widespread and often unexploited, they frequently are 

poorly understood. As these plays are pursued, an 

understanding of their distribution and reservoir 

characteristics will be vital for creating successful 

exploration and development strategies. 
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